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PREFACE

Harrison’s Principles of Internal Medicine has been a respected
information source for more than 60 years. Over time,
the traditional textbook has evolved to meet the needs of
internists, family physicians, nurses, and other health care
providers. The growing list of Harrison’s products now
includes Harrison’s for the iPad, Harrison’s Manual of Medi-
cine, and Harrison’s Online. This book, Harrison’s Nephrol-
ogy and Acid-Base Disorders, now in its second edition, is a
compilation of chapters related to kidney function.

Our readers consistently note the sophistication of the
material in the specialty sections of Harrison’s. Our goal
was to bring this information to our audience in a more
compact and usable form. Because the topic is more fo-
cused, it is possible to enhance the presentation of the
material by enlarging the text and the tables. We have
also included a review and self-assessment section that
includes questions and answers to provoke reflection and
to provide additional teaching points.

Renal dysfunction, electrolyte, and acid-base disorders
are among the most common problems faced by the cli-
nician. The evaluation of renal function relies heavily on
laboratory tests, urinalyses, and characteristics of urinary
sediments. Evaluation and management of renal disease
also requires a broad knowledge of physiology and pathol-
ogy since the kidney is involved in many systemic disor-
ders. Thus, this book considers a broad spectrum of topics
including acid-base and electrolyte disorders, vascular in-
jury to the kidney, as well as specific diseases of the kidney.

Kidney disorders, such as glomerulonephritis, can be a
primary basis for clinical presentation. More commonly,
however, the kidney is affected secondary to other medi-
cal problems such as diabetes, shock, or complications
from dye administration or medications. As such, renal
dysfunction may be manifest by azotemia, hypertension,
proteinuria, or an abnormal urinary sediment, and it may
herald the presence of an underlying medical disorder.
Renal insufficiency may also appear late in the course
of chronic conditions such as diabetes, lupus, or sclero-
derma and significantly alter a patient’s quality of life.
Fortunately, intervention can often reverse or delay renal
insufficiency. And, when this is not possible, dialysis and
renal transplant provide lifesaving therapies.

Understanding normal and abnormal renal function pro-
vides a strong foundation for diagnosis and clinical manage-
ment. Therefore, topics such as acidosis and alkalosis, fluid
and electrolyte disorders, and hypercalcemia are covered
here. These basic topics are useful in all fields of medicine
and represent a frequent source of renal consultation.

The first section of the book, “Introduction to the
Renal System,” provides a systems overview, beginning
with renal development, function, and physiology, as
well as providing an overview of how the kidney re-
sponds to injury. The integration of pathophysiology
with clinical management is a hallmark of Harrison’s, and
can be found throughout each of the subsequent disease-
oriented chapters. The book is divided into seven main
sections that reflect the scope of nephrology: (I) Intro-
duction to the Renal System; (II) Alterations of Renal
Function and Electrolytes; (III) Acute Kidney Injury
and Chronic Renal Failure; (IV) Glomerular and Tubu-
lar Disorders; (V) Renal Vascular Disease; (VI) Urinary
Tract Infections and Obstruction; and (VII) Cancer of
the Kidney and Urinary Tract.

While Harrison’s Nephrology and Acid-Base Disorders is
classic in its organization, readers will sense the impact
of the scientific advances as they explore the individual
chapters in each section. Genetics and molecular biol-
ogy are transforming the field of nephrology, whether
illuminating the genetic basis of a tubular disorder or ex-
plaining the regenerative capacity of the kidney. Recent
clinical studies involving common diseases like chronic
kidney disease, hypertensive vascular disease, and urinary
tract infections provide powerful evidence for medical
decision making and treatment. These rapid changes in
nephrology are exciting for new students of medicine
and underscore the need for practicing physicians to con-
tinuously update their knowledge base and clinical skills.

Our access to information through web-based jour-
nals and databases is remarkably efficient. Although these
sources of information are invaluable, the daunting body
of data creates an even greater need for synthesis by ex-
perts in the field. Thus, the preparation of these chapters
is a special craft that requires the ability to distill core in-
formation from the ever-expanding knowledge base. The
editors are therefore indebted to our authors, a group of
internationally recognized authorities who are masters at
providing a comprehensive overview while being able
to distill a topic into a concise and interesting chapter.
We are indebted to our colleagues at McGraw-Hill. Jim
Shanahan is a champion for Harrison’s and these books
were impeccably produced by Kim Davis.

We hope you find this book useful in your effort to
achieve continuous learning on behalf of your patients.

J. Larry Jameson, MD, PhD
Joseph Loscalzo, MD, PhD
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CHAPTER 1

CELLULAR AND MOLECULAR
BIOLOGY OF THE KIDNEY

Alfred L. George, Jr.

The kidney is one of the most highly differentiated
organs in the body. At the conclusion of embryologic
development, nearly 30 different cell types form a mul-
titude of filtering capillaries and segmented nephrons
enveloped by a dynamic interstitium. This cellular
diversity modulates a variety of complex physiologic
processes. Endocrine functions, the regulation of blood
pressure and intraglomerular hemodynamics, solute and
water transport, acid-base balance, and removal of drug
metabolites are all accomplished by intricate mechanisms
of renal response. This breadth of physiology hinges
on the clever ingenuity of nephron architecture that
evolved as complex organisms came out of water to live
on land.

EMBRYOLOGIC DEVELOPMENT

Kidneys develop from intermediate mesoderm under
the timed or sequential control of a growing number of
genes, described in Fig. 1-1. The transcription of these
genes is guided by morphogenic cues that invite two
ureteric buds to each penetrate bilateral metanephric
blastema, where they induce primary mesenchymal cells
to form early nephrons. This induction involves a num-
ber of complex signaling pathways mediated by Pax2,
Six2, WT-1, Wnt9b, c-Met, fibroblast growth factor,
transforming growth factor P, glial cell-derived neuro-
trophic factor, hepatocyte growth factor, and epidermal
growth factor. The two ureteric buds emerge from pos-
terior nephric ducts and mature into separate collecting
systems that eventually form a renal pelvis and ureter.
Induced mesenchyme undergoes mesenchymal epithelial
transitions to form comma-shaped bodies at the proxi-
mal end of each ureteric bud, leading to the formation of
S-shaped nephrons that cleft and enjoin with penetrat-
ing endothelial cells derived from sprouting angioblasts.

m Eric G. Neilson

Under the influence of vascular endothelial growth fac-
tor A (VEGF-A), these penetrating cells form capillar-
ies with surrounding mesangial cells that differentiate
into a glomerular filter for plasma water and solute. The
ureteric buds branch, and each branch produces a new
set of nephrons. The number of branching events ulti-
mately determines the total number of nephrons in each
kidney. There are approximately 900,000 glomeruli in
each kidney in normal birth weight adults and as few
as 225,000 in low birth weight adults—producing the
latter in numerous comorbid risks.

Glomeruli evolve as complex capillary filters with
fenestrated endothelia under the guiding influence of
VEGEF-A and angiopoietin-1 secreted by adjacently
developing podocytes. Epithelial podocytes facing the
urinary space envelop the exterior basement membrane
supporting these emerging endothelial capillaries. Podo-
cytes are partially polarized and periodically fall off into
the urinary space by epithelial-mesenchymal transition,
and to a lesser extent apoptosis, only to be replenished
by migrating parietal epithelia from Bowman’s cap-
sule. Failing replenishment results in heavy proteinuria.
Podocytes attach to the basement membrane by special
foot processes and share a slit-pore membrane with their
neighbor. The slit-pore membrane forms a filter for
plasma water and solute by the synthetic interaction of
nephrin, annexin-4, CD2AP, FAT, ZO-1, P-cadherin,
podocin, TRPC6, PLCE1, and neph 1-3 proteins.
Mutations in many of these proteins also result in heavy
proteinuria. The glomerular capillaries are embedded in
a mesangial matrix shrouded by parietal and proximal
tubular epithelia forming Bowman’s capsule. Mesangial
cells have an embryonic lineage consistent with arte-
riolar or juxtaglomerular cells and contain contractile
actin-myosin fibers. These mesangial cells make contact
with glomerular capillary loops, and their local matrix
holds them in condensed arrangement.
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FIGURE 1-1

Genes controlling renal nephrogenesis. A growing number
of genes have been identified at various stages of glomeru-
lotubular development in the mammalian kidney. The genes
listed have been tested in various genetically modified mice,
and their location corresponds to the classical stages of
kidney development postulated by Saxen in 1987. GDNF,
giant cell line—derived neutrophilic factor; FGFR2, fibroblast

Between nephrons lies the renal interstitium. This
region forms a functional space surrounding glomeruli
and their downstream tubules, which are home to res-
ident and trafticking cells such as fibroblasts, dendritic
cells, occasional lymphocytes, and lipid-laden macro-
phages. The cortical and medullary capillaries, which
siphon oft solute and water following tubular reclama-
tion of glomerular filtrate, are also part of the interstitial
fabric as well as a web of connective tissue that supports
the kidney’s emblematic architecture of folding tubules.
The relational precision of these structures determines the
unique physiology of the kidney.

Each nephron is partitioned during embryologic
development into a proximal tubule, descending and
ascending limbs of the loop of Henle, distal tubule, and
the collecting duct. These classic tubular segments build
from subsegments lined by highly unique epithelia serv-
ing regional physiology. All nephrons have the same
structural components, but there are two types whose
structure depend on their location within the kidney.
The majority of nephrons are cortical, with glomeruli
located in the mid-to-outer cortex. Fewer nephrons
are juxtamedullary, with glomeruli at the boundary of
the cortex and outer medulla. Cortical nephrons have
short loops of Henle, whereas juxtamedullary nephrons
have long loops of Henle. There are critical difterences
in blood supply as well. The peritubular capillaries sur-
rounding cortical nephrons are shared among adjacent
nephrons. By contrast, juxtamedullary nephrons depend
on individual capillaries called vasa recta. Cortical neph-
rons perform most of the glomerular filtration because
there are more of them and because their afferent arte-
rioles are larger than their respective efferent arterioles.

Nephrogenesis

growth factor receptor 2; WT-1, Wilms’ tumor gene 1; FGF-8,
fibroblast growth factor 8; VEGF-A/Flk-1, vascular endo-
thelial growth factor—A/fetal liver kinase-1; PDGFp, platelet-
derived growth factor B; PDGFBR, PDGFf receptor; SDF-1,
stromal-derived factor 1; NPHS1, nephrin; NCK1/2, NCK-
adaptor protein; CD2AP, CD2-associated protein; NPHS2,
podocin; LAMB2, laminin beta-2.

The juxtamedullary nephrons, with longer loops of
Henle, create a hyperosmolar gradient for concentrating
urine. How developmental instructions specify the dif-
ferentiation of all these unique epithelia among various
tubular segments s still unknown.

DETERMINANTS AND REGULATION OF
GLOMERULAR FILTRATION

Renal blood flow normally drains approximately 20%
of the cardiac output, or 1000 mL/min. Blood reaches
each nephron through the afferent arteriole leading
into a glomerular capillary where large amounts of
fluid and solutes are filtered to form the tubular fluid.
The distal ends of the glomerular capillaries coalesce to
form an efferent arteriole leading to the first segment of
a second capillary network (cortical peritubular capil-
laries or medullary vasa recta) surrounding the tubules
(Fig. 1-2A). Thus, nephrons have two capillary beds
arranged in a series separated by the efferent arteriole
that regulates the hydrostatic pressure in both capil-
lary beds. The distal capillaries empty into small venous
branches that coalesce into larger veins to eventually
form the renal vein.

The hydrostatic pressure gradient across the glomer-
ular capillary wall is the primary driving force for glo-
merular filtration. Oncotic pressure within the capillary
lumen, determined by the concentration of unfiltered
plasma proteins, partially offsets the hydrostatic pressure
gradient and opposes filtration. As the oncotic pres-
sure rises along the length of the glomerular capillary,
the driving force for filtration falls to zero on reaching
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FIGURE 1-2
Renal microcirculation and the renin-angiotensin system.
A. Diagram illustrating relationships of the nephron with glome-
rular and peritubular capillaries. B. Expanded view of the
glomerulus with its juxtaglomerular apparatus including
the macula densa and adjacent afferent arteriole. C. Proteo-

lytic processing steps in the generation of angiotensins.

the efferent arteriole. Approximately 20% of the renal
plasma flow is filtered into Bowman’s space, and the
ratio of glomerular filtration rate (GFR) to renal plasma
flow determines the filtration fraction. Several factors,
mostly hemodynamic, contribute to the regulation of
filtration under physiologic conditions.

Although glomerular filtration is affected by renal
artery pressure, this relationship is not linear across the
range of physiologic blood pressures due to autoregu-
lation of GFR. Autoregulation of glomerular filtration
is the result of three major factors that modulate either
afferent or efferent arteriolar tone: these include an auton-
omous vasoreactive (myogenic) reflex in the afferent arte-
riole, tubuloglomerular feedback, and angiotensin [I-mediated
vasoconstriction of the efferent arteriole. The myogenic
reflex is a first line of defense against fluctuations in
renal blood flow. Acute changes in renal perfusion pres-
sure evoke reflex constriction or dilatation of the afferent
arteriole in response to increased or decreased pressure,
respectively. This phenomenon helps protect the glomer-
ular capillary from sudden changes in systolic pressure.

Tubuloglomerular feedback changes the rate of filtra-
tion and tubular flow by reflex vasoconstriction or dilata-
tion of the afferent arteriole. Tubuloglomerular feedback
is mediated by specialized cells in the thick ascending
limb of the loop of Henle, called the macula densa, that act
as sensors of solute concentration and tubular flow rate.
With high tubular flow rates, a proxy for an inappropri-
ately high filtration rate, there is increased solute delivery
to the macula densa (Fig. 1-2B) that evokes vasocon-
striction of the afferent arteriole causing GFR to return
toward normal. One component of the soluble signal
from the macula densa is adenosine triphosphate (ATP)
released by the cells during increased NaCl reabsorption.
ATP is metabolized in the extracellular space to generate
adenosine, a potent vasoconstrictor of the afferent arteri-
ole. During conditions associated with a fall in filtration
rate, reduced solute delivery to the macula densa attenu-
ates the tubuloglomerular response, allowing afterent
arteriolar dilatation and restoring glomerular filtration to
normal levels. Angiotensin II and reactive oxygen species
enhance, while nitric oxide (NO) blunts, tubuloglomer-
ular feedback.

The third component underlying autoregulation of
GFR involves angiotensin II. During states of reduced
renal blood flow, renin is released from granular cells
within the wall of the afferent arteriole near the macula
densa in a region called the juxtaglomerular apparatus
(Fig. 1-2B). Renin, a proteolytic enzyme, catalyzes the
conversion of angiotensinogen to angiotensin I, which is
subsequently converted to angiotensin II by angiotensin-
converting enzyme (ACE) (Fig. 1-2C). Angiotensin I
evokes vasoconstriction of the efferent arteriole, and the
resulting increased glomerular hydrostatic pressure ele-
vates filtration to normal levels.



MECHANISMS OF RENAL
TUBULAR TRANSPORT

The renal tubules are composed of highly differenti-
ated epithelia that vary dramatically in morphology
and function along the nephron (Fig. 1-3). The cells
lining the various tubular segments form monolay-
ers connected to one another by a specialized region of
the adjacent lateral membranes called the tight junction.
Tight junctions form an occlusive barrier that separates
the lumen of the tubule from the interstitial spaces sur-
rounding the tubule and also apportions the cell mem-
brane into discrete domains: the apical membrane facing
the tubular lumen and the basolateral membrane fac-
ing the interstitium. This regionalization allows cells to
allocate membrane proteins and lipids asymmetrically.
Owing to this feature, renal epithelial cells are said to

Proximal tubule Basolateral
-

Apical i\
Na
O,
o
Na
Phosphateg:
Na
Glucoseg:

Thiazides

IARRRT

Glucose
Nag: Amino H.0
Amino acids acids S
H,0, solutes s
P
H (o
Formic acid == — — ol
F t
Hoop o T O™ T
cl H K
l A Q: Na Proximal tubule
H>COg HxCO4 HCOg
l Carbonic TCarbonic
anhydrase anhydrase
H 20 + 002 ............... > 002
Lumen Interstitium (
A Bowman's } |
capsule ————
Thick ascending P QL
Loop limb cell
diuretics
L,
Na 2K mm e mm - -
KE g % al Loop of Henle:
2CI

Thick ascending/

% :
o — limb
T~ @Ca

Thin descending—"

limb

Ca, Mg Thin ascenc_ling

B Lumen Interstitium D limb
FIGURE 1-3

Transport activities of the major nephron segments. Rep-
resentative cells from five major tubular segments are illus-
trated with the lumen side (apical membrane) facing left and
interstitial side (basolateral membrane) facing right. A. Proxi-
mal tubular cells. B. Typical cell in the thick ascending limb of
the loop of Henle. C. Distal convoluted tubular cell. D. Over-
view of entire nephron. E. Cortical collecting duct cells. F
Typical cell in the inner medullary collecting duct. The major
membrane transporters, channels, and pumps are drawn with
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be polarized. The asymmetric assignment of membrane
proteins, especially proteins mediating transport pro-
cesses, provides the machinery for directional move-
ment of fluid and solutes by the nephron.

EPITHELIAL SOLUTE TRANSPORT

There are two types of epithelial transport. Move-
ment of fluid and solutes sequentially across the api-
cal and basolateral cell membranes (or vice versa)
mediated by transporters, channels, or pumps is called
cellular transport. By contrast, movement of fluid and sol-
utes through the narrow passageway between adjacent
cells is called paracellular transport. Paracellular transport
occurs through tight junctions, indicating that they are
not completely “tight.” Indeed, some epithelial cell lay-
ers allow rather robust paracellular transport to occur
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arrows indicating the direction of solute or water movement.
For some events, the stoichiometry of transport is indicated
by numerals preceding the solute. Targets for major diuretic
agents are labeled. The actions of hormones are illustrated by
arrows with plus signs for stimulatory effects and lines with
perpendicular ends for inhibitory events. Dotted lines indicate
free diffusion across cell membranes. The dashed line indi-
cates water impermeability of cell membranes in the thick
ascending limb and distal convoluted tubule.
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(leaky epithelia), whereas other epithelia have more eftec-
tive tight junctions (tight epithelia). In addition, because
the ability of ions to flow through the paracellular path-
way determines the electrical resistance across the epithe-
lial monolayer, leaky and tight epithelia are also referred
to as low- or high-resistance epithelia, respectively. The
proximal tubule contains leaky epithelia, whereas distal
nephron segments such as the collecting duct, contain
tight epithelia. Leaky epithelia are most well suited for bulk
fluid reabsorption, whereas tight epithelia allow for more
refined control and regulation of transport.

MEMBRANE TRANSPORT

Cell membranes are composed of hydrophobic lipids
that repel water and aqueous solutes. The movement
of solutes and water across cell membranes is made pos-
sible by discrete classes of integral membrane proteins,
including channels, pumps, and transporters. These dif-
ferent mechanisms mediate specific types of transport
activities, including active transport (pumps), passive trans-
port (channels), facilitated diffusion (transporters), and sec-
ondary active transport (cotransporters). Active transport
requires metabolic energy generated by the hydrolysis
of ATP. Active transport pumps are ion-translocating
ATPases, including the ubiquitous Na*/K*-ATPase, the
H*-ATPases, and Ca®>"~-ATPases. Active transport cre-
ates asymmetric ion concentrations across a cell mem-
brane and can move ions against a chemical gradient.
The potential energy stored in a concentration gradient
of an ion such as Na* can be utilized to drive transport
through other mechanisms (secondary active transport).
Pumps are often electrogenic, meaning they can cre-
ate an asymmetric distribution of electrostatic charges
across the membrane and establish a voltage or mem-
brane potential. The movement of solutes through a
membrane protein by simple diftusion is called passive
transport. This activity is mediated by channels cre-
ated by selectively permeable membrane proteins, and
it allows solute or water to move across a membrane
driven by favorable concentration gradients or electrochemical
potential. Examples in the kidney include water channels
(aquaporins), K* channels, epithelial Na* channels, and
CI” channels. Facilitated diffusion is a specialized type of
passive transport mediated by simple transporters called
carriers or uniporters. For example, hexose transporters
such as GLUT2 mediate glucose transport by tubular
cells. These transporters are driven by the concentration
gradient for glucose that is highest in extracellular fluids
and lowest in the cytoplasm due to rapid metabolism.
Many other transporters operate by translocating two or
more ions/solutes in concert either in the same direc-
tion (symporters or cotransporters) or in opposite directions
(antiporters or exchangers) across the cell membrane. The
movement of two or more ions/solutes may produce
no net change in the balance of electrostatic charges

across the membrane (electroneutral), or a transport event
may alter the balance of charges (electrogenic). Several
inherited disorders of renal tubular solute and water
transport occur as a consequence of mutations in genes
encoding a variety of channels, transporter proteins, and
their regulators (Table 1-1).

SEGMENTAL NEPHRON FUNCTIONS

Each anatomic segment of the nephron has unique
characteristics and specialized functions enabling selec-
tive transport of solutes and water (Fig. 1-3). Through
sequential events of reabsorption and secretion along
the nephron, tubular fluid is progressively conditioned
into urine. Knowledge of the major tubular mechanisms
responsible for solute and water transport is critical for
understanding hormonal regulation of kidney function
and the pharmacologic manipulation of renal excretion.

PROXIMAL TUBULE

The proximal tubule is responsible for reabsorbing
~60% of filtered NaCl and water, as well as ~90% of
filtered bicarbonate and most critical nutrients such as
glucose and amino acids. The proximal tubule utilizes
both cellular and paracellular transport mechanisms.
The apical membrane of proximal tubular cells has an
expanded surface area available for reabsorptive work
created by a dense array of microvilli called the brush
border, and leaky tight junctions enable high-capacity
fluid reabsorption.

Solute and water pass through these tight junctions to
enter the lateral intercellular space where absorption by
the peritubular capillaries occurs. Bulk fluid reabsorp-
tion by the proximal tubule is driven by high oncotic
pressure and low hydrostatic pressure within the peritu-
bular capillaries. Physiologic adjustments in GFR made
by changing efferent arteriolar tone cause proportional
changes in reabsorption, a phenomenon known as
glomerulotubular balance. For example, vasoconstriction
of the efterent arteriole by angiotensin II will increase
glomerular capillary hydrostatic pressure but lower pres-
sure in the peritubular capillaries. At the same time,
increased GFR and filtration fraction raise oncotic pres-
sure near the end of the glomerular capillary. These
changes, a lowered hydrostatic and increased oncotic
pressure, increase the driving force for fluid absorption
by the peritubular capillaries.

Cellular transport of most solutes by the proximal
tubule is coupled to the Na* concentration gradient
established by the activity of a basolateral Na*/K*-ATPase
(Fig. 1-3A). This active transport mechanism maintains
a steep Na* gradient by keeping intracellular Na* con-
centrations low. Solute reabsorption is coupled to the
Na* gradient by Na*-dependent transporters such as



TABLE 1-1

INHERITED DISORDERS AFFECTING RENAL TUBULAR ION AND SOLUTE TRANSPORT

DISEASE OR SYNDROME GENE OoMIM?
Disorders Involving the Proximal Tubule
Proximal renal tubular acidosis Sodium bicarbonate cotransporter 604278
(SLC4A4, 4g21)
Fanconi-Bickel syndrome Gilucose transporter, GLUT2 227810
(SLC2A2, 3g26.2)
Isolated renal glycosuria Sodium glucose cotransporter 233100
(SLC5A2, 16p11.2)
Cystinuria
Type | Cystine, dibasic and neutral amino acid transporter 220100
(SLC3A1, 2p16.3)
Nontype | Amino acid transporter, light subunit 600918
(SLC7A9, 19913.1)
Lysinuric protein intolerance Amino acid transporter (SLC7A7, 4q11.2) 222700
Hartnup disorder Neutral amino acid transporter 34500
(SLC6A19, 5p15.33)
Hereditary hypophosphatemic rickets with Sodium phosphate cotransporter 241530
hypercalcemia (SLC34A3, 9g34)
Renal hypouricemia 220150
Type 1 Urate-anion exchanger
(SLC22A12, 11913)
Type 2 Urate transporter, GLUT9 612076
(SLC2A9, 4p16.1)
Dent’s disease Chloride channel, CIC-5 300009
(CLCNS5, Xp11.22)
X-linked recessive nephrolithiasis with renal failure Chloride channel, CIC-5 310468
(CLCNS, Xp11.22)
X-linked recessive hypophosphatemic rickets Chloride channel, CIC-5 307800
(CLCNS, Xp11.22)
Disorders Involving the Loop of Henle
Bartter’s syndrome
Type 1 Sodium, potassium chloride cotransporter 241200
(SLC12A1, 15g21.1)
Type 2 Potassium channel, ROMK 601678
(KCNJ1, 11g24)
Type 3 Chloride channel, CIC-Kb 602023
(CLCNKB, 1p36)
with sensorineural deafness Chloride channel accessory subunit, Barttin 602522
(BSND, 1p31)
Autosomal dominant hypocalcemia with Calcium-sensing receptor 607199
Bartter-like syndrome (CASR, 39g13.33)
Familial hypocalciuric hypercalcemia Calcium-sensing receptor 145980
(CASR, 3913.33)
Primary hypomagnesemia Claudin-16 or paracellin-1 248250
(CLDN16 or PCLN1, 3927)
Isolated renal magnesium loss Sodium potassium ATPase, v;-subunit 154020
(ATP1G1, 11923)
Disorders Involving the Distal Tubule and Collecting Duct
Gitelman’s syndrome Sodium chloride cotransporter 263800
(SLC12A3, 16q13)
Primary hypomagnesemia with secondary Melastatin-related transient receptor potential 602014
hypocalcemia cation channel 6
(TRPM6, 9922)
Pseudoaldosteronism (Liddle’s syndrome) Epithelial sodium channel 8 and y subunits 177200

(SCNN1B, SCNN1G, 16p12.1)

(continued)
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TABLE 1-1

INHERITED DISORDERS AFFECTING RENAL TUBULAR ION AND SOLUTE TRANSPORT (CONTINUED)

DISEASE OR SYNDROME GENE OMIM?
Recessive pseudohypoaldosteronism Type 1 Epithelial sodium channel, o, B, and y subunits 264350
(SCNN1A, 12p13; SCNN1B, SCNN1G, 16pp12.1)
Pseudohypoaldosteronism Type 2 (Gordon’s hyperkale- Kinases WNK-1, WNK-4 145260
mia-hypertension syndrome) (WNKT, 12p13; WNK4, 17921.31)
X-linked nephrogenic diabetes insipidus Vasopressin V2 receptor (AVPR2, Xq28) 304800
Nephrogenic diabetes insipidus (autosomal) Water channel, aquaporin-2 125800
(AQP2, 12913)
Distal renal tubular acidosis
autosomal dominant Anion exchanger-1 179800
(SLC4A1,17921.31)
autosomal recessive Anion exchanger-1 602722
(SLC4A1,17921.31)
with neural deafness Proton ATPase, 31 subunit 192132
(ATP6V1B1, 2p13.3)
with normal hearing Proton ATPase, 116-kD subunit 602722

(ATP6VO0A4, 7q34)

“Online Mendelian Inheritance in Man database (http://www.ncbi.nlm.nih.gov/Omim).

Na*-glucose and Na*-phosphate cotransporters. In addi-
tion to the paracellular route, water reabsorption also
occurs through the cellular pathway enabled by consti-
tutively active water channels (aquaporin-1) present on
both apical and basolateral membranes. Small, local osmotic
gradients close to plasma membranes generated by cellular
Na* reabsorption are likely responsible for driving direc-
tional water movement across proximal tubule cells, but
reabsorption along the proximal tubule does not produce
a net change in tubular fluid osmolality.

Proximal tubular cells reclaim bicarbonate by a
mechanism dependent on carbonic anhydrases. Filtered
bicarbonate is first titrated by protons delivered to the
lumen by Na*/H" exchange. The resulting carbonic acid
(H,CO;) is metabolized by brush border carbonic
anhydrase to water and carbon dioxide. Dissolved
carbon dioxide then diffuses into the cell, where it is
enzymatically hydrated by cytoplasmic carbonic anhy-
drase to re-form carbonic acid. Finally, intracellular car-
bonic acid dissociates into free protons and bicarbonate
anions, and bicarbonate exits the cell through a baso-
lateral Na*/HCOj;~ cotransporter. This process is satu-
rable, resulting in urinary bicarbonate excretion when
plasma levels exceed the physiologically normal range
(24-26 meq/L). Carbonic anhydrase inhibitors such
as acetazolamide, a class of weak diuretic agents, block
proximal tubule reabsorption of bicarbonate and are
useful for alkalinizing the urine.

Chloride 1s poorly reabsorbed throughout the first seg-
ment of the proximal tubule, and a rise in CI™ concen-
tration counterbalances the removal of bicarbonate anion
from tubular fluid. In later proximal tubular segments,
cellular CI™ reabsorption is initiated by apical exchange
of cellular formate for higher luminal concentrations of

CI'. Once in the lumen, formate anions are titrated by
H* (provided by Na*/H* exchange) to generate neutral
formic acid, which can diftuse passively across the apical
membrane back into the cell where it dissociates a pro-
ton and is recycled. Basolateral CI™ exit is mediated by a
K*/CI” cotransporter.

Reabsorption of glucose is nearly complete by the
end of the proximal tubule. Cellular transport of glu-
cose is mediated by apical Na*-glucose cotransport cou-
pled with basolateral, facilitated diffusion by a glucose
transporter. This process is also saturable, leading to
glycosuria when plasma levels exceed 180-200 mg/dL,
as seen in untreated diabetes mellitus.

The proximal tubule possesses specific transporters
capable of secreting a variety of organic acids (carbox-
ylate anions) and bases (mostly primary amine cations).
Organic anions transported by these systems include
urate, ketoacid anions, and several protein-bound drugs
not filtered at the glomerulus (penicillins, cephalosporins,
and salicylates). Probenecid inhibits renal organic anion
secretion and can be clinically useful for raising plasma
concentrations of certain drugs like penicillin and osel-
tamivir. Organic cations secreted by the proximal tubule
include various biogenic amine neurotransmitters (dopa-
mine, acetylcholine, epinephrine, norepinephrine, and
histamine) and creatinine. The ATP-dependent trans-
porter P-glycoprotein is highly expressed in brush bor-
der membranes and secretes several medically important
drugs, including cyclosporine, digoxin, tacrolimus, and
various cancer chemotherapeutic agents. Certain drugs
like cimetidine and trimethoprim compete with endog-
enous compounds for transport by the organic cation
pathways. While these drugs elevate serum creatinine
levels, there is no change in the actual GFR.


http://www.ncbi.nlm.nih.gov/Omim

The proximal tubule, through distinct classes of
Na*-dependent and Na*-independent transport sys-
tems, reabsorbs amino acids efficiently. These trans-
porters are specific for different groups of amino acids.
For example, cystine, lysine, arginine, and ornithine
are transported by a system comprising two proteins
encoded by the SLC3A1 and SLC7A9 genes. Muta-
tions in either SLC3A1 or SLC7A9 impair reabsorption
of these amino acids and cause the disease cystinuria.
Peptide hormones such as insulin and growth hormone,
B,-microglobulin, albumin, and other small proteins,
are taken up by the proximal tubule through a process
of absorptive endocytosis and are degraded in acidi-
fied endocytic lysosomes. Acidification of these vesicles
depends on a vacuolar H*-ATPase and CI” channel.
Impaired acidification of endocytic vesicles because of
mutations in a CI™ channel gene (CLCNJ) causes low
molecular weight proteinuria in Dent’s disease. Renal
ammoniagenesis from glutamine in the proximal tubule
provides a major tubular fluid buffer to ensure excretion
of secreted H* ion as NH," by the collecting duct. Cel-
lular K* levels inversely modulate ammoniagenesis, and
in the setting of high serum K* from hypoaldosteron-
ism, reduced ammoniagenesis facilitates the appearance
of Type IV renal tubular acidosis.

LOOP OF HENLE

The loop of Henle consists of three major segments:
descending thin limb, ascending thin limb, and ascend-
ing thick limb. These divisions are based on cellular mor-
phology and anatomic location, but also correlate with
specialization of function. Approximately 15-25% of fil-
tered NaCl is reabsorbed in the loop of Henle, mainly
by the thick ascending limb. The loop of Henle has an
important role in urinary concentration by contributing
to the generation of a hypertonic medullary interstitium
in a process called countercurrent multiplication. The loop
of Henle is the site of action for the most potent class
of diuretic agents (loop diuretics) and also contributes to
reabsorption of calcium and magnesium ions.

The descending thin limb is highly water permeable
owing to dense expression of constitutively active aqua-
porin-1 water channels. By contrast, water permeability
is negligible in the ascending limb. In the thick ascending
limb, there is a high level of secondary active salt trans-
port enabled by the Na*/K*/2CI™ cotransporter on the
apical membrane in series with basolateral CI™ channels
and Na*/K*-ATPase (Fig. 1-3B). The Na*/K*/2Cl
cotransporter is the primary target for loop diuretics.
Tubular fluid K* is the limiting substrate for this cotrans-
porter (tubular concentration of K* is similar to plasma,
about 4 meq/L), but transporter activity is maintained
by K* recycling through an apical potassium channel.
An inherited disorder of the thick ascending limb, Bart-
ter’s syndrome, also results in a salt-wasting renal disease

associated with hypokalemia and metabolic alkalosis;
loss-of-function mutations in one of five distinct genes
encoding components of the Na*/K*/2CI™ cotransporter
(NKCC2), apical K* channel (KCNJ1), or basolateral CI™
channel (CLCNKB, BSND), or calcium-sensing receptor
(CASR) can cause Bartter’s syndrome.

Potassium recycling also contributes to a positive
electrostatic charge in the lumen relative to the inter-
stitium  that promotes divalent cation (Mg®* and Ca®")
reabsorption through a paracellular pathway. A Ca*-
sensing, G-protein—coupled receptor (CaSR) on baso-
lateral membranes regulates NaCl reabsorption in the
thick ascending limb through dual signaling mechanisms
utilizing either cyclic AMP or eicosanoids. This recep-
tor enables a steep relationship between plasma Ca**
levels and renal Ca** excretion. Loss-of-function muta-
tions in CaSR cause familial hypercalcemic hypocalciuria
because of a blunted response of the thick ascending limb
to extracellular Ca®*. Mutations in CLDN16 encoding
paracellin-1, a transmembrane protein located within the
tight junction complex, leads to familial hypomagnese-
mia with hypercalcuria and nephrocalcinosis, suggesting
that the ion conductance of the paracellular pathway in
the thick limb is regulated.

The loop of Henle contributes to urine-concentrating
ability by establishing a hypertonic medullary interstitium
that promotes water reabsorption by the downstream
inner medullary collecting duct. Countercurrent multiplica-
tion produces a hypertonic medullary interstitium using
two countercurrent systems: the loop of Henle (oppos-
ing descending and ascending limbs) and the vasa recta
(medullary peritubular capillaries enveloping the loop).
The countercurrent flow in these two systems helps
maintain the hypertonic environment of the inner
medulla, but NaCl reabsorption by the thick ascend-
ing limb is the primary initiating event. Reabsorption of
NaCl without water dilutes the tubular fluid and adds
new osmoles to medullary interstitial fluid. Because the
descending thin limb is highly water permeable, osmotic
equilibrium occurs between the descending limb tubu-
lar fluid and the interstitial space, leading to progressive
solute trapping in the inner medulla. Maximum medul-
lary interstitial osmolality also requires partial recycling
of urea from the collecting duct.

DISTAL CONVOLUTED TUBULE

The distal convoluted tubule reabsorbs ~5% of the fil-
tered NaCl. This segment is composed of a tight epi-
thelium with little water permeability. The major
NaCl-transporting pathway utilizes an apical mem-
brane, electroneutral thiazide-sensitive Nat/Cl™ cotrans-
porter in tandem with basolateral Na*/K*-ATPase and
CI” channels (Fig. 1-3C). Apical Ca**-selective chan-
nels (TRPV5) and basolateral Na*/Ca*" exchange medi-
ate calcium reabsorption in the distal convoluted tubule.
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Ca*" reabsorption is inversely related to Na* reabsorp-
tion and is stimulated by parathyroid hormone. Block-
ing apical Na*/Cl™ cotransport will reduce intracellular
Na*, favoring increased basolateral Na*/Ca** exchange
and passive apical Ca®" entry. Loss-of-function mutations
of SLC12A3 encoding the apical Na*/CI™ cotransporter
cause Gitelman’s syndrome, a salt-wasting disorder asso-
ciated with hypokalemic alkalosis and hypocalciuria.
Mutations in genes encoding WNK kinases, WINK-1
and WNK-4, cause pseudohypoaldosteronism type II
or Gordon’s syndrome characterized by familial hyper-
tension with hyperkalemia. WNK kinases influence
the activity of several tubular ion transporters. Muta-
tions in this disorder lead to overactivity of the apical
Na*/CI” cotransporter in the distal convoluted tubule
as the primary stimulus for increased salt reabsorp-
tion, extracellular volume expansion, and hypertension.
Hyperkalemia may be caused by diminished activity of
apical K* channels in the collecting duct, a primary route
for K* secretion. Mutations in TRPM6 encoding Mg**
permeable ion channels also cause familial hypomag-
nesemia with hypocalcemia. A molecular complex of
TRPM6 and TRPM?7 proteins is critical for Mg”* reab-
sorption in the distal convoluted tubule.

COLLECTING DUCT

The collecting duct modulates the final composition of
urine. The two major divisions, the cortical collecting
duct and inner medullary collecting duct, contribute
to reabsorbing ~4-5% of filtered Na* and are impor-
tant for hormonal regulation of salt and water balance.
The cortical collecting duct contains high-resistance
epithelia with two cell types. Principal cells are the main
water, Na*-reabsorbing, and K*-secreting cells, and the
site of action of aldosterone, K*-sparing diuretics, and
mineralocorticoid receptor antagonists such as spirono-
lactone. The other cells are type A and B intercalated
cells. Type A intercalated cells mediate acid secretion
and bicarbonate reabsorption also under the influence
of aldosterone. Type B intercalated cells mediate bicar-
bonate secretion and acid reabsorption.

Virtually all transport is mediated through the cel-
lular pathway for both principal cells and intercalated
cells. In principal cells, passive apical Na* entry occurs
through the amiloride-sensitive, epithelial Na* channel
(ENaC) with basolateral exit via the Na*/K*-ATPase
(Fig. 1-3E). This Na® reabsorptive process is tightly
regulated by aldosterone and is physiologically activated
by a variety of proteolytic enzymes that cleave extracel-
lular domains of ENaC; plasmin in the tubular fluid of
nephrotic patients, for example, activates ENaC, leading
to sodium retention. Aldosterone enters the cell across
the basolateral membrane, binds to a cytoplasmic min-
eralocorticoid receptor, and then translocates into the

nucleus, where it modulates gene transcription, result-
ing in increased Na* reabsorption and K* secretion.
Activating mutations in ENaC increase Na* reclamation
and produce hypokalemia, hypertension, and metabolic
alkalosis (Liddle’s syndrome). The potassium-sparing
diuretics amiloride and triamterene block ENaC, caus-
ing reduced Na* reabsorption.

Principal cells secrete K* through an apical mem-
brane potassium channel. Several forces govern the
secretion of K*. Most importantly, the high intracel-
lular K concentration generated by Na™/K*-ATPase
creates a favorable concentration gradient for K
secretion into tubular fluid. With reabsorption of Na*
without an accompanying anion, the tubular lumen
becomes negative relative to the cell interior, creating
a favorable electrical gradient for secretion of potas-
sium. When Na* reabsorption is blocked, the electrical
component of the driving force for K secretion is
blunted, and this explains the lack of excess urinary K* loss
during treatment with potassium-sparing diuretics. K*
secretion 1s also promoted by aldosterone actions that
increase regional Na' transport favoring more elec-
tronegativity and by increasing the number and activ-
ity of potassium channels. Fast tubular fluid flow rates
that occur during volume expansion or diuretics acting
“upstream” of the cortical collecting duct also increase
K* secretion, as does the presence of relatively nonre-
absorbable anions (including bicarbonate and semisyn-
thetic penicillins) that contribute to the lumen-negative
potential. Oft-target effects of certain antibiotics such
as trimethoprim and pentamidine, block ENaCs and
predispose to hyperkalemia, especially when renal K*
handling is impaired for other reasons. Principal cells,
as described below, also participate in water reabsorp-
tion by increased water permeability in response to
vasopressin.

Intercalated cells do not participate in Na* reabsorp-
tion but instead mediate acid-base secretion. These
cells perform two types of transport: active H* trans-
port mediated by H*-ATPase (proton pump), and
CI'/HCOj™ exchange. Intercalated cells arrange the two
transport mechanisms on opposite membranes to enable
either acid or base secretion. Type A intercalated cells
have an apical proton pump that mediates acid secre-
tion and a basolateral CI'/HCO;  anion exchanger
for bicarbonate reabsorption (Fig. 1-3E); aldosterone
increases the number of H*-ATPase pumps, sometimes
contributing to the development of metabolic alkalo-
sis. By contrast, type B intercalated cells have the anion
exchanger on the apical membrane to mediate bicar-
bonate secretion while the proton pump resides on the
basolateral membrane to enable acid reabsorption. Under
conditions of acidemia, the kidney preferentially uses
type A intercalated cells to secrete the excess H™ and
generate more HCO;~. The opposite is true in states



of bicarbonate excess with alkalemia where the type B
intercalated cells predominate. An extracellular protein
called hensin mediates this adaptation.

Inner medullary collecting duct cells share many
similarities with principal cells of the cortical collect-
ing duct. They have apical Na* and K* channels that
mediate Na* reabsorption and K* secretion, respectively
(Fig. 1-3F). Inner medullary collecting duct cells also
have vasopressin-regulated water channels (aquaporin-2
on the apical membrane, aquaporin-3 and -4 on the
basolateral membrane). The antidiuretic hormone
vasopressin binds to the V2 receptor on the basolat-
eral membrane and triggers an intracellular signaling
cascade through G-protein—mediated activation of ade-
nylyl cyclase, resulting in an increase in the cellular lev-
els of cyclic AMP. This signaling cascade stimulates the
insertion of water channels into the apical membrane
of the inner medullary collecting duct cells to promote
increased water permeability. This increase in perme-
ability enables water reabsorption and production of
concentrated urine. In the absence of vasopressin, inner
medullary collecting duct cells are water impermeable,
and urine remains dilute.

Sodium reabsorption by inner medullary collect-
ing duct cells is also inhibited by the natriuretic pep-
tides called atrial natriuretic peptide or renal natriuretic peptide
(urodilatin); the same gene encodes both peptides but
uses different posttranslational processing of a common
preprohormone to generate different proteins. Atrial
natriuretic peptides are secreted by atrial myocytes in
response to volume expansion, whereas urodilatin is
secreted by renal tubular epithelia. Natriuretic peptides
interact with either apical (urodilatin) or basolateral (atrial
natriuretic peptides) receptors on inner medullary collect-
ing duct cells to stimulate guanylyl cyclase and increase
levels of cytoplasmic ¢cGMP. This eftect in turn reduces
the activity of the apical Na* channel in these cells and
attenuates net Na* reabsorption, producing natriuresis.

The inner medullary collecting duct transports urea
out of the lumen, returning urea to the interstitium,
where it contributes to the hypertonicity of the medul-
lary interstitium. Urea is recycled by diffusing from the
interstitium into the descending and ascending limbs of
the loop of Henle.

HORMONAL REGULATION OF SODIUM
AND WATER BALANCE

The balance of solute and water in the body is deter-
mined by the amounts ingested, distributed to various
fluid compartments, and excreted by skin, bowel, and
kidneys. Tonicity, the osmolar state determining the
volume behavior of cells in a solution, is regulated by
water balance (Fig. 1-4A), and extracellular blood volume

is regulated by Na* balance (Fig. 1-4B). The kidney is
a critical modulator of both physiologic processes.

WATER BALANCE

Tonicity depends on the variable concentration of effec-
tive osmoles inside and outside the cell causing water to
move in either direction across its membrane. Clas-
sic effective osmoles, like Na*, K* and their anions,
are solutes trapped on either side of a cell membrane,
where they collectively partition and obligate water to
move and find equilibrium in proportion to retained
solute; Na™/K*-ATPase keeps most K* inside cells and
most Na* outside. Normal tonicity (~280 mosmol/L) is
rigorously defended by osmoregulatory mechanisms that
control water balance to protect tissues from inadver-
tent dehydration (cell shrinkage) or water intoxication (cell
swelling), both of which are deleterious to cell function
(Fig. 1-44).

The mechanisms that control osmoregulation are
distinct from those governing extracellular volume,
although there is some shared physiology in both pro-
cesses. While cellular concentrations of K* have a
determinant role in any level of tonicity, the routine
surrogate marker for assessing clinical tonicity is the
concentration of serum Na*. Any reduction in total
body water, which raises the Na* concentration, trig-
gers a brisk sense of thirst and conservation of water by
decreasing renal water excretion mediated by release
of wvasopressin from the posterior pituitary. Con-
versely, a decrease in plasma Na® concentration trig-
gers an increase in renal water excretion by suppressing
the secretion of vasopressin. While all cells expressing
mechanosensitive TRPV1, 2, or 4 channels, among
potentially other sensors, respond to changes in tonic-
ity by altering their volume and Ca?* concentration,
only TRPV* neuronal cells connected to the organum
vasculosum of the lamina terminalis are osmoreceptive.
Only these cells, because of their neural connectivity
and adjacency to a minimal blood-brain barrier, modu-
late the downstream release of vasopressin by the poste-
rior lobe of the pituitary gland. Secretion is stimulated
primarily by changing tonicity and secondarily by other
nonosmotic signals such as variable blood volume,
stress, pain, nausea, and some drugs. The release of
vasopressin by the posterior pituitary increases linearly as
plasma tonicity rises above normal, although this varies,
depending on the perception of extracellular volume
(one form of cross-talk between mechanisms that adju-
dicate blood volume and osmoregulation). Changing
the intake or excretion of water provides a means for
adjusting plasma tonicity; thus, osmoregulation governs
water balance.

The kidneys play a vital role in maintaining water
balance through the regulation of renal water excretion.
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FIGURE 1-4

Determinants of sodium and water balance. A. Plasma
Na* concentration is a surrogate marker for plasma tonicity,
the volume behavior of cells in a solution. Tonicity is deter-
mined by the number of effective osmols in the body divided
by the total body H,O (TB H,0), which translates simply into
the total body Na (TB Na*) and anions outside the cell sep-
arated from the total body K (TB K*) inside the cell by the
cell membrane. Net water balance is determined by the inte-
grated functions of thirst, osmoreception, Na reabsorption,
vasopressin release, and the strength of the medullary gradi-
ent in the kidney, keeping tonicity within a narrow range of
osmolality around 280 mosmol/L. When water metabolism
is disturbed and total body water increases, hyponatremia,

The ability to concentrate urine to an osmolality
exceeding that of plasma enables water conservation,
while the ability to produce urine more dilute than
plasma promotes excretion of excess water. For water
to enter or exit a cell, the cell membrane must express
aquaporins. In the kidney, aquaporin 1 is constitutively
active in all water-permeable segments of the proximal
and distal tubules, while vasopressin-regulated aquapo-
rins 2, 3, and 4 in the inner medullary collecting duct
promote rapid water permeability. Net water reab-
sorption is ultimately driven by the osmotic gradient
between dilute tubular fluid and a hypertonic medullary
interstitium.

Water intake Determinants Clinical result
I I I I [ |
i Thirst
Osmoreception
| Custom/habit Hyponatremia

Hypotonicity
—— +TBHO / Water intoxication
Net water balance

T -TBHO \ Hypernatremia

Hypertonicity
Dehydration
Renal regulation
1
ADH levels
V2-receptor/AP2 water flow
Medullary gradient
Free water clearance
Nat* intake Determinants Clinical result
I I I I [ |
i Taste
Baroreception

| Custom/habit
___ +TBNa+ —> FEdema

— _
TBNa* ™———3 \/olume depletion

Net Na* balance

v

Renal regulation
[ | Nat reabsorption
Tubuloglomerular feedback
Macula densa
Atrial natriuretic peptides

Fractional Na* excretion

hypotonicity, and water intoxication occur; when total body
water decreases, hypernatremia, hypertonicity, and dehydra-
tion occur. B. Extracellular blood volume and pressure are
an integrated function of total body Na* (TB Na*), total body
H,O (TB H,0), vascular tone, heart rate, and stroke volume
that modulates volume and pressure in the vascular tree of
the body. This extracellular blood volume is determined by
net Na balance under the control of taste, baroreception,
habit, Na® reabsorption, macula densa/tubuloglomerular
feedback, and natriuretic peptides. When Na* metabolism is
disturbed and total body Na* increases, edema occurs; when
total body Na* is decreased, volume depletion occurs. ADH,
antidiuretic hormone; AQP2, aquaporin-2.

SODIUM BALANCE

The perception of extracellular blood volume is determined,
in part, by the integration of arterial tone, cardiac stroke
volume, heart rate, and the water and solute content of
extracellular fluid. Na* and accompanying anions are
the most abundant extracellular eftective osmols and
together support a blood volume around which pres-
sure is generated. Under normal conditions, this volume
is regulated by sodium balance (Fig. 1-4B), and the bal-
ance between daily Na* intake and excretion is under
the influence of baroreceptors in regional blood vessels and
vascular hormone sensors modulated by atrial natriuretic



peptides, the renin-angiotensin-aldosterone system, Ca**
signaling, adenosine, vasopressin, and the neural adren-
ergic axis. If Na* intake exceeds Na* excretion (posi-
tive Na* balance), then an increase in blood volume will
trigger a proportional increase in urinary Na* excretion.
Conversely, when Na* intake is less than urinary excre-
tion (negative Na* balance), blood volume will decrease
and trigger enhanced renal Na* reabsorption, leading to
decreased urinary Na* excretion.

The renin-angiotensin-aldosterone system is the best-
understood hormonal system modulating renal Na*
excretion. Renin is synthesized and secreted by granu-
lar cells in the wall of the afferent arteriole. Its secretion
is controlled by several factors, including [,-adrenergic
stimulation to the afferent arteriole, input from the mac-
ula densa, and prostaglandins. Renin and ACE activ-
ity eventually produce angiotensin II that directly or
indirectly promotes renal Na* and water reabsorption.
Stimulation of proximal tubular Na®/H* exchange
by angiotensin II directly increases Na* reabsorption.
Angiotensin II also promotes Na* reabsorption along the
collecting duct by stimulating aldosterone secretion by
the adrenal cortex. Constriction of the efterent glomeru-
lar arteriole by angiotensin II indirectly increases the fil-
tration fraction and raises peritubular capillary oncotic
pressure to promote tubular Na* reabsorption. Finally,
angiotensin II inhibits renin secretion through a negative
teedback loop. Alternative metabolism of angiotensin by
ACE2 generates the vasodilatory peptide angiotensin 1-7

that acts through Mas receptors to counterbalance sev-
eral actions of angiotensin II on blood pressure and renal
function (Fig. 1-2C).

Aldosterone is synthesized and secreted by granulosa
cells in the adrenal cortex. It binds to cytoplasmic min-
eralocorticoid receptors in the collecting duct principal
cells that increase activity of ENaC, apical membrane K*
channel, and basolateral Na*/K*-ATPase. These effects
are mediated in part by aldosterone-stimulated transcrip-
tion of the gene encoding serum/glucocorticoid-induced
kinase 1 (SGK1). The activity of ENaC is increased by
SGK1-mediated phosphorylation of Nedd4-2, a protein
that promotes recycling of the Na* channel from the
plasma membrane. Phosphorylated Nedd4-2 has impaired
interactions with ENaC, leading to increased channel den-
sity at the plasma membrane and increased capacity for Na*
reabsorption by the collecting duct.

Chronic exposure to aldosterone causes a decrease
in urinary Na® excretion lasting only a few days, after
which Na* excretion returns to previous levels. This
phenomenon, called aldosterone escape, is explained by
decreased proximal tubular Na* reabsorption following
blood volume expansion. Excess Na® that is not re-
absorbed by the proximal tubule overwhelms the reab-
sorptive capacity of more distal nephron segments. This
escape may be facilitated by atrial natriuretic peptides
that lose their effectiveness in the clinical settings of
heart failure, nephrotic syndrome, and cirrhosis, leading
to severe Na™ retention and volume overload.
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CHAPTER 2

ADAPTION OF THE KIDNEY TO RENAL INJURY

Raymond C. Harris = Eric G. Neilson

The size of a kidney and the total number of neph-
rons formed late in embryologic development depend
on the degree to which the ureteric bud undergoes
branching morphogenesis. Humans have between
225,000 and 900,000 nephrons in each kidney, a num-
ber that mathematically hinges on whether ureteric
branching goes to completion or is terminated prema-
turely by one or two cycles. Although the signaling
mechanisms regulating cycle number are incompletely
understood, these final rounds of branching likely
determine how well the kidney will adapt to the physi-
ologic demands of blood pressure and body size, vari-
ous environmental stresses, or unwanted inflammation
leading to chronic renal failure.

One of the intriguing generalities regarding chronic
renal failure is that residual nephrons hyperfunction to
compensate for the loss of those nephrons succumb-
ing to primary disease. This compensation depends on
adaptive changes produced by renal hypertrophy and
adjustments in tubuloglomerular feedback and glomerulotu-
bular balance, as advanced in the intact nephron hypothesis
by Neal Bricker in 1969. Some physiologic adaptations
to nephron loss also produce unintended clinical con-
sequences explained by Bricker’s trade-off hypothesis in
1972, and eventually some adaptations accelerate the
deterioration of residual nephrons, as described by Barry
Brenner in his hyperfiltration hypothesis in 1982. These
three important notions regarding chronic renal fail-
ure form a conceptual basis for understanding common
pathophysiology leading to uremia.

COMMON MECHANISMS OF
PROGRESSIVE RENAL DISEASE

When the initial complement of nephrons is reduced
by a sentinel event, such as unilateral nephrectomy, the
remaining kidney adapts by enlarging and increasing its

14

glomerular filtration rate. If the kidneys were initially
normal, the filtration rate usually returns to 80% of
normal for two kidneys. The remaining kidney grows
by compensatory renal hypertrophy with very little cel-
lular proliferation. This unique event is accomplished
by increasing the size of each cell along the nephron,
which is accommodated by the elasticity or growth of
interstitial spaces under the renal capsule. The mecha-
nism of this compensatory renal hypertrophy is only par-
tially understood; studies suggest roles for angiotensin I1
transactivation of heparin-binding epithelial growth fac-
tor, PI3K, and p27"P! a cell cycle protein that prevents
tubular cells exposed to angiotensin II from proliferat-
ing, and the mammalian target of rapamycin (mTOR),
which mediates new protein synthesis.

Hyperfiltration during pregnancy or in humans born
with one kidney or who lose one to trauma or trans-
plantation generally produces no ill consequences. By
contrast, experimental animals that undergo resection of
80% of their renal mass, or humans who have persis-
tent injury that destroys a comparable amount of renal
tissue, progress to end-stage disease (Fig. 2-1). Clearly,
there is a critical amount of primary nephron loss that
produces maladaptive deterioration in remaining neph-
rons. This maladaptive response is referred to clinically
as renal progression, and the pathologic correlate of renal
progression is the relentless advance of tubular atrophy
and tissue fibrosis. The mechanism for this maladaptive
response is the focus of intense investigation. A unified
theory of renal progression is just starting to emerge, and
most importantly, this progression follows a final com-
mon pathway regardless of whether renal injury begins
in glomeruli or within the tubulointerstitium.

There are six mechanisms that hypothetically unify
this final common pathway. If injury begins in glom-
eruli, these sequential steps build on each other: (1) per-
sistent glomerular injury produces local hypertension in
capillary tufts, increases their single-nephron glomerular
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filtration rate and engenders protein leak into the tubular
fluid; (2) significant glomerular proteinuria, accom-
panied by increases in the local production of angio-
tensin II, facilitates a downstream cytokine bath that
induces the accumulation of interstitial mononuclear
cells; (3) the initial appearance of interstitial neutrophils
is quickly replaced by a gathering of macrophages and
T lymphocytes, which form a nephritogenic immune
response producing interstitial nephritis; (4) some tubu-
lar epithelia respond to this inflammation by disaggre-
gating from their basement membrane and adjacent
sister cells to undergo epithelial-mesenchymal transitions
forming new interstitial fibroblasts; and finally (5) sur-
viving fibroblasts lay down a collagenous matrix that
disrupts adjacent capillaries and tubular nephrons, even-
tually leaving an acellular scar. The details of these com-
plex events are outlined in Fig. 2-2.

Significant ablation of renal mass results in hyperfil-
tration characterized by an increase in the rate of single-
nephron glomerular filtration. The remaining nephrons lose
their ability to autoregulate, and systemic hypertension
is transmitted to the glomerulus. Both the hyperfiltra-
tion and intraglomerular hypertension stimulate the even-
tual appearance of glomerulosclerosis. Angiotensin 11
acts as an essential mediator of increased intraglomerular
capillary pressure by selectively increasing efferent arte-
riolar vasoconstriction relative to afferent arteriolar
tone. Angiotensin II impairs glomerular size selectivity,
induces protein ultrafiltration, and increases intracellu-
lar Ca?" in podocytes, which alters podocyte function.
Diverse vasoconstrictor mechanisms, including blockade
of nitric oxide synthase and activation of angiotensin II
and thromboxane receptors, can also induce oxidative
stress in surrounding renal tissue. Finally, the eftects of
aldosterone on increasing renal vascular resistance and
glomerular capillary pressure, or stimulating plasmino-
gen activator inhibitor-1, facilitate fibrogenesis and may
complement the detrimental activity of angiotensin II.

On occasion, inflammation that begins in the renal
interstitium  disables tubular reclamation of filtered

o Foundation K/DOQI classification of the stages
of chronic kidney disease.

protein, producing mild nonselective proteinuria. Renal
inflammation that initially damages glomerular capillar-
ies often spreads to the tubulointerstitium in association
with heavier proteinuria. Many clinical observations
support the association of worsening glomerular proteinuria
with renal progression. The simplest explanation for this
expansion of mononuclear cells is that increasingly
severe proteinuria triggers a downstream inflammatory
cascade in tubular epithelial cells, producing interstitial
nephritis, fibrosis, and tubular atrophy. As albumin is an
abundant polyanion in plasma and can bind a variety of
cytokines, chemokines, and lipid mediators, it is likely
these small albumin-carried molecules initiate the tubu-
lar inflammation brought on by proteinuria. Further-
more, glomerular injury either adds activated mediators
to the proteinuric filtrate or alters the balance of cyto-
kine inhibitors and activators such that attainment of a
critical level of activated cytokines eventually damages
downstream tubular nephrons.

Tubular epithelia bathed in these complex mixtures
of proteinuric cytokines respond by increasing their
secretion of chemokines and relocating NF-kB to the
nucleus to induce the proinflammatory release of trans-
forming growth factor B (TGF-P), platelet-derived growth
factor-BB (PDGF-BB), and fibroblast growth factor 2
(FGF-2). Inflammatory cells are drawn into the renal
interstitium by this cytokine milieu. This interstitial
spreading reduces the likelihood that the kidney will
survive. The immunologic mechanisms for spreading
include loss of tolerance to parenchymal self, immune
deposits that share cross-reactive epitopes in either com-
partment, or glomerular injury that reveals a new inter-
stitial epitope. Drugs, infection, and metabolic defects
also induce autoimmunity through toll-like receptors
(TLRs) that bind to ligands with an immunologically
distinct molecular pattern. Bacterial and viral ligands
activate TLRs, but interestingly so do Tamm-Horstall
protein, bacterial CpG repeats, and RNA that is released
nonspecifically from injured tubular cells. Dendritic
cells and macrophages are subsequently activated, and
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FIGURE 2-2

Mechanisms of renal progression. The general mecha-
nisms of renal progression advance sequentially through six
stages that include hyperfiltration, proteinuria, cytokine bath,

circulating T cells engage in the formal cellular immu-
nologic response.

Nephritogenic interstitial T cells are a mix of CD4*
helper, CD17* effector, and CD8" cytotoxic lympho-
cytes. Presumptive evidence of antigen-driven T cells
found by examining the DNA sequence of T-cell recep-
tors suggests a polyclonal expansion responding to mul-
tiple epitopes. Some experimental interstitial lesions are
histologically analogous to a cutaneous delayed-type
hypersensitivity reaction, and more intense reactions
sometimes induce granuloma formation. The cytotoxic
activity of antigen-reactive T cells probably accounts for
tubular cell destruction and atrophy. Cytotoxic T cells
synthesize proteins with serine esterase activity as well
as pore-forming proteins, which can effect membrane
damage much like the activated membrane attack com-
plex of the complement cascade. Such enzymatic activity
provides a structural explanation for target cell lysis.

One long-term consequence of tubular epithelia and
adjacent endothelia exposed to cytokines is the profi-
brotic activation of epithelial/endothelial-mesenchymal tran-
sition (EMT). Persistent cytokine activity during renal

mononuclear cell infiltration, epithelial-mesenchymal tran-
sition, and fibrosis. (Modified from RC Harris, EG Neilson:
Annu Rev Med 57:365, 2006.)

inflammation and disruption of underlying basement
membranes by local proteases initiates the process of
transition. Rather than collapsing into the tubular lumens
and dying, some epithelia become fibroblasts while
translocating back into the interstitial space behind dete-
riorating tubules through holes in the ruptured base-
ment membrane; the contribution of endothelial cells
from interstitial vessels may be equally important. Wnt
proteins, integrin-linked kinases, insulin-like growth
factors, EGF, FGF-2, and TGF-B} are among the clas-
sic modulators of EMT. Fibroblasts that deposit collagen
during fibrogenesis also replicate locally at sites of per-
sistent inflammation. Estimates indicate that more than
half of the total fibroblasts found in fibrotic renal tissues
are products of the proliferation of newly transitioned or
preexisting fibroblasts. Fibroblasts are stimulated to mul-
tiply by activation of cognate cell-surface receptors for
PDGF and TGE-f.

Tubulointerstitial scars are composed principally of
fibronectin, collagen types I and III, and tenascin, but
other glycoproteins such as thrombospondin, SPARC,
osteopontin, and proteoglycan also may be important.



Although tubular epithelia can synthesize collagens I
and IIT and are modulated by a variety of growth fac-
tors, these epithelia disappear through transition and
tubular atrophy, leaving fibroblasts as the major con-
tributor to matrix production. After fibroblasts acquire
a synthetic phenotype, expand their population, and
locally migrate around areas of inflammation, they
begin to deposit fibronectin, which provides a scaffold
for interstitial collagens. When fibroblasts outdistance
their survival factors, they die from apoptosis, leaving
an acellular scar.

RESPONSE TO REDUCTION IN
NUMBERS OF FUNCTIONING NEPHRONS

As mentioned above, the response to the loss of many
functioning nephrons produces an increase in renal blood
flow with glomerular hyperfiltration, which is the result
of increased vasoconstriction in postglomerular effer-
ent arterioles relative to preglomerular afferent arteri-
oles, increasing the intraglomerular capillary pressure and
filtration fraction. Persistent intraglomerular hyperten-
sion 1is associated with progressive nephron destruction.
Although the hormonal and metabolic factors mediat-
ing hyperfiltration are not fully understood, a number of
vasoconstrictive and vasodilatory substances have been
implicated, chief among them being angiotensin II.
Angiotensin Il incrementally vasoconstricts the efferent
arteriole, and studies in animals and humans demonstrate
that interruption of the renin-angiotensin system with
either angiotensin-converting inhibitors or angiotensin II
receptor blockers will decrease intraglomerular capillary
pressure, decrease proteinuria, and slow the rate of neph-
ron destruction. The vasoconstrictive agent endothelin
has also been implicated in hypetfiltration, and increases
in afferent vasodilatation have been attributed, at least in
part, to local prostaglandins and release of endothelium-
derived nitric oxide. Finally, hyperfiltration may be
mediated in part by a resetting of the kidney’s intrinsic
autoregulatory mechanism of glomerular filtration by a
tubuloglomerular feedback system. This feedback originates
from the macula densa and modulates renal blood flow
and glomerular filtration (see Chap. 1).

Even with the loss of functioning nephrons, there is
some continued maintenance of glomerulotubular balance,
by which the residual tubules adapt to increases in single
nephron glomerular filtration with appropriate alterations in
reabsorption or excretion of filtered water and solutes
in order to maintain homeostasis. Glomerulotubular balance
results both from tubular hypertrophy and from regula-
tory adjustments in tubular oncotic pressure or solute
transport along the proximal tubule. Some studies indi-
cate these alterations in tubule size and function may
themselves be maladaptive, and as a trade-off, predispose
to further tubule injury.

TUBULAR FUNCTION IN CHRONIC
RENAL FAILURE

SODIUM

Na* ions are reclaimed along many parts of the neph-
ron by various transport mechanisms (see Chap. 2).
This transport function and its contribution to main-
taining extracellular blood volume usually remains near
normal until limitations from advanced renal disease
inadequately excrete dietary Na® intake. Prior to this
point and throughout renal progression, increasing the
fractional excretion of Na" in final urine at progressively
reduced rates of glomerular filtration provides a mech-
anism of early adaptation. Na* excretion increases pre-
dominantly by decreasing Na* reabsorption in the loop
of Henle and distal nephron. An increase in the osmotic
obligation of residual nephrons increases tubular water
and lowers the concentration of Na' in tubular fluid,
reducing efficient Na* reclamation; increased excre-
tion of inorganic and organic anions also obligates more
Na* excretion. In addition, hormonal influences, nota-
bly increased expression of atrial natriuretic peptides that
increase distal Na® excretion, play an important role in
maintaining net Na® excretion. Although many details
of these adjustments are only understood conceptually, it
is an example of a trade-off by which initial adjustments
following the loss of functioning nephrons leads to com-
pensatory responses that maintain homeostasis. Eventu-
ally, with advancing nephron loss, the atrial natriuretic
peptides lose their effectiveness, and Na* retention results
in intravascular volume expansion, edema, and worsening
hypertension.

URINARY DILUTION AND CONCENTRATION

Patients with progressive renal injury gradually lose
the capacity either to dilute or concentrate their urine,
and urine osmolality becomes relatively fixed about
350 mosmol/L (specific gravity ~1.010). Although the
absolute ability of a single nephron to excrete water free
of solute may not be impaired, the reduced number of
functioning nephrons obligates increased fractional solute
excretion by residual nephrons, and this greater obliga-
tion impairs the ability to dilute tubular fluid maximally.
Similarly, urinary concentrating ability falls as more
water is needed to hydrate an increasing solute load.
Tubulointerstitial damage also creates insensitivity to
the antidiuretic effects of vasopressin along the collect-
ing duct or loss of the medullary gradient that eventually
disturbs control of variation in urine osmolality. Patients
with moderate degrees of chronic renal failure often
complain of nocturia as a manifestation of this fixed urine
osmolality, and they are prone to extracellular volume
depletion if they do not keep up with the persistent loss
of Na* or to hypotonicity if they drink too much water.
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Renal excretion is the major pathway for reducing excess
total body K*. Normally, the kidney excretes 90% of
dietary K*, while 10% is excreted in the stool with a
trivial amount lost to sweat. Although the colon possesses
some capacity to increase K* excretion—up to 30% of
ingested K™ may be excreted in the stool of patients with
worsening renal failure—the majority of the K* load con-
tinues to be excreted by the kidneys due to elevation in
levels of serum K* that increase filtered load. Aldosterone
also regulates collecting duct Na* reabsorption and K*
secretion. Aldosterone is released from the adrenal cor-
tex not only in response to the renin-angiotensin system,
but also in direct response to elevated levels of serum K*
and, for a while, a compensatory increase in the capacity
of the collecting duct to secrete K* keeps up with renal
progression. As serum K* levels rise with renal failure, cir-
culating levels of aldosterone also increase over what is
required to maintain normal levels of blood volume.

ACID-BASE REGULATION

The kidneys excrete 1 meq/kg/day of noncarbonic
H* ion on a normal diet. To do this, all of the filtered
HCO;* needs to be reabsorbed proximally so that H*
pumps in the intercalated cells of the collecting duct
can secrete H* ions that are subsequently trapped by
urinary buffers, particularly phosphates and ammo-
nia (see Chap. 1). While remaining nephrons increase
their solute load with loss of renal mass, the ability to
maintain total body H excretion is often impaired by
the gradual loss of H" pumps or with reductions in
ammoniagenesis, leading to development of a non-
delta acidosis. Although hypertrophy of the proximal
tubules initially increases their ability to reabsorb filtered

loss of nephrons this compensation is eventually over-
whelmed. In addition, with advancing renal failure,
ammoniagenesis is further inhibited by elevation in lev-
els of serum K*, producing type IV renal tubular aci-
dosis. Once the glomerular filtration rate falls below
25 mL/min, noncarbonic organic acids accumulate,
producing a delta metabolic acidosis. Hyperkalemia
can also inhibit tubular HCO3>" reabsorption, as can
extracellular volume expansion and elevated levels of
parathyroid hormone. Eventually, as the kidneys fail,
the level of serum HCO5>" falls severely, reflecting the
exhaustion of all body bufter systems, including bone.

CALCIUM AND PHOSPHATE

The kidney and gut play an important role in the
regulation of serum levels of Ca** and PO,*. With
decreasing renal function and the appearance of tubu-
lointerstitial nephritis, the expression of 10-hydroxylase
by the proximal tubule is reduced, lowering levels of
calcitriol and Ca®* absorption by the gut. Loss of neph-
ron mass with progressive renal failure also gradually
reduces the excretion of PO,?>” and Ca®", and elevations
in serum PO,* further lower serum levels of Ca®*, caus-
ing sustained secretion of parathyroid hormone. Unreg-
ulated increases in levels of parathyroid hormone cause
Ca** mobilization from bone, Ca**’PO,*" precipitation
in vascular tissues, abnormal bone remodeling, decreases
in tubular bicarbonate reabsorption, and increases in
renal PO,* excretion. While elevated serum levels of
parathyroid hormone initially maintain serum PO,*
near normal, with progressive nephron destruction, the
capacity for renal PO,* excretion is overwhelmed,
the serum PO,* elevates, and bone is progressively demin-
eralized from secondary hyperparathyroidism. These
adaptations evoke another classic functional trade-oft

HCO;*" and increases ammoniagenesis, with progressive (Fig. 2-3).
Decreases in GFR
Increase in Decreased renal
phosphate load calcitriol production
Return serum ‘ ‘
phosphate Reduced ionized
toward normal Ca2+ in blood
GFR at expense of
_‘—|_|_‘_ higher PTH '

PO42_

Ca2+ \4 V \'4 \

PTH

A Time (years) B

FIGURE 2-3

The “Trade-off Hypothesis” for Ca%>/P0,% homeostasis with
progressively declining renal function. A. How adaptation to
maintain Ca%/PO,?>~ homeostasis leads to increasing levels of

|Stimulated PTH secretion |<—

| Reduced tubular phosphate reabsorption |

Phosphaturia

parathyroid hormone (“classic” presentation from E Slatopolsky
et al: Kidney Int 4:141, 1973). B. current understanding of the
underlying mechanisms for this Ca®>/P0O,>" trade-off.



MODIFIERS INFLUENCING THE
PROGRESSION OF RENAL DISEASE

Well-described risk factors for the progressive loss of
renal function include systemic hypertension, diabetes,
and activation of the renin-angiotensin-aldosterone sys-
tem (Table 2-1). Poor glucose control will aggravate
renal progression in both diabetic and nondiabetic renal
disease. Angiotensin II produces intraglomerular hyper-
tension and stimulates fibrogenesis. Aldosterone also
serves as an independent fibrogenic mediator of pro-
gressive nephron loss apart from its role in modulating
Na* and K* homeostasis. Genetic factors also play a role.
There is recent, exciting evidence that risk alleles for
APOLT1 underlie the increased susceptibility of African
Americans to development of progressive kidney injury.

Lifestyle choices also affect the progression of renal
disease. Cigarette smoking either predisposes or accel-
erates the progression of nephron loss. Whether the
effect of cigarettes is related to systemic hemodynamic
alterations or specific damage to the renal microvascu-
lature and/or tubules is unclear. Increases in fetuin-A,
decreases in adiponectin, and increases in lipid oxidation
associated with obesity also accelerate cardiovascular
disease and progressive renal damage. Recent epidemio-
logic studies also confirm an association between high
protein diets and progression of renal disease. Progres-
sive nephron loss in experimental animals, and possi-
bly in humans, is slowed by adherence to a low protein
diet. Although a large multicenter trial, the Modifica-
tion of Diet in Renal Disease, did not provide con-
clusive evidence that dietary protein restriction could
retard progression to renal failure in humans, second-
ary analyses and a number of meta-analyses suggest a
renoprotective effect from supervised low-protein diets

TABLE 2-1

POTENTIAL MODIFIERS OF RENAL DISEASE
PROGRESSION

Hypertension Hyperlipidemia
Renin-angiotensin Abnormal calcium/phosphorus
system activation homeostasis

Angiotensin Il Cigarette smoking
Aldosterone Intrinsic paucity in nephron
Diabetes number
Obesity Prematurity/low birth weight

Excessive dietary protein Genetic predisposition

Genetic factors

in the range of 0.6-0.75 g/kg/day. Repair of chronic
low serum bicarbonate levels during renal progression
increases kidney survival. Abnormal Ca** and PO,
metabolism in chronic kidney disease also plays a role in
renal progression, and administration of calcitriol or its
analogues can attenuate progression in a variety of mod-
els of chronic kidney disease.

An intrinsic paucity in the number of functioning
nephrons predisposes to the development of renal dis-
ease. A reduced number of nephrons leads to perma-
nent hypertension, either through direct renal damage
or hyperfiltration producing glomerulosclerosis, or by
primary induction of systemic hypertension that further
exacerbates glomerular barotrauma. Younger individu-
als with hypertension who die suddenly as a result of
trauma have 47% fewer glomeruli per kidney than age-
matched controls.

A consequence of low birth weight is a relative
deficit in the number of total nephrons, and low birth
weight associates in adulthood with more hyperten-
sion and renal failure, among other abnormalities. In
this regard, in addition or instead of a genetic predis-
position to development of a specific disease or con-
dition such as low birth weight, different epigenetic
phenomena may produce varying clinical phenotypes
from a single genotype depending on maternal expo-
sure to different environmental stimuli during gesta-
tion, a phenomenon known as developmental plasticity.
A specific clinical phenotype can also be selected in
response to an adverse environmental exposure dur-
ing critical periods of intrauterine development, also
known as fetal programming. In the United States, there
is at least a twofold increased incidence of low birth
weight among blacks compared with whites, much
but not all of which can be attributed to maternal age,
health, or socioeconomic status.

As in other conditions producing nephron loss, the
glomeruli of low-birth-weight individuals enlarge and
associate with early hyperfiltration to maintain normal
levels of renal function. With time, the resulting intra-
glomerular hypertension initiates a progressive decline in
residual hyperfunctioning nephrons, ultimately acceler-
ating renal failure. In African Americans as well as other
populations at increased risk for kidney failure, such as
Pima Indians and Australian aborigines, large glomeruli
are seen at early stages of kidney disease. An associa-
tion between low birth weight and the development of
albuminuria and nephropathy is reported for both dia-
betic and nondiabetic renal disease.
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SECTION I

ALTERATIONS OF
RENAL FUNCTION AND
ELECTROLYTES




CHAPTER 3

AZOTEMIA AND URINARY ABNORMALITIES

Julie Lin = Bradley M. Denker

Normal kidney functions occur through numerous
cellular processes to maintain body homeostasis. Dis-
turbances in any of those functions can lead to a con-
stellation of abnormalities that may be detrimental to
survival. The clinical manifestations of those disorders
depend on the pathophysiology of the renal injury and
often are identified initially as a complex of symptoms,
abnormal physical findings, and laboratory changes that
together make possible the identification of specific
syndromes. These renal syndromes (Table 3-1) may
arise as a consequence of a systemic illness or can occur
as a primary renal disease. Nephrologic syndromes usu-
ally consist of several elements that reflect the underly-
ing pathologic processes. The duration and severity of
the disease affect those findings and typically include
one or more of the following: (1) reduction in glo-
merular filtration rate (GFR) (azotemia), (2) abnormali-
ties of urine sediment [red blood cells (RBCs), white
blood cells, casts, and crystals], (3) abnormal excre-
tion of serum proteins (proteinuria), (4) disturbances in
urine volume (oliguria, anuria, polyuria), (5) presence
of hypertension and/or expanded total body fluid vol-
ume (edema), (6) electrolyte abnormalities, (7) in some
syndromes, fever/pain. The combination of these find-
ings should permit identification of one of the major
nephrologic syndromes (Table 3-1) and will allow dif-
ferential diagnoses to be narrowed and the appropri-
ate diagnostic evaluation and therapeutic course to
be determined. All these syndromes and their associ-
ated diseases are discussed in more detail in subsequent
chapters. This chapter focuses on several aspects of renal
abnormalities that are critically important for distin-
guishing among those processes: (1) reduction in GFR
leading to azotemia, (2) alterations of the urinary sedi-
ment and/or protein excretion, and (3) abnormalities of
urinary volume.
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AZOTEMIA

ASSESSMENT OF GLOMERULAR
FILTRATION RATE

Monitoring the GFR is important in both the hospi-
tal and outpatient settings, and several difterent meth-
odologies are available. GFR is the primary metric for
kidney “function,” and its direct measurement involves
administration of a radioactive isotope (such as inulin
or iothalamate) that is filtered at the glomerulus but
neither reabsorbed nor secreted throughout the tubule.
Clearance of inulin or iothalamate in milliliters per
minute equals the GFR and is calculated from the rate
of removal from the blood and appearance in the urine
over several hours. Direct GFR measurements are
frequently available through nuclear radiology depart-
ments. In most clinical circumstances direct measure-
ment of GFR is not available, and the serum creatinine
level is used as a surrogate to estimate GFR. Serum
creatinine is the most widely used marker for GFR,
and the GFR is related directly to the urine creatinine
excretion and inversely to the serum creatinine (Ug,/
Pe,). Based on this relationship and some important
caveats (discussed below), the GFR will fall in roughly
inverse proportion to the rise in Pc,. Failure to account
for GFR reductions in drug dosing can lead to sig-
nificant morbidity and mortality from drug toxicities
(e.g., digoxin, aminoglycosides). In the outpatient set-
ting, the serum creatinine serves as an estimate for GFR
(although much less accurate; see below). In patients
with chronic progressive renal disease, there is an
approximately linear relationship between 1/P, (y axis)
and time (x axis). The slope of that line will remain
constant for an individual patient, and when values are
obtained that do not fall on the line, an investigation




TABLE 3-1

INITIAL CLINICAL AND LABORATORY DATABASE FOR DEFINING MAJOR SYNDROMES IN NEPHROLOGY

SYNDROMES

IMPORTANT CLUES TO DIAGNOSIS

COMMON FINDINGS

LOCATION OF DISCUSSION
OF DISEASE-CAUSING
SYNDROME

Acute or rapidly
progressive renal
failure

Acute nephritis

Chronic renal failure

Nephrotic syndrome

Asymptomatic urinary
abnormalities

Urinary tract
infection/
pyelonephritis

Renal tubule defects

Hypertension

Nephrolithiasis

Urinary tract
obstruction

Anuria

Oliguria

Documented recent decline in GFR
Hematuria, RBC casts

Azotemia, oliguria

Edema, hypertension

Azotemia for >3 months

Prolonged symptoms or signs of uremia
Symptoms or signs of renal osteodystrophy
Kidneys reduced in size bilaterally
Broad casts in urinary sediment
Proteinuria >3.5 g per 1.73 m? per 24 h
Hypoalbuminemia

Edema

Hyperlipidemia

Hematuria

Proteinuria (below nephrotic range)
Sterile pyuria, casts

Bacteriuria >10° colonies per milliliter
Other infectious agent documented in urine
Pyuria, leukocyte casts

Frequency, urgency

Bladder tenderness, flank tenderness
Electrolyte disorders

Polyuria, nocturia

Renal calcification

Large kidneys

Renal transport defects
Systolic/diastolic hypertension

Previous history of stone passage or removal
Previous history of stone seen by x-ray
Renal colic

Azotemia, oliguria, anuria

Polyuria, nocturia, urinary retention

Slowing of urinary stream

Large prostate, large kidneys

Flank tenderness, full bladder after voiding

Hypertension, hematuria
Proteinuria, pyuria
Casts, edema
Proteinuria

Pyuria

Circulatory congestion
Proteinuria

Casts

Polyuria, nocturia
Edema, hypertension
Electrolyte disorders
Casts

Lipiduria

Hematuria

Mild azotemia
Mild proteinuria
Fever

Hematuria

“Tubular” proteinuria
(<1 g/24 h)

Enuresis

Proteinuria

Casts

Azotemia
Hematuria

Pyuria

Frequency, urgency
Hematuria

Pyuria

Enuresis, dysuria

Chaps. 10, 15,17, 21

Chap. 15

Chaps. 2, 11

Chap. 15

Chap. 15

Chap. 20

Chaps. 16, 17

Chaps. 18, 19

Chap. 9

Chap. 21

Abbreviations: GFR; glomerular filtration rate; RBC, red blood cell.
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for a superimposed acute process (e.g., volume deple-
tion, drug reaction) should be initiated. Signs and symp-
toms of uremia develop at significantly different levels
of serum creatinine, depending on the patient (size, age,
and sex), the underlying renal disease, the existence of
concurrent diseases, and true GFR. In general, patients
do not develop symptomatic uremia until renal insuffi-
ciency is quite severe (GFR <15 mL/min).

A significantly reduced GFR (either acute or chronic)
usually is reflected in a rise in serum creatinine and leads
to retention of nitrogenous waste products (azotemia)
such as urea. Azotemia may result from reduced renal
perfusion, intrinsic renal disease, or postrenal processes
(ureteral obstruction; see below and Fig. 3-1). Precise
determination of GFR is problematic as both commonly
measured indices (urea and creatinine) have character-
istics that affect their accuracy as markers of clearance.

Urea clearance may underestimate GFR  significantly
because of urea reabsorption by the tubule. In contrast,
creatinine is derived from muscle metabolism of creatine,
and its generation varies little from day to day.
Creatinine clearance, an approximation of GFR,
is measured from plasma and urinary creatinine excre-
tion rates for a defined time period (usually 24 h) and is
expressed in milliliters per minute: CrCl = (U, X Ug,)/
(PCr X T,,;.)- Creatinine is useful for estimating GFR
because it is a small, freely filtered solute that is not
reabsorbed by the tubules. Serum creatinine levels can
increase acutely from dietary ingestion of cooked meat,
however, and creatinine can be secreted into the prox-
imal tubule through an organic cation pathway (espe-
cially in advanced progressive chronic kidney disease),
leading to overestimation of GFR. When a timed col-
lection for creatinine clearance is not available, decisions

EVALUATION OF AZOTEMIA
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1

Glomerulonephritis
or vasculitis

Immune complex,
anti-GBM disease

Prerenal Azotemia

Volume contraction,
cardiac failure,
vasodilatation, drugs,
sepsis, renal
vasoconstriction,
impaired autoregulation

Acute Tubular Necrosis

FIGURE 3-1
Approach to the patient with azotemia. FeNa, fractional excretion of sodium; GBM, glomerular basement membrane; RBC,
red blood cell; WBC, white blood cell.



about drug dosing must be based on serum creatinine
alone. Two formulas are used widely to estimate kidney
function from serum creatinine: (1) Cockcroft-Gault
and (2) four-variable MDRD (Modification of Diet in
Renal Disease).

Cockcroft-Gault: CrCl (mL/min) =
(140 — age [years] X weight [kg]
X [0.85 if female])/(72 X sCr [mg/dL])

MDRD: eGFR (mL/min per 1.73 m?) =
186.3 X P, (e713%) X age (e7"*")
X (0.742 if female) X (1.21 if black).

Numerous websites are available for making these cal-
culations (www.kidney.org/professionals /kdoqi/gfr_calculator
.fm). A newer CKD-EPI eGFR was developed by
pooling several cohorts with and without kidney disease
who had data on directly measured GFR and appears to
be more accurate:

CKD-EPI: eGFR =
141 X min (Scr/k, 1)* X max (Scr/k, 1)712%
X 0.993%%¢ x 1,018 (if female) X 1.159 (if black)

where Scr is serum creatinine, k is 0.7 for females and
0.9 for males, a 1s —0.329 for females and —0.411 for
males, min indicates the minimum of Scr/k or 1, and
max indicates the maximum of Scr/k or 1 (http://www.
gxmd.com/renal/Calculate- CKD-EPI-GFR.php).

Several limitations of using serum creatinine—based
estimating equations must be acknowledged. Each
equation, along with the 24-h urine collection for
measurement of creatinine clearance, is based on the
assumption that the patient is in steady state, without
daily increases or decreases in serum creatinine levels as
a result of rapidly changing GFR. The MDRD equa-
tion has poorer accuracy when GFR >60 mL/min per
1.73 m? The gradual loss of muscle from chronic ill-
ness, chronic use of glucocorticoids, or malnutrition can
mask significant changes in GFR with small or imper-
ceptible changes in serum creatinine concentration.
Cystatin C is a member of the cystatin superfamily of
cysteine protease inhibitors and is produced at a rela-
tively constant rate from all nucleated cells. Serum cys-
tatin C has been proposed to be a more sensitive marker
of early GFR decline than is plasma creatinine; how-
ever, like serum creatinine, cystatin C is influenced by
age, race, and sex and additionally is associated with dia-
betes, smoking, and markers of inflammation.

D otemia

Once it has been established that GFR is reduced, the
physician must decide if this represents acute or chronic

renal injury. The clinical situation, history, and laboratory
data often make this an easy distinction. However, the
laboratory abnormalities characteristic of chronic renal
failure, including anemia, hypocalcemia, and hyper-
phosphatemia, often are also present in patients pre-
senting with acute renal failure. Radiographic evidence
of renal osteodystrophy (Chap. 11) can be seen only
in chronic renal failure but is a very late finding, and
these patients are usually on dialysis. The urinalysis and
renal ultrasound occasionally can facilitate distinguish-
ing acute from chronic renal failure. An approach to
the evaluation of azotemic patients is shown in Fig. 3-1.
Patients with advanced chronic renal insufficiency often
have some proteinuria, nonconcentrated urine (isos-
thenuria; isoosmotic with plasma), and small kidneys
on ultrasound, characterized by increased echogenicity
and cortical thinning. Treatment should be directed
toward slowing the progression of renal disease and
providing symptomatic relief for edema, acidosis, ane-
mia, and hyperphosphatemia, as discussed in Chap. 11.
Acute renal failure (Chap. 10) can result from processes
that affect renal blood flow (prerenal azotemia), intrin-
sic renal diseases (affecting small vessels, glomeruli, or
tubules), or postrenal processes (obstruction to urine
flow in ureters, bladder, or urethra) (Chap. 21).

Prerenal Failure Decreased renal perfusion
accounts for 40-80% of acute renal failure and, if appro-
priately treated, is readily reversible. The etiologies of
prerenal azotemia include any cause of decreased cir-
culating blood volume (gastrointestinal hemorrhage,
burns, diarrhea, diuretics), volume sequestration (pan-
creatitis, peritonitis, rhabdomyolysis), or decreased
effective arterial volume (cardiogenic shock, sepsis).
Renal perfusion also can be affected by reductions in
cardiac output from peripheral vasodilation (sepsis,
drugs) or profound renal vasoconstriction [severe heart
failure, hepatorenal syndrome, drugs such as nonste-
roidal anti-inflammatory drugs (NSAIDs)]. True or “effec-
tive” arterial hypovolemia leads to a fall in mean arterial
pressure, which in turn triggers a series of neural and
humoral responses that include activation of the sym-
pathetic nervous and renin-angiotensin-aldosterone
systems and antidiuretic hormone (ADH) release. GFR
is maintained by prostaglandin-mediated relaxation of
afferent arterioles and angiotensin ll-mediated con-
striction of efferent arterioles. Once the mean arterial
pressure falls below 80 mmHg, there is a steep decline
in GFR.

Blockade of prostaglandin production by NSAIDs
can result in severe vasoconstriction and acute renal
failure. Blocking angiotensin action with angiotensin-
converting enzyme (ACE) inhibitors or angiotensin recep-
tor blockers (ARBs) decreases efferent arteriolar tone and
in turn decreases glomerular capillary perfusion pressure.
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Patients on NSAIDs and/or ACE inhibitors/ARBs are most
susceptible to hemodynamically mediated acute renal
failure when blood volume is reduced for any reason.
Patients with bilateral renal artery stenosis (or stenosis
in a solitary kidney) are dependent on efferent arteriolar
vasoconstriction for maintenance of glomerular filtration
pressure and are particularly susceptible to a precipitous
decline in GFR when given ACE inhibitors or ARBs.

Prolonged renal hypoperfusion may lead to acute
tubular necrosis (ATN), an intrinsic renal disease that is
discussed below. The urinalysis and urinary electrolytes
can be useful in distinguishing prerenal azotemia from
ATN (Table 3-2). The urine of patients with prerenal azo-
temia can be predicted from the stimulatory actions of
norepinephrine, angiotensin I, ADH, and low tubule
fluid flow rate on salt and water reabsorption. In prer-
enal conditions, the tubules are intact, leading to a con-
centrated urine (>500 mosmol), avid Na retention (urine
Na concentration <20 mM/L, fractional excretion of
Na <1%), and Uc,/Pc, >40 (Table 3-2). The prerenal urine
sediment is usually normal or has occasional hyaline
and granular casts, whereas the sediment of ATN usu-
ally is filled with cellular debris and dark (muddy brown)
granular casts.

Postrenal Azotemia Urinary tract obstruction
accounts for <5% of cases of acute renal failure, but it
is usually reversible and must be ruled out early in the
evaluation (Fig. 3-1). Since a single kidney is capable
of adequate clearance, obstructive acute renal failure
requires obstruction at the urethra or bladder outlet,
bilateral ureteral obstruction, or unilateral obstruc-
tion in a patient with a single functioning kidney.
Obstruction usually is diagnosed by the presence of
ureteral and renal pelvic dilation on renal ultrasound.

TABLE 3-2
LABORATORY FINDINGS IN ACUTE RENAL FAILURE
OLIGURIC
PRERENAL ACUTE RENAL
INDEX AZOTEMIA FAILURE
BUNY/Pg, ratio >20:1 10-15:1
Urine sodium (Uy,), meg/L <20 >40
Urine osmolality, >500 <350
mosmol/L H,O
Fractional excretion of sodium <1% >2%
U, _xP. x100
FENa — _Na Cr
PNa x UCr
Urine/plasma creatinine >40 <20
(UCr/PCr)

Abbreviations: BUN, blood urea nitrogen; P, plasma creatinine; Py,
plasma sodium concentration; Ug, urine creatinine concentration;

Upas Urine sodium concentration.

However, early in the course of obstruction or if the
ureters are unable to dilate (e.g., encasement by pelvic
tumors or periureteral), the ultrasound examination may
be negative. The specific urologic conditions that cause
obstruction are discussed in Chap. 21.

Intrinsic Renal Disease When prerenal and
postrenal azotemia have been excluded as etiologies
of renal failure, an intrinsic parenchymal renal disease is
present. Intrinsic renal disease can arise from processes
involving large renal vessels, intrarenal microvascu-
lature and glomeruli, or the tubulointerstitium. Isch-
emic and toxic ATN account for ~90% of cases of acute
intrinsic renal failure. As outlined in Fig. 3-1, the clini-
cal setting and urinalysis are helpful in separating the
possible etiologies of acute intrinsic renal failure. Prer-
enal azotemia and ATN are part of a spectrum of renal
hypoperfusion; evidence of structural tubule injury is
present in ATN, whereas prompt reversibility occurs
with prerenal azotemia upon restoration of adequate
renal perfusion. Thus, ATN often can be distinguished
from prerenal azotemia by urinalysis and urine elec-
trolyte composition (Table 3-2 and Fig. 3-1). Ischemic
ATN is observed most frequently in patients who have
undergone major surgery, trauma, severe hypovole-
mia, overwhelming sepsis, or extensive burns. Neph-
rotoxic ATN complicates the administration of many
common medications, usually by inducing a combina-
tion of intrarenal vasoconstriction, direct tubule toxic-
ity, and/or tubule obstruction. The kidney is vulnerable
to toxic injury by virtue of its rich blood supply (25% of
cardiac output) and its ability to concentrate and
metabolize toxins. A diligent search for hypotension
and nephrotoxins usually will uncover the specific etiol-
ogy of ATN. Discontinuation of nephrotoxins and stabi-
lization of blood pressure often will suffice without the
need for dialysis while the tubules recover. An extensive
list of potential drugs and toxins implicated in ATN can
be found in Chap. 10.

Processes that involve the tubules and interstitium
can lead to acute kidney injury (AKI), a subtype of acute
renal failure. These processes include drug-induced
interstitial nephritis (especially antibiotics, NSAIDs, and
diuretics), severe infections (both bacterial and viral),
systemic diseases (e.g., systemic lupus erythematosus),
and infiltrative disorders (e.g., sarcoid, lymphoma, or
leukemia). A list of drugs associated with allergic inter-
stitial nephritis can be found in Chap. 17. The urinalysis
usually shows mild to moderate proteinuria, hematu-
ria, and pyuria (~75% of cases) and occasionally shows
white blood cell casts. The finding of RBC casts in inter-
stitial nephritis has been reported but should prompt a
search for glomerular diseases (Fig. 3-1). Occasionally,
renal biopsy will be needed to distinguish among these
possibilities. The finding of eosinophils in the urine is



suggestive of allergic interstitial nephritis or atheroem-
bolic renal disease and is optimally observed by using
a Hansel stain. The absence of eosinophiluria, however,
does not exclude these etiologies.

Occlusion of large renal vessels including arteries
and veins is an uncommon cause of acute renal failure.
A significant reduction in GFR by this mechanism sug-
gests bilateral processes or a unilateral process in a
patient with a single functioning kidney. Renal arteries
can be occluded with atheroemboli, thromboemboli, in
situ thrombosis, aortic dissection, or vasculitis. Athero-
embolic renal failure can occur spontaneously but most
often is associated with recent aortic instrumentation.
The emboli are cholesterol rich and lodge in medium
and small renal arteries, leading to an eosinophil-rich
inflammatory reaction. Patients with atheroembolic
acute renal failure often have a normal urinalysis, but
the urine may contain eosinophils and casts. The diag-
nosis can be confirmed by renal biopsy, but this is often
unnecessary when other stigmata of atheroemboli are
present (livedo reticularis, distal peripheral infarcts,
eosinophilia). Renal artery thrombosis may lead to mild
proteinuria and hematuria, whereas renal vein thrombo-
sis typically induces heavy proteinuria and hematuria.
These vascular complications often require angiography
for confirmation and are discussed in Chap. 18.

Diseases of the glomeruli (glomerulonephritis and
vasculitis) and the renal microvasculature (hemolytic-
uremic syndromes, thrombotic thrombocytopenic pur-
pura, and malignant hypertension) usually present with
various combinations of glomerular injury: proteinuria,
hematuria, reduced GFR, and alterations of sodium
excretion that lead to hypertension, edema, and circu-
latory congestion (acute nephritic syndrome). These
findings may occur as primary renal diseases or as renal
manifestations of systemic diseases. The clinical set-
ting and other laboratory data help distinguish primary
renal diseases from systemic diseases. The finding of RBC
casts in the urine is an indication for early renal biopsy
(Fig. 3-1) as the pathologic pattern has important impli-
cations for diagnosis, prognosis, and treatment. Hema-
turia without RBC casts also can be an indication of glo-
merular disease; this evaluation is summarized in Fig. 3-2.
A detailed discussion of glomerulonephritis and dis-
eases of the microvasculature can be found in Chap. 17.

Oliguria and Anuria Oliguria refers to a 24-h urine
output <400 mL, and anuria is the complete absence
of urine formation (<100 mL). Anuria can be caused
by total urinary tract obstruction, total renal artery or
vein occlusion, and shock (manifested by severe hypo-
tension and intense renal vasoconstriction). Cortical
necrosis, ATN, and rapidly progressive glomerulone-
phritis occasionally cause anuria. Oliguria can accom-
pany any cause of acute renal failure and carries a

EVALUATION OF HEMATURIA

HEMATURIA

t

Proteinuria (>500 mg/24 h),
Dysmorphic RBCs or RBC casts

Of 1®
. Urine culture Serologic and
Pyuria, WBC casts [~ Urine eosinophils hema?ologic
evaluation: blood
cultures, anti-GBM
©) antibody, ANCA,
complement levels,
Hemoglobin electrophoresis cryoglobulins,
Urine cytology hepatitis B and C
UA of family members serologies, VDRL,
24-h urinary calcium/uric acid HIV, ASLO
ol o '
IVP +/- Renal As indicated: retrograde f
ultrasound ™ pyelography or Renal biopsy
arteriogram,
or cyst aspiration

S
Cystosco @ Urogenital biopsy
Yy Py and evaluation
Ot
Renal CT scan @ Renal biopsy of
mass/lesion
O
Follow periodic
urinalysis
FIGURE 3-2

Approach to the patient with hematuria. ANCA, antineu-
trophil cytoplasmic antibody; ASLO, antistreptolysin O; CT,
computed tomography; GBM, glomerular basement mem-
brane; IVP, intravenous pyelography; RBC, red blood cell;
UA, urinalysis; VDRL, Venereal Disease Research Laboratory;
WBC, white blood cell.

more serious prognosis for renal recovery in all con-
ditions except prerenal azotemia. Nonoliguria refers
to urine output >400 mL/d in patients with acute or
chronic azotemia. With nonoliguric ATN, disturbances of
potassium and hydrogen balance are less severe than in
oliguric patients, and recovery to normal renal function
is usually more rapid.

ABNORMALITIES OF THE URINE
PROTEINURIA

The evaluation of proteinuria is shown schematically
in Fig. 3-3 and typically is initiated after detection of
proteinuria by dipstick examination. The dipstick mea-
surement detects only albumin and gives false-positive
results when pH >7.0 and the urine is very concen-
trated or contaminated with blood. Because the dipstick
relies on urinary albumin concentration, a very dilute
urine may obscure significant proteinuria on dipstick
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EVALUATION OF PROTEINURIA

| PROTEINURIA ON URINE DIPSTICK

Quantify by 24-h urinary excretion of protein and
albumin or first morning spot albumin-to-creatinine ratio

/L

Microalbuminuria
30-300 mg/d or
30-300 mg/g

Macroalbuminuria
300-3500 mg/d or
300-3500 mg/g

Nephrotic range
> 3500 mg/d or
> 3500 mg/g

| RBCs or RBC casts on urinalysis

Go to
Fig. 3-2

|+

'

Consider
Early diabetes
Essential hypertension
Early stages of
glomerulonephritis
(especially with RBCs,
RBC casts)

Fever
Exercise

In addition to disorders listed
under microalbuminuria consider
Myeloma-associated kidney
disease (check UPEP)

Intermittent proteinuria

Postural proteinuria

Congestive heart failure

Nephrotic syndrome
Diabetes
Amyloidosis
Minimal-change disease
FSGS
Membranous glomerulopathy

FIGURE 3-3

Approach to the patient with proteinuria. Investigation of
proteinuria is often initiated by a positive dipstick on routine
urinalysis. Conventional dipsticks detect predominantly albu-
min and provide a semiquantitative assessment (trace, 1+,
2+, or 34), which is influenced by urinary concentration
as reflected by urine specific gravity (minimum <1.005,

examination. Quantification of urinary albumin on a
spot urine sample (ideally from a first morning void)
by measuring an albumin-to-creatinine ratio (ACR) is
helpful in approximating a 24-h albumin excretion rate
(AER) where ACR (mg/g) =AER (mg/24 h). Further-
more, proteinuria that is not predominantly albumin
will be missed by dipstick screening. This is particularly
important for the detection of Bence Jones proteins in
the urine of patients with multiple myeloma. Tests to
measure total urine protein concentration accurately
rely on precipitation with sulfosalicylic or trichloracetic
acid (Fig. 3-3).

The magnitude of proteinuria and the protein com-
position of the urine depend on the mechanism of
renal injury that leads to protein losses. Both charge
and size selectivity normally prevent virtually all plasma
albumin, globulins, and other high-molecular-weight
proteins from crossing the glomerular wall; how-
ever, if this barrier is disrupted, plasma proteins may
leak into the urine (glomerular proteinuria; Fig. 3-3).
Smaller proteins (<20 kDa) are freely filtered but are
readily reabsorbed by the proximal tubule. Tradition-
ally, healthy individuals excrete <150 mg/d of total
protein and <30 mg/d of albumin. However, even at
albuminuria levels <30 mg/d, risk for progression to
overt nephropathy or subsequent cardiovascular disease

maximum 1.030). However, more exact determination of
proteinuria should employ a spot morning protein/creatinine
ratio (mg/g) or a 24-h urine collection (mg/24 h). FSGS, focal
segmental glomerulosclerosis; MPGN, membranoproliferative
glomerulonephritis; RBC, red blood cell.

is increased. The remainder of the protein in the
urine is secreted by the tubules (Tamm-Horsfall, IgA,
and urokinase) or represents small amounts of filtered
B,-microglobulin, apoproteins, enzymes, and peptide
hormones. Another mechanism of proteinuria occurs
when there is excessive production of an abnormal
protein that exceeds the capacity of the tubule for reab-
sorption. This most commonly occurs with plasma cell
dyscrasias, such as multiple myeloma, amyloidosis, and
lymphomas that are associated with monoclonal pro-
duction of immunoglobulin light chains.

The normal glomerular endothelial cell forms a bar-
rier composed of pores of ~100 nm that retain blood
cells but offer little impediment to passage of most pro-
teins. The glomerular basement membrane traps most
large proteins (>100 kDa), and the foot processes of
epithelial cells (podocytes) cover the urinary side of the
glomerular basement membrane and produce a series
of narrow channels (slit diaphragms) to allow molecu-
lar passage of small solutes and water but not proteins.
Some glomerular diseases, such as minimal-change dis-
ease, cause fusiown of glomerular epithelial cell foot
processes, resulting in predominantly “selective” (Fig.
3-3) loss of albumin. Other glomerular diseases can
present with disruption of the basement membrane and
slit diaphragms (e.g., by immune complex deposition),



resulting in losses of albumin and other plasma proteins.
The fusion of foot processes causes increased pressure
across the capillary basement membrane, resulting in areas
with larger pore sizes. The combination of increased
pressure and larger pores results in significant protein-
uria (“nonselective”; Fig. 3-3).

When the total daily excretion of protein is >3.5 g,
hypoalbuminemia, hyperlipidemia, and edema (nephrotic
syndrome; Fig. 3-3) are often present as well. How-
ever, total daily urinary protein excretion >3.5 g can
occur without the other features of the nephrotic syn-
drome in a variety of other renal diseases (Fig. 3-3).
Plasma cell dyscrasias (multiple myeloma) can be associ-
ated with large amounts of excreted light chains in the
urine, which may not be detected by dipstick. The light
chains produced from these disorders are filtered by the
glomerulus and overwhelm the reabsorptive capacity
of the proximal tubule. Renal failure from these disor-
ders occurs through a variety of mechanisms, including
tubule obstruction (cast nephropathy) and light chain
deposition.

Hypoalbuminemia in nephrotic syndrome occurs
through excessive urinary losses and increased proxi-
mal tubule catabolism of filtered albumin. Edema
forms from renal sodium retention and reduced plasma
oncotic pressure, which favors fluld movement from
capillaries to interstitium. To compensate for the per-
ceived decrease in effective intravascular volume, acti-
vation of the renin-angiotensin system, stimulation of
ADH, and activation of the sympathetic nervous sys-
tem occur that promote continued renal salt and water
reabsorption and progressive edema. The urinary loss
of regulatory proteins and changes in hepatic synthesis
contribute to the other manifestations of the nephrotic
syndrome. A hypercoagulable state may arise from uri-
nary losses of antithrombin III, reduced serum levels of
proteins S and C, hyperfibrinogenemia, and enhanced
platelet aggregation. Hypercholesterolemia may be
severe and results from increased hepatic lipoprotein
synthesis. Loss of immunoglobulins contributes to an
increased risk of infection. Many diseases (some listed in
Fig. 3-3) and drugs can cause the nephrotic syndrome; a
complete list can be found in Chap. 15.

HEMATURIA, PYURIA, AND CASTS

I[solated hematuria without proteinuria, other cells, or
casts is often indicative of bleeding from the urinary
tract. Hematuria is defined as two to five RBCs per
high-power field (HPF) and can be detected by dip-
stick. A false-positive dipstick for hematuria (where no
RBCs are seen on urine microscopy) may occur when
myoglobinuria is present, often in the setting of rhabdo-
myolysis. Common causes of isolated hematuria include
stones, neoplasms, tuberculosis, trauma, and prostatitis.
Gross hematuria with blood clots is usually not an

intrinsic renal process; rather, it suggests a postrenal
source in the urinary collecting system. Evaluation of
patients presenting with microscopic hematuria is out-
lined in Fig. 3-2. A single urinalysis with hematuria is
common and can result from menstruation, viral illness,
allergy, exercise, or mild trauma. Persistent or signifi-
cant hematuria (>3 RBCs/HPF on three urinalyses, a
single urinalysis with >100 RBCs, or gross hematuria)
is associated with significant renal or urologic lesions in
9.1% of cases. Even patients who are chronically anti-
coagulated should be investigated as outlined in Fig. 3-2.
The suspicion for urogenital neoplasms in patients with
isolated painless hematuria and nondysmorphic RBCs
increases with age. Neoplasms are rare in the pediat-
ric population, and isolated hematuria is more likely
to be “idiopathic” or associated with a congenital
anomaly. Hematuria with pyuria and bacteriuria is typi-
cal of infection and should be treated with antibiotics
after appropriate cultures. Acute cystitis or urethritis in
women can cause gross hematuria. Hypercalciuria and
hyperuricosuria are also risk factors for unexplained iso-
lated hematuria in both children and adults. In some of
these patients (50—60%), reducing calcium and uric acid
excretion through dietary interventions can eliminate
the microscopic hematuria.

Isolated microscopic hematuria can be a manifestation
of glomerular diseases. The RBCs of glomerular ori-
gin are often dysmorphic when examined by phase-
contrast microscopy. Irregular shapes of RBCs may also
result from pH and osmolarity changes produced along
the distal nephron. Observer variability in detecting
dysmorphic RBCs is common. The most common
etiologies of isolated glomerular hematuria are IgA
nephropathy, hereditary nephritis, and thin basement
membrane disease. IgA nephropathy and hereditary
nephritis can lead to episodic gross hematuria. A family
history of renal failure is often present in patients with
hereditary nephritis, and patients with thin basement
membrane disease often have other family members
with microscopic hematuria. A renal biopsy is needed
for the definitive diagnosis of these disorders, which are
discussed in more detail in Chap. 15. Hematuria with
dysmorphic RBCs, RBC casts, and protein excretion
>500 mg/d is virtually diagnostic of glomerulonephritis.
RBC casts form as RBCs that enter the tubule fluid
become trapped in a cylindrical mold of gelled Tamm-
Horsfall protein. Even in the absence of azotemia, these
patients should undergo serologic evaluation and renal
biopsy as outlined in Fig. 3-2.

Isolated pyuria is unusual since inflammatory reac-
tions in the kidney or collecting system also are associ-
ated with hematuria. The presence of bacteria suggests
infection, and white blood cell casts with bacteria are
indicative of pyelonephritis. White blood cells and/
or white blood cell casts also may be seen in acute glo-
merulonephritis as well as in tubulointerstitial processes
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such as interstitial nephritis and transplant rejection.
In chronic renal diseases, degenerated cellular casts
called waxy casts can be seen in the urine. Broad casts
are thought to arise in the dilated tubules of enlarged
nephrons that have undergone compensatory hyper-
trophy in response to reduced renal mass (i.e., chronic
renal failure). A mixture of broad casts typically seen
with chronic renal failure together with cellular casts
and RBCs may be seen in smoldering processes such as
chronic glomerulonephritis.

ABNORMALITIES OF URINE VOLUME

The volume of urine produced varies with the fluid
intake, renal function, and physiologic demands of the
individual. See “Azotemia,” above, for discussion of
decreased (oliguria) or absent urine production (anuria).
The physiology of water formation and renal water
conservation are discussed in Chap. 2.

POLYURIA

By history, it is often difficult for patients to distin-
guish urinary frequency (often of small volumes) from
true polyuria (>3 L/d), and a quantification of volume
by 24-h urine collection may be needed (Fig. 3-4).
Polyuria results from two potential mechanisms:
(1) excretion of nonabsorbable solutes (such as glu-
cose) or (2) excretion of water (usually from a defect
in ADH production or renal responsiveness). To dis-
tinguish a solute diuresis from a water diuresis and to
determine if the diuresis is appropriate for the clini-
cal circumstances, a urine osmolality is measured. The
average person excretes between 600 and 800 mosmol
of solutes per day, primarily as urea and electrolytes.
If the urine output is >3 L/d and the urine is dilute
(<250 mosmol/L), total mosmol excretion is nor-
mal and a water diuresis is present. This circumstance
could arise from polydipsia, inadequate secretion of
vasopressin (central diabetes insipidus), or failure of renal
tubules to respond to vasopressin (nephrogenic dia-
betes insipidus). If the urine volume is >3 L/d and
urine osmolality is >300 mosmol/L, a solute diuresis is
clearly present and a search for the responsible solute(s)
is mandatory.

Excessive filtration of a poorly reabsorbed solute such
as glucose, mannitol, or urea can depress reabsorption
of NaCl and water in the proximal tubule and lead to
enhanced excretion in the urine. Poorly controlled
diabetes mellitus with glucosuria is the most common
cause of a solute diuresis, leading to volume depletion
and serum hypertonicity. Since the urine sodium con-
centration 1s less than that of blood, more water than
sodium is lost, causing hypernatremia and hypertonicity.

EVALUATION OF POLYURIA

| POLYURIA (>3 L/24 h)

'

| Urine osmolality

<250 mosmol >300 mosmol

Solute diuresis
Glucose, mannitol,
radiocontrast, urea

Y (from high protein
Water feeding), .
History, low deprivation medullary cystic.
serum sodium test or diseases, Ijesolv!ng ATN,
ADH level or obstruction, diuretics

| Diabetes insipidus (DI)

_l

Central DI (vasopressin sensitive)
posthypophysectomy, trauma,
supra- or intrasellar tumor/cyst
histiocystosis or granuloma,
encroachment by aneurysm,
Sheehan's syndrome, infection,
Guillain-Barré, fat embolus,
empty sella

Primary polydipsia
Psychogenic
Hypothalamic disease
Drugs (thioridazine,

chlorpromazine,
anticholinergic agents)

Nephrogenic DI (vasopressin insensitive)

Acquired tubular diseases: pyelonephritis, analgesic nephropathy,
multiple myeloma, amyloidosis, obstruction, sarcoidosis,
hypercalcemia, hypokalemia, Sjégren’s syndrome, sickle
cell anemia

Drugs or toxins: lithium, demeclocycline, methoxyflurane, ethanol,
diphenylhydantoin, propoxyphene, amphotericin

Congenital: hereditary, polycystic or medullary cystic disease

FIGURE 3-4
Approach to the patient with polyuria. ADH, antidiuretic
hormone; ATN, acute tubular necrosis.

Common iatrogenic solute diuresis occurs from man-
nitol administration, radiocontrast media, and high-
protein feedings (enterally or parenterally), leading to
increased urea production and excretion. Less com-
monly, excessive sodium loss may result from cystic
renal diseases or Bartter’s syndrome or during the
course of a tubulointerstitial process (such as resolv-
ing ATN). In these so-called salt-wasting disorders, the
tubule damage results in direct impairment of sodium
reabsorption and indirectly reduces the responsiveness
of the tubule to aldosterone. Usually, the sodium losses
are mild, and the obligatory urine output is <2 L/d
(resolving ATN and postobstructive diuresis are excep-
tions and may be associated with significant natriuresis
and polyuria).

Formation of large volumes of dilute urine is usually
due to polydipsic states or diabetes insipidus. Primary
polydipsia can result from habit, psychiatric disorders,
neurologic lesions, or medications. During deliber-
ate polydipsia, extracellular fluid volume is normal or
expanded and plasma vasopressin levels are reduced



because serum osmolality tends to be near the lower
limits of normal. Urine osmolality should also be maxi-
mally dilute at 50 mosmol/L.

Central diabetes insipidus may be idiopathic in origin
or secondary to a variety of hypothalamic conditions,
including posthypophysectomy or trauma or neoplastic,
inflammatory, vascular, or infectious hypothalamic dis-
eases. Idiopathic central diabetes insipidus is associated
with selective destruction of the vasopressin-secreting
neurons in the supraoptic and paraventricular nuclei

and can be inherited as an autosomal dominant trait or
occur spontaneously. Nephrogenic diabetes insipidus
can occur in a variety of clinical situations, as summa-
rized in Fig. 3-4.

A plasma vasopressin level is recommended as the best
method for distinguishing between central and nephro-
genic diabetes insipidus. Alternatively, a water depri-
vation test plus exogenous vasopressin may distinguish
primary polydipsia from central and nephrogenic diabetes
insipidus.
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CHAPTER 4

ATLAS OF URINARY SEDIMENTS AND
RENAL BIOPSIES

Agnes B. Fogo = FEric G. Neilson

Key diagnostic features of selected diseases in renal and electron microscopic images. Common urinalysis
biopsy are illustrated, with light, immunofluorescence, findings are also documented.

FIGURE 4-1
Minimal-change disease. In minimal-change disease, light microscopy is unremarkable (A), while electron microscopy (B) reveals
podocyte injury evidenced by complete foot process effacement. (ABF/Vanderbilt Collection.)

FIGURE 4-2 FIGURE 4-3

Focal segmental glomerulosclerosis (FSGS). There is a Collapsing glomerulopathy. There is segmental collapse of the
well-defined segmental increase in matrix and obliteration of glomerular capillary loops and overlying podocyte hyperplasia.
capillary loops, the sine qua non of segmental sclerosis not This lesion may be idiopathic or associated with HIV infection and
otherwise specified (nos) type. (EGN/UPenn Collection.) has a particularly poor prognosis. (ABF/Vanderbilt Collection.)
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FIGURE 4-4
Hilar variant of FSGS. There is segmental sclerosis of the
glomerular tuft at the vascular pole with associated hyalino-
sis, also present in the afferent arteriole (arrows). This lesion
often occurs as a secondary response when nephron mass
is lost due to, e.g., scarring from other conditions. Patients
usually have less proteinuria and less steroid response than
FSGS, nos type. (ABF/Vanderbilt Collection.)

Tip lesion variant of FSGS. There is segmental sclerosis of
the glomerular capillary loops at the proximal tubular outlet
(arrow). This lesion has a better prognosis than other types of
FSGS. (ABF/Vanderbilt Collection.)

B

FIGURE 4-6

Postinfectious (poststreptococcal) glomerulonephritis. The
glomerular tuft shows proliferative changes with numerous
PMNs, with a crescentic reaction in severe cases (A). These
deposits localize in the mesangium and along the capil-
lary wall in a subepithelial pattern and stain dominantly for
C3 and to a lesser extent for IgG (B). Subepithelial hump-
shaped deposits are seen by electron microscopy (C). (ABF/
Vanderbilt Collection.)
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FIGURE 4-7

Membranous glomerulopathy. Membranous glomerulopa-
thy is due to subepithelial deposits, with resulting basement
membrane reaction, resulting in the appearance of spike-
like projections on silver stain (A). The deposits are directly
visualized by fluorescent anti-IgG, revealing diffuse granu-
lar capillary loop staining (B). By electron microscopy, the
subepithelial location of the deposits and early surrounding
basement membrane reaction is evident, with overlying foot
process effacement (C). (ABF/Vanderbilt Collection.)

B

FIGURE 4-8

IgA nephropathy. There is variable mesangial expansion due
to mesangial deposits, with some cases also showing endo-
capillary proliferation or segmental sclerosis (A). By immuno-
fluorescence, mesangial IgA deposits are evident (B). (ABF/
Vanderbilt Collection.)

'

n

S OR
FIGURE 4-9
Membranoproliferative glomerulonephritis. There is mesan-
gial expansion and endocapillary proliferation with cellular
interposition in response to subendothelial deposits, result-
ing in the “tram-track” of duplication of glomerular basement
membrane. (EGN/UPenn Collection.)



Dense deposit disease (membranoproliferative glomer-
ulonephritis type Il). By light microscopy, there is a mem-
branoproliferative pattern. By electron microscopy, there is
a dense transformation of the glomerular basement mem-
brane with round, globular deposits within the mesangium.
By immunofluorescence, only C3 staining is usually present.
(ABF/Vanderbilt Collection.)

FIGURE 4-11

Mixed proliferative and membranous glomerulonephritis.
This specimen shows pink subepithelial deposits with spike
reaction, and the “tram-track” sign of reduplication of glo-
merular basement membrane, resulting from subendothelial
deposits, as may be seen in mixed membranous and prolifer-
ative lupus nephritis (ISN/RPS classes V and V). (EGN/UPenn
Collection.)

FIGURE 4-12

Lupus nephritis. Proliferative lupus nephritis, ISN/RPS
class lll (focal) or IV (diffuse), manifests as endocapillary prolifer-
ation, which may result in segmental necrosis due to deposits,
particularly in the subendothelial area (A). By immunofluores-
cence, chunky irregular mesangial and capillary loop deposits
are evident, with some of the peripheral loop deposits having a

smooth, molded outer contour due to their subendothelial loca-
tion. These deposits typically stain for all three immunoglobulins
(IgG, IgA, IgM) and both C3 and C1q (B). By electron micros-
copy, subendothelial, mesangial, and rare subepithelial dense
immune complex deposits are evident, along with extensive
foot process effacement (C). (ABF/Vanderbilt Collection.)
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FIGURE 4-14

Anti-GBM antibody-mediated glomerulonephritis. There is
segmental necrosis with a break of the glomerular basement
membrane and a cellular crescent (A), and immunofluorescence

FIGURE 4-13

Granulomatosis with polyangiitis (Wegener’s). This pauci-
immune necrotizing crescentic glomerulonephritis shows
numerous breaks in the glomerular basement membrane
with associated segmental fibrinoid necrosis, and a crescent
formed by proliferation of the parietal epithelium. Note that
the uninvolved segment of the glomerulus (at ~5 o’clock)
shows no evidence of proliferation or immune complexes.
(ABF/Vanderbilt Collection.)

B

for IgG shows linear staining of the glomerular basement mem-
brane with a small crescent at ~1 o’clock (B). (ABF/Vanderbilt
Collection.)

FIGURE 4-15

Amyloidosis. Amyloidosis shows amorphous, acellular expan-
sion of the mesangium, with material often also infiltrating glo-
merular basement membranes, vessels, and in the interstitium,

with apple-green birefringence by polarized Congo red stain (A).
The deposits are composed of randomly organized 9- to 11-nm
fibrils by electron microscopy (B). (ABF/Vanderbilt Collection.)



FIGURE 4-16

Light chain deposition disease. There is mesangial expan-
sion, often nodular by light microscopy (A), with immuno-
fluorescence showing monoclonal staining, more commonly
with kappa than lambda light chain, of tubules (B) and glo-
merular tufts. By electron microscopy (C), the deposits show
an amorphous granular appearance and line the inside of
the glomerular basement membrane and are also found
along the tubular basement membranes. (ABF/Vanderbilt
Collection.)

AL A
FIGURE 4-17
Light chain cast nephropathy (myeloma kidney). Monoclo-
nal light chains precipitate in tubules and result in a syncytial
giant cell reaction surrounding the casts, and a surround-
ing chronic interstitial nephritis with tubulointerstitial fibrosis.
(ABF/Vanderbilt Collection.)

FIGURE 4-18

Fabry’s disease. Due to deficiency of o-galactosidase, there
is abnormal accumulation of glycolipids, resulting in foamy
podocytes by light microscopy (A). These deposits can be
directly visualized by electron microscopy (B), where the gly-
cosphingolipid appears as whorled so-called myeloid bodies,
particularly in the podocytes. (ABF/Vanderbilt Collection.)
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FIGURE 4-19

Alport’s syndrome and thin glomerular basement membrane
lesion. In Alport’s syndrome, there is irregular thinning alternat-
ing with thickened so-called basket-weaving abnormal orga-
nization of the glomerular basement membrane (GBM) (A).

In benign familial hematuria, or in early cases of Alport’s
syndrome or female carriers, only extensive thinning of the
GBM is seen by electron microscopy (B). (ABF/Vanderbilt
Collection.)

FIGURE 4-20

Diabetic nephropathy. In the earliest stage of diabetic
nephropathy, only mild mesangial increase and prominent
glomerular basement membranes (confirmed to be thick-
ened by electron microscopy) are present (A). In slightly more
advanced stages, more marked mesangial expansion with
early nodule formation develops, with evident arteriolar hya-
line (B). In established diabetic nephropathy, there is nodular

mesangial expansion, so-called Kimmelstiel-Wilson nodules,
with increased mesangial matrix and cellularity, microaneu-
rysm formation in the glomerulus on the left, and prominent
glomerular basement membranes without evidence of immune
deposits and arteriolar hyalinosis of both afferent and efferent
arterioles (C). (ABF/Vanderbilt Collection.)



FIGURE 4-21

Arterionephrosclerosis. Hypertension-associated injury often
manifests extensive global sclerosis of glomeruli, with accom-
panying and proportional tubulointerstitial fibrosis and pericap-
sular fibrosis, and there may be segmental sclerosis (A). The
vessels show disproportionately severe changes of intimal
fibrosis, medial hypertrophy, and arteriolar hyaline deposits (B).
(ABF/Vanderbilt Collection.)

FIGURE 4-22

Cholesterol emboli. Cholesterol emboli cause cleft-like spaces
where the lipid has been extracted during processing, with
smooth outer contours, and surrounding fibrotic and mononu-
clear cell reaction in these arterioles. (ABF/Vanderbilt Collection.)

Hemolytic uremic syndrome. There are characteristic intra-
glomerular fibrin thrombi, with a chunky pink appearance
(thrombotic microangiopathy). The remaining portion of the
capillary tuft shows corrugation of the glomerular basement
membrane due to ischemia. (ABF/Vanderbilt Collection.)

FIGURE 4-24

Progressive systemic sclerosis. Acutely, there is fibrinoid
necrosis of interlobular and larger vessels, with intervening nor-
mal vessels and ischemic change in the glomeruli (A). Chroni-
cally, this injury leads to intimal proliferation, the so-called
onion-skinning appearance (B). (ABF/Vanderbilt Collection.)
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FIGURE 4-25
Acute pyelonephritis. There are characteristic intratubu- o . . )
lar plugs and casts of PMNs with inflammation extending Acute tubular injury. There is extensive flattening of the

into the surrounding interstitium, and accompanying tubular tubular epithelium and loss of the brush border, with mild
injury. (ABF/Vanderbilt Collection.) interstitial edema, characteristic of acute tubular injury due to

ischemia. (ABF/Vanderbilt Collection.)

FIGURE 4-27

Acute interstitial nephritis. There is extensive interstitial lymphoplasmocytic infiltrate with mild edema and associated tubular
injury (A), which is frequently associated with interstitial eosinophils (B) when caused by a drug hypersensitivity reaction.
(ABF/Vanderbilt Collection.)

B

FIGURE 4-28
Oxalosis. Calcium oxalate crystals have caused extensive tubular injury, with flattening and regeneration of tubular epithelium
(A). Crystals are well visualized as sheaves when viewed under polarized light (B). (ABF/Vanderbilt Collection.)
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N ) . , . v ' g Sarcoidosis. There is chronic interstitial nephritis with numer-
FIGURE 4-29 ous, confluent, non-necrotizing granulomas. The glomeruli are
unremarkable, but there is moderate tubular atrophy and inter-
stitial fibrosis. (ABF/Vanderbilt Collection.)

Acute phosphate nephropathy. There is extensive acute
tubular injury with intratubular nonpolarizable calcium phos-
phate crystals. (ABF/Vanderbilt Collection.)
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FIGURE 4-32

FIGURE 4-31 Coarse granular cast. (ABF/Vanderbilt Collection.)

Hyaline cast. (ABF/Vanderbilt Collection.)

S

FIGURE 4-33 FIGURE 4-34
Fine granular casts. (ABF/Vanderbilt Collection.) Red blood cell cast. (ABF/Vanderbilt Collection.)
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FIGURE 4-35
WBC cast. (ABF/Vanderbilt Collection.)

FIGURE 4-37
“Maltese cross” formation in an oval fat body. (ABF/
Vanderbilt Collection.)

FIGURE 4-36
Triple phosphate crystals. (ABF/Vanderbilt Collection.)

FIGURE 4-38
Uric acid crystals. (ABF/Vanderbilt Collection.)



CHAPTER &

ACIDOSIS AND ALKALOSIS

Thomas D. DuBose, Jr.

NORMAL ACID-BASE HOMEOSTASIS

Systemic arterial pH is maintained between 7.35 and
7.45 by extracellular and intracellular chemical buffering
together with respiratory and renal regulatory mecha-
nisms. The control of arterial CO, tension (Pa,,) by the
central nervous system (CNS) and respiratory systems
and the control of the plasma bicarbonate by the kid-
neys stabilize the arterial pH by excretion or retention
of acid or alkali. The metabolic and respiratory com-
ponents that regulate systemic pH are described by the
Henderson-Hasselbalch equation:

HCO;

., X0.0301

H=6.1+1o
p gPao

Under most circumstances, CO, production and
excretion are matched, and the usual steady-state Pa.,_ is
maintained at 40 mmHg. Underexcretion of CO, pro-
duces hypercapnia, and overexcretion causes hypocap-
nia. Nevertheless, production and excretion are again
matched at a new steady-state Pa., . Therefore, the
Pa,, is regulated primarily by neural respiratory factors
and is not subject to regulation by the rate of CO, pro-
duction. Hypercapnia is usually the result of hypoven-
tilation rather than of increased CO, production.
Increases or decreases in Pa,, represent derangements
of neural respiratory control or are due to compensa-
tory changes in response to a primary alteration in the
plasma [HCO;7].

The kidneys regulate plasma [HCO;] through three
main processes: (1) “reabsorption” of filtered HCO;™,
(2) formation of titratable acid, and (3) excretion of
NH," in the urine. The kidney filters ~4000 mmol
of HCO;™ per day. To reabsorb the filtered load
of HCOj;", the renal tubules must therefore secrete
4000 mmol of hydrogen ions. Between 80 and 90% of

43

HCOj™ is reabsorbed in the proximal tubule. The dis-
tal nephron reabsorbs the remainder and secretes H*
to defend systemic pH. While this quantity of protons,
40—60 mmol/d, is small, it must be secreted to prevent
chronic positive H* balance and metabolic acidosis.
This quantity of secreted protons is represented in the
urine as titratable acid and NH,*. Metabolic acidosis in
the face of normal renal function increases NH,* pro-
duction and excretion. NH,* production and excretion
are impaired in chronic renal failure, hyperkalemia, and
renal tubular acidosis.

DIAGNOSIS OF GENERAL TYPES
OF DISTURBANCES

The most common clinical disturbances are simple
acid-base disorders, i.e., metabolic acidosis or alkalosis
or respiratory acidosis or alkalosis. Because compensa-
tion is not complete, the pH is abnormal in simple dis-
turbances. More complicated clinical situations can give
rise to mixed acid-base disturbances.

SIMPLE ACID-BASE DISORDERS

Primary respiratory disturbances (primary changes in
Pa.,) invoke compensatory metabolic responses (sec-
ondary changes in [HCO;7]), and primary metabolic
disturbances elicit predictable compensatory respira-
tory responses (secondary changes in Pa,,). Physiologic
compensation can be predicted from the relationships
displayed in Table 5-1. Metabolic acidosis due to an
increase in endogenous acids (e.g., ketoacidosis) lowers
extracellular fluid [HCO;7| and decreases extracellular
pH. This stimulates the medullary chemoreceptors to
increase ventilation and to return the ratio of [HCO;]
to Pa and thus pH, toward, but not to, normal.

cop?
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TABLE 5-1
PREDICTION OF COMPENSATORY RESPONSES ON

SIMPLE ACID-BASE DISTURBANCES AND PATTERN
OF CHANGES

RANGE OF VALUES
PREDICTION OF
DISORDER COMPENSATION pH HCO;" Paco2
Metabolic  Pa,,=(1.5xHCO;)+ Low Low Low
acidosis 8§+2
or
Pag,, will | 1.25
mmHg per mmol/L |
in [HCO37]
or
Pag,, = [HCOz] + 15
Metabolic  Pa,, will T0.75mmHg High High High
alkalosis per mmol/L T in
[HCOs7]
or
Pag,, will T 6 mmHg
per 10 mmol/L T in
[HCOs7]
or
Pag,, = [HCOz] + 15
Respiratory High Low Low
alkalosis
Acute [HCO;] will L 0.2
mmol/L per mmHg |
in Pago,
Chronic  [HCO4 ] will L 0.4
mmol/L per mmHg |
in Pa,,
Respiratory Low High High
acidosis
Acute [HCO4] will T 0.1

mmol/L per mmHg T
in Pag,,

[HCO;] will T 0.4
mmol/L per mmHg T
in Pag,,

Chronic

The degree of respiratory compensation expected
in a simple form of metabolic acidosis can be pre-
dicted from the relationship Pa., = (1.5 X [HCO5])
+ 8 £ 2. Thus, a patient with metabolic acidosis and
[HCO;7] of 12 mmol/L would be expected to have a
Pa.,, between 24 and 28 mmHg. Values for Pa.,, <24
or >28 mmHg define a mixed disturbance (metabolic
acidosis and respiratory alkalosis or metabolic alkalosis
and respiratory acidosis, respectively). Another way to
judge the appropriateness of the response in [HCO;7]
or Pa,, is to use an acid-base nomogram (Fig. 5-1).

While the shaded areas of the nomogram show the 95%

Arterial blood [H*] (nmol/L)
100 90 80 70 60 50 40 30 20

60 ——— + — 7
12011010090 80 70 (60 | 50 40
4 Vil 1
56 |
52 =
48
. Chronic Metabolic
o 44 respiratory alkalosis 30
Q acidosis
E 40
b;:’ 36 25
g % 1
= Acute 20
E 28 respiratory
& acidosis
%_ 24 Normal Acute 1
T 20 respiratory 5
S M alkalosis
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< A respiratory 1 10
12 //// alkalosis _+—"|
| = L —1
g | —F—L _Z@Metabolic — /<P (mmHg)
acidosis T || €Oy
4 = -
0I T T T T

7.0 741 7.2 7.3 7.4 7.5 7.6 7.7 7.8
Arterial blood, pH

FIGURE 5-1

Acid-base nomogram. Shown are the 90% confidence lim-
its (range of values) of the normal respiratory and metabolic
compensations for primary acid-base disturbances. (From
TD DuBose Jr: Acid-base disorders, in Brenner and Rector’s
The Kidney, 8th ed, BM Brenner [ed]. Philadelphia Saunders,
2008, pp 505-546; used with permission.)

confidence limits for normal compensation in simple
disturbances, finding acid-base values within the shaded
area does not necessarily rule out a mixed disturbance.
Imposition of one disorder over another may result in
values lying within the area of a third. Thus, the nomo-
gram, while convenient, is not a substitute for the
equations in Table 5-1.

MIXED ACID-BASE DISORDERS

Mixed acid-base disorders—defined as independently
coexisting disorders, not merely compensatory responses—
are often seen in patients in critical care units and
can lead to dangerous extremes of pH (Table 5-2).
A patient with diabetic ketoacidosis (metabolic aci-
dosis) may develop an independent respiratory prob-
lem (e.g., pneumonia) leading to respiratory acidosis
or alkalosis. Patients with underlying pulmonary disease
[e.g., chronic obstructive pulmonary disease (COPD)]
may not respond to metabolic acidosis with an appro-
priate ventilatory response because of insufficient respi-
ratory reserve. Such imposition of respiratory acidosis
on metabolic acidosis can lead to severe acidemia.
When metabolic acidosis and metabolic alkalosis coex-
ist in the same patient, the pH may be normal or near
normal. When the pH is normal, an elevated anion gap
(AG; see below) reliably denotes the presence of an AG
metabolic acidosis. A discrepancy in the AAG (prevailing



TABLE 5-2

EXAMPLES OF MIXED ACID-BASE DISORDERS

Mixed Metabolic and Respiratory

Metabolic acidosis—respiratory alkalosis

Key: High- or normal-AG metabolic acidosis; prevailing
Pa.,, below predicted value (Table 5-1)

Example: Na*, 140; K*, 4.0; CI-, 106; HCO;™, 14; AG, 20;
Pa.,,, 24; pH, 7.39 (lactic acidosis, sepsis in ICU)
Metabolic acidosis—respiratory acidosis

Key: High- or normal-AG metabolic acidosis; prevailing
Pa.,, above predicted value (Table 5-1)

Example: Na*, 140; K*, 4.0; CI-, 102; HCO4~, 18; AG, 20;
Pac,,, 38; pH, 7.30 (severe pneumonia, pulmonary edema)
Metabolic alkalosis—respiratory alkalosis

Key: Pa,, does not increase as predicted; pH higher than
expected

Example: Na*, 140; K*, 4.0; CI-, 91; HCOj™, 33; AG, 16;
Pa..,, 38; pH, 7.55 (liver disease and diuretics)

Metabolic alkalosis—respiratory acidosis

Key: Pa.,, higher than predicted; pH normal

Example: Na*, 140; K*, 3.5; CI, 88; HCOg™, 42; AG, 10;
Pac,,, 67; pH, 7.42 (COPD and diuretics)

Mixed Metabolic Disorders

Metabolic acidosis—metabolic alkalosis

Key: Only detectable with high-AG acidosis; AAG >>
AHCO3~

Example: Na*, 140; K*, 3.0; CI-, 95; HCOg™, 25; AG, 20;
Pac,,, 40; pH, 7.42 (uremia with vomiting)

Metabolic acidosis—metabolic acidosis

Key: Mixed high-AG—normal-AG acidosis; AHCO3~
accounted for by combined change in AAG and ACI-

Example: Na*, 135; K*, 3.0; CI-, 110; HCO4™, 10; AG, 15;
Pamz, 25; pH, 7.20 (diarrhea and lactic acidosis, toluene
toxicity, treatment of diabetic ketoacidosis)

Abbreviations: AG, anion gap; COPD, chronic obstructive pulmonary
disease; ICU, intensive care unit.

minus normal AG) and the AHCO;~ (normal minus
prevailing HCOj5") indicates the presence of a mixed
high-gap acidosis—metabolic alkalosis (see example
below). A diabetic patient with ketoacidosis may have
renal dysfunction resulting in simultaneous metabolic
acidosis. Patients who have ingested an overdose of drug
combinations such as sedatives and salicylates may have
mixed disturbances as a result of the acid-base response
to the individual drugs (metabolic acidosis mixed with
respiratory acidosis or respiratory alkalosis, respectively).
Triple acid-base disturbances are more complex. For
example, patients with metabolic acidosis due to alcoholic
ketoacidosis may develop metabolic alkalosis due to
vomiting and superimposed respiratory alkalosis due
to the hyperventilation of hepatic dysfunction or alcohol
withdrawal.

AP';‘AOﬁELoTT"E Acid-Base Disorders

A stepwise approach to the diagnosis of acid-base disor-
ders follows (Table 5-3). Care should be taken when mea-
suring blood gases to obtain the arterial blood sample
without using excessive heparin. Blood for electrolytes
and arterial blood gases should be drawn simultaneously
prior to therapy, because an increase in [HCO;™] occurs
with metabolic alkalosis and respiratory acidosis. Con-
versely, a decrease in [HCO57] occurs in metabolic acidosis
and respiratory alkalosis. In the determination of arterial
blood gases by the clinical laboratory, both pH and Pa,,
are measured, and the [HCO;7] is calculated from the
Henderson-Hasselbalch equation. This calculated value
should be compared with the measured [HCO;7] (total
CO,) on the electrolyte panel. These two values should
agree within 2 mmol/L. If they do not, the values may not
have been drawn simultaneously, a laboratory error may
be present, or an error could have been made in calculat-
ing the [HCO;7]. After verifying the blood acid-base val-
ues, the precise acid-base disorder can then be identified.

CALCULATE THE ANION GAP All evaluations
of acid-base disorders should include a simple calcula-
tion of the AG; it represents those unmeasured anions
in plasma (normally 10 to 12 mmol/L) and is calcu-
lated as follows: AG = Na* — (ClI~ + HCO5"). The unmea-
sured anions include anionic proteins, (e.g., albumin),
phosphate, sulfate, and organic anions. When acid
anions, such as acetoacetate and lactate, accumulate
in extracellular fluid, the AG increases, causing a high-
AG acidosis. An increase in the AG is most often due
to an increase in unmeasured anions and, less com-
monly, is due to a decrease in unmeasured cations (cal-
cium, magnesium, potassium). In addition, the AG may
increase with an increase in anionic albumin, because
of either increased albumin concentration or alkalo-
sis, which alters aloumin charge. A decrease in the AG

TABLE 5-3

STEPS IN ACID-BASE DIAGNOSIS

1. Obtain arterial blood gas (ABG) and electrolytes
simultaneously.

2. Compare [HCO3;] on ABG and electrolytes to verify
accuracy.

3. Calculate anion gap (AG).

4. Know four causes of high-AG acidosis (ketoacidosis,
lactic acid acidosis, renal failure, and toxins).

5. Know two causes of hyperchloremic or nongap acidosis
(bicarbonate loss from Gl tract, renal tubular acidosis).

6. Estimate compensatory response (Table 5-1).
7. Compare AAG and AHCO;".

8. Compare change in [CIT] with change in [Na*].
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can be due to (1) an increase in unmeasured cations;
(2) the addition to the blood of abnormal cations, such
as lithium (lithium intoxication) or cationic immuno-
globulins (plasma cell dyscrasias); (3) a reduction in the
major plasma anion albumin concentration (nephrotic
syndrome); (4) a decrease in the effective anionic charge
on albumin by acidosis; or (5) hyperviscosity and severe
hyperlipidemia, which can lead to an underestimation
of sodium and chloride concentrations. A fall in serum
albumin by 1 g/dL from the normal value (4.5 g/dL)
decreases the AG by 2.5 meqg/L. Know the common
causes of a high-AG acidosis (Table 5-3).

In the face of a normal serum albumin, a high AG is
usually due to non-chloride containing acids that con-
tain inorganic (phosphate, sulfate), organic (ketoacids,
lactate, uremic organic anions), exogenous (salicylate
or ingested toxins with organic acid production), or
unidentified anions. The high AG is significant even if an
additional acid-base disorder is superimposed to mod-
ify the [HCO5] independently. Simultaneous metabolic
acidosis of the high-AG variety plus either chronic respi-
ratory acidosis or metabolic alkalosis represents such a
situation in which [HCO5™] may be normal or even high
(Table 5-3). Compare the change in [HCO;™] (AHCO5)
and the change in the AG (AAG).

Similarly, normal values for [HCO57], Pa.,,, and pH do
not ensure the absence of an acid-base disturbance.
For instance, an alcoholic who has been vomiting may
develop a metabolic alkalosis with a pH of 7.55, Pa,,, of 47
mmHg, [HCO;7] of 40 mmol/L, [Na*] of 135, [CIT] of 80, and
[K*] of 2.8. If such a patient were then to develop a super-
imposed alcoholic ketoacidosis with a B-hydroxybutyrate
concentration of 15 mM, arterial pH would fall to 7.40,
[HCOs] to 25 mmol/L, and the Pa,, to 40 mmHg.
Although these blood gases are normal, the AG is elevated
at 30 mmol/L, indicating a mixed metabolic alkalosis and
metabolic acidosis. A mixture of high-gap acidosis and
metabolic alkalosis is recognized easily by comparing the
differences (A values) in the normal to prevailing patient
values. In this example, the AHCO; is 0 (25 - 25 mmol/L)
but the AAG is 20 (30 — 10 mmol/L). Therefore, 20 mmol/L
is unaccounted for in the A/A value (AAG to AHCO5").

METABOLIC ACIDOSIS

Metabolic acidosis can occur because of an increase in
endogenous acid production (such as lactate and keto-
acids), loss of bicarbonate (as in diarrhea), or accumula-
tion of endogenous acids (as in renal failure). Metabolic
acidosis has profound effects on the respiratory, cardiac,
and nervous systems. The fall in blood pH is accompa-
nied by a characteristic increase in ventilation, especially
the tidal volume (Kussmaul respiration). Intrinsic cardiac
contractility may be depressed, but inotropic function can

TABLE 5-4

CAUSES OF HIGH ANION-GAP METABOLIC ACIDOSIS

Lactic acidosis Toxins

Ketoacidosis Ethylene glycol
Diabetic Methanol
Alcoholic Salicylates
Starvation Propylene glycol

Pyroglutamic acid
Renal failure (acute and chronic)

be normal because of catecholamine release. Both periph-
eral arterial vasodilation and central venoconstriction can
be present; the decrease in central and pulmonary vascular
compliance predisposes to pulmonary edema with even
minimal volume overload. CNS function is depressed,
with headache, lethargy, stupor, and, in some cases, even
coma. Glucose intolerance may also occur.

There are two major categories of clinical metabolic
acidosis: high-AG and normal-AG, or hyperchloremic,
acidosis (Table 5-3 and Table 5-4).

TREATMENT  Metabolic Acidosis

Treatment of metabolic acidosis with alkali should
be reserved for severe acidemia except when the
patient has no “potential HCO;™ in plasma. Poten-
tial [HCO57] can be estimated from the increment (A)
in the AG (AAG = patient’s AG - 10). It must be deter-
mined if the acid anion in plasma is metabolizable (i.e.,
B-hydroxybutyrate, acetoacetate, and lactate) or non-
metabolizable (anions that accumulate in chronic renal
failure and after toxin ingestion). The latter requires
return of renal function to replenish the [HCO;7] deficit,
a slow and often unpredictable process. Consequently,
patients with a normal AG acidosis (hyperchloremic
acidosis), a slightly elevated AG (mixed hyperchloremic
and AG acidosis), or an AG attributable to a nonmetabo-
lizable anion in the face of renal failure should receive
alkali therapy, either PO (NaHCO; or Shohl’s solution) or
IV (NaHCOs), in an amount necessary to slowly increase
the plasma [HCO5] into the 20-22 mmol/L range.
Controversy exists, however, in regard to the use of
alkali in patients with a pure AG acidosis owing to accu-
mulation of a metabolizable organic acid anion (keto-
acidosis or lactic acidosis). In general, severe acidosis
(pH <7.10) warrants the IV administration of 50-100 meq
of NaHCO; over 30-45 min during the initial 1-2 h of
therapy. Provision of such modest quantities of alkali
in this situation seems to provide an added measure of
safety, but it is essential to monitor plasma electrolytes
during the course of therapy, because the [K*] may decline
as pH rises. The goal is to increase the [HCO57] to 10 meg/L
and the pH to 7.20, not to increase these values to normal.



HIGH-ANION GAP ACIDOSES

245 High-Anion Gap Acidoses

There are four principal causes of a high-AG acidosis:
(1) lactic acidosis, (2) ketoacidosis, (3) ingested toxins,
and (4) acute and chronic renal failure (Table 5-4). Initial
screening to differentiate the high-AG acidoses should
include (1) a probe of the history for evidence of drug
and toxin ingestion and measurement of arterial blood
gas to detect coexistent respiratory alkalosis (salicy-
lates); (2) determination of whether diabetes mellitus is
present (diabetic ketoacidosis); (3) a search for evidence
of alcoholism or increased levels of B-hydroxybutyrate
(alcoholic ketoacidosis); (4) observation for clinical signs
of uremia and determination of the blood urea nitro-
gen (BUN) and creatinine (uremic acidosis); (5) inspec-
tion of the urine for oxalate crystals (ethylene glycol);
and (6) recognition of the numerous clinical settings
in which lactate levels may be increased (hypotension,
shock, cardiac failure, leukemia, cancer, and drug or
toxin ingestion).

Lactic acidosis

An increase in plasma l-lactate may be secondary to
poor tissue perfusion [type A—circulatory insufficiency
(shock, cardiac failure), severe anemia, mitochon-
drial enzyme defects, and inhibitors (carbon monoxide,
cyanide] or to aerobic disorders [type B—malignancies,
nucleoside analogue reverse transcriptase inhibitors in
HIV, diabetes mellitus, renal or hepatic failure, thiamine
deficiency, severe infections (cholera, malaria), seizures,
or drugs/toxins (biguanides, ethanol, methanol, propyl-
ene glycol, isoniazid, and fructose)]. Propylene glycol
may be used as a vehicle for IV medications including
lorazepam, and toxicity has been reported in several set-
tings. Unrecognized bowel ischemia or infarction in a
patient with severe atherosclerosis or cardiac decompen-
sation receiving vasopressors is a common cause of lac-
tic acidosis. Pyroglutamic acidemia has been reported in
critically ill patients receiving acetaminophen, which is
associated with depletion of glutathione. D-Lactic acid
acidosis, which may be associated with jejunoileal bypass,
short bowel syndrome, or intestinal obstruction, is due to
formation of D-lactate by gut bacteria.

S Lactic Acid Acidosis

The underlying condition that disrupts lactate metabo-
lism must first be corrected; tissue perfusion must be
restored when inadequate. Vasoconstrictors should
be avoided, if possible, because they may worsen tis-
sue perfusion. Alkali therapy is generally advocated for

acute, severe acidemia (pH <7.15) to improve cardiac
function and lactate use. However, NaHCO; therapy may
paradoxically depress cardiac performance and exacer-
bate acidosis by enhancing lactate production (HCO5~
stimulates phosphofructokinase). While the use of alkali
in moderate lactic acidosis is controversial, it is gener-
ally agreed that attempts to return the pH or [HCO;]
to normal by administration of exogenous NaHCO; are
deleterious. A reasonable approach is to infuse sufficient
NaHCO; to raise the arterial pH to no more than 7.2 over
30-40 min.

NaHCO; therapy can cause fluid overload and hyper-
tension because the amount required can be massive
when accumulation of lactic acid is relentless. Fluid
administration is poorly tolerated because of central
venoconstriction, especially in the oliguric patient.
When the underlying cause of the lactic acidosis can be
remedied, blood lactate will be converted to HCO;™ and
may result in an overshoot alkalosis.

Ketoacidosis

I Diabetic ketoacidosis (DKA)

This condition is caused by increased fatty acid metabo-
lism and the accumulation of ketoacids (acetoacetate
and B-hydroxybutyrate). DKA usually occurs in insulin-
dependent diabetes mellitus in association with cessation
of insulin or an intercurrent illness such as an infection,
gastroenteritis, pancreatitis, or myocardial infarction,
which increases insulin requirements temporarily and
acutely. The accumulation of ketoacids accounts for the
increment in the AG and is accompanied most often by
hyperglycemia [glucose >17 mmol/L (300 mg/dL)]. The
relationship between the AAG and AHCO;™ is typically
~1:1 in DKA. It should be noted that, because insulin
prevents production of ketones, bicarbonate therapy is
rarely needed except with extreme acidemia (pH <7.1),
and then in only limited amounts. Patients with DKA are
typically volume depleted and require fluid resuscitation
with isotonic saline. Volume overexpansion with [V-fluid
administration is not uncommon, however, and contrib-
utes to the development of a hyperchloremic acidosis
during treatment of DKA. The mainstay for treatment of
this condition 1s IV regular insulin.

Il Alcoholic ketoacidosis (AKA)

Chronic alcoholics can develop ketoacidosis when alco-
hol consumption is abruptly curtailed and nutrition
is poor. AKA is usually associated with binge drink-
ing, vomiting, abdominal pain, starvation, and volume
depletion. The glucose concentration is variable, and
acidosis may be severe because of elevated ketones, pre-
dominantly [B-hydroxybutyrate. Hypoperfusion may
enhance lactic acid production; chronic respiratory
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alkalosis may accompany liver disease; and metabolic
alkalosis can result from vomiting (refer to the rela-
tionship between AAG and AHCO;7). Thus, mixed
acid-base disorders are common in AKA. As the circu-
lation is restored by administration of isotonic saline, the
preferential accumulation of B-hydroxybutyrate is then
shifted to acetoacetate. This explains the common clini-
cal observation of an increasingly positive nitroprus-
side reaction as the patient improves. The nitroprusside
ketone reaction (Acetest) can detect acetoacetic acid
but not B-hydroxybutyrate, so that the degree of keto-
sis and ketonuria can not only change with therapy,
but can be underestimated initially. Patients with AKA
usually present with relatively normal renal function, as
opposed to DKA, where renal function is often com-
promised because of volume depletion (osmotic diuresis)
or diabetic nephropathy. The AKA patient with nor-
mal renal function may excrete relatively large quanti-
ties of ketoacids in the urine, therefore, and may have
a relatively normal AG and a discrepancy in the AAG/
AHCOj;" relationship.

TREATMENT  Alcoholic Ketoacidosis

Extracellular fluid deficits almost always accompany
AKA and should be repleted by IV administration of
saline and glucose (5% dextrose in 0.9% NaCl). Hypo-
phosphatemia, hypokalemia, and hypomagnesemia
may coexist and should be corrected. Hypophospha-
temia usually emerges 12-24 h after admission, may
be exacerbated by glucose infusion, and, if severe, may
induce rhabdomyolysis. Upper gastrointestinal hemor-
rhage, pancreatitis, and pneumonia may accompany
this disorder.

Drug- and toxin-induced acidosis
I Salicylates

Salicylate intoxication in adults usually causes respira-
tory alkalosis or a mixture of high-AG metabolic aci-
dosis and respiratory alkalosis. Only a portion of the AG
is due to salicylates. Lactic acid production is also often
increased.

TREATMENT  Salicylate-Induced Acidosis

Vigorous gastric lavage with isotonic saline (not NaHCO,)
should be initiated immediately, followed by administra-
tion of activated charcoal per nasogastric (NG) tube. In the
acidotic patient, to facilitate removal of salicylate, intra-
venous NaHCO; is administered in amounts adequate to
alkalinize the urine and to maintain urine output (urine

pH >7.5). While this form of therapy is straightforward
in acidotic patients, a coexisting respiratory alkalosis
may make this approach hazardous. Alkalemic patients
should not receive NaHCO;. Acetazolamide may be
administered in the face of alkalemia, when an alkaline
diuresis cannot be achieved, or to ameliorate volume
overload associated with NaHCO; administration, but
this drug can cause systemic metabolic acidosis if HCO;~
is not replaced. Hypokalemia should be anticipated with
an alkaline diuresis and should be treated promptly
and aggressively. Glucose-containing fluids should be
administered because of the danger of hypoglycemia.
Excessive insensible fluid losses may cause severe vol-
ume depletion and hypernatremia. If renal failure pre-
vents rapid clearance of salicylate, hemodialysis can be
performed against a bicarbonate dialysate.

I Alcohols

Under most physiologic conditions, sodium, urea,
and glucose generate the osmotic pressure of blood.
Plasma osmolality is calculated according to the fol-
lowing expression: P, = 2Na* + Glu + BUN (all in
mmol/L), or, using conventional laboratory values in
which glucose and BUN are expressed in milligrams per
deciliter: P, = 2Na* + Glu/18 + BUN/2.8. The cal-
culated and determined osmolality should agree within
10-15 mmol/kg H,O. When the measured osmolality
exceeds the calculated osmolality by >15-20 mmol/kg
H,O, one of two circumstances prevails. Either the
serum sodium is spuriously low, as with hyperlipidemia
or hyperproteinemia (pseudohyponatremia), or osmo-
lytes other than sodium salts, glucose, or urea have accu-
mulated in plasma. Examples of such osmolytes include
mannitol, radiocontrast media, ethanol, isopropyl alco-
hol, ethylene glycol, propylene glycol, methanol, and
acetone. In this situation, the difference between the cal-
culated osmolality and the measured osmolality (osmolar
gap) 1is proportional to the concentration of the unmea-
sured solute. With an appropriate clinical history and
index of suspicion, identification of an osmolar gap is
helpful in identifying the presence of poison-associated
AG acidosis. Three alcohols may cause fatal intoxica-
tions: ethylene glycol, methanol, and isopropyl alcohol.
All cause an elevated osmolal gap, but only the first two
cause a high-AG acidosis.

I Ethylene glycol

Ingestion of ethylene glycol (commonly used in anti-
freeze) leads to a metabolic acidosis and severe damage
to the CNS, heart, lungs, and kidneys. The increased
AG and osmolar gap are attributable to ethylene glycol
and its metabolites, oxalic acid, glycolic acid, and other
organic acids. Lactic acid production increases second-
ary to inhibition of the tricarboxylic acid cycle and



altered intracellular redox state. Diagnosis is facilitated
by recognizing oxalate crystals in the urine, the pres-
ence of an osmolar gap in serum, and a high-AG aci-
dosis. Treatment should not be delayed while awaiting
measurement of ethylene glycol levels in this setting.

TREATMENT  Ethylene Glycol-Induced Acidosis

This includes the prompt institution of a saline or
osmotic diuresis, thiamine and pyridoxine supplements,
fomepizole or ethanol, and hemodialysis. The IV admin-
istration of the alcohol dehydrogenase inhibitor fomepi-
zole (4-methylpyrazole; 15 mg/kg as a loading dose) or
ethanol IV to achieve a level of 22 mmol/L (100 mg/dL)
serves to lessen toxicity because they compete with eth-
ylene glycol for metabolism by alcohol dehydrogenase.
Fomepizole, although expensive, is the agent of choice
and offers the advantages of a predictable decline in
ethylene glycol levels without excessive obtundation
during ethyl alcohol infusion. Hemodialysis is indicated
when the arterial pH is <7.3, or the osmolar gap exceeds
20 mOsm/kg.

I Methanol

The ingestion of methanol (wood alcohol) causes met-
abolic acidosis, and its metabolites formaldehyde and
formic acid cause severe optic nerve and CNS damage.
Lactic acid, ketoacids, and other unidentified organic
acids may contribute to the acidosis. Due to its low
molecular mass (32 Da), an osmolar gap is usually present.

TREATMENT  Methanol-Induced Acidosis

This is similar to that for ethylene glycol intoxication,
including general supportive measures, fomepizole, and
hemodialysis (as above).

I Isopropyl alcohol

Ingested isopropanol is absorbed rapidly and may be fatal
when as little as 150 mL of rubbing alcohol, solvent, or
de-icer is consumed. A plasma level >400 mg/dL is life
threatening. Isopropyl alcohol difters from ethylene gly-
col and methanol in that the parent compound, not the
metabolites, causes toxicity, and an AG acidosis is not
present because acetone is rapidly excreted.

TREATMENT  Isopropyl Alcohol Toxicity

Isopropanol alcohol toxicity is treated by watchful wait-
ing and supportive therapy; IV fluids, pressors, ventilatory

support if needed, and occasionally hemodialysis for pro-
longed coma or levels >400 mg/dL.

Renal failure

(See also Chap. 11) The hyperchloremic acidosis of
moderate renal insufficiency is eventually converted to
the high-AG acidosis of advanced renal failure. Poor fil-
tration and reabsorption of organic anions contribute to
the pathogenesis. As renal disease progresses, the num-
ber of functioning nephrons eventually becomes insuf-
ficient to keep pace with net acid production. Uremic
acidosis is characterized, therefore, by a reduced rate
of NH,* production and excretion. The acid retained
in chronic renal disease is buffered by alkaline salts
from bone. Despite significant retention of acid (up to
20 mmol/d), the serum [HCO;7] does not decrease
further, indicating participation of buffers outside the
extracellular compartment. Chronic metabolic acido-
sis results in significant loss of bone mass due to reduc-
tion in bone calcium carbonate. Chronic acidosis also
increases urinary calcium excretion, proportional to
cumulative acid retention.

TREATMENT  Renal Failure

Because of the association of renal failure acido-
sis with muscle catabolism and bone disease, both
uremic acidosis and the hyperchloremic acidosis of
renal failure require oral alkali replacement to main-
tain the [HCO;7] between 20 and 24 mmol/L. This can
be accomplished with relatively modest amounts of
alkali (1.0-1.5 mmol/kg body weight per day). Sodium
citrate (Shohl’s solution) or NaHCO; tablets (650-mg
tablets contain 7.8 meq) are equally effective alkalin-
izing salts. Citrate enhances the absorption of alumi-
num from the gastrointestinal tract and should never
be given together with aluminum-containing antacids
because of the risk of aluminum intoxication. When
hyperkalemia is present, furosemide (60-80 mg/d)
should be added.

NON-ANION GAP METABOLIC ACIDOSES

Alkali can be lost from the gastrointestinal tract in diar-
rhea or from the kidneys (renal tubular acidosis, RTA).
In these disorders (Table 5-5), reciprocal changes in
[CI7] and [HCO;7] result in a normal AG. In pure non-
AG acidosis, therefore, the increase in [Cl7] above the
normal value approximates the decrease in [HCO;.
The absence of such a relationship suggests a mixed

disturbance.
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TABLE 5-5

CAUSES OF NON-ANION GAP ACIDOSIS

|. Gastrointestinal bicarbonate loss
A. Diarrhea
B. External pancreatic or small-bowel drainage
C. Ureterosigmoidostomy, jejunal loop, ileal loop
D. Drugs
1. Calcium chloride (acidifying agent)
2. Magnesium sulfate (diarrhea)
3. Cholestyramine (bile acid diarrhea)

Il. Renal acidosis
A. Hypokalemia
1. Proximal RTA (type 2)
Drug induced: acetazolamide, topiramate
2. Distal (classic) RTA (type 1)
Drug induced: amphotericin B, ifosfamide
B. Hyperkalemia
1. Generalized distal nephron dysfunction (type 4 RTA)
a. Mineralocorticoid deficiency

b. Mineralocorticoid resistance (autosomal domi-
nant PHA I)

c. Voltage defect (autosomal dominant PHA | and
PHA II)

d. Tubulointerstitial disease

Ill. Drug-induced hyperkalemia (with renal insufficiency)

A. Potassium-sparing diuretics (amiloride, triamterene,
spironolactone)

B. Trimethoprim

C. Pentamidine

D. ACE-Is and ARBs

E. Nonsteroidal anti-inflammatory drugs
F. Cyclosporine and tacrolimus

IV. Other
A. Acid loads (@ammonium chloride, hyperalimentation)

B. Loss of potential bicarbonate: ketosis with ketone
excretion

C. Expansion acidosis (rapid saline administration)
D. Hippurate
E. Cation exchange resins

Abbreviations: ACE-|l, angiotensin-converting enzyme inhibitor;
ARB, angiotensin receptor blocker; PHA, pseudohypoaldosteronism;
RTA, renal tubular acidosis.

TREATMENT  Non-Anion Gap Metabolic Acidoses

In diarrhea, stools contain a higher [HCO;7] and decom-
posed HCO;™ than plasma so that metabolic acidosis
develops along with volume depletion. Instead of an
acid urine pH (as anticipated with systemic acidosis),
urine pH is usually around 6 because metabolic acidosis
and hypokalemia increase renal synthesis and excretion
of NH,*, thus providing a urinary buffer that increases
urine pH. Metabolic acidosis due to gastrointestinal

losses with a high urine pH can be differentiated from
RTA because urinary NH,* excretion is typically low in
RTA and high with diarrhea. Urinary NH,* levels can be
estimated by calculating the urine anion gap (UAG):
UAG = [Na* + K*], - [CI7],. When [CI7], > [Na* + K*],, the
UAG is negative by definition. This indicates that the
urine ammonium level is appropriately increased, sug-
gesting an extrarenal cause of the acidosis. Conversely,
when the UAG is positive, the urine ammonium level is
low, suggesting a renal cause of the acidosis.

Loss of functioning renal parenchyma by progres-
sive renal disease leads to hyperchloremic acidosis when
the glomerular filtration rate (GFR) is between 20 and
50 mL/min and to uremic acidosis with a high AG when
the GFR falls to <20 mL/min. In advanced renal failure,
ammoniagenesis is reduced in proportion to the loss of
functional renal mass, and ammonium accumulation and
trapping in the outer medullary collecting tubule may
also be impaired. Because of adaptive increases in K*
secretion by the collecting duct and colon, the acidosis of
chronic renal insufficiency is typically normokalemic.

Proximal RTA (type 2 RTA) (Chap. 16) is most often
due to generalized proximal tubular dysfunction manifested
by glycosuria, generalized aminoaciduria, and phosphatu-
ria (Fanconi syndrome). With a low plasma [HCO;], the
urine pH 1s acid (pH <5.5). The fractional excretion of
[HCO;7] may exceed 10-15% when the serum HCO;~
>20 mmol/L. Because HCO;™ is not reabsorbed normally in
the proximal tubule, therapy with NaHCO; will enhance
renal potassium wasting and hypokalemia.

The typical findings in acquired or inherited forms of
classic distal RTA (type 1 RTA) include hypokalemia, non-
AG metabolic acidosis, low urinary NH," excretion (posi-
tive UAG, low urine [NH,"]), and inappropriately high
urine pH (pH >5.5). Most patients have hypocitraturia
and hypercalciuria, so nephrolithiasis, nephrocalcinosis, and
bone disease are common. In generalized distal nephron
dysfunction (type 4 RTA), hyperkalemia is disproportion-
ate to the reduction in GFR because of coexisting dysfunc-
tion of potassium and acid secretion. Urinary ammonium
excretion 1s invariably depressed, and renal function may be
compromised, for example, due to diabetic nephropathy,
obstructive uropathy, or chronic tubulointerstitial disease.

Hyporeninemic hypoaldosteronism typically causes
non-AG metabolic acidosis, most commonly in older
adults with diabetes mellitus or tubulointerstitial dis-
ease and renal insufficiency. Patients usually have mild
to moderate CKD (GFR, 20—50 mL/min) and acidosis,
with elevation in serum [K+4] (5.2-6.0 mmol/L), con-
current hypertension, and congestive heart failure. Both
the metabolic acidosis and the hyperkalemia are out of
proportion to impairment in GFR. Nonsteroidal anti-
inflammatory drugs, trimethoprim, pentamidine, and
angiotensin-converting enzyme (ACE) inhibitors can



also cause non-AG metabolic acidosis in patients with
renal insufficiency (Table 5-5).

METABOLIC ALKALOSIS

Metabolic alkalosis is manifested by an elevated arterial
pH, an increase in the serum [HCOj;7], and an increase in
Pa,, as a result of compensatory alveolar hypoventilation
(Table 5-1). It is often accompanied by hypochloremia
and hypokalemia. The arterial pH establishes the diagnosis,
because it is increased in metabolic alkalosis and decreased
or normal in respiratory acidosis. Metabolic alkalosis fre-
quently occurs in association with other disorders such as
respiratory acidosis or alkalosis, or metabolic acidosis.

PATHOGENESIS

Metabolic alkalosis occurs as a result of net gain of
[HCO;7] or loss of nonvolatile acid (usually HCI by
vomiting) from the extracellular fluid. For HCO;™ to be
added to the extracellular fluid, it must be administered
exogenously or synthesized endogenously, in part or
entirely by the kidneys. Because it is unusual for alkali
to be added to the body, the disorder involves a genera-
tive stage, in which the loss of acid usually causes alka-
losis, and a maintenance stage, in which the kidneys fail
to compensate by excreting HCO;™.

Under normal circumstances, the kidneys have an
impressive capacity to excrete HCO;™. Continuation of
metabolic alkalosis represents a failure of the kidneys to
eliminate HCO;™ in the usual manner. The kidneys will
retain, rather than excrete, the excess alkali and maintain
the alkalosis if (1) volume deficiency, chloride deficiency,
and K" deficiency exist in combination with a reduced
GFR, which augments distal tubule H* secretion; or
(2) hypokalemia exists because of autonomous hyperal-
dosteronism. In the first example, alkalosis is corrected by
administration of NaCl and KCI, whereas, in the latter,
it is necessary to repair the alkalosis by pharmacologic or
surgical intervention, not with saline administration.

DIFFERENTIAL DIAGNOSIS

To establish the cause of metabolic alkalosis (Table 5-6),
it is necessary to assess the status of the extracellular fluid
volume (ECFV), the recumbent and upright blood pres-
sure, the serum [K*], and the renin-aldosterone system.
For example, the presence of chronic hypertension and
chronic hypokalemia in an alkalotic patient suggests either
mineralocorticoid excess or that the hypertensive patient
is receiving diuretics. Low plasma renin activity and nor-
mal urine [Na*] and [CI] in a patient who is not taking
diuretics indicate a primary mineralocorticoid excess syn-
drome. The combination of hypokalemia and alkalosis
in a normotensive, nonedematous patient can be due to

TABLE 5-6 51
I. Exogenous HCO;™ loads
A. Acute alkali administration
B. Milk-alkali syndrome

. Effective ECFV contraction, normotension, K* deficiency,
and secondary hyperreninemic hyperaldosteronism

A. Gastrointestinal origin
1. Vomiting
2. Gastric aspiration
3. Congenital chloridorrhea
4. Villous adenoma
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B. Renal origin
1. Diuretics
2. Posthypercapnic state

w

. Hypercalcemia/hypoparathyroidism

N

. Recovery from lactic acidosis or ketoacidosis

(&

. Nonreabsorbable anions including penicillin,
carbenicillin

(0]

. Mg?* deficiency
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. K* depletion

8. Bartter’s syndrome (loss of function mutations in
TALH)

9. Gitelman’s syndrome (loss of function mutation in

Na*-CI- cotransporter in DCT)

ECFV expansion, hypertension, K* deficiency, and
mineralocorticoid excess

A. High renin
1. Renal artery stenosis
2. Accelerated hypertension
3. Renin-secreting tumor
4. Estrogen therapy
B. Low renin
1. Primary aldosteronism
a. Adenoma
b. Hyperplasia
c. Carcinoma
2. Adrenal enzyme defects
a. 11 B-Hydroxylase deficiency
b. 17 a-Hydroxylase deficiency
3. Cushing’s syndrome or disease
4. Other
a. Licorice
b. Carbenoxolone
c. Chewer’s tobacco
IV. Gain-of-function mutation of renal sodium channel

with ECFV expansion, hypertension, K* deficiency, and
hyporeninemic-hypoaldosteronism

A. Liddle’s syndrome

Abbreviations: DCT, distal convoluted tubule; ECFV, extracellular
fluid volume; TALH, thick ascending limb of Henle’s loop.
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Bartter’s or Gitelman’s syndrome, magnesium deficiency,
vomiting, exogenous alkali, or diuretic ingestion. Deter-
mination of urine electrolytes (especially the urine [CI7])
and screening of the urine for diuretics may be helpful. If
the urine is alkaline, with an elevated [Na*] and [K*] but
low [CIT], the diagnosis is usually either vomiting (overt
or surreptitious) or alkali ingestion. If the urine is relatively
acid and has low concentrations of Na*, K*, and CI, the
most likely possibilities are prior vomiting, the posthyper-
capnic state, or prior diuretic ingestion. If, on the other
hand, neither the urine sodium, potassium, nor chloride
concentrations are depressed, magnesium deficiency, Bart-
ter’s or Gitelman’s syndrome, or current diuretic ingestion
should be considered. Bartter’s syndrome is distinguished
from Gitelman’s syndrome because of hypocalciuria and
hypomagnesemia in the latter disorder.

Alkali administration

Chronic administration of alkali to individuals with nor-
mal renal function rarely causes alkalosis. However, in
patients with coexistent hemodynamic disturbances, alka-
losis can develop because the normal capacity to excrete
HCO;™ may be exceeded or there may be enhanced
reabsorption of HCO;™. Such patients include those
who receive HCO;™ (PO or 1V), acetate loads (paren-
teral hyperalimentation solutions), citrate loads (transfu-
sions), or antacids plus cation-exchange resins (aluminum
hydroxide and sodium polystyrene sulfonate). Nursing-
home patients receiving tube feedings have a higher inci-
dence of metabolic alkalosis than nursing-home patients
receiving oral feedings.

METABOLIC ALKALOSIS ASSOCIATED
WITH ECFV CONTRACTION, K* DEPLETION,
AND SECONDARY HYPERRENINEMIC
HYPERALDOSTERONISM

Gastrointestinal origin

Gastrointestinal loss of H* from vomiting or gastric aspi-
ration results in retention of HCO;~. The loss of fluid
and NaCl in vomitus or nasogastric suction results in
contraction of the ECFV and an increase in the secretion
of renin and aldosterone. Volume contraction through a
reduction in GFR results in an enhanced capacity of the
renal tubule to reabsorb HCO;™. During active vomit-
ing, however, the filtered load of bicarbonate is acutely
increased to the point that the reabsorptive capacity of
the proximal tubule for HCO;™ is exceeded. The excess
NaHCO; issuing out of the proximal tubule reaches
the distal tubule, where H* secretion is enhanced by an
aldosterone and the delivery of the poorly reabsorbed
anion, HCOj;~. Correction of the contracted ECFV
with NaCl and repair of K* deficits corrects the acid-
base disorder, and chloride deficiency.

Renal origin
I Diuretics

Drugs that induce chloruresis, such as thiazides and loop
diuretics (furosemide, bumetanide, torsemide, and ethac-
rynic acid), acutely diminish the ECFV without altering
the total body bicarbonate content. The serum [HCO;7]
increases because the reduced ECFV “contracts” the
[HCOj57] in the plasma (contraction alkalosis). The chronic
administration of diuretics tends to generate an alkalo-
sis by increasing distal salt delivery, so that K* and H*
secretion are stimulated. The alkalosis 1s maintained by
persistence of the contraction of the ECFV, secondary
hyperaldosteronism, K* deficiency, and the direct effect
of the diuretic (as long as diuretic administration con-
tinues). Repair of the alkalosis is achieved by providing
isotonic saline to correct the ECFV deficit.

I Solute losing disorders: Bartter’s syndrome and
Gitelman’s syndrome
See Chap. 16.

I Nonreabsorbable anions and magnesium
deficiency

Administration of large quantities of nonreabsorbable
anions, such as penicillin or carbenicillin, can enhance
distal acidification and K* secretion by increasing the
transepithelial potential difference. Mg** deficiency
results in hypokalemic alkalosis by enhancing distal acid-
ification through stimulation of renin and hence aldoste-
rone secretion.

I Potassium depletion

Chronic K* depletion may cause metabolic alkalosis by
increasing urinary acid excretion. Both NH," production
and absorption are enhanced and HCOj;™ reabsorption is
stimulated. Chronic K* deficiency upregulates the renal
H*, K*-ATPase to increase K* absorption at the expense
of enhanced H* secretion. Alkalosis associated with
severe K* depletion is resistant to salt administration, but
repair of the K* deficiency corrects the alkalosis.

I After treatment of lactic acidosis or
ketoacidosis

When an underlying stimulus for the generation of lac-
tic acid or ketoacid is removed rapidly, as with repair
of circulatory insufficiency or with insulin therapy, the
lactate or ketones are metabolized to yield an equivalent
amount of HCO5". Other sources of new HCO;™ are
additive with the original amount generated by organic
anion metabolism to create a surfeit of HCO5™. Such
sources include (1) new HCO; added to the blood
by the kidneys as a result of enhanced acid excretion
during the preexisting period of acidosis, and (2) alkali
therapy during the treatment phase of the acidosis. Aci-
dosis-induced contraction of the ECFV and K* defi-
ciency act to sustain the alkalosis.



Il Posthypercapnia

Prolonged CO, retention with chronic respiratory acido-
sis enhances renal HCO;™ absorption and the generation
of new HCOj™ (increased net acid excretion). If the Pa_
is returned to normal, metabolic alkalosis results from
the persistently elevated [HCO;]. Alkalosis develops if the
elevated Pa_, is abruptly returned toward normal by a
change in mechanically controlled ventilation. Associated
ECFV contraction does not allow complete repair of the
alkalosis by correction of the Pa,, alone, and alkalosis
persists until ClI™ supplementation is provided.

METABOLIC ALKALOSIS ASSOCIATED WITH
ECFV EXPANSION, HYPERTENSION, AND
HYPERALDOSTERONISM

Increased aldosterone levels may be the result of auton-
omous primary adrenal overproduction or of secondary
aldosterone release due to renal overproduction of renin.
Mineralocorticoid excess increases net acid excretion and
may result in metabolic alkalosis, which may be wors-
ened by associated K* deficiency. ECFV expansion from
salt retention causes hypertension. The kaliuresis per-
sists because of mineralocorticoid excess and distal Na*
absorption causing enhanced K* excretion, continued
K* depletion with polydipsia, inability to concentrate the
urine, and polyuria.

Liddle’s syndrome (Chap. 16) results from increased
activity of the collecting duct Na* channel (ENaC) and
is a rare monogenic form of hypertension due to vol-
ume expansion manifested as hypokalemic alkalosis and
normal aldosterone levels.

Symptoms

With metabolic alkalosis, changes in CNS and periph-
eral nervous system function are similar to those of
hypocalcemia. Symptoms include mental confusion; obtun-
dation; and a predisposition to seizures, paresthesia, mus-
cular cramping, tetany, aggravation of arrhythmias, and
hypoxemia in chronic obstructive pulmonary disease.
Related electrolyte abnormalities include hypokalemia

and hypophosphatemia.

TREATMENT  Metabolic Alkalosis

This is primarily directed at correcting the underlying
stimulus for HCO;™ generation. If primary aldosteronism,
renal artery stenosis, or Cushing’s syndrome is present,
correction of the underlying cause will reverse the alka-
losis. [H*] loss by the stomach or kidneys can be miti-
gated by the use of proton pump inhibitors or the dis-
continuation of diuretics. The second aspect of treatment
is to remove the factors that sustain the inappropriate

increase in HCO;™ reabsorption, such as ECFV contraction
or K* deficiency. K* deficits should always be repaired.
Isotonic saline is usually sufficient to reverse the alkalosis
if ECFV contraction is present.

If associated conditions preclude infusion of saline,
renal HCO;™ loss can be accelerated by administration
of acetazolamide, a carbonic anhydrase inhibitor, which
is usually effective in patients with adequate renal func-
tion but can worsen K* losses. Dilute hydrochloric acid
(0.1 N HCI) is also effective, but can cause hemolysis, and
must be delivered centrally and slowly. Hemodialysis
against a dialysate low in [HCO57] and high in [CIT] can
be effective when renal function is impaired.

RESPIRATORY ACIDOSIS

Respiratory acidosis can be due to severe pulmonary
disease, respiratory muscle fatigue, or abnormalities in
ventilatory control and is recognized by an increase in
Pa,, and decrease in pH (Table 5-7). In acute respira-
tory acidosis, there 1s an immediate compensatory eleva-
tion (due to cellular buffering mechanisms) in HCO;™,
which increases 1 mmol/L for every 10-mmHg increase
in Pa,,. In chronic respiratory acidosis (>24 h), renal
adaptation increases the [HCO;7| by 4 mmol/L for
every 10-mmHg increase in Pa., . The serum HCO;~
usually does not increase above 38 mmol/L.

The clinical features vary according to the severity and
duration of the respiratory acidosis, the underlying dis-
ease, and whether there is accompanying hypoxemia. A
rapid increase in Pa,,, may cause anxiety, dyspnea, con-
fusion, psychosis, and hallucinations and may progress to
coma. Lesser degrees of dysfunction in chronic hypercap-
nia include sleep disturbances; loss of memory; daytime
somnolence; personality changes; impairment of coordi-
nation; and motor disturbances such as tremor, myoclonic
jerks, and asterixis. Headaches and other signs that mimic
raised intracranial pressure, such as papilledema, abnormal
reflexes, and focal muscle weakness, are due to vasocon-
striction secondary to loss of the vasodilator eftects of CO,.

Depression of the respiratory center by a variety of
drugs, injury, or disease can produce respiratory aci-
dosis. This may occur acutely with general anesthetics,
sedatives, and head trauma or chronically with seda-
tives, alcohol, intracranial tumors, and the syndromes of
sleep-disordered breathing including the primary alveo-
lar and obesity-hypoventilation syndromes. Abnormali-
ties or disease in the motor neurons, neuromuscular
junction, and skeletal muscle can cause hypoventilation
via respiratory muscle fatigue. Mechanical ventilation,
when not properly adjusted and supervised, may result
in respiratory acidosis, particularly if CO, production
suddenly rises (because of fever, agitation, sepsis, or over-
feeding) or alveolar ventilation falls because of worsening
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TABLE 5-7

RESPIRATORY ACID-BASE DISORDERS

I. Alkalosis
A. Central nervous system stimulation
1. Pain
. Anxiety, psychosis
. Fever
. Cerebrovascular accident
. Meningitis, encephalitis
. Tumor
. Trauma
B. Hypoxemia or tissue hypoxia
1. High altitude
2. Pneumonia, pulmonary edema
3. Aspiration
4. Severe anemia
C. Drugs or hormones
1. Pregnancy, progesterone
2. Salicylates
3. Cardiac failure
D. Stimulation of chest receptors
1. Hemothorax
2. Flail chest
3. Cardiac failure
4. Pulmonary embolism
E. Miscellaneous
1. Septicemia
2. Hepatic failure
3. Mechanical hyperventilation
4. Heat exposure
5. Recovery from metabolic acidosis

~No O~ WD

. Acidosis
A. Central
1. Drugs (anesthetics, morphine, sedatives)
2. Stroke
3. Infection
B. Airway
1. Obstruction
2. Asthma
C. Parenchyma
1. Emphysema
2. Pneumoconiosis
3. Bronchitis
4. Adult respiratory distress syndrome
5. Barotrauma
D. Neuromuscular
1. Poliomyelitis
2. Kyphoscoliosis
3. Myasthenia
4. Muscular dystrophies
E. Miscellaneous
1. Obesity
2. Hypoventilation
3. Permissive hypercapnia

pulmonary function. High levels of positive end-expi-
ratory pressure in the presence of reduced cardiac out-
put may cause hypercapnia as a result of large increases in
alveolar dead space. Permissive hypercapnia is being used
with increasing frequency because of studies suggesting
lower mortality rates than with conventional mechanical
ventilation, especially with severe CNS or heart disease.
The respiratory acidosis associated with permissive hyper-
capnia may require administration of NaHCOj to increase
the arterial pH to 7.25, but overcorrection of the acidemia
may be deleterious.

Acute hypercapnia follows sudden occlusion of the
upper airway or generalized bronchospasm as in severe
asthma, anaphylaxis, inhalational burn, or toxin injury.
Chronic hypercapnia and respiratory acidosis occur in
end-stage obstructive lung disease. Restrictive disorders
involving both the chest wall and the lungs can cause
respiratory acidosis because the high metabolic cost of
respiration causes ventilatory muscle fatigue. Advanced
stages of intrapulmonary and extrapulmonary restrictive
defects present as chronic respiratory acidosis.

The diagnosis of respiratory acidosis requires the
measurement of Pa_, and arterial pH. A detailed his-
tory and physical examination often indicate the cause.
Pulmonary function studies, including spirometry, diftu-
sion capacity for carbon monoxide, lung volumes, and
arterial Pa., and O, saturation, usually make it possible
to determine if respiratory acidosis is secondary to lung
disease. The workup for nonpulmonary causes should
include a detailed drug history, measurement of hema-
tocrit, and assessment of upper airway, chest wall, pleura,
and neuromuscular function.

TREATMENT  Respiratory Acidosis

The management of respiratory acidosis depends on its
severity and rate of onset. Acute respiratory acidosis can
be life threatening, and measures to reverse the under-
lying cause should be undertaken simultaneously with
restoration of adequate alveolar ventilation. This may
necessitate tracheal intubation and assisted mechani-
cal ventilation. Oxygen administration should be titrated
carefully in patients with severe obstructive pulmonary
disease and chronic CO, retention who are breathing
spontaneously. When oxygen is used injudiciously, these
patients may experience progression of the respiratory
acidosis. Aggressive and rapid correction of hypercap-
nia should be avoided, because the falling Pa.,, may
provoke the same complications noted with acute
respiratory alkalosis (i.e., cardiac arrhythmias, reduced
cerebral perfusion, and seizures). The Pa., should be
lowered gradually in chronic respiratory acidosis, aim-
ing to restore the Pa,,, to baseline levels and to provide
sufficient CI~ and K* to enhance the renal excretion of
HCO;™.



Chronic respiratory acidosis is frequently difficult to
correct, but measures aimed at improving lung function
can help some patients and forestall further deteriora-
tion in most.

RESPIRATORY ALKALOSIS

Alveolar hyperventilation decreases Pa,,, and increases the
HCO; /Pa,,, ratio, thus increasing pH (Table 5-7). Non-
bicarbonate cellular buffers respond by consuming HCOj;"™.
Hypocapnia develops when a sufficiently strong ventila-
tory stimulus causes CO, output in the lungs to exceed its
metabolic production by tissues. Plasma pH and [HCO;]
appear to vary proportionately with Pa,,, over a range
from 40 to 15 mmHg. The relationship between arterial
[H] concentration and Pa,, is ~0.7 mmol/L per mmHg
(or 0.01 pH unit/mmHg), and that for plasma [HCO;] is
0.2 mmol/L per mmHg. Hypocapnia sustained for >2-6 h
is further compensated by a decrease in renal ammonium
and titratable acid excretion and a reduction in filtered
HCOj;™ reabsorption. Full renal adaptation to respira-
tory alkalosis may take several days and requires normal
volume status and renal function. The kidneys appear to
respond directly to the lowered Pa,,, rather than to alkalo-
sis per se. In chronic respiratory alkalosis a 1-mmHg fall in
Pa,,, causes a 0.4- to 0.5-mmol/L drop in [HCO; 7| and a
0.3-mmol/L fall (or 0.003 rise in pH) in [H*].

The eftects of respiratory alkalosis vary according
to duration and severity but are primarily those of the
underlying disease. Reduced cerebral blood flow as a
consequence of a rapid decline in Pa,, may cause dizzi-
ness, mental confusion, and seizures, even in the absence
of hypoxemia. The cardiovascular effects of acute hypo-
capnia in the conscious human are generally minimal, but
in the anesthetized or mechanically ventilated patient,
cardiac output and blood pressure may fall because of
the depressant effects of anesthesia and positive-pressure
ventilation on heart rate, systemic resistance, and venous
return. Cardiac arrhythmias may occur in patients with
heart disease as a result of changes in oxygen unloading
by blood from a left shift in the hemoglobin-oxygen dis-
sociation curve (Bohr effect). Acute respiratory alkalo-
sis causes intracellular shifts of Na*, K*, and PO,> and
reduces free [Ca®*] by increasing the protein-bound frac-
tion. Hypocapnia-induced hypokalemia is usually minor.

Chronic respiratory alkalosis is the most common
acid-base disturbance in critically ill patients and, when
severe, portends a poor prognosis. Many cardiopul-
monary disorders manifest respiratory alkalosis in their
early to intermediate stages, and the finding of normo-
capnia and hypoxemia in a patient with hyperventila-
tion may herald the onset of rapid respiratory failure and
should prompt an assessment to determine if the patient
is becoming fatigued. Respiratory alkalosis is common
during mechanical ventilation.

The hyperventilation syndrome may be disabling.
Paresthesia; circumoral numbness; chest wall tightness
or pain; dizziness; inability to take an adequate breath;
and, rarely, tetany may be sufficiently stressful to per-
petuate the disorder. Arterial blood-gas analysis dem-
onstrates an acute or chronic respiratory alkalosis, often
with hypocapnia in the range of 15-30 mmHg and no
hypoxemia. CNS diseases or injury can produce several
patterns of hyperventilation and sustained Pa_, levels of
20-30 mmHg. Hyperthyroidism, high caloric loads, and
exercise raise the basal metabolic rate, but ventilation
usually rises in proportion so that arterial blood gases are
unchanged and respiratory alkalosis does not develop.
Salicylates are the most common cause of drug-induced
respiratory alkalosis as a result of direct stimulation of
the medullary chemoreceptor. The methylxanthines, the-
ophylline, and aminophylline stimulate ventilation and
increase the ventilatory response to CO,. Progesterone
increases ventilation and lowers arterial Pa.,, by as much
as 5-10 mmHg. Therefore, chronic respiratory alkalosis is
a common feature of pregnancy. Respiratory alkalosis
is also prominent in liver failure, and the severity corre-
lates with the degree of hepatic insufficiency. Respiratory
alkalosis is often an early finding in gram-negative septi-
cemia, before fever, hypoxemia, or hypotension develops.

The diagnosis of respiratory alkalosis depends on mea-
surement of arterial pH and Pa. . The plasma [K*] is
often reduced and the [CI] increased. In the acute phase,
respiratory alkalosis is not associated with increased renal
HCO;™ excretion, but within hours net acid excretion
is reduced. In general, the HCO;™ concentration falls
by 2.0 mmol/L for each 10-mmHg decrease in Pa,..
Chronic hypocapnia reduces the serum [HCO;7| by
4.0 mmol/L for each 10-mmHg decrease in Pa,. It is
unusual to observe a plasma HCO;™ <12 mmol/L as a
result of a pure respiratory alkalosis.

When a diagnosis of respiratory alkalosis is made, its
cause should be investigated. The diagnosis of hyper-
ventilation syndrome is made by exclusion. In difficult
cases, it may be important to rule out other conditions
such as pulmonary embolism, coronary artery disease, and
hyperthyroidism.

TREATMENT  Respiratory Alkalosis

The management of respiratory alkalosis is directed
toward alleviation of the underlying disorder. If respiratory
alkalosis complicates ventilator management, changes in
dead space, tidal volume, and frequency can minimize the
hypocapnia. Patients with the hyperventilation syndrome
may benefit from reassurance, rebreathing from a paper
bag during symptomatic attacks, and attention to underly-
ing psychological stress. Antidepressants and sedatives are
not recommended. -Adrenergic blockers may ameliorate
peripheral manifestations of the hyperadrenergic state.
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CHAPTER 6

FLUID AND ELECTROLYTE DISTURBANCES

David B. Mount

SODIUM AND WATER
COMPOSITION OF BODY FLUIDS

Water is the most abundant constituent in the body,
accounting for ~50% of body weight in women and 60%
in men. Total body water is distributed in two major com-
partments: 55—75% is intracellular [intracellular fluid (ICF)],
and 25-45% 1s extracellular [extracellular fluid (ECF)]. ECF
is subdivided into intravascular (plasma water) and extra-
vascular (interstitial) spaces in a ratio of 1:3. Fluid move-
ment between the intravascular and interstitial spaces
occurs across the capillary wall and is determined by Star-
ling forces, i.e., capillary hydraulic pressure and colloid
osmotic pressure. The transcapillary hydraulic pressure gra-
dient exceeds the corresponding oncotic pressure gradient,
thus favoring the movement of plasma ultrafiltrate into the
extravascular space. The return of fluid into the intravascu-
lar compartment occurs via lymphatic flow.

The solute or particle concentration of a fluid is
known as its osmolality and is expressed as milliosmoles
per kilogram of water (mosmol/kg). Water easily diftuses
across most cell membranes to achieve osmotic equilib-
rium (ECF osmolality = ICF osmolality). Notably, the
extracellular and intracellular solute compositions difter
considerably, owing to the activity of various transport-
ers, channels, and ATP-driven membrane pumps. The
major ECF particles are Na* and its accompanying anions
CI” and HCOj5™, whereas K™ and organic phosphate esters
(ATP, creatine phosphate, and phospholipids) are the
predominant ICF osmoles. Solutes that are restricted to
the ECF or the ICF determine the tonicity or effective
osmolality of that compartment. Certain solutes, particu-
larly urea, do not contribute to water shifts across most
membranes and are thus known as ineffective osmoles.

Water balance

Vasopressin secretion, water ingestion, and renal water
transport collaborate to maintain human body fuid
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osmolality between 280 and 295 mosmol/kg. Vaso-
pressin (AVP) is synthesized in magnocellular neurons
within the hypothalamus; the distal axons of those neu-
rons project to the posterior pituitary or neurohypophy-
sis, from which AVP is released into the circulation. A
network of central osmoreceptor neurons that includes
the AVP-expressing magnocellular neurons themselves
sense circulating osmolality via nonselective, stretch-
activated cation channels. These osmoreceptor neu-
rons are activated or inhibited by modest increases and
decreases in circulating osmolality, respectively; activa-
tion leads to AVP release and thirst.

AVP secretion is stimulated as systemic osmolality
increases above a threshold level of ~285 mosmol/kg,
above which there is a linear relationship between
osmolality and circulating AVP (Fig. 6-1). Thirst and
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FIGURE 6-1

Circulating levels of vasopressin (AVP) in response to
changes in osmolality. Plasma vasopressin becomes
detectable in euvolemic, healthy individuals at a threshold of
~285 mosmol/kg, above which there is a linear relationship
between osmolality and circulating AVP. The vasopressin
response to osmolality is modulated strongly by volume sta-
tus. The osmotic threshold is thus slightly lower in hypovo-
lemia, with a steeper response curve; hypervolemia reduces
the sensitivity of circulating AVP levels to osmolality.



thus water ingestion also are activated at ~285 mosmol/kg,
beyond which there is an equivalent linear increase in
the perceived intensity of thirst as a function of circu-
lating osmolality. Changes in blood volume and blood
pressure are also direct stimuli for AVP release and
thirst, albeit with a less sensitive response profile. Of
perhaps greater clinical relevance to the pathophysiol-
ogy of water homeostasis, ECF volume strongly modu-
lates the relationship between circulating osmolality and
AVP release so that hypovolemia reduces the osmotic
threshold and increases the slope of the response curve
to osmolality; hypervolemia has the opposite effect,
increasing the osmotic threshold and reducing the slope
of the response curve (Fig. 6-1). Notably, AVP has a
half-life in the circulation of only 10-20 min; thus,
changes in extracellular fluid volume and/or circulating
osmolality can affect water homeostasis rapidly. In addi-
tion to volume status, a number of nonosmotic stimuli
have potent activating effects on osmosensitive neurons
and AVP release, including nausea, intracerebral angio-
tensin I, serotonin, and multiple drugs.

The excretion or retention of electrolyte-free water
by the kidney is modulated by circulating AVP. AVP
acts on renal V,-type receptors in the thick ascend-
ing limb of Henle and principal cells of the collecting
duct (CD), increasing cyclic adenosine monophos-
phate (AMP) and activating protein kinase A (PKA)-
dependent phosphorylation of multiple transport proteins.
The AVP- and PKA-dependent activation of Na*-CI”
and K* transport by the thick ascending limb of the
loop of Henle (TALH) is a key participant in the coun-
tercurrent mechanism (Fig. 6-2). The countercurrent
mechanism ultimately increases the interstitial osmolal-
ity in the inner medulla of the kidney, driving water
absorption across the renal collecting duct. However,
water, salt, and solute transport by both proximal and
distal nephron segments participates in the renal con-
centrating mechanism (Fig. 6-2). Water transport across
apical and basolateral aquaporin-1 water channels in
the descending thin limb of the loop of Henle is thus
involved, as is passive absorption of Na*-Cl™ by the thin
ascending limb, via apical and basolateral CLC-K1 chlo-
ride channels and paracellular Na* transport. Renal urea
transport in turn plays important roles in the genera-
tion of the medullary osmotic gradient and the ability to
excrete solute-free water under conditions of both high
and low protein intake (Fig. 6-2).

AVP-induced, PKA-dependent phosphorylation of
the aquaporin-2 water channel in principal cells stim-
ulates the insertion of active water channels into the
lumen of the collecting duct, resulting in transepithe-
lial water absorption down the medullary osmotic gra-
dient (Fig. 6-3). Under antidiuretic conditions, with
increased circulating AVP, the kidney reabsorbs water
filtered by the glomerulus, equilibrating the osmolal-
ity across the collecting duct epithelium to excrete a
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FIGURE 6-2

The renal concentrating mechanism. Water, salt, and sol-
ute transport by both proximal and distal nephron segments
participates in the renal concentrating mechanism (see
text for details). Diagram showing the location of the major
transport proteins involved; a loop of Henle is depicted
on the left, a collecting duct on the right. AQP, aquaporin;
CLC-K1, chloride channel; NKCC2, Na-K-2Cl cotransporter;
ROMK, renal outer medullary K* channel; UT, urea trans-
porter. (From JM Sands: J Am Soc Nephrol 13:2795, 2002;
with permission.)

hypertonic, concentrated urine (osmolality of up to
1200 mosmol/kg). In the absence of circulating AVP,
insertion of aquaporin-2 channels and water absorption
across the collecting duct are essentially abolished, result-
ing in secretion of a hypotonic, dilute urine (osmolality
as low as 30-50 mosmol/kg). Abnormalities in this final
common pathway are involved in most disorders of
water homeostasis, e.g., a reduced or absent insertion
of active aquaporin-2 water channels into the mem-
brane of principal cells in diabetes insipidus.

Maintenance of arterial circulatory integrity

Sodium is actively pumped out of cells by the Na*, K*-
ATPase membrane pump. In consequence, 85-90%
of body Na* is extracellular, and the extracellular fluid
volume (ECFV) is a function of total-body Na* con-
tent. Arterial perfusion and circulatory integrity are, in
turn, determined by renal Na* retention or excretion,
in addition to the modulation of systemic arterial resis-
tance. Within the kidney, Na* is filtered by the glom-
eruli and then sequentially reabsorbed by the renal
tubules. The Na* cation typically is reabsorbed with
the chloride anion (CI7); thus, chloride homeostasis also
affects the ECFV. On a quantitative level, at a glomeru-
lar filtration rate (GFR) of 180 L/d and serum Na* of
~140 mM, the kidney filters some 25,200 mmol/d of
Na*. This is equivalent to ~1.5 kg of salt, which would
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Medul[qry Collecting duct Tubule
Interstitium principal cell Lumen
(Vasa Recta (Urine)
or Blood Side)
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Vasopressin,
also called
antidiuretic
hormone (ADH)

FIGURE 6-3

Vasopressin and the regulation of water permeability in
the renal collecting duct. Vasopressin binds to the type 2
vasopressin receptor (V2R) on the basolateral membrane
of principal cells, activates adenylyl cyclase (AC), increases
intracellular cyclic adenosine monophosphatase (CAMP),
and stimulates protein kinase A (PKA) activity. Cytoplasmic
vesicles carrying aquaporin-2 (AQP) water channel pro-
teins are inserted into the luminal membrane in response to
vasopressin, increasing the water permeability of this mem-
brane. When vasopressin stimulation ends, water channels
are retrieved by an endocytic process and water permeabil-
ity returns to its low basal rate. The AQP3 and AQP4 water
channels are expressed on the basolateral membrane and
complete the transcellular pathway for water reabsorption.
pAQP2, phosphorylated aquaporin-2. (From JM Sands, DG
Bichet: Ann Intern Med 144:186, 2006; with permission.)

occupy roughly 10 times the extracellular space; 99.6%
of filtered Na™CI™ must be reabsorbed to excrete 100 mM
per day. Minute changes in renal Na*-Cl~ excretion will
thus have significant effects on the ECFV, leading to
edema syndromes or hypovolemia.

Approximately two-thirds of filtered Na™-CIl™ is
reabsorbed by the renal proximal tubule via both para-
cellular and transcellular mechanisms. The TALH
subsequently reabsorbs another 25-30% of filtered
Na*-CI” via the apical, furosemide-sensitive Na*-K*-
2CI" cotransporter. The adjacent aldosterone-sensitive
distal nephron, which encompasses the distal convo-
luted tubule (DCT), connecting tubule (CNT), and
collecting duct, accomplishes the “fine-tuning” of renal
Na-Cl™ excretion. The thiazide-sensitive apical Na'-
CI” cotransporter (NCC) reabsorbs 5-10% of filtered
Na*-CI” in the DCT. Principal cells in the CNT and
CD reabsorb Na* via electrogenic, amiloride-sensitive
epithelial Na* channels (ENaC); CI ions are reabsorbed
primarily by adjacent intercalated cells via apical CI”
exchange (CI'-OH™ and CI"-HCOj;™ exchange, medi-
ated by the SLC26A4 anion exchanger) (Fig. 6-4).

H* arp
H*-ATPase
HCO4~
SLC26A4

or G

CLC-KB CI”

—CI

B-IC

RN 3Na* .
ENaC TP N Na*

z— 2K*

Lo Maxi-K

_ ROMK
K+ i Kt — -

H,0 —=== AQP-2  AQP-34—==» — = H0

Lumen Interstitium

\
FIGURE 6-4

Sodium, water, and potassium transport in principal cells
(PC) and adjacent a-intercalated cells (B-IC). The absorp-
tion of Na' via the amiloride-sensitive epithelial sodium
channel (ENaC) generates a lumen-negative potential differ-
ence that drives K* excretion through the apical secretory K*
channel ROMK (renal outer medullary K* channel) and/or the
flow-dependent maxi-K channel. Transepithelial CI~ trans-
port occurs in adjacent B-intercalated cells via apical CI -
HCO;~ and CI-OH- exchange (SLC26A4 anion exchanger,
also known as pendrin) basolateral CLC chloride channels.
Water is absorbed down the osmotic gradient by principal
cells, through the apical aquaporin-2 (AQP-2) and basolateral
aquaporin-3 and aquaporin-4 (Fig. 6-3).

Renal tubular reabsorption of filtered Na™-Cl™ is reg-
ulated by multiple circulating and paracrine hormones
in addition to the activity of renal nerves. Angiotensin II
activates proximal Na*-CI™ reabsorption, as do adrener-
gic receptors under the influence of renal sympathetic
innervation; locally generated dopamine, in contrast, has
a natriuretic effect. Aldosterone primarily activates Na*-
CI™ reabsorption within the aldosterone-sensitive distal
nephron. In particular, aldosterone activates the ENaC
channel in principal cells, inducing Na* absorption and
promoting K* excretion (see Fig. 6-4).

Circulatory integrity is critical for the perfusion and
function of vital organs. Underfilling of the arterial
circulation is sensed by ventricular and vascular pres-
sure receptors, resulting in a neurohumoral activation
(increased sympathetic tone, activation of the renin-
angiotensin-aldosterone axis, and increased circulating AVP)



that synergistically increases renal Na*-Cl™ reabsorp-
tion, vascular resistance, and renal water reabsorption.
This occurs in the context of decreased cardiac output,
as occurs in hypovolemic states, low-output cardiac failure,
decreased oncotic pressure, and/or increased capillary
permeability. Alternatively, excessive arterial vasodila-
tion results in relative arterial underfilling, leading to
neurohumoral activation in the defense of tissue perfu-
sion. These physiologic responses play important roles
in many of the disorders discussed in this chapter. In
particular, it is important to appreciate that AVP func-
tions in the defense of circulatory integrity, inducing
vasoconstriction, increasing sympathetic nervous system
tone, increasing renal retention of both water and Na*-
Cl', and modulating the arterial baroreceptor reflex.
Most of these responses involve activation of systemic
Via AVP receptors, but concomitant activation of V,
receptors in the kidney can result in renal water reten-
tion and hyponatremia.

HYPOVOLEMIA
Etiology

True volume depletion, or hypovolemia, generally
refers to a state of combined salt and water loss that
leads to contraction of the ECFV. The loss of salt and
water may be renal or nonrenal in origin.

I Renal causes

Excessive urinary Na™-Cl™ and water loss is a feature of
several conditions. A high filtered load of endogenous
solutes, such as glucose and urea, can impair tubular
reabsorption of Na™-Cl™ and water, leading to an osmotic
diuresis. Exogenous mannitol, which often is used to
decrease intracerebral pressure, is filtered by glomeruli
but not reabsorbed by the proximal tubule, thus causing
an osmotic diuresis. Pharmacologic diuretics selectively
impair Na™-CI~ reabsorption at specific sites along the
nephron, leading to increased urinary Na*-Cl™ excre-
tion. Other drugs can induce natriuresis as a side effect.
For example, acetazolamide can inhibit proximal tubu-
lar Na*-CIl™ absorption through its inhibition of car-
bonic anhydrase; other drugs, such as the antibiotics
trimethoprim and pentamidine, inhibit distal tubular
Na* reabsorption through the amiloride-sensitive ENaC
channel, leading to urinary Na*-Cl™ loss. Hereditary
defects in renal transport proteins also are associated with
reduced reabsorption of filtered Na™~CI™ and/or water.
Alternatively, mineralocorticoid deficiency, mineralocor-
ticoid resistance, or inhibition of the mineralocorticoid
receptor (MLR) can reduce Na*-CI™ reabsorption by the
aldosterone-sensitive distal nephron. Finally, tubuloin-
terstitial injury, as occurs in interstitial nephritis, acute
tubular injury, or obstructive uropathy, can reduce distal
tubular Na*-Cl™ and/or water absorption.

Excessive excretion of free water, i.e., water without
electrolytes, also can lead to hypovolemia. However,
the eftect on ECFV is usually less marked in light of
the fact that two-thirds of the water volume is lost from
the ICF. Excessive renal water excretion occurs in the
setting of decreased circulating AVP or renal resistance
to AVP (central and nephrogenic diabetes insipidus,
respectively).

I Extrarenal causes

Nonrenal causes of hypovolemia include fluid loss from the
gastrointestinal tract, skin, and respiratory system. Accu-
mulations of fluid within specific tissue compartments—
typically the interstitium, peritoneum, or gastrointestinal
tract—also can cause hypovolemia.

Approximately 9 L of fluid enters the gastrointesti-
nal tract daily, 2 L by ingestion and 7 L by secretion;
almost 98% of this volume is absorbed so that daily
fecal fluid loss is only 100-200 mL. Impaired gastro-
intestinal reabsorption or enhanced secretion of fluid
can cause hypovolemia. Since gastric secretions have
a low pH (high H" concentration), whereas biliary,
pancreatic, and intestinal secretions are alkaline (high
HCOj;~ concentration), vomiting and diarrhea often
are accompanied by metabolic alkalosis and acidosis,
respectively.

Evaporation of water from the skin and respira-
tory tract (so-called insensible losses) is the major
route for loss of solute-free water, which is typically
500-650 mL/d in healthy adults. This evaporative loss
can increase during febrile illness or prolonged heat
exposure. Hyperventilation also can increase insensible
losses via the respiratory tract, particularly in ventilated
patients; the humidity of inspired air is another deter-
mining factor. In addition, increased exertion and/or
ambient temperature will increase insensible losses via
sweat, which is hypotonic to plasma. Profuse sweating
without adequate repletion of water and Na*-CI™ thus
can lead to both hypovolemia and hypertonicity. Alter-
natively, replacement of these insensible losses with a
surfeit of free water without adequate replacement of
electrolytes may lead to hypovolemic hyponatremia.

Excessive fluid accumulation in interstitial and/or
peritoneal spaces also can cause intravascular hypovolemia.
Increases in vascular permeability and/or a reduction
in oncotic pressure (hypoalbuminemia) alter Starling
forces, resulting in excessive “third spacing” of the
ECFV. This occurs in sepsis syndrome, burns, pancre-
atitis, nutritional hypoalbuminemia, and peritonitis.
Alternatively, distributive hypovolemia can result from
accumulation of fluid within specific compartments,
for example, within the bowel lumen in gastrointesti-
nal obstruction or ileus. Hypovolemia also can occur
after extracorporeal hemorrhage or after significant
hemorrhage into an expandable space, for example, the
retroperitoneum.
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Diagnostic evaluation

A careful history usually determines the etiologic cause
of hypovolemia. Symptoms of hypovolemia are non-
specific and include fatigue, weakness, thirst, and pos-
tural dizziness; more severe symptoms and signs include
oliguria, cyanosis, abdominal and chest pain, and con-
fusion or obtundation. Associated electrolyte disorders
may cause additional symptoms, for example, muscle
weakness in patients with hypokalemia. On exami-
nation, diminished skin turgor and dry oral mucous
membranes are less than ideal markers of a decreased
ECFV in adult patients; reliable signs of hypovole-
mia include a decreased jugular venous pressure (JVP),
orthostatic tachycardia (an increase of >15-20 beats per
minute upon standing), and orthostatic hypotension
(a >10- to 20-mmHg drop in blood pressure on stand-
ing). More severe fluid loss leads to hypovolemic shock,
with hypotension, tachycardia, peripheral vasoconstric-
tion, and peripheral hypoperfusion; these patients may
exhibit peripheral cyanosis, cold extremities, oliguria,
and altered mental status.

Routine chemistries may reveal an increase in
blood urea nitrogen (BUN) and creatinine, reflecting
a decrease in GFR. Creatinine is the more dependable
measure of GFR, since BUN levels may be influenced
by an increase in tubular reabsorption (prerenal azote-
mia), an increase in urea generation in catabolic states,
hyperalimentation, or gastrointestinal bleeding and/or a
decreased urea generation in decreased protein intake.
In hypovolemic shock, liver function tests and cardiac bio-
markers may show evidence of hepatic and cardiac
ischemia, respectively. Routine chemistries and/or blood
gases may reveal evidence of acid-base disorders. For
example, bicarbonate loss due to diarrheal illness is a
very common cause of metabolic acidosis; alternatively,
patients with severe hypovolemic shock may develop
lactic acidosis with an elevated anion gap.

The neurohumoral response to hypovolemia stimu-
lates an increase in renal tubular Na* and water reab-
sorption. Therefore, the urine Na® concentration is
typically <20 mM in nonrenal causes of hypovole-
mia, with a urine osmolality of >450 mosmol/kg. The
reduction in both GFR and distal tubular Na* delivery
may cause a defect in renal potassium excretion, with an
increase in plasma K* concentration. Of note, patients
with hypovolemia and a hypochloremic alkalosis due to
vomiting, diarrhea, or diuretics typically have a urine
Na* concentration >20 mM and urine pH >7.0 due
to the increase in filtered HCOj5™; the urine CI™ con-
centration in this setting is a more accurate indicator of
volume status, with a level <25 mM suggestive of hypo-
volemia. The urine Na* concentration is often >20 mM
in patients with renal causes of hypovolemia, such as
acute tubular necrosis; similarly, patients with diabetes
insipidus will have an inappropriately dilute urine.

TREATMENT  Hypovolemia

The therapeutic goals in hypovolemia are to restore nor-
movolemia and replace ongoing fluid losses. Mild hypo-
volemia usually can be treated with oral hydration and
resumption of a normal maintenance diet. More severe
hypovolemia requires intravenous hydration, with the
choice of solution tailored to the underlying patho-
physiology. Isotonic, “normal” saline (0.9% NaCl, 154 mM
Na™) is the most appropriate resuscitation fluid for nor-
monatremic or hyponatremic patients with severe hypo-
volemia; colloid solutions such as intravenous albumin
are not demonstrably superior for this purpose. Hyper-
natremic patients should receive a hypotonic solution:
5% dextrose if there has been only water loss (as in dia-
betes insipidus) or hypotonic saline (1/2 or 1/4 normal
saline) if there has been water and Na*-Cl- loss. Patients
with bicarbonate loss and metabolic acidosis, as occurs
frequently in diarrhea, should receive intravenous bicar-
bonate, either an isotonic solution (150 meq of Na*-
HCO;™ in 5% dextrose) or a more hypotonic bicarbonate
solution in dextrose or dilute saline. Patients with severe
hemorrhage or anemia should receive red cell transfu-
sions without increasing the hematocrit beyond 35%.

SODIUM DISORDERS

Disorders of serum Na® concentration are caused by
abnormalities in water homeostasis that lead to changes
in the relative ratio of Na* to body water. Water intake
and circulating AVP constitute the two key effectors in
the defense of serum osmolality; defects in one or both
of these defense mechanisms cause most cases of hypo-
natremia and hypernatremia. In contrast, abnormalities
in sodium homeostasis per se lead to a deficit or surplus
of whole-body Na*-Cl~ content, a key determinant of
the ECFV and circulatory integrity. Notably, volume
status also modulates the release of AVP by the poste-
rior pituitary so that hypovolemia is associated with
higher circulating levels of the hormone at each level of
serum osmolality. Similarly, in hypervolemic causes of
arterial underfilling, e.g., heart failure and cirrhosis, the
associated neurohumoral activation is associated with an
increase in circulating AVP, leading to water retention
and hyponatremia. Therefore, a key concept in sodium
disorders is that the absolute plasma Na® concentration
tells one nothing about the volume status of a specific
patient; this must be taken into account in the diagnos-
tic and therapeutic approach.

HYPONATREMIA

Hyponatremia, which is defined as a plasma Na* con-
centration <135 mM, is a very common disorder,



occurring in up to 22% of hospitalized patients. This
disorder is almost always the result of an increase in
circulating AVP and/or increased renal sensitivity to
AVP, combined with any intake of free water; a notable
exception 1s hyponatremia due to low solute intake (see
below). The underlying pathophysiology for the exag-
gerated or inappropriate AVP response differs in patients
with hyponatremia as a function of their ECFV. Hypo-
natremia thus is subdivided diagnostically into three
groups, depending on clinical history and volume status:
hypovolemic, euvolemic, and hypervolemic (Fig. 6-5).

Hypovolemic hyponatremia

Hypovolemia causes a marked neurohumoral activa-
tion, increasing circulating levels of AVP. The increase
in circulating AVP helps preserve blood pressure via
vascular and baroreceptor V,, receptors and increases
water reabsorption via renal V, receptors; activation of
V, receptors can lead to hyponatremia in the setting of in-
creased free-water intake. Nonrenal causes of hypovo-
lemic hyponatremia include gastrointestinal (GI) loss
(vomiting, diarrhea, tube drainage, etc.) and insensi-
ble loss (sweating, burns) of Na™-Cl~ and water in the
absence of adequate oral replacement; urine Na* con-
centration is typically <20 mM. Notably, these patients
may be clinically classified as euvolemic, with only the
reduced urinary Na* concentration to indicate the cause
of their hyponatremia. Indeed, a urine Na* concentra-
tion <20 mM in the absence of a cause of hypervolemic
hyponatremia predicts a rapid increase in plasma Na*
concentration in response to intravenous normal saline;

saline induces a water diuresis in this setting, as circulat-
ing AVP levels plummet.

The renal causes of hypovolemic hyponatremia share an
inappropriate loss of Na*-CI” in the urine, leading to vol-
ume depletion and an increase in circulating AVP; urine
Na* concentration is typically >20 mM (Fig. 6-5). A defi-
ciency in circulating aldosterone and/or its renal effects
can lead to hyponatremia in primary adrenal insuffi-
ciency and other causes of hypoaldosteronism; hyper-
kalemia and hyponatremia in a hypotensive and/or
hypovolemic patient with high urine Na* concentration
(much >20 mM) should strongly suggest this diagnosis.
Salt-losing nephropathies may lead to hyponatremia
when sodium intake is reduced due to impaired renal
tubular function; typical causes include reflux nephrop-
athy, interstitial nephropathies, post-obstructive uropa-
thy, medullary cystic disease, and the recovery phase
of acute tubular necrosis. Thiazide diuretics cause
hyponatremia via a number of mechanisms, includ-
ing polydipsia and diuretic-induced volume depletion.
Notably, thiazides do not inhibit the renal concentrat-
ing mechanism so that circulating AVP has a maximal
effect on renal water retention. In contrast, loop diuret-
ics, which are associated less frequently with hyponatre-
mia, inhibit Na*-Cl™ and K" absorption by the TALH,
blunting the countercurrent mechanism and reducing
the ability to concentrate the urine. Increased excre-
tion of an osmotically active nonreabsorbable or poorly
reabsorbable solute also can lead to volume depletion
and hyponatremia; important causes include glycosuria,
ketonuria (e.g., in starvation or in diabetic or alcoholic
ketoacidosis), and bicarbonaturia (e.g., in renal tubular
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FIGURE 6-5
The diagnostic approach to hyponatremia. (From S Kumar,
T Berl: Diseases of water metabolism, in Atlas of Diseases of

the Kidney, RW Schrier [ed]. Philadelphia, Current Medicine,
Inc, 1999; with permission.)
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acidosis or metabolic alkalosis, in which the associated
bicarbonaturia leads to loss of Na*).

Finally, the syndrome of “cerebral salt wasting” is a
rare cause of hypovolemic hyponatremia, encompassing
hyponatremia with clinical hypovolemia and inappro-
priate natriuresis in association with intracranial disease;
associated disorders include subarachnoid hemorrhage,
traumatic brain injury, craniotomy, encephalitis, and
meningitis. Distinction from the more common syn-
drome of inappropriate antidiuresis (SIAD) is critical,
since cerebral salt wasting typically responds to aggres-
sive Na™-CI" repletion.

Hypervolemic hyponatremia

Patients with hypervolemic hyponatremia develop an
increase in total body Na*-Cl that is accompanied by a
proportionately greater increase in total body water, leading
to a reduced plasma Na* concentration. As in hypovo-
lemic hyponatremia, the causative disorders can be sep-
arated by the effect on urine Na* concentration, with
acute or chronic renal failure uniquely associated with an
increase in urine Na® concentration (Fig. 6-5). The
pathophysiology of hyponatremia in the sodium-avid
edematous disorders [congestive heart failure (CHF),
cirrhosis, and nephrotic syndrome] is similar to that in
hypovolemic hyponatremia except that arterial filling
and circulatory integrity are decreased due to the spe-
cific etiologic factors, e.g., cardiac dysfunction in CHF
and peripheral vasodilation in cirrhosis. Urine Na* con-
centration is typically very low, i.e., <10 mM, even after
hydration with normal saline; this Na-avid state may
be obscured by diuretic therapy. The degree of hypo-
natremia provides an indirect index of the associated
neurohumoral activation and is an important prognostic
indicator in hypervolemic hyponatremia.

Euvolemic hyponatremia

Euvolemic hyponatremia can occur in moderate to
severe hypothyroidism, with correction after the
achievement of a euthyroid state. Severe hyponatremia
also can be a consequence of secondary adrenal insuf-
ficiency due to pituitary disease; whereas the deficit in
circulating aldosterone in primary adrenal insufficiency
causes hypovolemic hyponatremia, the predominant glu-
cocorticoid deficiency in secondary adrenal failure is
associated with euvolemic hyponatremia. Glucocorticoids
exert a negative feedback on AVP release by the pos-
terior pituitary so that hydrocortisone replacement in
these patients will rapidly normalize the AVP response
to osmolality, reducing circulating AVP.

The syndrome of inappropriate antidiuresis is the
most common cause of euvolemic hyponatremia
(Table 6-1). The generation of hyponatremia in SIAD
requires an intake of free water, with persistent intake at

serum osmolalities that are lower than the usual thresh-
old for thirst; as one would expect, the osmotic thresh-
old and osmotic response curves for the sensation of
thirst are shifted downward in patients with SIAD. Four
distinct patterns of AVP secretion have been recognized
in patients with SIAD, independent for the most part of
the underlying cause. Unregulated, erratic AVP secre-
tion is seen in about a third of patients, with no obvious
correlation between serum osmolality and circulating
AVP levels. Other patients fail to suppress AVP secre-
tion at lower serum osmolalities, with a normal response
curve to hyperosmolar conditions; others have a reset
osmostat, with a lower threshold osmolality and a left-
shifted osmotic response curve. The fourth subset consists
of patients who have essentially no detectable circulating
AVP, suggesting either a gain in function in renal water
reabsorption or a circulating antidiuretic substance that
is distinct from AVP. Gain-in-function mutations of
a single specific residue in the V? vasopressin receptor
have been described in some of these patients, leading
to constitutive activation of the receptor in the absence
of AVP and a nephrogenic subset of SIAD.

Strictly speaking, patients with SIAD are not
euvolemic but are subclinically volume expanded due
to AVP-induced water and Na*-CI” retention; vasopres-
sin escape mechanisms invoked by sustained increases in
AVP serve to limit distal renal tubular transport, preserv-
ing a modestly hypervolemic steady state. Serum uric
acid is often low (<4 mg/dL) in patients with SIAD,
consistent with suppressed proximal tubular transport in
the setting of increased distal tubular Na*-Cl™ and water
transport; in contrast, patients with hypovolemic hypo-
natremia are often hyperuricemic due to a shared activa-
tion of proximal tubular Na™-Cl™ and urate transport.

Common causes of SIAD include pulmonary disease
(pneumonia, tuberculosis, pleural eftusion, etc.) and cen-
tral nervous system (CNS) diseases (tumor, subarachnoid
hemorrhage, meningitis, etc.). SIAD also occurs with
malignancies, most commonly with small cell lung car-
cinoma (75% of cases of malignancy-associated SIAD);
~10% of patients with this tumor will have a plasma Na*
concentration <130 mM at presentation. SIAD is also a
common complication of certain drugs, most commonly
the selective serotonin reuptake inhibitors (SSRIs).
Other drugs can potentiate the renal effect of AVP with-
out exerting direct effects on circulating AVP levels

(Table 6-1).

Low solute intake and hyponatremia

Hyponatremia occasionally can occur in patients with a
very low intake of dietary solutes. Classically, this occurs
in alcoholics whose sole nutrient is beer, hence the diag-
nostic label “beer potomania”; beer is very low in pro-
tein and salt content, containing only 1-2 millimoles of
Na* per liter. The syndrome also has been described



TABLE 6-1

CAUSES OF THE SYNDROME OF INAPPROPRIATE ANTIDIURESIS

MALIGNANT PULMONARY DISORDERS OF THE CENTRAL
DISEASES DISORDERS NERVOUS SYSTEM DRUGS OTHER CAUSES
Carcinoma Infections Infection Drugs that stimulate ~ Hereditary (gain-of-
Lung Bacterial pneumonia Encephalitis release of AVP or function mutations
' . L enhance its action in the vasopressin
Small cell Viral pneumonia Meningitis v t
: . Chlorpropamide > receptor)
Mesothelioma Pulmonary abscess Brain abscess - Idiopathic
Oropharynx Tuberculosis Rocky Mountain spotted s T ient
R o T Tricyclic antidepres- ~ 'fansien
Gastrointestinal tract  Aspergillosis .
AIDS sants Endurance exercise
Stomach Asthma . Clofibrate General anesthesia
Duodenum Cystic fibrosis Bleeding and masses )
Carbamazepine Nausea
Pancreas Respiratory failure asso- Subdural hematoma Vincristine Pain
Genitourinary tract ciated with positive- Subarachnoid hemorrhage N St
i ress
Ureter pressure breathing Cerebrovascular accident cotine
. Narcotics
Bladder Brain tumors ) )
Antipsychotic drugs
Prostate Head trauma )
Ifosfamide
Endometrium Hydrocephalus .
Cyclophosphamide

Endocrine thymoma
Lymphomas
Sarcomas

Ewing’s sarcoma

Cavernous sinus thrombosis
Other

Multiple sclerosis
Guillain-Barré syndrome
Shy-Drager syndrome
Delerium tremens

Acute intermittent
polyphyria

Nonsteroidal anti-
inflammatory drugs

MDMA (ecstasy)
AVP analogues
Desmopressin
Oxytocin
Vasopressin

Abbreviations: AIDS, acquired immunodeficiency syndrome; AVP, vasopressin; MDMA, 3,4-methylenedioxymethamphetamine (ecstasy); SSRI,

selective serotonin reuptake inhibitor.
Source: From DH Ellison and T Berl: N Engl J Med 356:2064, 2007.

in nonalcoholic patients with highly restricted solute
intake due to nutrient-restricted diets, e.g., extreme
vegetarian diets. Patients with hyponatremia due to low
solute intake typically present with a very low urine
osmolality, <100-200 mosmol/kg, with a urine Na*
concentration that is <10-20 mM. The fundamental
abnormality is the inadequate dietary intake of solutes;
the reduced urinary solute excretion limits water excre-
tion so that hyponatremia ensues after relatively mod-
est polydipsia. The ability to excrete a free-water load
is thus a function of urinary solute excretion; at a urine
osmolality of 80 mosmol/kg, free-water clearance is
2.7 L daily for a solute excretion of 300 mosmol/d, 5.4 L
daily at 600 mosmol/d, and 8.1 L at 900 mosmol/d.
AVP levels have not been reported in patients with
beer potomania but are expected to be suppressed or
rapidly suppressible with saline hydration; this fits with
the overly rapid correction in plasma Na* concentra-
tion that can be seen with saline hydration. Resumption
of a normal diet and/or saline hydration also will cor-
rect the causative deficit in urinary solute excretion so
that patients with beer potomania typically correct their

plasma Na* concentration promptly after admission to

the hospital.

Clinical features of hyponatremia

Hyponatremia induces generalized cellular swelling,
a consequence of water movement down the osmotic
gradient from the hypotonic ECF to the ICF. The symp-
toms of hyponatremia are primarily neurologic, reflect-
ing the development of cerebral edema within a rigid
skull. The initial CNS response to acute hyponatremia
is an increase in interstitial pressure, leading to shunting
of ECF and solutes from the interstitial space into the
cerebrospinal fluid and then into the systemic circu-
lation. This is accompanied by an efflux of the major
intracellular ions—Na*, K*, and Cl—from brain cells.
Acute hyponatremic encephalopathy ensues when
these volume regulatory mechanisms are overwhelmed
by a rapid decrease in tonicity, resulting in acute cere-
bral edema. Early symptoms can include nausea, head-
ache, and vomiting. However, severe complications
can evolve rapidly, including seizure activity, brainstem

63

[an)]
)
=
O
—_
m
-~
o

saueqimsiq 21A1013]3 pue pinj4



64

=
—
(4°}
-
Q
=
o
=2
(%]
o
—_
=
™
=
=,
-
c
=)
(=)
=
o
s}
QL
=
a
o,
(9°3
()
—
=
2
~
—
(473
(%2}

herniation, coma, and death. A key complication of
acute hyponatremia is normocapnic or hypercap-
nic respiratory failure; the associated hypoxemia may
amplify the neurologic injury. Normocapnic respiratory
failure in this setting typically is due to noncardiogenic,
neurogenic pulmonary edema, with a normal pulmo-
nary capillary wedge pressure.

Acute symptomatic hyponatremia is a medical
emergency that occurs in a number of specific settings
(Table 6-2). Women, particularly before menopause,
are much more likely to develop encephalopathy and
severe neurologic sequelae. Acute hyponatremia often
has an iatrogenic component, e.g., when hypotonic
intravenous fluids are given to postoperative patients
with an increase in circulating AVP. Exercise-associated
hyponatremia, an important clinical issue at marathons
and other endurance events, similarly has been linked
to both a nonosmotic increase in circulating AVP and
excessive free-water intake. The recreational drug
ecstasy (MDMA,  3,4-methylenedioxymethamphet-
amine) causes a rapid and potent induction of both thirst
and AVP, leading to severe acute hyponatremia.

Persistent, chronic hyponatremia results in an efflux
of organic osmolytes (creatine, betaine, glutamate, myo-
inositol, and taurine) from brain cells; this response
reduces intracellular osmolality and the osmotic gradi-
ent, favoring water entry. This reduction in intracellu-
lar osmolytes is largely complete within 48 h, the time
period that clinically defines chronic hyponatremia; this
temporal definition has considerable relevance for the
treatment of hyponatremia (see below). The cellular
response to chronic hyponatremia does not fully protect
patients from symptoms, which can include vomiting,
nausea, confusion, and seizures, usually at a plasma Na*
concentration <125 mM. Even patients who are judged
asymptomatic can manifest subtle gait and cognitive
defects that reverse with correction of hyponatremia;

TABLE 6-2

CAUSES OF ACUTE HYPONATREMIA

latrogenic
Postoperative: premenopausal women
Hypotonic fluids with cause of T vasopressin
Glycine irrigation: TURP, uterine surgery
Colonoscopy preparation
Recent institution of thiazides

Polydipsia

MDMA ingestion

Exercise induced

Multifactorial, e.g., thiazide and polydipsia

Abbreviations: MDMA, 3,4-methylenedioxymethamphetamine (ecstasy);
TURRP, transurethral resection of the prostate.

notably, chronic asymptomatic hyponatremia increases
the risk of falls. Chronic hyponatremia also increases the
risk of bony fractures owing to the associated neuro-
logic dysfunction and to a hyponatremia-associated
reduction in bone density. Therefore, every attempt
should be made to correct plasma Na™ concentration
safely in patients with chronic hyponatremia, even in
the absence of overt symptoms (see the section on treat-
ment of hyponatremia, later).

The management of chronic hyponatremia is com-
plicated significantly by the asymmetry of the cellular
response to correction of plasma Na* concentration.
Specifically, the reaccumulation of organic osmolytes
by brain cells is attenuated and delayed as osmolality
increases after correction of hyponatremia, sometimes
resulting in degenerative loss of oligodendrocytes and
an osmotic demyelination syndrome (ODS). Overly
rapid correction of hyponatremia (>8-10 mM in 24 h
or 18 mM in 48 h) also is associated with a disruption in
integrity of the blood-brain barrier, allowing the entry
of immune mediators that may contribute to demyelin-
ation. The lesions of ODS classically affect the pons, a
structure in which the delay in the reaccumulation of
osmotic osmolytes is particularly pronounced; clinically,
patients with central pontine myelinolysis can present
one or more days after overcorrection of hyponatremia
with para- or quadraparesis, dysphagia, dysarthria, diplo-
pia, a “locked-in syndrome,” and/or loss of conscious-
ness. Other regions of the brain also can be involved in
ODS, most commonly in association with lesions of the
pons but occasionally in isolation; in order of frequency,
the lesions of extrapontine myelinolysis can occur in the
cerebellum, lateral geniculate body, thalamus, putamen,
and cerebral cortex or subcortex. The clinical presen-
tation of ODS therefore can vary as a function of the
extent and localization of extrapontine myelinoly-
sis, with the reported development of ataxia, mutism,
parkinsonism, dystonia, and catatonia. Relowering of
plasma Na* concentration after overly rapid correction
can prevent or attenuate ODS (see the section on treat-
ment of hyponatremia, later). However, even appro-
priately slow correction can be associated with ODS,
particularly in patients with additional risk factors; these
factors include alcoholism, malnutrition, hypokalemia,
and liver transplantation.

Diagnostic evaluation of hyponatremia

Clinical assessment of hyponatremic patients should
focus on the underlying cause; a detailed drug history is
particularly crucial (Table 6-1). A careful clinical assess-
ment of volume status is obligatory for the classical
diagnostic approach to hyponatremia (Fig. 6-5). Hypo-
natremia is frequently multifactorial, particularly when
severe; clinical evaluation should consider all the possible



causes for excessive circulating AVP, including volume
status, drugs, and the presence of nausea and/or pain.
Radiologic imaging also may be appropriate to assess
whether patients have a pulmonary or CNS cause for
hyponatremia. A screening chest x-ray may fail to detect
a small cell carcinoma of the lung; CT scanning of the
thorax should be considered in patients at high risk for
this tumor, e.g., patients with a history of smoking.

Laboratory investigation should include a measure-
ment of serum osmolality to exclude pseudohyponatre-
mia, which is defined as the coexistence of hyponatremia
with a normal or increased plasma tonicity. Most clinical
laboratories measure plasma Na* concentration by testing
diluted samples with automated ion-sensitive electrodes,
correcting for this dilution by assuming that plasma
is 93% water; this correction factor can be inaccurate
in patients with pseudohyponatremia due to extreme
hyperlipidemia and/or hyperproteinemia, in whom
serum lipid or protein makes up a greater percentage of
plasma volume. The measured osmolality also should be
converted to the effective osmolality (tonicity) by sub-
tracting the measured concentration of urea (divided by
2.8 if in mg/dL); patients with hyponatremia have an
effective osmolality <275 mosmol/kg.

Elevated BUN and creatinine in routine chemistries
also can indicate renal dysfunction as a potential cause of
hyponatremia, whereas hyperkalemia may suggest adre-
nal insufficiency or hypoaldosteronism. Serum glucose
also should be measured; plasma Na* concentration falls
by ~1.6 to 2.4 mM for every 100-mg/dL increase in glu-
cose due to glucose-induced water efflux from cells; this
“true” hyponatremia resolves after correction of hyper-
glycemia. Measurement of serum uric acid also should be
performed; whereas patients with SIAD-type physiology
typically will be hypouricemic (serum uric acid <4 mg/
dL), volume-depleted patients often will be hyperurice-
mic. In the appropriate clinical setting, thyroid, adrenal,
and pituitary function should also be tested; hypothy-
roidism and secondary adrenal failure due to pituitary
insufficiency are important causes of euvolemic hypona-
tremia, whereas primary adrenal failure causes hypovo-
lemic hyponatremia. A cosyntropin stimulation test is
necessary to assess for primary adrenal insufficiency.

Urine electrolytes and osmolality are crucial tests in
the initial evaluation of hyponatremia. A urine Na* con-
centration <20-30 mM is consistent with hypovolemic
hyponatremia in the clinical absence of a hypervolemic,
Na*-avid syndrome such as CHF (Fig. 6-5). In contrast,
patients with SIAD typically excrete urine with a Na®
concentration that is >30 mM. However, there can be
substantial overlap in urine Na* concentration values in
patients with SIAD and hypovolemic hyponatremia, par-
ticularly in the elderly; the ultimate “gold standard” for
the diagnosis of hypovolemic hyponatremia is the dem-
onstration that plasma Na® concentration corrects after

hydration with normal saline. Patients with thiazide-
associated hyponatremia also may present with a higher
than expected urine Na* concentration and other find-
ings suggestive of SIAD; one should defer making a
diagnosis of SIAD in these patients until 1-2 weeks
after discontinuation of the thiazide. A urine osmolality
<100 mosmol/kg is suggestive of polydipsia; urine
osmolality >400 mosmol/kg indicates that AVP excess is
playing a more dominant role, whereas intermediate val-
ues are more consistent with multifactorial pathophysiol-
ogy (e.g., AVP excess with a significant component of
polydipsia). Patients with hyponatremia due to decreased
solute intake (beer potomania) typically have urine Na*
concentration <20 mM and urine osmolality in the
range of <100 to the low 200s. Finally, the measurement
of urine K* concentration is required to calculate the
urine:plasma electrolyte ratio, which is useful to predict
the response to fluid restriction (see the section on treat-
ment of hyponatremia, below).

TREATMENT  Hyponatremia

Three major considerations guide therapy for hypona-
tremia. First, the presence and/or severity of symptoms
determine the urgency and goals of therapy. Patients
with acute hyponatremia (Table 6-2) present with symp-
toms that can range from headache, nausea, and/or
vomiting to seizures, obtundation, and central hernia-
tion; patients with chronic hyponatremia that is present
for >48 h are less likely to have severe symptoms.
Second, patients with chronic hyponatremia are at
risk for ODS if plasma Na* concentration is corrected
by >8-10 mM within the first 24 h and/or by >18 mM
within the first 48 h. Third, the response to interventions
such as hypertonic saline, isotonic saline, vasopressin
antagonists can be highly unpredictable, so frequent
monitoring of plasma Na* concentration during correc-
tive therapy is imperative.

Once the urgency in correcting the plasma Na*
concentration has been established and appropriate
therapy instituted, the focus should be on treatment
or withdrawal of the underlying cause. Patients with
euvolemic hyponatremia due to SIAD, hypothyroidism,
or secondary adrenal failure will respond to success-
ful treatment of the underlying cause, with an increase
in plasma Na* concentration. However, not all causes
of SIAD are immediately reversible, necessitating phar-
macologic therapy to increase the plasma Na* concen-
tration (see below). Hypovolemic hyponatremia will
respond to intravenous hydration with isotonic normal
saline, with a rapid reduction in circulating AVP and a
brisk water diuresis; it may be necessary to reduce the
rate of correction if the history suggests that hypona-
tremia has been chronicg, i.e., present for more than 48 h
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(see below). Hypervolemic hyponatremia due to con-
gestive heart failure often responds to improved ther-
apy of the underlying cardiomyopathy, e.g., after the
institution or intensification of angiotensin-converting
enzyme (ACE) inhibition. Finally, patients with hypo-
natremia due to beer potomania and low solute intake
respond very rapidly to intravenous saline and the
resumption of a normal diet. Notably, patients with beer
potomania have a very high risk of developing ODS due
to the associated hypokalemia, alcoholism, and malnu-
trition and the high risk of overcorrecting the plasma
Na* concentration.

Water deprivation has long been a cornerstone of
therapy for chronic hyponatremia. However, patients
who are excreting minimal electrolyte-free water will
require aggressive fluid restriction; this can be very dif-
ficult for patients with SIAD to tolerate because their
thirst is also inappropriately stimulated. The urine:plasma
electrolyte ratio (urinary [Na*] + [K*]/plasma [Na*]) can be
exploited as a quick indicator of electrolyte-free water
excretion (Table 6-3); patients with a ratio >1 should
be restricted more aggressively (<500 mL/d), those
with a ratio ~1 should be restricted to 500-700 mL/d,
and those with a ratio <1 should be restricted to
<1 L/d. In hypokalemic patients, potassium replace-
ment will serve to increase plasma Na* concentration
in light of the fact that the plasma Na* concentration is
a function of both exchangeable Na* and exchange-
able K* divided by total body water; a corollary is that

TABLE 6-3

MANAGEMENT OF HYPERNATREMIA
Water Deficit

1. Estimate total-body water (TBW): 50% of body weight
in women and 60% in men

2. Calculate free-water deficit: {([Na*]-140)/140} x TBW

3. Administer deficit over 48-72 h, without decreasing the
plasma Na* concentration by >10 mM/24 h

Ongoing Water Losses

4. Calculate electrolyte-free water clearance, C,H,O:

VA-[U,, +U]/P,.)
CH,0= et

Na

where V is urinary volume, Uy, is urinary [Na'], Uk is
urinary [K*], and Py, is plasma [Na']

Insensible Losses

5. ~10 mL/kg per day: less if ventilated, more if febrile
TOTAL

6. Add components to determine water deficit and ongo-
ing water loss; correct the water deficit over 48-72 h
and replace daily water loss. Avoid correction of plasma
[Na*] by >10 mM/d

aggressive repletion of K* has the potential to overcor-
rect the plasma Na* concentration even in the absence
of hypertonic saline. Plasma Na* concentration also
tends to respond to an increase in dietary solute intake,
which increases the ability to excrete free water; how-
ever, the use of oral urea and/or salt tablets for this pur-
pose is generally not practical or well tolerated.

Patients in whom therapy with fluid restriction,
potassium replacement, and/or increased solute intake
fails may require pharmacologic therapy to increase
their plasma Na* concentration. Many patients with
SIAD respond to combined therapy with oral furose-
mide, 20 mg twice a day (higher doses may be nec-
essary in renal insufficiency), and oral salt tablets;
furosemide serves to inhibit the renal countercurrent
mechanism and blunt urinary concentrating ability,
whereas the salt tablets counteract diuretic-associated
natriuresis. Demeclocycline is a potent inhibitor of prin-
cipal cells and can be utilized in patients whose Na*
levels do not increase in response to furosemide and
salt tablets. However, this agent can be associated with
a reduction in GFR due to excessive natriuresis and/
or direct renal toxicity; it should be avoided in cirrhotic
patients in particular, who are at higher risk of nephro-
toxicity due to drug accumulation.

Vasopressin antagonists (vaptans) are highly effec-
tive in treating SIAD and hypervolemic hyponatre-
mia due to heart failure or cirrhosis, reliably increasing
plasma Na* concentration as a result of their aquaretic
effects (augmentation of free-water clearance). Most of
these agents specifically antagonize the V, vasopressin
receptor; tolvaptan is currently the only oral V, antago-
nist approved by the U.S. Food and Drug Administra-
tion. Conivaptan, the only available intravenous vap-
tan, is a mixed V,,/V, antagonist with a modest risk of
hypotension due to V,, receptor inhibition. Therapy
with vaptans must be initiated in a hospital setting, with
a liberalization of fluid restriction (>2 L/d) and close
monitoring of plasma Na* concentration. Although
these agents are approved for the management of all
but hypovolemic hyponatremia and acute hyponatre-
mia, the clinical indications for them are not completely
clear. Oral tolvaptan is perhaps most appropriate for the
management of significant and persistent SIAD (e.g., in
small cell lung carcinoma) that has not responded to
water restriction and/or oral furosemide and salt tablets.

Treatment of acute symptomatic hyponatremia
should include hypertonic 3% saline (513 mM) to acutely
increase plasma Na* concentration by 1-2 mM/h to a
total of 4-6 mM; this modest increase is typically suf-
ficient to alleviate severe acute symptoms, after which
corrective guidelines for “chronic” hyponatremia are
appropriate (see below). A number of equations have
been developed to estimate the required rate of hyper-
tonic saline. The traditional approach is to calculate a



Na* deficit, in which the Na* deficit = 0.6 x body weight x
(target plasma Na* concentration — starting plasma Na*
concentration), followed by a calculation of the required
rate. Regardless of the method used to determine the
rate of administration, the increase in plasma Na* con-
centration can be highly unpredictable during treat-
ment with hypertonic saline due to rapid changes in
the underlying physiology; plasma Na* concentration
should be monitored every 2-4 h during treatment, with
appropriate changes in therapy based on the observed
rate of change. The administration of supplemental
oxygen and ventilatory support is also critical in the
management of patients with acute hyponatremia who
develop acute pulmonary edema or hypercapnic respi-
ratory failure. Intravenous loop diuretics will help treat
acute pulmonary edema and also increase free-water
excretion by interfering with the renal countercurrent
multiplication system. Vasopressin antagonists do not
have an approved role in the management of acute
hyponatremia.

The rate of correction should be comparatively slow
in chronic hyponatremia (<8-10 mM in the first 24 h and
<18 mM in the first 48 h) to avoid ODS. Overcorrection of
the plasma Na* concentration can occur when AVP levels
rapidly normalize, for example, after treatment of patients
with chronic hypovolemic hyponatremia with intravenous
saline or after glucocorticoid replacement in patients with
hypopituitarism and secondary adrenal failure. Approxi-
mately 10% of patients treated with vaptans will over-
correct; the risk is increased if water intake is not liberal-
ized. If the plasma Na* concentration overcorrects after
therapy—whether with hypertonic saline, isotonic saline,
or a vaptan—hyponatremia can be reinduced safely or
stabilized by the administration of the vasopressin agonist
desmopressin acetate (DDAVP) and/or the administration
of free water, typically intravenous D5W; the goal is to pre-
vent or reverse the development of ODS.

HYPERNATREMIA
Etiology

Hypernatremia is defined as an increase in the plasma
Na* concentration to >145 mM. Considerably less com-
mon than hyponatremia, hypernatremia nonetheless 1s
associated with mortality rates as high as 40-60%, mostly
due to the severity of the associated underlying disease
processes. Hypernatremia is usually the result of a com-
bined water and electrolyte deficit, with losses of H,O in
excess of those of Na*. Less frequently, the ingestion or
iatrogenic administration of excess Na* can be causative,
for example, after IV administration of excessive hyper-
tonic Na*-Cl” or Na™-HCOj (Fig. 6-6).

Elderly individuals with reduced thirst and/or
diminished access to fluids are at the highest risk of

ECF Volume

Increased

Minimum volume of
maximally concentrated urine

Urine osmole
excretion rate
>750 mosmol/d

|

Renal response
to desmopressin

Administration of
hypertonic NaCl
or NaHCO4

Insensible water loss
Gastrointestinal water loss
Remote renal water loss

Diuretic
Osmotic diureses

i

| Urine osmolality increased I | Urine osmolality unchanged I

! !

| Central diabetes insipidus I | Nephrogenic diabetes insipidus I

FIGURE 6-6
The diagnostic approach to hypernatremia. ECF, extracel-
lular fluid.

developing hypernatremia. Patients with hypernatremia
may rarely have a central defect in hypothalamic osmo-
receptor function, with a mixture of both decreased
thirst and reduced AVP secretion. Causes of this adipsic
diabetes insipidus include primary or metastatic tumor,
occlusion or ligation of the anterior communicating
artery, trauma, hydrocephalus, and inflammation.

Hypernatremia can develop after the loss of water
via both renal and nonrenal routes. Insensible losses
of water may increase in the setting of fever, exercise,
heat exposure, severe burns, or mechanical ventilation.
Diarrhea is the most common gastrointestinal cause of
hypernatremia. Notably, osmotic diarrhea and viral gas-
troenteritis typically generate stools with Na* and K*
<100 mM, thus leading to water loss and hypernatre-
mia; in contrast, secretory diarrhea typically results in
isotonic stool and thus hypovolemia with or without
hypovolemic hyponatremia.

Common causes of renal water loss include osmotic
diuresis secondary to hyperglycemia, excess urea, post-
obstructive diuresis, and mannitol; these disorders share
an increase in urinary solute excretion and urinary
osmolality (see “Diagnostic Approach,” below). Hyper-
natremia due to a water diuresis occurs in central or
nephrogenic diabetes insipidus (DI).

Nephrogenic DI (NDI) is characterized by renal
resistance to AVP, which can be partial or complete
(see “Diagnostic Approach,” below). Genetic causes
include loss-of-function mutations in the X-linked V,
receptor; mutations in the AVP-responsive aquaporin-2
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water channel can cause autosomal recessive and auto-
somal dominant nephrogenic DI, whereas recessive
deficiency of the aquaporin-1 water channel causes a
more modest concentrating defect (Fig. 6-2). Hypercal-
cemia also can cause polyuria and NDI; calcium signals
directly through the calcium-sensing receptor to down-
regulate Na*, K*, and CI” transport by the TALH and
water transport in principal cells, thus reducing renal
concentrating ability in hypercalcemia. Another com-
mon acquired cause of NDI is hypokalemia, which
inhibits the renal response to AVP and downregulates
aquaporin-2 expression. Several drugs can cause
acquired NDI, in particular lithium, ifosfamide, and
several antiviral agents. Lithium causes NDI by mul-
tiple mechanisms, including direct inhibition of renal
glycogen synthase kinase-3 (GSK3), a kinase thought to
be the pharmacologic target of lithium in bipolar dis-
case; GSK3 is required for the response of principal cells
to AVP. The entry of lithium through the amiloride-
sensitive Na® channel ENaC (Fig. 6-4) is required for
the effect of the drug on principal cells; thus, combined
therapy with lithium and amiloride can mitigate lith-
ium-associated NDI. However, lithium causes chronic
tubulointerstitial scarring and chronic kidney disease
after prolonged therapy so that patients may have a per-
sistent NDI long after stopping the drug, with a reduced
therapeutic benefit from amiloride.

Finally, gestational diabetes insipidus is a rare compli-
cation of late-term pregnancy in which increased activ-
ity of a circulating placental protease with vasopressinase
activity leads to reduced circulating AVP and polyuria,
often accompanied by hypernatremia. DDAVP is an
effective therapy for this syndrome because of its resis-
tance to the vasopressinase enzyme.

Clinical features

Hypernatremia increases osmolality of the ECF, gen-
erating an osmotic gradient between the ECF and
the ICF, an efflux of intracellular water, and cellular
shrinkage. As in hyponatremia, the symptoms of hyper-
natremia are predominantly neurologic. Altered mental
status is the most common manifestation, ranging from
mild confusion and lethargy to deep coma. The sudden
shrinkage of brain cells in acute hypernatremia may lead
to parenchymal or subarachnoid hemorrhages and/or
subdural hematomas; however, these vascular com-
plications are encountered primarily in pediatric and
neonatal patients. Osmotic damage to muscle mem-
branes also can lead to hypernatremic rhabdomyolysis.
Brain cells accommodate to a chronic increase in ECF
osmolality (>48 h) by activating membrane transport-
ers that mediate influx and intracellular accumulation
of organic osmolytes (creatine, betaine, glutamate, myo-
inositol, and taurine); this results in an increase in ICF
water and normalization of brain parenchymal volume.

In consequence, patients with chronic hypernatremia are
less likely to develop severe neurologic compromise.
However, the cellular response to chronic hypernatre-
mia predisposes these patients to the development of
cerebral edema and seizures during overly rapid hydra-
tion (overcorrection of plasma Na® concentration by
>10 mM/d).

Diagnostic approach

The history should focus on the presence or absence of
thirst, polyuria, and/or an extrarenal source for water
loss, such as diarrhea. The physical examination should
include a detailed neurologic exam and an assessment of
the ECFV; patients with a particularly large water defi-
cit and/or a combined deficit in electrolytes and water
may be hypovolemic, with reduced JVP and orthostasis.
Accurate documentation of daily fluid intake and daily
urine output is also critical for the diagnosis and man-
agement of hypernatremia.

Laboratory investigation should include a measure-
ment of serum and urine osmolality in addition to urine
electrolytes. The appropriate response to hypernatremia
and a serum osmolality >295 mosmol/kg is an increase in
circulating AVP and the excretion of low volumes (<500
mL/d) of maximally concentrated urine, i.e., urine with
osmolality >800 mosmol/kg; if this is the case, an extra-
renal source of water loss is primarily responsible for the
generation of hypernatremia. Many patients with hyper-
natremia are polyuric; if an osmotic diuresis is responsi-
ble, with excessive excretion of Na*-CI, glucose, and/
or urea, solute excretion will be >750-1000 mosmol/d
(>15 mosmol/kg body water per day) (Fig. 6-6). More
commonly, patients with hypernatremia and polyuria will
have a predominant water diuresis, with excessive excre-
tion of hypotonic, dilute urine.

Adequate differentiation between nephrogenic and
central causes of DI requires the measurement of the
response in urinary osmolality to DDAVP, combined
with measurement of circulating AVP in the setting
of hypertonicity. By definition, patients with baseline
hypernatremia are hypertonic, with an adequate stimulus
for AVP by the posterior pituitary. Therefore, in con-
trast to polyuric patients with a normal or reduced base-
line plasma Na® concentration and osmolality, a water
deprivation test (Chap. 3) is unnecessary in hypernatre-
mia; indeed, water deprivation is absolutely contraindi-
cated in this setting because of the risk for worsening the
hypernatremia. Patients with NDI will fail to respond to
DDAVP, with a urine osmolality that increases by <50%
or <150 mosmol/kg from baseline, in combination with a
normal or high circulating AVP level; patients with cen-
tral DI will respond to DDAVP, with a reduced cir-
culating AVP. Patients may exhibit a partial response
to DDAVP, with a >50% rise in urine osmolality that
nonetheless fails to reach 800 mosmol/kg; the level of



circulating AVP will help differentiate the underlying
cause, i.e., nephrogenic versus central DI. In pregnant
patients, AVP assays should be drawn in tubes containing
the protease inhibitor 1,10-phenanthroline to prevent in
vitro degradation of AVP by placental vasopressinase.

For patients with hypernatremia due to renal loss of
water it is critical to quantify ongoing daily losses using
the calculated electrolyte-free water clearance in addi-
tion to calculation of the baseline water deficit (the rel-
evant formulas are discussed in Table 6-3). This requires
daily measurement of urine electrolytes, combined with
accurate measurement of daily urine volume.

TREATMENT  Hypernatremia

The underlying cause of hypernatremia should be with-
drawn or corrected, whether it is drugs, hyperglycemia,
hypercalcemia, hypokalemia, or diarrhea. The approach
to the correction of hypernatremia is outlined in
Table 6-3. It is imperative to correct hypernatremia
slowly to avoid cerebral edema, typically replacing the cal-
culated free-water deficit over 48 h. Notably, the plasma
Na* concentration should be corrected by no more than
10 mM/d, which may take longer than 48 h in patients
with severe hypernatremia (>160 mM). A rare excep-
tion is patients with acute hypernatremia (<48 h) due to
sodium loading, who can safely be corrected rapidly at a
rate of 1 mM/h.

Water ideally should be administered by mouth or
by nasogastric tube as the most direct way to provide
free water, i.e., water without electrolytes. Alternatively,
patients can receive free water in dextrose-containing
IV solutions such as 5% dextrose (D5W); blood glucose
should be monitored to avoid hyperglycemia. Depend-
ing on the history, blood pressure, or clinical volume
status, it may be appropriate to treat initially with hypo-
tonic saline solutions (1/4 or 1/2 normal saline); normal
saline is usually inappropriate in the absence of very
severe hypernatremia, in which normal saline is pro-
portionally more hypotonic relative to plasma, or frank
hypotension. Calculation of urinary electrolyte-free
water clearance (see Table 6-3) is required to estimate
daily, ongoing loss of free water in patients with neph-
rogenic or central DI, which should be replenished daily.

Additional therapy may be feasible in specific cases.
Patients with central DI should respond to the adminis-
tration of intravenous, intranasal, or oral DDAVP. Patients
with NDI due to lithium may reduce their polyuria
with amiloride (2.5-10 mg/d), which decreases entry
of lithium into principal cells by inhibiting ENaC (see
above); in practice, however, most patients with lithium-
associated DI are able to compensate for their polyuria
simply by increasing their daily water intake. Thiazides
may reduce polyuria due to NDI, ostensibly by inducing

hypovolemia and increasing proximal tubular water reab-
sorption. Occasionally, nonsteroidal anti-inflammatory
drugs (NSAIDs) have been used to treat polyuria associ-
ated with NDI, reducing the negative effect of intrarenal
prostaglandins on urinary concentrating mechanisms;
however, this creates the risk of NSAID-associated gastric
and/or renal toxicity. Furthermore, it must be empha-
sized that thiazides, amiloride, and NSAIDs are appropri-
ate only for chronic management of polyuria from NDI
and have no role in the acute management of associated
hypernatremia, in which the focus is on replacing free-
water deficits and ongoing free-water loss.

POTASSIUM DISORDERS

Homeostatic mechanisms maintain plasma K* con-
centration between 3.5 and 5.0 mM despite marked
variation in dietary K intake. In a healthy individ-
ual at steady state, the entire daily intake of potassium
1s excreted, approximately 90% in the urine and 10%
in the stool; the kidney thus plays a dominant role in
potassium homeostasis. However, more than 98% of
total-body potassium is intracellular, chiefly in muscle;
buffering of extracellular K* by this large intracellu-
lar pool plays a crucial role in the regulation of plasma
K* concentration. Changes in the exchange and distri-
bution of intra- and extracellular K* thus can lead to
marked hypo- or hyperkalemia. A corollary is that mas-
sive necrosis and the attendant release of tissue K* can
cause severe hyperkalemia, particularly in the setting of
acute kidney injury and reduced excretion of K*.

Changes in whole-body K* content are mediated
primarily by the kidney, which reabsorbs filtered K*
in hypokalemic, K*-deficient states and secretes K* in
hyperkalemic, K*-replete states. Although K* is trans-
ported along the entire nephron, it is the principal cells
of the connecting tubule (CNT) and cortical collect-
ing duct (CD) that play a dominant role in renal K*
secretion, whereas alpha-intercalated cells of the outer
medullary CD function in renal tubular reabsorption of
filtered K* in K*-deficient states. In principal cells, api-
cal Na* entry via the amiloride-sensitive ENaC gener-
ates a lumen-negative potential difference that drives
passive K* exit through apical K* channels (Fig. 6-4).
Two major K* channels mediate distal tubular K* secre-
tion: the secretory K* channel ROMK (the renal outer
medullary K* channel, also known as Kirl.1 or KenJ1)
and the flow-sensitive maxi-K K* channel (also known
as the BK K* channel). ROMK is thought to mediate
the bulk of constitutive K* secretion, whereas increases
in distal low rate and/or genetic absence of ROMK
activate K* secretion via the maxi-K channel.

An appreciation of the relationship between ENaC-
dependent Na* entry and distal K* secretion (Fig. 6-4)
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is required for the bedside interpretation of potassium
disorders. For example, decreased distal delivery of Na¥,
as occurs in hypovolemic, prerenal states, tends to blunt
the ability to excrete K, leading to hyperkalemia; in
contrast, an increase in distal delivery of Na* and distal
flow rate, as occurs after treatment with thiazide and
loop diuretics, can enhance K* secretion and lead to
hypokalemia. Hyperkalemia is also a predictable conse-
quence of drugs that directly inhibit ENaC due to the
role of this Na* channel in generating a lumen-negative
potential difference. Aldosterone in turn has a major
influence on potassium excretion, increasing the activ-
ity of ENaC channels and thus amplifying the driving
force for K* secretion across the luminal membrane of
principal cells. Abnormalities in the renin-angiotensin-
aldosterone system thus can cause both hypokalemia
and hyperkalemia. Notably, however, potassium excess
and potassium restriction have opposing, aldosterone-
independent effects on the density and activity of api-
cal K* channels in the distal nephron; i.e., other factors
modulate the renal capacity to secrete K*. In addition,
potassium restriction and hypokalemia activate aldoste-
rone-independent distal reabsorption of filtered K*, acti-
vating apical H*/K*-ATPase activity in intercalated cells
within the outer medullary CD. Reflective perhaps of
this physiology, changes in plasma K* concentration
are not universal in disorders associated with changes in
aldosterone activity.

HYPOKALEMIA

Hypokalemia, defined as a plasma K* concentration
<3.6 mM, occurs in up to 20% of hospitalized patients.
Hypokalemia is associated with a tenfold increase in in-
hospital mortality rates due to adverse effects on cardiac
rhythm, blood pressure, and cardiovascular morbid-
ity rate. Mechanistically, hypokalemia can be caused
by redistribution of K* between tissues and the ECF or
by renal and nonrenal loss of K* (Table 6-4). Systemic
hypomagnesemia also can cause treatment-resistant
hypokalemia due to a combination of reduced cellular
uptake of K* and exaggerated renal secretion. Spurious
hypokalemia or pseudohypokalemia occasionally can
result from in vitro cellular uptake of K* after venipunc-
ture, for example, due to profound leukocytosis in acute
leukemia.

Redistribution and hypokalemia

Insulin, PB,-adrenergic activity, and thyroid hormone
promote Na* K*-ATPase—mediated cellular uptake of
K", leading to hypokalemia. Inhibition of passive efflux
of K* also can cause hypokalemia, albeit rarely; this
typically occurs in the setting of systemic inhibition of
K* channels by toxic barium ions. Exogenous insulin
can cause ilatrogenic hypokalemia, particularly during

TABLE 6-4

CAUSES OF HYPOKALEMIA

|. Decreased intake
A. Starvation
B. Clay ingestion
. Redistribution into cells
A. Acid-base
1. Metabolic alkalosis
B. Hormonal
1. Insulin
2. Increased B,-adrenergic sympathetic activity: post-
myocardial infarction, head injury
. Bo-Adrenergic agonists: bronchodilators, tocolytics
. o-Adrenergic antagonists
. Thyrotoxic periodic paralysis
. Downstream stimulation of Na*/K*-ATPase: theophyl-
line, caffeine
C. Anabolic state
1. Vitamin B, or folic acid administration (red blood cell
production)
2. Granulocyte-macrophage colony-stimulating factor
(white blood cell production)
3. Total parenteral nutrition
D. Other
1. Pseudohypokalemia
2. Hypothermia
3. Familial hypokalemic periodic paralysis
4. Barium toxicity: systemic inhibition of “leak” K* channels
Increased loss
A. Nonrenal
1. Gastrointestinal loss (diarrhea)
2. Integumentary loss (sweat)
B. Renal
1. Increased distal flow and distal Na* delivery: diuretics,
osmotic diuresis, salt-wasting nephropathies
2. Increased secretion of potassium

a. Mineralocorticoid excess: primary hyperaldoste-
ronism [aldosterone-producing adenomas (APAs),
primary or unilateral adrenal hyperplasia (PAH),
idiopathic hyperaldosteronism (IHA) due to bilateral
adrenal hyperplasia, and adrenal carcinoma], familial
hyperaldosteronism (FH-I, FH-II, congenital adre-
nal hyperplasias), secondary hyperaldosteronism
(malignant hypertension, renin-secreting tumors,
renal artery stenosis, hypovolemia), Cushing’s syn-
drome, Bartter’s syndrome, Gitelman’s syndrome

b. Apparent mineralocorticoid excess: genetic defi-
ciency of 11B-dehydrogenase-2 (syndrome of
apparent mineralocorticoid excess), inhibition of
11B-dehydrogenase-2 (glycyrrhetinic/glycyrrhizinic
acid and/or carbenoxolone; licorice, food products,
drugs), Liddle’s syndrome [genetic activation of
epithelial Na* channels (ENaC)]

c. Distal delivery of nonreabsorbed anions: vomiting,
nasogastric suction, proximal renal tubular acidosis,
diabetic ketoacidosis, glue sniffing (toluene abuse),
penicillin derivatives (penicillin, nafcillin, dicloxacillin,
ticarcillin, oxacillin, and carbenicillin)

3. Magnesium deficiency

o O~ W




the management of K*-deficient states such as diabetic
ketoacidosis. Alternatively, the stimulation of endogenous
insulin can provoke hypokalemia, hypomagnesemia,
and/or hypophosphatemia in malnourished patients
who are given a carbohydrate load. Alterations in the
activity of the endogenous sympathetic nervous system
can cause hypokalemia in several settings, including
alcohol withdrawal, hyperthyroidism, acute myocardial
infarction, and severe head injury. B, agonists, includ-
ing both bronchodilators and tocolytics (ritodrine), are
powerful activators of cellular K* uptake; “hidden”
sympathomimetics such as pseudoephedrine and ephed-
rine in cough syrup or dieting agents also may cause
unexpected hypokalemia. Finally, xanthine-dependent
activation of cyclic AMP—dependent signaling down-
stream of the 3, receptor can lead to hypokalemia, usu-
ally in the setting of overdose (theophylline) or marked
overingestion (dietary caffeine).

Redistributive hypokalemia also can occur in the set-
ting of hyperthyroidism, with periodic attacks of hypo-
kalemic paralysis [thyrotoxic periodic paralysis (TPP)].
Similar episodes of hypokalemic weakness in the absence
of thyroid abnormalities occur in familial hypokalemic
periodic paralysis, usually caused by missense muta-
tions of voltage sensor domains within the o; subunit
of L-type calcium channels or the skeletal Na* channel;
these mutations generate an abnormal gating pore cur-
rent activated by hyperpolarization. TPP develops more
frequently in patients of Asian or Hispanic origin; this
shared predisposition has been linked to genetic varia-
tion in Kir2.6, a muscle-specific, thyroid hormone—
responsive K* channel. Patients typically present with
weakness of the extremities and limb girdles, with para-
lytic episodes that occur most frequently between 1 and
6 A.M. Signs and symptoms of hyperthyroidism are not
invariably present. Hypokalemia is usually profound
and almost invariably is accompanied by hypophospha-
temia and hypomagnesemia. The hypokalemia in TPP
is attributed to both direct and indirect activation of
Na* K*-ATPase, resulting in increased uptake of K* by
muscle and other tissues. Increases in B-adrenergic activ-
ity play an important role in that high-dose propranolol
(3 mg/kg) rapidly reverses the associated hypokalemia,
hypophosphatemia, and paralysis.

Nonrenal loss of potassium

The loss of K* in sweat is typically low except under
extremes of physical exertion. Direct gastric losses of
K* due to vomiting or nasogastric suctioning are also
minimal; however, the ensuing hypochloremic alka-
losis results in persistent kaliuresis due to secondary
hyperaldosteronism and bicarbonaturia, i.e., a renal loss
of K*. Intestinal loss of K* due to diarrhea is a globally
important cause of hypokalemia in light of the world-
wide prevalence of diarrheal disease. Noninfectious

gastrointestinal processes such as celiac disease, ileos-
tomy, villous adenomas, VIPomas, and chronic laxative
abuse also can cause significant hypokalemia. Colonic
pseudo-obstruction (Ogilvie’s syndrome) can lead to
hypokalemia from secretory diarrhea with an abnor-
mally high potassium content caused by a marked acti-
vation of colonic K* secretion.

Renal loss of potassium

Drugs can increase renal K* excretion by a variety of
different mechanisms. Diuretics are a particularly com-
mon cause due to associated increases in distal tubu-
lar Na* delivery and distal tubular flow rate in addition
to secondary hyperaldosteronism. Thiazides have an
effect on plasma K* concentration greater than that of
loop diuretics despite their lesser natriuretic effect. The
higher propensity of thiazides to cause hypokalemia may
be secondary to thiazide-associated hypocalciuria versus
the hypercalciuria seen with loop diuretics; increases in
downstream luminal calcium in response to loop diuret-
ics will inhibit ENaC in principal cells, thus reducing
the lumen-negative potential difference and attenuating
distal K* excretion. High doses of penicillin-related anti-
biotics (nafcillin, dicloxacillin, ticarcillin, oxacillin, and
carbenicillin) can increase obligatory K* excretion by
acting as nonreabsorbable anions in the distal neph-
ron. Finally, several renal tubular toxins cause renal K*
and magnesium wasting, leading to hypokalemia and
hypomagnesemia; these drugs include aminoglycosides,
amphotericin, foscarnet, cisplatin, and ifosfamide (see
also “Magnesium Deficiency and Hypokalemia,” later).
Aldosterone activates the ENaC channel in principal
cells via multiple synergistic mechanisms, thus increas-
ing the driving force for K* excretion. In consequence,
increases in aldosterone bioactivity and/or gains in func-
tion of aldosterone-dependent signaling pathways are
associated with hypokalemia. Increases in circulating
aldosterone (hyperaldosteronism) may be primary or sec-
ondary. Increased levels of circulating renin in secondary
forms of hyperaldosteronism lead to increased angioten-
sin II (AT-II) and thus aldosterone; renal artery stenosis
is perhaps the most common cause (Table 6-4). Primary
hyperaldosteronism may be genetic or acquired. Hyper-
tension and hypokalemia due to increases in circulating
11-deoxycorticosterone occur in patients with congeni-
tal adrenal hyperplasia caused by defects in either ste-
roid 11B-hydroxylase or steroid 170-hydroxylase; defi-
cient 11P-hydroxylase results in associated virilization
and other signs of androgen excess, whereas reduced sex
steroids in 170-hydroxylase deficiency lead to hypo-
gonadism. The two major forms of isolated primary
hyperaldosteronism are familial hyperaldosteronism type I
[FH-I, also known as glucocorticoid-remediable hyper-
aldosteronism (GRA)] and familial hyperaldosteronism
type I (FH-II), in which aldosterone production is not
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repressible by exogenous glucocorticoids. FH-I is caused
by a chimeric gene duplication between the homologous
11B-hydroxylase (CYP11B1) and aldosterone synthase
(CYP11B2) genes, fusing the adrenocorticotropic hor-
mone (ACTH)-responsive 11B-hydroxylase promoter to
the coding region of aldosterone synthase; this chimeric
gene is under the control of ACTH and thus is repres-
sible by glucocorticoids.

Acquired causes of primary hyperaldosteronism
include aldosterone-producing adenomas (APAs), pri-
mary or unilateral adrenal hyperplasia (PAH), idiopathic
hyperaldosteronism (IHA) due to bilateral adrenal hyper-
plasia, and adrenal carcinoma; APA and IHA account for
close to 60% and 40%, respectively, of diagnosed cases
of hyperaldosteronism. Random testing of plasma renin
activity (PRA) and aldosterone is a helpful screening
tool in hypokalemic and/or hypertensive patients, with
an aldosterone:PRA ratio >50 suggestive of primary
hyperaldosteronism.

The glucocorticoid cortisol has aftinity for the min-
eralocorticoid receptor (MLR) equal to that of aldo-
sterone, with resultant mineralocorticoid-like activity.
However, cells in the aldosterone-sensitive distal neph-
ron are protected from this illicit activation by the enzyme
11B-hydroxysteroid dehydrogenase-2 (11BHSD-2), which
converts cortisol to cortisone; cortisone has minimal
affinity for the MLR. Recessive loss-of-function muta-
tions in the 11BHSD-2 gene thus are associated with
cortisol-dependent activation of the MLR and the syn-
drome of apparent mineralocorticoid excess (SAME),
encompassing hypertension, hypokalemia, hypercalci-
uria, and metabolic alkalosis, with suppressed PRA and
suppressed aldosterone. A similar syndrome is caused by
biochemical inhibition of 11BHSD-2 by glycyrrhetinic/
glycyrrhizinic acid and/or carbenoxolone. Glycyrrhizinic
acid is a natural sweetener found in licorice root, typically
encountered in licorice and its many guises or as a flavor-
ing agent in tobacco and food products.

Finally, hypokalemia may occur with systemic
increases in glucocorticoids. In Cushing’s syndrome
caused by increases in pituitary ACTH the incidence
of hypokalemia i1s only 10%, whereas it is 60-100% in
patients with ectopic secretion of ACTH despite a simi-
lar incidence of hypertension. Indirect evidence suggests
that the activity of renal 11BHSD-2 is reduced in patients
with ectopic ACTH compared with Cushing’s syndrome,
resulting in a syndrome of apparent mineralocorticoid
excess.

Finally, defects in multiple renal tubular transport
pathways are associated with hypokalemia. For example,
loss-of-function mutations in subunits of the acidifying
H*-ATPAse in alpha-intercalated cells cause hypoka-
lemic distal renal tubular acidosis, as do many acquired
disorders of the distal nephron. Liddle’s syndrome is
caused by autosomal dominant gain-in-function mutations
of ENaC subunits. Disease-associated mutations either

activate the channel directly or abrogate aldosterone-
inhibited retrieval of ENaC subunits from the plasma
membrane; the end result is increased expression of acti-
vated ENaC channels at the plasma membrane of princi-
pal cells. Patients classically manifest severe hypertension
with hypokalemia that is unresponsive to spironolactone
yet sensitive to amiloride. Hypertension and hypokale-
mia are, however, variable aspects of the Liddle’s phe-
notype; more consistent features include a blunted
aldosterone response to ACTH and reduced urinary
aldosterone excretion.

Loss of the transport functions of the TALH and
DCT nephron segments causes two distinct subtypes of
hereditary hypokalemic alkalosis, with TALH dysfunc-
tion causing Bartter’s syndrome (BS) and DCT dys-
function causing Gitelman’s syndrome (GS). Patients with
“classic” BS typically have polyuria and polydipsia due to
the reduction in renal concentrating ability. They may
have an increase in urinary calcium excretion, and 20%
are hypomagnesemic. Other features include marked
activation of the renin-angiotensin-aldosterone axis.
Patients with “antenatal” BS have a severe systemic dis-
order characterized by marked electrolyte wasting, poly-
hydramnios, and hypercalciuria with nephrocalcinosis;
renal prostaglandin synthesis and excretion are increased
significantly, accounting for many of the systemic symp-
toms. There are five disease genes for BS, all of which
function in some aspect of regulated Na*, K*, and CI
transport by the TALH. Gitelman’s syndrome is, in con-
trast, genetically homogeneous, caused almost exclusively
by loss-of-function mutations in the thiazide-sensitive
Na*-CI” cotransporter of the DCT. Patients with GS are
uniformly hypomagnesemic and exhibit marked hypocal-
ciuria rather than the hypercalciuria typically seen in BS;
urinary calcium excretion is thus a critical diagnostic test
in GS. GS has a milder phenotype than BS; however,
patients with GS may suffer from chondrocalcinosis, an
abnormal deposition of calcium pyrophosphate dihydrate
(CPPD) in joint cartilage (Chap. 16).

Magnesium deficiency and hypokalemia

Magnesium depletion has inhibitory effects on muscle
Na® K*-ATPase activity, reducing influx into muscle
cells and causing a secondary kaliuresis. In addition,
magnesium depletion causes exaggerated K* secretion
by the distal nephron; this is attributed to a reduction
in the magnesium-dependent, intracellular block of K*
efflux through the secretory K* channel of principal
cells (ROMK; Fig. 6-4). Regardless of the dominant
mechanism(s), hypomagnesemic patients are clinically
refractory to K* replacement in the absence of Mg**
repletion. Notably, magnesium deficiency is also a com-
mon concomitant of hypokalemia, since many disorders
of the distal nephron may cause both potassium and
magnesium wasting (Chap. 16).



Clinical features

Hypokalemia has prominent eftects on cardiac, skel-
etal, and intestinal muscle cells. In particular, it is a
major risk factor for both ventricular and atrial arrhyth-
mias. Hypokalemia predisposes to digoxin toxicity by
a number of mechanisms, including reduced competi-
tion between K* and digoxin for shared binding sites on
cardiac Na*,K*-ATPase subunits. Electrocardiographic
changes in hypokalemia include broad, flat T waves,
ST depression, and QT prolongation; these are most
marked when serum K* is <2.7 mmol/L. Hypokale-
mia also results in hyperpolarization of skeletal muscle,
thus impairing the capacity to depolarize and contract;
weakness and even paralysis may ensue. It also causes a
skeletal myopathy and predisposes to rhabdomyolysis.
Finally, the paralytic effects of hypokalemia on intestinal
smooth muscle may cause intestinal ileus.

The functional effects of hypokalemia on the kid-
ney include Na*-ClI” and HCOj;™ retention, polyuria,
phosphaturia, hypocitraturia, and an activation of renal
ammoniagenesis. Bicarbonate retention and other acid-
base effects of hypokalemia can contribute to the gen-
eration of metabolic alkalosis. Hypokalemic polyuria is
due to a combination of polydipsia and an AVP-resistant
renal concentrating defect. Structural changes in the
kidney due to hypokalemia include a relatively specific
vacuolizing injury to proximal tubular cells, interstitial
nephritis, and renal cysts. Hypokalemia also predisposes
to acute kidney injury and can lead to end-stage renal
disease in patients with long-standing hypokalemia due
to eating disorders and/or laxative abuse.

Hypokalemia and/or reduced dietary K* are
implicated in the pathophysiology and progression of
hypertension, heart failure, and stroke. For example,
short-term K* restriction in healthy humans and patients
with essential hypertension induces Na*-CI™ retention
and hypertension. Correction of hypokalemia is par-
ticularly important in hypertensive patients treated with
diuretics, in whom blood pressure improves with the
establishment of normokalemia.

Diagnostic approach

The cause of hypokalemia is usually evident from his-
tory, physical examination, and/or basic laboratory tests.
The history should focus on medications (e.g., laxatives,
diuretics, antibiotics), diet and dietary habits (e.g., lico-
rice), and/or symptoms that suggest a particular cause
(e.g., periodic weakness, diarrhea). The physical exami-
nation should pay particular attention to blood pressure,
volume status, and signs suggestive of specific hypoka-
lemic disorders, e.g., hyperthyroidism and Cushing’s
syndrome. Initial laboratory evaluation should include
electrolytes, BUN, creatinine, serum osmolality, Mg**,
Ca**, a complete blood count, and urinary pH (Fig. 6-7).

The presence of a non-anion-gap acidosis suggests a dis-
tal, hypokalemic renal tubular acidosis or diarrhea; cal-
culation of the urinary anion gap can help differentiate
these two diagnoses. Renal K* excretion can be assessed
with a 24-h urine collection; a 24-h K* excretion of
<15 mM is indicative of an extrarenal cause of hypoka-
lemia (Fig. 6-7). Alternatively, serum and urine osmo-
lality can be used to calculate the transtubular K* gradi-
ent (TTKG), which should be <3-4 in the presence of
hypokalemia (see the section on hyperkalemia in this
chapter). Urine CI” is usually decreased in patients with
hypokalemia from a nonreabsorbable anion, such as anti-
biotics or HCO;™. Other causes of chronic, hypokale-
mic alkalosis are surreptitious vomiting, diuretic abuse,
and GS. Hypokalemic patients with bulimia thus have a
urinary CI” <10 mmol/L; urine Na*, K*, and CI™ are
persistently elevated in GS due to loss of function in the
thiazide-sensitive Na™-Cl~ cotransporter but less elevated
in diuretic abuse and with greater variability. Urine
diuretic screens for loop diuretics and thiazides may be
necessary to further exclude diuretic abuse.

Other tests, such as urinary Ca®", thyroid func-
tion tests, and/or PRA and aldosterone levels, may be
appropriate in specific cases. A plasma aldosterone:PRA
ratio >50 1s suggestive of hyperaldosteronism. Patients
with hyperaldosteronism or apparent mineralocorticoid
excess may require further testing, for example, adrenal
vein sampling or the clinically available tests for spe-
cific genetic causes (FH-I, SAME, Liddle’s syndrome,
etc.). Patients with primary aldosteronism thus should be
tested for the chimeric FH-I/GRA gene (see above) if
they are younger than 20 years of age or have a fam-
ily history of primary aldosteronism or stroke at a young
age (<40 years). Preliminary differentiation of Liddle’s
syndrome due to mutant ENaC channels from SAME
due to mutant 11BHSD-2 (see above)—both of which
cause hypokalemia and hypertension with aldosterone
suppression—can be made on a clinical basis; patients
with Liddle’s syndrome should respond to amiloride
(ENaC inhibition) but not spironolactone, whereas
patients with SAME will respond to spironolactone.

TREATMENT  Hypokalemia

The goals of therapy for hypokalemia are to prevent life-
threatening and/or chronic consequences, replace the
associated K* deficit, and correct the underlying cause
and/or mitigate future hypokalemia. The urgency of
therapy depends on the severity of hypokalemia, asso-
ciated clinical factors (cardiac disease, digoxin ther-
apy, etc.), and the rate of decline in serum K*. Urgent
but cautious K* replacement should be considered in
patients with severe redistributive hypokalemia (plasma
K* concentration <2.5 mM) and/or when serious com-
plications ensue; however, this creates a risk of rebound
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FIGURE 6-7

The diagnostic approach to hypokalemia. See text for
details. BP, blood pressure; DKA, diabetic ketoacidosis;
FHPP, familial hypokalemic periodic paralysis; FH-I, familial
hyperaldosteronism type |; Gl, gastrointestinal; HTN, hyper-
tension; PA, primary aldosteronism; RAS, renal artery steno-
sis; RST, renin-secreting tumor; RTA, renal tubular acidosis;

SAME, syndrome of apparent mineralocorticoid excess;
TTKG, transtubular potassium gradient. (From Mount DB,
Zandi-Nejad K: Disorders of potassium balance, in Brenner
and Rector’s The Kidney, 8th ed, BM Brenner [ed]. Philadel-
phia, W.B. Saunders, 2008, pp 547-587; with permission.)

hyperkalemia after resolution of the underlying cause.
When excessive activity of the sympathetic nervous sys-
tem is thought to play a dominant role in redistributive
hypokalemia, as in thyrotoxic periodic paralysis, high-
dose propranolol (3 mg/kg) should be considered; this
nonspecific B-adrenergic blocker will correct hypokale-
mia without the risk of rebound hyperkalemia.

Oral replacement with K*-CI~ is the mainstay of
therapy for hypokalemia. Potassium phosphate, oral
or IV, may be appropriate in patients with combined

hypokalemia and hypophosphatemia. Potassium bicar-
bonate or potassium citrate should be considered in
patients with concomitant metabolic acidosis. Notably,
hypomagnesemic patients are refractory to K* replace-
ment alone, so concomitant Mg?*" deficiency should
always be corrected with oral or intravenous repletion.
The deficit of K* and the rate of correction should be esti-
mated as accurately as possible; renal function, medica-
tions, and comorbid conditions such as diabetes should
be considered to gauge the risk of overcorrection.



In the absence of abnormal K™ redistribution, the
total deficit correlates with serum K* so that serum K*
drops by approximately 0.27 mM for every 100-mmol
reduction in total-body stores; loss of 400 to 800
mmol of total-body K* results in a reduction in serum
K* of approximately 2.0 mM. However, because of the
difficulty in assessing the deficit accurately, plasma
K* concentration must be monitored carefully during
repletion.

The use of intravenous administration should be
limited to patients unable to utilize the enteral route
or in the setting of severe complications (paralysis,
arrhythmia, etc.). Intravenous K*-ClI~ should always
be administered in saline solutions rather than dex-
trose since the dextrose-induced increase in insulin
can acutely exacerbate hypokalemia. The peripheral
intravenous dose is usually 20-40 mmol of K*-CI~ per
liter; higher concentrations can cause localized pain
from chemical phlebitis, irritation, and sclerosis. If
hypokalemia is severe (<2.5 mmol/L) and/or critically
symptomatic, intravenous K*-Cl~ can be administered
through a central vein with cardiac monitoring in an
intensive care setting at rates of 10-20 mmol/h; higher
rates should be reserved for acutely life-threatening
complications. The absolute amount of administered
K* should be restricted (e.g., 20 mmol in 100 mL of
saline solution) to prevent inadvertent infusion of a
large dose. Femoral veins are preferable, since infusion
through internal jugular or subclavian central lines can
acutely increase the local concentration of K* and affect
cardiac conduction.

Strategies to minimize K* losses also should be con-
sidered. These measures may include minimizing the
dose of non-K*-sparing diuretics, restricting Na* intake,
and using clinically appropriate combinations of non-
K*-sparing and K*-sparing medications (e.g., loop diuret-
ics with ACE inhibitors).

HYPERKALEMIA

Hyperkalemia is defined as a plasma potassium level
of 5.5 mM. It occurs in up to 10% of hospitalized
patients; severe hyperkalemia (>6.0 mM) occurs in
approximately 1%, with a significantly increased risk
of mortality. Although redistribution and reduced tis-
sue uptake can acutely cause hyperkalemia, a decrease
in renal K* excretion is the most common under-
lying cause (Table 6-5). Excessive intake of K* is a
rare cause because of the adaptive capacity to increase
renal secretion; however, dietary intake can have
a major effect in susceptible patients, e.g., diabetic
patients with hyporeninemic hypoaldosteronism and
chronic kidney disease. Drugs that have an impact on
the renin-angiotensin-aldosterone axis are also a major
cause of hyperkalemia.

TABLE 6-5

CAUSES OF HYPERKALEMIA

I. “Pseudo” hyperkalemia

A. Cellular efflux: thrombocytosis, erythrocytosis, leukocytosis,
in vitro hemolysis

B. Hereditary defects in red cell membrane transport
. Intra- to extracellular shift
A. Acidosis
B. Hyperosmolality; radiocontrast, hypertonic dextrose, mannitol
C. B-adrenergic antagonists (noncardioselective agents)

D. Digoxin and related glycosides (yellow oleander, foxglove,
bufadienolide)

E. Hyperkalemic periodic paralysis

F. Lysine, arginine, and e-aminocaproic acid (structurally
similar, positively charged)

G. Succinylcholine; thermal trauma, neuromuscular injury,
disuse atrophy, mucositis, or prolonged immobilization

H. Rapid tumor lysis

Inadequate excretion

A. Inhibition of the renin-angiotensin-aldosterone axis; T risk
of hyperkalemia when used in combination
1. Angiotensin-converting enzyme (ACE) inhibitors
2. Renin inhibitors: aliskiren [in combination with ACE
inhibitors or angiotensin receptor blockers (ARBs)]
3. ARBs
4. Blockade of the mineralocorticoid receptor: spironolac-
tone, eplerenone, drospirenone
5. Blockade of ENaC: amiloride, triamterene, trimethoprim,
pentamidine, nafamostat
B. Decreased distal delivery
1. Congestive heart failure
2. Volume depletion
C. Hyporeninemic hypoaldosteronism

1. Tubulointerstitial diseases: systemic lupus erythemato-
sus (SLE), sickle cell anemia, obstructive uropathy

2. Diabetes, diabetic nephropathy

3. Drugs: nonsteroidal anti-inflammatory drugs, cyclooxy-
genase 2 (COX-2) inhibitors, beta blockers, cyclosporine,
tacrolimus

4. Chronic kidney disease, advanced age

5. Pseudohypoaldosteronism type II: defects in WNK1 or
WNK4 kinases

D. Renal resistance to mineralocorticoid
1. Tubulointerstitial diseases: SLE, amyloidosis, sickle cell
anemia, obstructive uropathy, post-acute tubular necrosis

2. Hereditary: pseudohypoaldosteronism type I: defects in
the mineralocorticoid receptor or ENaC

E. Advanced renal insufficiency
1. Chronic kidney disease
2. End-stage renal disease
3. Acute oliguric kidney injury
F. Primary adrenal insufficiency

1. Autoimmune: Addison’s disease, polyglandular
endocrinopathy

2. Infectious: HIV, cytomegalovirus, tuberculosis, dissemi-
nated fungal infection

3. Infiltrative: amyloidosis, malignancy, metastatic cancer

4. Drug-associated: heparin, low-molecular-weight heparin

5. Hereditary: adrenal hypoplasia congenita, congenital lipoid
adrenal hyperplasia, aldosterone synthase deficiency

6. Adrenal hemorrhage or infarction, including in antiphos-
pholipid syndrome
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Pseudohyperkalemia

Hyperkalemia should be distinguished from factitious
hyperkalemia or pseudohyperkalemia, an artifactual
increase in serum K* due to the release of K* during
or after venipuncture. Pseudohyperkalemia can occur
in the setting of excessive muscle activity during veni-
puncture (fist clenching, etc.), a marked increase in
cellular elements (thrombocytosis, leukocytosis, and/
or erythrocytosis) with in vitro efflux of K*, and acute
anxiety during venipuncture with respiratory alkalosis
and redistributive hyperkalemia. Cooling of blood after
venipuncture is another cause, due to reduced cellu-
lar uptake; the converse is the increased uptake of K*
by cells at high ambient temperatures, leading to nor-
mal values for hyperkalemic patients and/or to spuri-
ous hypokalemia in normokalemic patients. Finally,
there are multiple genetic subtypes of hereditary pseu-
dohyperkalemia caused by increases in the passive K*
permeability of erythrocytes. For example, causative
mutations have been described in the red cell anion
exchanger (AE1, encoded by the SLC4A1 gene), lead-
ing to reduced red cell anion transport, hemolytic ane-
mia, the acquisition of a novel AE1-mediated K* leak,
and pseudohyperkalemia.

Redistribution and hyperkalemia

Several different mechanisms can induce an efflux of
intracellular K* and hyperkalemia. Hyperkalemia due
to hypertonic mannitol, hypertonic saline, and intrave-
nous immunoglobulin generally is attributed to a “sol-
vent drag” effect as water moves out of cells along the
osmotic gradient. Diabetic patients are also prone to
osmotic hyperkalemia in response to intravenous hyper-
tonic glucose when it is given without adequate insulin.
Cationic amino acids—specifically lysine, arginine, and
the structurally related drug €-aminocaproic acid—cause
efflux of K* and hyperkalemia through an effective cat-
ion-K* exchange of unknown identity and mechanism.
Digoxin inhibits Na*,K*-ATPase and impairs the uptake
of K* by skeletal muscle so that digoxin overdose pre-
dictably results in hyperkalemia. Structurally related
glycosides are found in specific plants (yellow olean-
der, foxglove, etc.) and in the cane toad, Bufo mari-
nus (bufadienolide); ingestion of these substances and
extracts from them also can cause hyperkalemia. Finally,
fluoride ions also inhibit Na*,K*-ATPase, so fluoride
poisoning is typically associated with hyperkalemia.
Succinylcholine depolarizes muscle cells, causing an
efflux of K* through acetylcholine receptors (AChRs).
The use of this agent is contraindicated in patients who
have sustained thermal trauma, neuromuscular injury,
disuse atrophy, mucositis, or prolonged immobilization.
These disorders share a marked increase and redistribu-
tion of AChRs at the plasma membrane of muscle cells;

depolarization of these upregulated AChRs by succinyl-
choline leads to an exaggerated efflux of K* through the
receptor-associated cation channels, resulting in acute
hyperkalemia.

Hyperkalemia due to excess intake or
tissue necrosis

Increased intake of even small amounts of K™ may pro-
voke severe hyperkalemia in patients with predisposing
factors; hence, an assessment of dietary intake is cru-
cial. Foods rich in potassium include tomatoes, bananas,
and citrus fruits; occult sources of K*, particularly K*-
containing salt substitutes, also may contribute signifi-
cantly. latrogenic causes include simple overreplacement
with K*-CI" and the administration of a potassium-
containing medication (e.g., K*-penicillin) to a suscepti-
ble patient. Red cell transfusion is a well-described cause
of hyperkalemia, typically in the setting of massive trans-
fusions. Finally, tissue necrosis, as in acute tumor lysis
syndrome and rhabdomyolysis, predictably causes hyper-
kalemia from the release of intracellular K*.

Hypoaldosteronism and hyperkalemia

Aldosterone release from the adrenal gland may be
reduced by hyporeninemic hypoaldosteronism, medi-
cations, or primary hypoaldosteronism or by isolated
deficiency of ACTH (secondary hypoaldosteronism).
Primary hypoaldosteronism may be genetic or acquired
but is commonly caused by autoimmunity either in
Addison’s disease or in the context of a polyglandular
endocrinopathy. HIV has surpassed tuberculosis as the
most important infectious cause of adrenal insufficiency.
The adrenal involvement in HIV disease is usually sub-
clinical; however, adrenal insufficiency may be precipi-
tated by stress, drugs such as ketoconazole that inhibit
steroidogenesis, or the acute withdrawal of steroid agents
such as megestrol.

Hyporeninemic hypoaldosteronism is a very com-
mon predisposing factor in several overlapping subsets
of hyperkalemic patients: diabetic patients, the elderly,
and patients with renal insufficiency. Classically, these
patients should have suppressed PRA and aldosterone;
approximately 50% have an associated acidosis with
a reduced renal excretion of NH,*, a positive urinary
anion gap, and urine pH <5.5. Most patients are vol-
ume expanded, with secondary increases in circulating
atrial natriuretic peptide (ANP) that inhibit both renal
renin release and adrenal aldosterone release.

Renal disease and hyperkalemia

Chronic kidney disease and end-stage kidney disease
are very common causes of hyperkalemia because of the
associated deficit or absence of functioning nephrons.



Hyperkalemia is more common in oliguric acute kidney
injury; distal tubular flow rate and Na* delivery is less
of a limiting factor in nonoliguric patients. Hyperkale-
mia out of proportion to GFR can also be seen in the
context of tubulointerstitial disease that aftects the distal
nephron, such as amyloidosis, sickle cell anemia, inter-
stitial nephritis, and obstructive uropathy.

Hereditary renal causes of hyperkalemia have over-
lapping clinical features with hypoaldosteronism, hence
the diagnostic label pseudohypoaldosteronism (PHA).
PHA-I has both an autosomal recessive and an autoso-
mal dominant form. The autosomal dominant form is
due to loss-of-function mutations in MLR; the reces-
sive form is caused by various combinations of muta-
tions in the three subunits of ENaC, resulting in
impaired Na® channel activity in principal cells and
other tissues. Patients with recessive PHA-I experi-
ence lifelong salt wasting, hypotension, and hyperka-
lemia, whereas the phenotype of autosomal dominant
PHA-I due to MLR dysfunction improves in adult-
hood. Pseudohypoaldosteronism type II (PHA-II, also
known as hereditary hypertension with hyperkalemia)
is in every respect the mirror image of GS caused by
loss of function in NCC, the thiazide-sensitive Na*-CI~
cotransporter (see above); the clinical phenotype
includes hypertension, hyperkalemia, hyperchloremic
metabolic acidosis, suppressed PRA and aldosterone,
hypercalciuria, and reduced bone density. PHA-II thus
behaves like a gain of function in NCC, and treatment
with thiazides results in resolution of the entire clinical
phenotype; however, PHA-II is caused by mutations in
the WNK1 and WNK4 serine-threonine kinases, which
regulate NCC activity.

Medication-associated hyperkalemia

Most medications associated with hyperkalemia cause
inhibition of some component of the renin-angiotensin-
aldosterone axis. ACE inhibitors, angiotensin-receptor
blockers, renin inhibitors, and mineralocorticoid recep-
tors are predictable and common causes of hyperkale-
mia, particularly when prescribed in combination. The
oral contraceptive agent Yasmin-28 contains the pro-
gestin drospirenone, which inhibits the MLR and can
cause hyperkalemia in susceptible patients. Cyclosporine,
tacrolimus, NSAIDs, and cyclooxygenase 2 (COX-2)
inhibitors cause hyperkalemia by multiple mechanisms
but share the ability to cause hyporeninemic hypoal-
dosteronism. Notably, most drugs that affect the renin-
angiotensin-aldosterone axis also block the local adre-
nal response to hyperkalemia, thus attenuating the direct
stimulation of aldosterone release by increased plasma
K* concentration.

Inhibition of apical ENaC activity in the distal
nephron by amiloride and other K*-sparing diuretics
results in hyperkalemia, often with a voltage-dependent

hyperchloremic acidosis and/or hypovolemic hypona-
tremia. Amiloride is structurally similar to the antibiotics
trimethoprim (TMP) and pentamidine, which also block
ENaC; risk factors for TMP-associated hyperkalemia
include the administered dose, renal insufficiency, and
hyporeninemic hypoaldosteronism. Indirect inhibition of
ENaC at the plasma membrane is also a cause of hyper-
kalemia; nafamostat, a protease inhibitor utilized in the
management of pancreatitis, inhibits aldosterone-induced
proteases that activate ENaC by proteolytic cleavage.

Clinical features

Hyperkalemia is a medical emergency because of its
effects on the heart. Cardiac arrhythmias associated with
hyperkalemia include sinus bradycardia, sinus arrest,
slow idioventricular rhythms, ventricular tachycardia,
ventricular fibrillation, and asystole. Mild increases in
extracellular K* affect the repolarization phase of the
cardiac action potential, resulting in changes in T-wave
morphology; further increase in plasma K* concentra-
tion depresses intracardiac conduction, with progres-
sive prolongation of the PR and QRS intervals. Severe
hyperkalemia results in loss of the P wave and a pro-
gressive widening of the QRS complex; development
of a sine-wave sinoventricular rhythm suggests impend-
ing ventricular fibrillation or asystole. Classically, the
electrocardiographic manifestations in hyperkalemia
progress from tall peaked T waves (5.5-6.5 mM), to a
loss of P waves (6.5-7.5 mM), to a widened QRS com-
plex (7-8 mM), and ultimately to a sine wave pattern
(8 mM). However, these changes are notoriously insen-
sitive, particularly in patients with chronic kidney dis-
ease or end-stage renal disease.

Hyperkalemia from a variety of causes can also pres-
ent with ascending paralysis; this is denoted secondary
hyperkalemic paralysis to difterentiate it from familial
hyperkalemic periodic paralysis (HYPP). The presenta-
tion may include diaphragmatic paralysis and respiratory
failure. Patients with familial HYPP develop myopathic
weakness during hyperkalemia induced by increased K*
intake or rest after heavy exercise. Depolarization of
skeletal muscle by hyperkalemia unmasks an inactivation
defect in skeletal Na' channels; autosomal dominant
mutations in the SCN4A gene encoding this channel
are the predominant cause.

Within the kidney, hyperkalemia has negative eftects
on the ability to excrete an acid load, and so hyperka-
lemia per se can contribute to metabolic acidosis. This
defect appears to be due in part to competition between
K* and NH," for reabsorption by the TALH and subse-
quent countercurrent multiplication, ultimately reduc-
ing the medullary gradient for NH;/NH, excretion
by the distal nephron. Regardless of the underlying
mechanism, restoration of normokalemia can in many
instances correct hyperkalemic metabolic acidosis.
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Diagnostic approach

The first priority in the management of hyperkalemia
is to assess the need for emergency treatment, followed
by a comprehensive workup to determine the cause
(Fig. 6-8). History and physical examination should
focus on medications, diet and dietary supplements, risk
factors for kidney failure, reduction in urine output,
blood pressure, and volume status. Initial laboratory

I !

tests should include electrolytes, BUN, creatinine,
serum osmolality, Mg?* and Ca®", a complete blood
count, and urinary pH. A urine Na* concentration
<20 mM indicates that distal Na* delivery is a lim-
iting factor in K* excretion; volume repletion with
0.9% saline or treatment with furosemide may be
effective in reducing plasma K* concentration. Serum
and urine osmolality is required for calculation of the
TTKG (Fig. 6-8). The expected values of the TTKG

Emergency Yes K*>6.0 or ECG Hyperkalemia ol Yes )
therapy changes < (Serum K*>5.5 mmol/L) —-| Pseudohyperkalemia? No further action
No No
Treat accordingly | Yes | Evidence of increased History, physical examination Evidence of Yes | Treat accordingly

and re-evaluate potassium load

& basic laboratory tests

transcellular shift and re-evaluate

No No
-Hypertonicity (e.g., mannitol)
l -Hyperglycemia
Decreased urinary K* excretion -Succinylcholine
(<40 mmol/day) -e-aminocaproic acid
-Digoxin
1 -B-Blockers
Decreased distal Urine Na* -Metabolic acidosis (non-organic)
. | <— i -Arginine or lysine infusion
Na delivery <25 mmolll Urine electrolytes -Hyperkalemic periodic paralysis
l -lnsulin
-Exercise

TTKG

|
>8

}

1
<5

i

Reduced tubular
flow

Reduced distal K* secretion

(GFR >20 mL/min)

Y

9o-Fludrocortisone

!

Advanced kidney failure TTKG <8

(GFR <20 mL/min) Reduced ECV

(Tubular resistance)

TTKG >8
Low aldosterone

Drugs Other causes
-Amiloride -Tubulointerstitial Hil h Lc;w
-Spironolactone diseases 9 *
-Triamterene -Urinary tract
-Trimethoprim obstruction -Primary adrenal insufficiency -Diabetes mellitus
-Pentamidine -PHA type | -Isolated aldosterone deficiency| |-Acute GN
-Eplerenone -PHA type Il -Heparin/LMW heparin -Tubulointerstitial diseases
-Drospirenone  -Sickle cell disease | |-ACE-I/ARB -PHA type lI
-Calcineurin -Renal transplant -Ketoconazole -NSAIDs

inhibitors -SLE -B-Blockers

FIGURE 6-8

The diagnostic approach to hyperkalemia. See text for
details. ACE-I, angiotensin-converting enzyme inhibitor;
acute GN, acute glomerulonephritis; ARB, angiotensin Il
receptor blocker; ECG, electrocardiogram; ECV, effective cir-
culatory volume; GFR, glomerular filtration rate; LMW hep-
arin, low-molecular-weight heparin; NSAIDs, nonsteroidal

anti-inflammatory drugs; PHA, pseudohypoaldosteronism;
SLE, systemic lupus erythematosus; TTKG, transtubular
potassium gradient. (From Mount DB, Zandi-Nejad K: Dis-
orders of potassium balance, in Brenner and Rector’s The
Kidney, 8th ed, BM Brenner [ed]. Philadelphia, W.B. Saunders,
2008, pp 547-587; with permission.)



are largely based on historic data and are <3—4 in the
presence of hypokalemia and >6—7 in the presence of

hyperkalemia. TTKG is measured as follows:

+
[K ]urine X Osm()lserum

TTKG =

X osmol

]serum urine

TREATMENT  Hyperkalemia

Electrocardiographic manifestations of hyperkalemia
should be considered a medical emergency and treated
urgently. However, patients with significant hyperkalemia
(plasma K" concentration =6.5-7 mM) in the absence of
ECG changes should be aggressively managed because
of the limitations of ECG changes as a predictor of cardiac
toxicity. Urgent management of hyperkalemia includes
admission to the hospital, continuous cardiac monitor-
ing, and immediate treatment. The treatment of hyperka-
lemia is divided into three stages:

1. Immediate antagonism of the cardiac effects of hyper-
kalemia. Intravenous calcium serves to protect the
heart while measures are taken to correct hyperka-
lemia. Calcium raises the action potential threshold
and reduces excitability without changing the rest-
ing membrane potential. By restoring the difference
between the resting and threshold potentials, cal-
cium reverses the depolarization blockade caused
by hyperkalemia. The recommended dose is 10 mL
of 10% calcium gluconate (3-4 mL of calcium chlo-
ride), infused intravenously over 2 to 3 min with
cardiac monitoring. The effect of the infusion starts
in 1-3 min and lasts 30-60 min; the dose should be
repeated if there is no change in ECG findings or if
they recur after initial improvement. Hypercalcemia
potentiates the cardiac toxicity of digoxin; hence,
intravenous calcium should be used with extreme
caution in patients taking this medication. If judged
necessary, 10 mL of 10% calcium gluconate can be
added to 100 mL of 5% dextrose in water and infused
over 20-30 min to avoid acute hypercalcemia.

2. Rapid reduction in plasma K* concentration by redis-
tribution into cells. Insulin lowers plasma K* concen-
tration by shifting K* into cells. The recommended
dose is 10 units of IV regular insulin followed imme-
diately by 50 mL of 50% dextrose (D50W, 25 g of glu-
cose total); the effect begins in 10-20 min, peaks at
30-60 min, and lasts 4 to 6 h. Bolus D50W without insu-
lin is never appropriate because of the risk of acutely
worsening hyperkalemia due to the osmotic effect of
hypertonic glucose. Hypoglycemia is common with
insulin plus glucose; hence, this should be followed
by an infusion of 10% dextrose at 50 to 75 mL/h, with
close monitoring of plasma glucose concentration.

In hyperkalemic patients with glucose concentra-
tions >200-250 mg/dL, insulin should be adminis-
tered without glucose, again with close monitoring of
glucose concentrations.

3. B,-Agonists, most commonly albuterol, are effective
but underutilized agents for the acute management
of hyperkalemia. Albuterol and insulin with glucose
have an additive effect on plasma K* concentration;
however, ~20% of patients with end-stage renal dis-
ease are resistant to the effect of B,-agonists; hence,
these drugs should not be used without insulin.
The recommended dose for inhaled albuterol is
10-20 mg of nebulized albuterol in 4 mL of normal
saline, inhaled over 10 min; the effect starts at about
30 min, reaches its peak at about 90 min, and lasts
2-6 h. Hyperglycemia is a side effect, along with
tachycardia; B,-agonists should be used with cau-
tion in hyperkalemic patients with known cardiac
disease.

Intravenous bicarbonate has no role in the routine
treatment of hyperkalemia. It should be reserved for
patients with hyperkalemia and concomitant metabolic
acidosis, and only if judged appropriate for management
of the acidosis. It should not be given as a hypertonic
intravenous bolus in light of the risk of hypernatremia
but should be infused in an isotonic or hypotonic fluid
(e.g., 150 meqin 1 L of D5W).

Removal of potassium. This typically is accomplished
by using cation exchange resins, diuretics, and/or dial-
ysis. Sodium polystyrene sulfonate (SPS) exchanges
Na* for K* in the gastrointestinal tract and increases
the fecal excretion of K*. The recommended dose of
SPS is 15-30 g, typically given in a premade suspension
with 33% sorbitol to avoid constipation. The effect of
SPS on plasma K* concentration is slow; the full effect
may take up to 24 h and usually requires repeated
doses every 4-6 h. Intestinal necrosis is the most seri-
ous complication of SPS. Studies in experimental ani-
mals suggest that sorbitol is required for the intestinal
injury; however, SPS crystals can often be detected in
the injured human intestine, suggesting a direct role
for SPS crystals in this complication. Regardless, in light
of the risk of intestinal necrosis, the U.S. Food and Drug
Administration has recently stated that the administra-
tion of sorbitol with SPS is no longer recommended;
however, administering SPS without sorbitol might not
eliminate the risk of intestinal necrosis, given the evi-
dent role for the SPS resin. Therefore, clinicians must
carefully consider whether emergency treatment with
SPS is necessary and appropriate for the treatment of
hyperkalemia; for example, SPS is unnecessary if acute
dialysis is appropriate and immediately available. If
SPS is administered, the preparation should ideally
not contain sorbitol. Reasonable substitutes for the
laxative effect of sorbitol include lactulose and some
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preparations of polyethylene glycol 3350; however, data
demonstrating the efficacy and safety of these laxatives
with SPS are not available. SPS should not be adminis-
tered in patients at higher risk for intestinal necrosis,
including postoperative patients, patients with a his-
tory of bowel obstruction, patients with slow intestinal
transit, patients with ischemic bowel disease, and renal
transplant patients. Loop and thiazide diuretics can be
utilized to reduce plasma K' concentration in volume-
replete or hypervolemic patients with sufficient renal

function for a diuretic response. Finally, hemodialysis
is the most effective and reliable method to reduce
plasma K* concentration; peritoneal dialysis is consid-
erably less effective. The amount of K* removed dur-
ing hemodialysis depends on the relative distribution
of K* between ICF and ECF (potentially affected by
prior therapy for hyperkalemia), the type and surface
area of the dialyzer used, dialysate and blood flow
rates, dialysis duration, and the plasma to dialysate K*
gradient.



CHAPTER 7

HYPERCALCEMIA AND HYPOCALCEMIA

Sundeep Khosla

The calcium ion plays a critical role in normal cellular
function and signaling, regulating diverse physiologic
processes such as neuromuscular signaling, cardiac con-
tractility, hormone secretion, and blood coagulation.
Thus, extracellular calcium concentrations are main-
tained within an exquisitely narrow range through a
series of feedback mechanisms that involve parathyroid
hormone (PTH) and the active vitamin D metabolite
1,25-dihydroxyvitamin D [1,25(OH),D]. These feed-
back mechanisms are orchestrated by integrating sig-
nals between the parathyroid glands, kidney, intestine,
and bone (Fig. 7-1).

Disorders of serum calcium concentration are rela-
tively common and often serve as a harbinger of under-
lying disease. This chapter provides a brief summary
of the approach to patients with altered serum calcium
levels.

HYPERCALCEMIA
ETIOLOGY

The causes of hypercalcemia can be understood and
classified based on derangements in the normal feedback
mechanisms that regulate serum calcium (Table 7-1).
Excess PTH production, which is not appropriately
suppressed by increased serum calcium concentrations,
occurs in primary neoplastic disorders of the parathyroid
glands (parathyroid adenomas, hyperplasia, or, rarely,
carcinoma) that are associated with increased parathyroid
cell mass and impaired feedback inhibition by calcium.
Inappropriate PTH secretion for the ambient level of
serum calcium also occurs with heterozygous inactivat-
ing calcium sensor receptor (CaSR) mutations, which
impair extracellular calcium sensing by the parathyroid
glands and the kidneys, resulting in familial hypocalciu-
ric hypercalcemia (FHH). Although PTH secretion by
tumors is extremely rare, many solid tumors produce
PTH-related peptide (PTHrP), which shares homology
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Feedback mechanisms maintaining extracellular cal-
cium concentrations within a narrow, physiologic range
[8.9-10.1 mg/dL (2.2-2.5 mM)]. A decrease in extracellular
(ECF) calcium (Ca?*) triggers an increase in parathyroid hor-
mone (PTH) secretion (1) via the calcium sensor receptor on
parathyroid cells. PTH, in turn, results in increased tubular
reabsorption of calcium by the kidney (2) and resorption of
calcium from bone (2) and also stimulates renal 1,25(0H),D
production (3). 1,25(0OH),D, in turn, acts principally on the
intestine to increase calcium absorption (4). Collectively,
these homeostatic mechanisms serve to restore serum cal-
cium levels to normal.

with PTH in the first 13 amino acids and binds the
PTH receptor, thus mimicking effects of PTH on bone
and the kidney. In PTHrP-mediated hypercalcemia
of malignancy, PTH levels are suppressed by the high
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TABLE 7-1

CAUSES OF HYPERCALCEMIA

Excessive PTH production
Primary hyperparathyroidism (adenoma, hyperplasia,
rarely carcinoma)
Tertiary hyperparathyroidism (long-term stimulation of
PTH secretion in renal insufficiency)
Ectopic PTH secretion (very rare)
Inactivating mutations in the CaSR (FHH)
Alterations in CaSR function (lithium therapy)
Hypercalcemia of malignancy
Overproduction of PTHrP (many solid tumors)
Lytic skeletal metastases (breast, myeloma)
Excessive 1,25(0H),D production
Granulomatous diseases (sarcoidosis, tuberculosis,
silicosis)
Lymphomas
Vitamin D intoxication
Primary increase in bone resorption
Hyperthyroidism
Immobilization
Excessive calcium intake
Milk-alkali syndrome
Total parenteral nutrition
Other causes
Endocrine disorders (adrenal insufficiency, pheochromo-
cytoma, VIPoma)
Medications (thiazides, vitamin A, antiestrogens)

Abbreviations: CaSR, calcium sensor receptor; FHH, familial hypo-
calciuric hypercalcemia; PTH, parathyroid hormone; PTHrP, PTH-
related peptide.

serum calcium levels. Hypercalcemia associated with
granulomatous disease (e.g., sarcoidosis) or lymphomas
is caused by enhanced conversion of 25(OH)D to the
potent 1,25(OH),D. In these disorders, 1,25(OH),D
enhances intestinal calcium absorption, resulting in
hypercalcemia and suppressed PTH. Disorders that
directly increase calcium mobilization from bone, such
as hyperthyroidism or osteolytic metastases, also lead to
hypercalcemia with suppressed PTH secretion as does
exogenous calcium overload, as in milk-alkali syndrome,
or total parenteral nutrition with excessive calcium
supplementation.

CLINICAL MANIFESTATIONS

Mild hypercalcemia (up to 11-11.5 mg/dL) is usually
asymptomatic and recognized only on routine calcium
measurements. Some patients may complain of vague
neuropsychiatric symptoms, including trouble con-
centrating, personality changes, or depression. Other
presenting symptoms may include peptic ulcer disease
or nephrolithiasis, and fracture risk may be increased.
More severe hypercalcemia (>12-13 mg/dL), particu-
larly if it develops acutely, may result in lethargy, stupor,
or coma, as well as gastrointestinal symptoms (nausea,

anorexia, constipation, or pancreatitis). Hypercalcemia
decreases renal concentrating ability, which may cause
polyuria and polydipsia. With long-standing hyper-
parathyroidism, patients may present with bone pain or
pathologic fractures. Finally, hypercalcemia can result in
significant electrocardiographic changes, including bra-
dycardia, AV block, and short QT interval; changes in
serum calcium can be monitored by following the QT
interval.

DIAGNOSTIC APPROACH

The first step in the diagnostic evaluation of hyper- or
hypocalcemia is to ensure that the alteration in serum
calcium levels is not due to abnormal albumin concen-
trations. About 50% of total calcium is ionized, and the
rest is bound principally to albumin. Although direct
measurements of ionized calcium are possible, they are
easily influenced by collection methods and other arti-
facts; thus, it is generally preferable to measure total
calcium and albumin to “correct” the serum calcium.
When serum albumin concentrations are reduced, a
corrected calcium concentration is calculated by adding
0.2 mM (0.8 mg/dL) to the total calcium level for every
decrement in serum albumin of 1.0 g/dL below the ret-
erence value of 4.1 g/dL for albumin, and, conversely,
for elevations in serum albumin.

A detailed history may provide important clues regard-
ing the etiology of the hypercalcemia (Table 7-1).
Chronic hypercalcemia is most commonly caused by
primary hyperparathyroidism, as opposed to the second
most common etiology of hypercalcemia, an underlying
malignancy. The history should include medication use,
previous neck surgery, and systemic symptoms suggestive
of sarcoidosis or lymphoma.

Once true hypercalcemia is established, the second
most important laboratory test in the diagnostic evalu-
ation is a PTH level using a two-site assay for the intact
hormone. Increases in PTH are often accompanied by
hypophosphatemia. In addition, serum creatinine should
be measured to assess renal function; hypercalcemia
may impair renal function, and renal clearance of PTH
may be altered depending on the fragments detected
by the assay. If the PTH level is increased (or “inap-
propriately normal”) in the setting of elevated calcium
and low phosphorus, the diagnosis is almost always pri-
mary hyperparathyroidism. Because individuals with
familial hypocalciuric hypercalcemia (FHH) may also
present with mildly elevated PTH levels and hypercal-
cemia, this diagnosis should be considered and excluded
because parathyroid surgery is ineftective in this condi-
tion. A calcium/creatinine clearance ratio (calculated as
urine calcium/serum calcium divided by urine creati-
nine/serum creatinine) of <0.01 is suggestive of FHH,
particularly when there is a family history of mild,
asymptomatic hypercalcemia. In addition, a number of



laboratories are now offering sequence analysis of the
CaSR gene for the definitive diagnosis of FHH. Ectopic
PTH secretion is extremely rare.

A suppressed PTH level in the face of hypercalcemia
is consistent with non-parathyroid-mediated hyper-
calcemia, most often due to underlying malignancy.
Although a tumor that causes hypercalcemia is gener-
ally overt, a PTHrP level may be needed to establish
the diagnosis of hypercalcemia of malignancy. Serum
1,25(OH),D levels are increased in granulomatous dis-
orders, and clinical evaluation in combination with lab-
oratory testing will generally provide a diagnosis for the
various disorders listed in Table 7-1.

TREATMENT  Hypercalcemia

Mild, asymptomatic hypercalcemia does not require
immediate therapy, and management should be dic-
tated by the underlying diagnosis. By contrast, sig-
nificant, symptomatic hypercalcemia usually requires
therapeutic intervention independent of the etiology
of hypercalcemia. Initial therapy of significant hyper-
calcemia begins with volume expansion because
hypercalcemia invariably leads to dehydration; 4-6 L
of intravenous saline may be required over the first
24 h, keeping in mind that underlying comorbidities
(e.g., congestive heart failure) may require the use of
loop diuretics to enhance sodium and calcium excre-
tion. However, loop diuretics should not be initiated
until the volume status has been restored to normal. If
there is increased calcium mobilization from bone (as
in malignancy or severe hyperparathyroidism), drugs
that inhibit bone resorption should be considered.
Zoledronic acid (e.g., 4 mg intravenously over ~30 min),
pamidronate (e.g., 60-90 mg intravenously over 2-4 h),
and etidronate (e.g., 7.5 mg/kg per day for 3-7 con-
secutive days) are approved by the U.S. Food and Drug
Administration for the treatment of hypercalcemia of
malignancy in adults. Onset of action is within 1-3 days,
with normalization of serum calcium levels occurring
in 60-90% of patients. Bisphosphonate infusions may
need to be repeated if hypercalcemia relapses. Because
of their effectiveness, bisphosphonates have replaced
calcitonin or plicamycin, which are rarely used in cur-
rent practice for the management of hypercalcemia. In
rare instances, dialysis may be necessary. Finally, while
intravenous phosphate chelates calcium and decreases
serum calcium levels, this therapy can be toxic because
calcium-phosphate complexes may deposit in tissues
and cause extensive organ damage.

In patients with 1,25(0OH),D-mediated hypercalce-
mia, glucocorticoids are the preferred therapy, as they
decrease 1,25(0H),D production. Intravenous hydrocor-
tisone (100-300 mg daily) or oral prednisone (40-60 mg

daily) for 3-7 days are used most often. Other drugs,
such as ketoconazole, chloroquine, and hydroxychlo-
roquine, may also decrease 1,25(0H),D production and
are used occasionally.

HYPOCALCEMIA
ETIOLOGY

The causes of hypocalcemia can be differentiated accord-
ing to whether serum PTH levels are low (hypopara-
thyroidism) or high (secondary hyperparathyroidism).
Although there are many potential causes of hypocal-
cemia, impaired PTH or vitamin D production are the
most common etiologies (Table 7-2). Because PTH is
the main defense against hypocalcemia, disorders associ-
ated with deficient PTH production or secretion may be

TABLE 7-2

CAUSES OF HYPOCALCEMIA

Low Parathyroid Hormone Levels (Hypoparathyroidism)

Parathyroid agenesis
Isolated
DiGeorge syndrome
Parathyroid destruction
Surgical
Radiation
Infiltration by metastases or systemic diseases
Autoimmune
Reduced parathyroid function
Hypomagnesemia
Activating CaSR mutations

High Parathyroid Hormone Levels (Secondary
Hyperparathyroidism)

Vitamin D deficiency or impaired 1,25(0OH),D production/
action
Nutritional vitamin D deficiency (poor intake or
absorption)
Renal insufficiency with impaired 1,25(0OH),D production
Vitamin D resistance, including receptor defects
Parathyroid hormone resistance syndromes
PTH receptor mutations
Pseudohypoparathyroidism (G protein mutations)
Drugs
Calcium chelators
Inhibitors of bone resorption (bisphosphonates,
plicamycin)
Altered vitamin D metabolism (phenytoin, ketoconazole)
Miscellaneous causes
Acute pancreatitis
Acute rhabdomyolysis
Hungry bone syndrome after parathyroidectomy
Osteoblastic metastases with marked stimulation of
bone formation (prostate cancer)

Abbreviations: CaSR, calcium sensor receptor; PTH, parathyroid
hormone.
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associated with profound, life-threatening hypocalcemia.
In adults, hypoparathyroidism most commonly results
from inadvertent damage to all four glands during thy-
roid or parathyroid gland surgery. Hypoparathyroidism is
a cardinal feature of autoimmune endocrinopathies; rarely,
it may be associated with infiltrative diseases such as sar-
coidosis. Impaired PTH secretion may be secondary to
magnesium deficiency or to activating mutations in the
CaSR, which suppress PTH, leading to eftects that are
opposite to those that occur in FHH.

Vitamin D deficiency, impaired 1,25(OH),D pro-
duction (primarily secondary to renal insufficiency), or
vitamin D resistance also cause hypocalcemia. However,
the degree of hypocalcemia in these disorders is gen-
erally not as severe as that seen with hypoparathyroid-
ism because the parathyroids are capable of mounting a
compensatory increase in PTH secretion. Hypocalcemia
may also occur in conditions associated with severe tis-
sue injury such as burns, rhabdomyolysis, tumor lysis, or
pancreatitis. The cause of hypocalcemia in these settings
may include a combination of low albumin, hyperphos-
phatemia, tissue deposition of calcium, and impaired
PTH secretion.

CLINICAL MANIFESTATIONS

Patients with hypocalcemia may be asymptomatic if
the decreases in serum calcium are relatively mild and
chronic, or they may present with life-threatening com-
plications. Moderate to severe hypocalcemia is associated
with paresthesias, usually of the fingers, toes, and cir-
cumoral regions, and is caused by increased neuromus-
cular irritability. On physical examination, a Chvostek’s
sign (twitching of the circumoral muscles in response
to gentle tapping of the facial nerve just anterior to the
ear) may be elicited, although it is also present in ~10%
of normal individuals. Carpal spasm may be induced by
inflation of a blood pressure cuff to 20 mmHg above the
patient’s systolic blood pressure for 3 min (Trousseau’s
sign). Severe hypocalcemia can induce seizures, carpo-
pedal spasm, bronchospasm, laryngospasm, and prolon-
gation of the QT interval.

DIAGNOSTIC APPROACH

In addition to measuring serum calcium, it is useful
to determine albumin, phosphorus, and magnesium
levels. As for the evaluation of hypercalcemia, deter-
mining the PTH level is central to the evaluation of

hypocalcemia. A suppressed (or “inappropriately low”)
PTH level in the setting of hypocalcemia establishes
absent or reduced PTH secretion (hypoparathyroidism)
as the cause of the hypocalcemia. Further history will
often elicit the underlying cause (i.e., parathyroid agen-
esis vs. destruction). By contrast, an elevated PTH level
(secondary hyperparathyroidism) should direct atten-
tion to the vitamin D axis as the cause of the hypocal-
cemia. Nutritional vitamin D deficiency is best assessed
by obtaining serum 25-hydroxyvitamin D levels,
which reflect vitamin D stores. In the setting of renal
insufficiency or suspected vitamin D resistance, serum
1,25(OH),D levels are informative.

TREATMENT  Hypocalcemia

The approach to treatment depends on the severity of
the hypocalcemia, the rapidity with which it develops,
and the accompanying complications (e.g., seizures,
laryngospasm). Acute, symptomatic hypocalcemia is
initially managed with calcium gluconate, 10 mL 10%
wt/vol (90 mg or 2.2 mmol) intravenously, diluted in
50 mL of 5% dextrose or 0.9% sodium chloride, given
intravenously over 5 min. Continuing hypocalcemia
often requires a constant intravenous infusion (typically
10 ampuls of calcium gluconate or 900 mg of calcium
in 1 L of 5% dextrose or 0.9% sodium chloride admin-
istered over 24 h). Accompanying hypomagnesemia, if
present, should be treated with appropriate magnesium
supplementation.

Chronic hypocalcemia due to hypoparathyroidism
is treated with calcium supplements (1000-1500 mg/d
elemental calcium in divided doses) and either vita-
min D, or D3 (25,000-100,000 U daily) or calcitriol
[1,25(0H),D, 0.25-2 ug/d]. Other vitamin D metabolites
(dihydrotachysterol, alfacalcidiol) are now used less
frequently. Vitamin D deficiency, however, is best
treated using vitamin D supplementation, with the
dose depending on the severity of the deficit and the
underlying cause. Thus, nutritional vitamin D deficiency
generally responds to relatively low doses of vitamin D
(50,000 U, 2-3 times per week for several months),
while vitamin D deficiency due to malabsorption may
require much higher doses (100,000 U/d or more). The
treatment goal is to bring serum calcium into the low
normal range and to avoid hypercalciuria, which may
lead to nephrolithiasis.



CHAPTER 8

HYPERURICEMIA AND GOUT

Christopher M. Burns = Robert L. Wortmann
m H. Ralph Schumacher m Lan X. Chen

Purines (adenine and guanine) and pyrimidines (cyto-
sine, thymine, uracil) serve fundamental roles in the
replication of genetic material, gene transcription, pro-
tein synthesis, and cellular metabolism. Disorders that
involve abnormalities of nucleotide metabolism range
from relatively common diseases such as hyperurice-
mia and gout, in which there is increased production
or impaired excretion of a metabolic end product of
purine metabolism (uric acid), to rare enzyme deficien-
cies that affect purine and pyrimidine synthesis or deg-
radation. Understanding these biochemical pathways has
led, in some instances, to the development of specific
forms of treatment, such as the use of allopurinol, to
reduce uric acid production.

URIC ACID METABOLISM

Uric acid 1s the final breakdown product of purine deg-
radation in humans. It is a weak acid with pK;s of 5.75
and 10.3. Urates, the ionized forms of uric acid, pre-
dominate in plasma extracellular fluid and synovial fluid,
with ~98% existing as monosodium urate at pH 7.4.

Plasma is saturated with monosodium urate at a
concentration of 405 wmol/L (6.8 mg/dL) at 37°C.
At higher concentrations, plasma is therefore super-
saturated, creating the potential for urate crystal pre-
cipitation. However, plasma urate concentrations can
reach 4800 pumol/L (80 mg/dL) without precipita-
tion, perhaps because of the presence of solubilizing
substances.

The pH of urine greatly influences the solubility of
uric acid. At pH 5.0, urine is saturated with uric acid
at concentrations ranging from 360 to 900 umol/L
(615 mg/dL). At pH 7, saturation is reached at con-
centrations between 9480 and 12,000 umol/L (158
and 200 mg/dL). Ionized forms of uric acid in urine
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include mono- and disodium, potassium, ammonium,
and calcium urates.

Although purine nucleotides are synthesized and
degraded in all tissues, urate is produced only in tissues
that contain xanthine oxidase, primarily the liver and
small intestine. Urate production varies with the purine
content of the diet and the rates of purine biosynthe-
sis, degradation, and salvage (Fig. 8-1). Normally,
two-thirds to three-fourths of urate is excreted by the
kidneys, and most of the remainder is eliminated
through the intestines.

De novo biosynthesis | | Nucleic acids I

Nucleotides
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~
Y
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.
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FIGURE 8-1

The total-body urate pool is the net result between urate
production and excretion. Urate production is influenced by
dietary intake of purines and the rates of de novo biosynthe-
sis of purines from nonpurine precursors, nucleic acid turn-
over, and salvage by phosphoribosyliransferase activities.
The formed urate is normally excreted by urinary and intesti-
nal routes. Hyperuricemia can result from increased produc-
tion, decreased excretion, or a combination of both mecha-
nisms. When hyperuricemia exists, urate can precipitate and
deposit in tissues as tophi.
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FIGURE 8-2

Schematic for handling of uric acid by the kidney. A complex
interplay of transporters on both the apical and basolateral
aspects of the renal tubule epithelial cell is involved in the

The kidneys clear urate from the plasma and main-
tain physiologic balance by utilizing specific organic
anion transporters (OATs), including urate transporter 1
(URAT1) and human uric acid transporter (hUAT)
(Fig. 8-2). URAT1 and other OATSs carry urate into
the tubular cells from the apical side of the lumen. Once
inside the cell, urate must pass to the basolateral side of the
lumen in a process controlled by the voltage-dependent
carrier hUAT. Until recently, a four-component model
has been used to describe the renal handling of urate/uric
acid: (1) glomerular filtration, (2) tubular reabsorption,
(3) secretion, and (4) postsecretory reabsorption.
Although these processes have been considered sequen-
tial, it is now apparent that they are carried out in paral-
lel by these transporters. URAT1 is a novel transporter
expressed at the apical brush border of the proximal
nephron. Uricosuric compounds (Table 8-1) directly
inhibit URAT1 on the apical side of the tubular cell
(so-called cis-inhibition). In contrast, antiuricosuric com-
pounds (those that promote hyperuricemia), such as nic-
otinate, pyrazinoate, lactate, and other aromatic organic
acids, serve as the exchange anion inside the cell, thereby
stimulating anion exchange and urate reabsorption (frans-
stimulation). The activities of URAT1, other OATS, and
sodium anion transporter result in 8-12% of the filtered
urate being excreted as uric acid.

P Uric acid

. URAT1

b, — Organic anions
monocarboxylates
Nat

SLC5A8

SLC5A12
Monocarboxylates

ﬁ;&gvz Uric acid

(GLUT9AN) ~— Glucose
V,/ Fructose

S Uric acid

— Dicarboxylates
Apical membrane
Tubal lumen

reabsorption of uric acid. Please see text for details. Most
uricosuric compounds inhibit URAT1 on the apical side, as
well as OAT1, OAT3, and GLUT9 on the basolateral side.

Most children have serum urate concentrations of
180240 pmol/L (3—4 mg/dL). Levels begin to rise in
males during puberty but remain low in females until
menopause. Mean serum urate values of adult men and
premenopausal women are 415 and 360 pumol/L (6.8
and 6 mg/dL), respectively. After menopause, values for

TABLE 8-1

MEDICATIONS WITH URICOSURIC ACTIVITY

Acetohexamide Glyceryl guaiacolate

ACTH Glycopyrrolate
Ascorbic acid Halofenate
Azauridine Losartan
Benzbromarone Meclofenamate
Calcitonin Phenolsulfonphthalein

Chlorprothixene Phenylbutazone

Citrate Probenecid

Dicumarol Radiographic contrast agents
Diflunisal Salicylates (>2 g/d)
Estrogens Sulfinpyrazone

Fenofibrate Tetracycline that is outdated

Glucocorticoids Zoxazolamine




women increase to approximate those of men. In adult-
hood, concentrations rise steadily over time and vary
with height, body weight, blood pressure, renal func-
tion, and alcohol intake.

HYPERURICEMIA

Hyperuricemia can result from increased production or
decreased excretion of uric acid or from a combination
of the two processes. Sustained hyperuricemia predis-
poses some individuals to develop clinical manifestations
including gouty arthritis, urolithiasis, and renal dysfunc-
tion (see below).

Hyperuricemia is defined as a plasma (or serum)
urate concentration >405 umol/L (6.8 mg/dL). The
risk of developing gouty arthritis or urolithiasis increases
with higher urate levels and escalates in proportion to
the degree of elevation. Hyperuricemia is present in
between 2 and 13.2% of ambulatory adults and is even
more frequent in hospitalized individuals.

CAUSES OF HYPERURICEMIA

Hyperuricemia may be classified as primary or secondary
depending on whether the cause is innate or is the result
of an acquired disorder. However, it is more useful to
classity hyperuricemia in relation to the underlying
pathophysiology, i.e., whether it results from increased
production, decreased excretion, or a combination of
the two (Fig. 8-1, Table 8-2).

Increased urate production

Diet contributes to the serum urate in proportion to
its purine content. Strict restriction of purine intake
reduces the mean serum urate level by about 60 pmol/L
(1 mg/dL) and wurinary wuric acid excretion by
~1.2 mmol/d (200 mg/d). Foods high in nucleic acid
content include liver, “sweetbreads” (i.e., thymus and
pancreas), kidney, and anchovy.

Endogenous sources of purine production also influ-
ence the serum urate level (Fig. 8-3). De novo purine
biosynthesis is an 11-step process that forms inosine
monophosphate (IMP). The rates of purine biosynthe-
sis and urate production are determined, for the most
part, by amidophosphoribosyltransterase (amidoPRT),
which combines phosphoribosylpyrophosphate (PRPP)
and glutamine. A secondary regulatory pathway is the
salvage of purine bases by hypoxanthine phosphoribo-
syltransferase (HPRT). HPRT catalyzes the combina-
tion of the purine bases hypoxanthine and guanine with
PRPP to form the respective ribonucleotides IMP and
guanosine monophosphate (GMP).

Serum urate levels are closely coupled to the rates of
de novo purine biosynthesis, which is driven in part by

TABLE 8-2

CLASSIFICATION OF HYPERURICEMIA BY
PATHOPHYSIOLOGY

Urate Overproduction

Primary idiopathic ~ Myeloproliferative Rhabdomyolysis
HPRT deficiency diseases Exercise
PRPP synthetase  Polycythemia vera  Alcohol
overactivity Psoriasis Obesity
Hemolytic Paget’s disease Purine-rich diet
processes Glycogenosis lll, V,
Lymphoproliferative  and VII
diseases

Decreased Uric Acid Excretion

Primary idiopathic ~ Starvation ketosis Drug ingestion

Renal Berylliosis Salicylates
insufficiency Sarcoidosis (>2 g/d)
Polycystic kidney  Lead intoxication Diuretics
disease Hyperparathyroidism  Alcohol
Diabetes insipidus  Hypothyroidism Levodopa
Hypertension Toxemia of pregnancy  Ethambutol
Acidosis Bartter’s syndrome Pyrazinamide
Lactic acidosis ~ Down syndrome Nicotinic acid
Diabetic Cyclosporine
etoacidosis

Combined Mechanism

Glucose-6- Fructose-1- Alcohol
phosphatase phosphate aldolase Shock
deficiency deficiency

Abbreviations: HPRT, hypoxanthine phosphoribosyltransferase;

PRPP, phosphoribosylpyrophosphate.

the level of PRPP, as evidenced by two X-linked
inborn errors of purine metabolism. Both increased
PRPP synthetase activity and HPRT deficiency are
associated with overproduction of purines, hyperuri-
cemia, and hyperuricaciduria (see below for clinical
descriptions).

Accelerated purine nucleotide degradation can also
cause hyperuricemia, i.e., with conditions of rapid cell
turnover, proliferation, or cell death, as in leukemic blast
crises, cytotoxic therapy for malignancy, hemolysis, or
rhabdomyolysis. Hyperuricemia can result from exces-
sive degradation of skeletal muscle ATP after strenuous
physical exercise or status epilepticus and in glycogen
storage diseases types 11, V, and VII. The hyperuricemia
of myocardial infarction, smoke inhalation, and acute

respiratory failure may also be related to accelerated
breakdown of ATP.

Decreased uric acid excretion

More than 90% of individuals with sustained hyperuri-
cemia have a defect in the renal handling of uric acid.
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FIGURE 8-3

Abbreviated scheme of purine metabolism. (1) Phosphori-
bosylpyrophosphate (PRPP) synthetase, (2) amidophospho-
ribosyltransferase (amidoPRT), (3) adenylosuccinate lyase,
(4) (myo-)adenylate (AMP) deaminase, (5) 5’-nucleotidase,
(6) adenosine deaminase, (7) purine nucleoside phosphory-
lase, (8) hypoxanthine phosphoribosyltransferase (HPRT),
(9) adenine phosphoribosyltransferase (APRT), and (10) xan-
thine oxidase. AICAR, aminoimidazole carboxamide ribotide;
ATP, adenosine triphosphate; GMP, guanylate; IMP, inosine
monophosphate; PRA, phosphoribosylamine; SAICAR, suc-
cinylaminoimidazole carboxamide ribotide.

Gouty individuals excrete ~40% less uric acid than
nongouty individuals for any given plasma urate con-
centration. Uric acid excretion increases in gouty and
nongouty individuals when plasma urate levels are raised
by purine ingestion or infusion, but in those with gout,
plasma urate concentrations must be 60-120 wmol/L
(1-2 mg/dL) higher than normal to achieve equivalent
uric acid excretion rates.

Altered uric acid excretion could theoretically result
from decreased glomerular filtration, decreased tubular
secretion, or enhanced tubular reabsorption. Decreased
urate filtration does not appear to cause primary hyper-
uricemia but does contribute to the hyperuricemia of
renal insufficiency. Although hyperuricemia is invariably
present in chronic renal disease, the correlation between
serum creatinine, urea nitrogen, and urate concentra-
tion is poor. Uric acid excretion per unit of glomerular
filtration rate increases progressively with chronic renal
insufficiency, but tubular secretory capacity tends to be
preserved, tubular reabsorptive capacity is reduced, and

extrarenal clearance of uric acid increases as renal dam-
age becomes more severe.

Many agents that cause hyperuricemia exert their
effects by stimulating reabsorption rather than inhibit-
ing secretion. This appears to occur through a process of
“priming” renal urate reabsorption through the sodium-
dependent loading of proximal tubular epithelial cells
with anions capable of frans-stimulating urate reabsorp-
tion. The sodium-coupled monocarboxyl transporters
SMCT1 and 2 (SLC5A8, SLC5A12) in the brush border
of the proximal tubular cells mediate sodium-dependent
loading of these cells with monocarboxylates. A simi-
lar transporter, SLC13A3, mediates sodium-dependent
influx of dicarboxylates into the epithelial cell from
the basolateral membrane. Some of these carboxyl-
ates are well known to cause hyperuricemia, including
pyrazinoate (from pyrazinamide treatment), nicotin-
ate (from niacin therapy), and the organic acids lactate,
B-hydroxybutyrate, and acetoacetate. The mono- and
divalent anions then become substrates for URAT1 and
organic anion transporter (OAT4), respectively, and
are exchanged for uric acid from the proximal tubule.
Increased blood levels of these anions result in their
increased glomerular filtration and greater reabsorption
by proximal tubular cells. The increased intraepithelial
cell concentrations lead to increased uric acid reabsorp-
tion by promoting URATI1- and OAT4-dependent
anion exchange. Low doses of salicylates also promote
hyperuricemia by this mechanism. Sodium loading of
proximal tubular cells also provokes urate retention by
reducing extracellular fluid volume and increasing angio-
tensin II, insulin, and parathyroid hormone release.
Additional organic anion transporters OAT1 and OAT3
are involved in the movement of uric acid through the
basolateral membrane, although the detailed mechanisms
are still being elucidated.

Glucose transporter 9 (GLUTY9, SLC2A9) is an
electrogenic hexose transporter with splicing vari-
ants that mediate co-reabsorption of uric acid along
with glucose and fructose at the apical membrane
(GLUT9&DELTA;N/SLC2A9v2), as well as through
the basolateral membrane, and thus into the circula-
tion (SLC2A9v1). This might be a mechanism for the
observed association of the consumption of fructose-
sweetened soft drinks with an increased risk of hyper-
uricemia and gout. Genomewide association scanning
(GWAYS) suggests that polymorphisms in SLC2A9 may
play an important role in susceptibility to gout in the
white population. The presence of one predisposing
variant allele increases the relative risk of developing
gout by 30-70%, most likely by increasing expression
of the shorter isoform, SLC2A9v2 (GLUT9AN). Nota-
bly, these polymorphisms explain <5% of the variation
in serum uric acid levels in whites.

Alcohol promotes hyperuricemia because of increased
urate production and decreased uric acid excretion.



Excessive alcohol consumption accelerates hepatic
breakdown of ATP to increase urate production. Alco-
hol consumption can also induce hyperlacticacidemia,
which blocks uric acid secretion. The higher purine
content in some alcoholic beverages such as beer may

also be a factor.

EVALUATION

Hyperuricemia does not necessarily represent a disease,
nor is it a specific indication for therapy. The decision
to treat depends on the cause and the potential conse-
quences of the hyperuricemia in each individual.

Quantification of uric acid excretion can be used to
determine whether hyperuricemia is caused by overpro-
duction or decreased excretion. On a purine-free diet,
men with normal renal function excrete <3.6 mmol/d
(600 mg/d). Thus, the hyperuricemia of individuals who
excrete uric acid above this level while on a purine-
free diet is due to purine overproduction; for those
who excrete lower amounts on the purine-free diet, it
is due to decreased excretion. If the assessment is per-
formed while the patient is on a regular diet, the level of
4.2 mmol/d (800 mg/d) can be used as the discriminat-
ing value.

GOUT

The use of polarizing light microscopy during synovial
fluid analysis in 1961 by McCarty and Hollander and the
subsequent application of other crystallographic tech-
niques, such as electron microscopy, energy-dispersive
elemental analysis, and x-ray diffraction, have allowed
investigators to identify the roles of difterent micro-
crystals, including monosodium urate (MSU), calcium
pyrophosphate dihydrate (CPPD), calcium apatite (apa-
tite), and calcium oxalate (CaOx), in inducing acute or
chronic arthritis or perarthritis. The clinical events that
result from deposition of MSU, CPPD, apatite, and
CaOx have many similarities but also have important
differences. Before the use of crystallographic techniques
in rheumatology, much of what was considered to be
gouty arthritis in fact was not. Because of often simi-
lar clinical presentations, the need to perform synovial
fluid analysis to distinguish the type of crystal involved
must be emphasized. Polarized light microscopy alone
can identify most typical crystals; apatite, however, is
an exception. Aspiration and analysis of effusions are
also important to assess the possibility of infection.
Apart from the identification of specific microcrystalline
materials or organisms, synovial fluid characteristics in
crystal-associated diseases are nonspecific, and synovial
fluid can be inflammatory or noninflaimmatory. A list of
possible musculoskeletal manifestations of crystal-associated
arthritis is shown in Table 8-3.

TABLE 8-3

MUSCULOSKELETAL MANIFESTATIONS OF
CRYSTAL-INDUCED ARTHRITIS

Acute mono- or polyarthritis Destructive arthropathies

Bursitis Pseudo-rheumatoid
arthritis

Tendinitis Pseudo-ankylosing
spondylitis

Enthesitis Spinal stenosis

Tophaceous deposits Crowned dens syndrome

Peculiar type of osteoarthritis ~ Carpal tunnel syndrome

Synovial osteochondromatosis  Tendon rupture

Gout is a metabolic disease that most often affects
middle-aged to elderly men and postmenopausal
women. It results from an increased body pool of urate
with hyperuricemia. It typically is characterized by epi-
sodic acute and chronic arthritis caused by deposition
of MSU crystals in joints and connective tissue tophi
and the risk for deposition in kidney interstitium or
uric acid nephrolithiasis.

ACUTE AND CHRONIC ARTHRITIS

Acute arthritis is the most common early clinical mani-
festation of gout. Usually, only one joint is affected
initially, but polyarticular acute gout can occur in sub-
sequent episodes. The metatarsophalangeal joint of the
first toe often is involved, but tarsal joints, ankles, and
knees also are affected commonly. Especially in elderly
patients or in advanced disease, finger joints may be
involved. Inflamed Heberden’s or Bouchard’s nodes
may be a first manifestation of gouty arthritis. The
first episode of acute gouty arthritis frequently begins
at night with dramatic joint pain and swelling. Joints
rapidly become warm, red, and tender, with a clini-
cal appearance that often mimics that of cellulitis. Early
attacks tend to subside spontaneously within 3—10 days,
and most patients have intervals of varying length with
no residual symptoms until the next episode. Several
events may precipitate acute gouty arthritis: dietary
excess, trauma, surgery, excessive ethanol ingestion,
hypouricemic therapy, and serious medical illnesses such
as myocardial infarction and stroke.

After many acute mono- or oligoarticular attacks, a
proportion of gouty patients may present with a chronic
nonsymmetric synovitis, causing potential confusion
with rheumatoid arthritis. Less commonly, chronic
gouty arthritis will be the only manifestation, and,
more rarely, the disease will manifest only as periar-
ticular tophaceous deposits in the absence of synovitis.
Women represent only 5-20% of all patients with gout.
Premenopausal gout is rare; it is seen mostly in individ-
uals with a strong family history of gout. Kindreds of
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precocious gout in young females caused by decreased
renal urate clearance and renal insufficiency have been
described. Most women with gouty arthritis are post-
menopausal and elderly, have osteoarthritis and arterial
hypertension that cause mild renal insufficiency, and
usually are receiving diuretics.

LABORATORY DIAGNOSIS

Even if the clinical appearance strongly suggests gout,
the presumptive diagnosis ideally should be confirmed
by needle aspiration of acutely or chronically involved
joints or tophaceous deposits. Acute septic arthritis, sev-
eral of the other crystalline-associated arthropathies, pal-
indromic rheumatism, and psoriatic arthritis may present
with similar clinical features. During acute gouty attacks,
needle-shaped MSU crystals typically are seen both intra-
cellularly and extracellularly (Fig. 8-4). With compen-
sated polarized light these crystals are brightly birefringent
with negative elongation. Synovial fluid leukocyte counts
are elevated from 2000 to 60,000/uL. Effusions appear
cloudy due to the increased numbers of leukocytes. Large
amounts of crystals occasionally produce a thick pasty or
chalky joint fluid. Bacterial infection can coexist with
urate crystals in synovial fluid; if there is any suspicion of
septic arthritis, joint fluid must be cultured.

MSU crystals also can often be demonstrated in the
first metatarsophalangeal joint and in knees not acutely
involved with gout. Arthrocentesis of these joints is
a useful technique to establish the diagnosis of gout
between attacks.

Serum uric acid levels can be normal or low at the
time of an acute attack, as inflammatory cytokines can
be uricosuric and effective initiation of hypouricemic
therapy can precipitate attacks. This limits the value of
serum uric acid determinations for the diagnosis of gout.

FIGURE 8-4

Extracellular and intracellular monosodium urate crystals, as
seen in a fresh preparation of synovial fluid, illustrate needle-
and rod-shaped crystals. These crystals are strongly nega-
tive birefringent crystals under compensated polarized light
microscopy; 400x.

Nevertheless, serum urate levels are almost always ele-
vated at some time and are important to use to follow
the course of hypouricemic therapy. A 24-h urine col-
lection for uric acid can, in some cases, be useful in
assessing the risk of stones, elucidating overproduction
or underexcretion of uric acid, and deciding whether it
may be appropriate to use a uricosuric therapy. Excre-
tion of >800 mg of uric acid per 24 h on a regular diet
suggests that causes of overproduction of purine should
be considered. Urinalysis, serum creatinine, hemoglo-
bin, white blood cell (WBC) count, liver function tests,
and serum lipids should be obtained because of possible
pathologic sequelae of gout and other associated diseases
requiring treatment and as baselines because of possible
adverse effects of gout treatment.

RADIOGRAPHIC FEATURES

Early in the disease radiographic studies may only con-
firm clinically evident swelling. Cystic changes, well-
defined erosions with sclerotic margins (often with
overhanging bony edges), and soft tissue masses are
characteristic features of advanced chronic tophaceous
gout. Ultrasound, CT, and MRI are being studied and
are likely to become more sensitive for early changes.

TREATMENT  Gout

ACUTE GOUTY ARTHRITIS The mainstay of
treatment during an acute attack is the administra-
tion of anti-inflammatory drugs such as nonsteroidal
anti-inflammatory drugs (NSAIDs), colchicine, or gluco-
corticoids. NSAIDs are used most often in individuals
without complicating comorbid conditions. Both colchi-
cine and NSAIDs may be poorly tolerated and dangerous
in the elderly and in the presence of renal insufficiency
and gastrointestinal disorders. This was repeated later.
Ice pack applications and rest of the involved joints can
be helpful. Colchicine given orally is a traditional and
effective treatment if used early in an attack. One useful
regimen is one 0.6-mg tablet given every 8 h with sub-
sequent tapering. This is generally better tolerated than
the formerly advised hourly regimen. The drug must be
stopped promptly at the first sign of loose stools, and
symptomatic treatment must be given for the diarrhea.
Intravenous colchicine has been taken off the market.
NSAIDs given in full anti-inflammatory doses are effec-
tive in ~90% of patients, and the resolution of signs and
symptoms usually occurs in 5-8 days. The most effective
drugs are any of those with a short half-life and include
indomethacin, 25-50 mg tid; naproxen, 500 mg bid;
ibuprofen, 800 mg tid; and diclofenac, 50 mg tid. Glu-
cocorticoids given IM or orally, for example, prednisone,
30-50 mg/d as the initial dose and gradually



tapered with the resolution of the attack, can be effec-
tive in polyarticular gout. For a single joint or a few
involved joints intraarticular triamcinolone acetonide,
20-40 mg, or methylprednisolone, 25-50 mg, have been
effective and well tolerated. Based on recent evidence
on the essential role of the inflammasome and interleu-
kin 1 B (IL-1B) in acute gout, anakinra has been used and
other inhibitors of IL-1f are under investigation.

HYPOURICEMIC THERAPY Ultimate control of
gout requires correction of the basic underlying defect:
the hyperuricemia. Attempts to normalize serum uric
acid to <300-360 umol/L (5.0-6.0 mg/dL) to prevent
recurrent gouty attacks and eliminate tophaceous
deposits entail a commitment to long-term hypouri-
cemic regimens and medications that generally are
required for life. Hypouricemic therapy should be con-
sidered when, as in most patients, the hyperuricemia
cannot be corrected by simple means (control of body
weight, low-purine diet, increase in liquid intake, limita-
tion of ethanol use, decreased use of fructose-containing
foods and beverages, and avoidance of diuretics). The
decision to initiate hypouricemic therapy usually is
made taking into consideration the number of acute
attacks (urate lowering may be cost-effective after two
attacks), serum uric acid levels [progression is more
rapid in patients with serum uric acid >535 pumol/L
(>9.0 mg/dL)], the patient’s willingness to commit to
lifelong therapy, or the presence of uric acid stones.
Urate-lowering therapy should be initiated in any
patient who already has tophi or chronic gouty arthri-
tis. Uricosuric agents such as probenecid can be used
in patients with good renal function who underexcrete
uric acid, with <600 mg in a 24-h urine sample. Urine
volume must be maintained by ingestion of 1500 mL
of water every day. Probenecid can be started at a dose
of 250 mg twice daily and increased gradually as needed
up to 3 g per day to maintain a serum uric acid level
<360 umol/L (6 mg/dL). Probenecid is generally not effec-
tive in patients with serum creatinine levels >177 pmol/L
(2 mg/dL). These patients may require allopurinol or benz-
bromarone (not available in the United States). Benzbro-
marone is another uricosuric drug that is more effective
in patients with renal failure. Some agents used to treat
common comorbidities, including losartan, fenofibrate,
and amlodipine, have some mild uricosuric effects.

The xanthine oxidase inhibitor allopurinol is by far
the most commonly used hypouricemic agent and is
the best drug to lower serum urate in overproducers,
urate stone formers, and patients with renal disease. It
can be given in a single morning dose, 100-300 mg ini-
tially and increasing up to 800 mg if needed. In patients
with chronic renal disease, the initial allopurinol dose
should be lower and adjusted depending on the serum
creatinine concentration; for example, with a creatinine

clearance of 10 mL/min, one generally would use
100 mg every other day. Doses can be increased gradu-
ally to reach the target urate level of 6 mg/dL; however,
more studies are needed to provide exact guidance.
Toxicity of allopurinol has been recognized increasingly
in patients who use thiazide diuretics and patients aller-
gic to penicillin and ampicillin. The most serious side
effects include life-threatening toxic epidermal necrolysis,
systemic vasculitis, bone marrow suppression, granu-
lomatous hepatitis, and renal failure. Patients with mild
cutaneous reactions to allopurinol can reconsider the use
of a uricosuric agent, undergo an attempt at desensitiza-
tion to allopurinol, or take febuxostat, a new, chemically
unrelated specific xanthine oxidase inhibitor. Febuxo-
stat is approved at 40 or 80 mg once a day and does not
require dose adjustment in mild to moderate renal dis-
ease. Patients can also pay increased attention to diet and
should be aware of new alternative agents (see below).
Urate-lowering drugs are generally not initiated during
acute attacks but after the patient is stable and low-dose
colchicine has been initiated to decrease the risk of the
flares that often occur with urate lowering. Colchicine
anti-inflammatory prophylaxis in doses of 0.6 mg one to
two times daily should be given along with the hypo-
uricemic therapy until the patient is normouricemic and
without gouty attacks for 6 months or as long as tophi are
present. Colchicine should not be used in dialysis patients
and is given in lower doses in patients with renal disease
or with P glycoprotein or CYP3A4 inhibitors such as clar-
ithromycin that can increase toxicity of colchicine. Peglot-
icase is a new urate-lowering biologic agent that can be
effective in patients allergic to or failing xanthine oxidase
inhibitors. New uricosurics are undergoing investigation.

COMPLICATIONS

The most recognized complication of hyperuricemia is
gouty arthritis. In the general population, the prevalence
of hyperuricemia ranges between 2.0 and 13.2%, and the
prevalence of gout is between 1.3 and 3.7%. The higher
the serum urate level, the more likely an individual is to
develop gout. In one study, the incidence of gout was
4.9% for individuals with serum urate concentrations
>540 umol/L (9.0 mg/dL) compared with 0.5% for
those with values between 415 and 535 wmol/L (7.0 and
8.9 mg/dL). The complications of gout correlate with
both the duration and severity of hyperuricemia.
Hyperuricemia also causes several renal problems:
(1) nephrolithiasis; (2) urate nephropathy, a rare cause of
renal insufficiency attributed to monosodium urate crys-
tal deposition in the renal interstitium; and (3) uric acid
nephropathy, a reversible cause of acute renal failure
resulting from deposition of large amounts of uric acid
crystals in the renal collecting ducts, pelvis, and ureters.
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NEPHROLITHIASIS

Uric acid nephrolithiasis occurs most commonly, but
not exclusively, in individuals with gout. In gout, the
prevalence of nephrolithiasis correlates with the serum
and urinary uric acid levels, reaching ~50% with serum
urate levels of 770 umol/L (13 mg/dL) or urinary uric
acid excretion >6.5 mmol/d (1100 mg/d).

Uric acid stones can develop in individuals with no
evidence of arthritis, only 20% of whom are hyperuri-
cemic. Uric acid can also play a role in other types of
kidney stones. Some nongouty individuals with calcium
oxalate or calcium phosphate stones have hyperuricemia
or hyperuricaciduria. Uric acid may act as a nidus on
which calcium oxalate can precipitate or lower the for-
mation product for calcium oxalate crystallization.

URATE NEPHROPATHY

Urate nephropathy, sometimes referred to as urate nephro-
sis, is a late manifestation of severe gout and is charac-
terized histologically by deposits of monosodium urate
crystals surrounded by a giant cell inflammatory reaction
in the medullary interstitium and pyramids. The disor-
der is now rare and cannot be diagnosed in the absence
of gouty arthritis. The lesions may be clinically silent or
cause proteinuria, hypertension, and renal insufficiency.

URIC ACID NEPHROPATHY

This reversible cause of acute renal failure is due to pre-
cipitation of uric acid in renal tubules and collecting ducts
that causes obstruction to urine flow. Uric acid nephrop-
athy develops following sudden urate overproduction and
marked hyperuricaciduria. Factors that favor uric acid
crystal formation include dehydration and acidosis. This
form of acute renal failure occurs most often during an
aggressive “blastic” phase of leukemia or lymphoma prior
to or coincident with cytolytic therapy but has also been
observed in individuals with other neoplasms, follow-
ing epileptic seizures, and after vigorous exercise with
heat stress. Autopsy studies have demonstrated intralu-
minal precipitates of uric acid, dilated proximal tubules,
and normal glomeruli. The initial pathogenic events are
believed to include obstruction of collecting ducts with
uric acid and obstruction of distal renal vasculature.

If recognized, uric acid nephropathy is potentially
reversible. Appropriate therapy has reduced the mortal-
ity from about 50% to practically nil. Serum levels can-
not be relied on for diagnosis because this condition has
developed in the presence of urate concentrations vary-
ing from 720 to 4800 wmol/L (12-80 mg/dL). The dis-
tinctive feature is the urinary uric acid concentration. In
most forms of acute renal failure with decreased urine
output, urinary uric acid content is either normal or
reduced, and the ratio of uric acid to creatinine is <1.

In acute uric acid nephropathy the ratio of uric acid to
creatinine in a random urine sample or 24-h specimen is
>1, and a value that high is essentially diagnostic.

HYPERURICEMIA AND METABOLIC
SYNDROME

Metabolic syndrome is characterized by abdominal
obesity with visceral adiposity, impaired glucose toler-
ance due to insulin resistance with hyperinsulinemia,
hypertriglyceridemia, increased low-density lipoprotein
cholesterol, decreased high-density lipoprotein choles-
terol, and hyperuricemia. Hyperinsulinemia reduces the
renal excretion of uric acid and sodium. Not surpris-
ingly, hyperuricemia resulting from euglycemic hyper-
insulinemia may precede the onset of type 2 diabetes,
hypertension, coronary artery disease, and gout in indi-
viduals with metabolic syndrome.

TREATMENT  Hyperuricemia

ASYMPTOMATIC HYPERURICEMIA Hyperuri-
cemia is present in ~5% of the population and in up to
25% of hospitalized individuals. The vast majority are at
no clinical risk. In the past, the association of hyperuri-
cemia with cardiovascular disease and renal failure led
to the use of urate-lowering agents for patients with
asymptomatic hyperuricemia. This practice is no longer
recommended except for individuals receiving cytolytic
therapy for neoplastic disease, in which treatment is
given in an effort to prevent uric acid nephropathy.
Because hyperuricemia can be a component of the met-
abolic syndrome, its presence is an indication to screen
for and aggressively treat any accompanying obesity,
hyperlipidemia, diabetes mellitus, or hypertension.
Hyperuricemic individuals are at risk to develop gouty
arthritis, especially those with higher serum urate levels.
However, most hyperuricemic persons never develop
gout, and prophylactic treatment is not indicated. Fur-
thermore, neither structural kidney damage nor tophi are
identifiable before the first attack. Reduced renal function
cannot be attributed to asymptomatic hyperuricemia,
and treatment of asymptomatic hyperuricemia does not
alter the progression of renal dysfunction in patients with
renal disease. Increased risk of stone formation in those
with asymptomatic hyperuricemia is not established.
Thus, because treatment with specific antihyperuri-
cemic agents entails inconvenience, cost, and potential
toxicity, routine treatment of asymptomatic hyperuri-
cemia cannot be justified other than for prevention
of acute uric acid nephropathy. In addition, routine
screening for asymptomatic hyperuricemia is not rec-
ommended. If hyperuricemia is diagnosed, however, the
cause should be determined. Causal factors should be



corrected if the condition is secondary, and associated
problems such as hypertension, hypercholesterolemia,
diabetes mellitus, and obesity should be treated.

SYMPTOMATIC HYPERURICEMIA
Nephrolithiasis Antihyperuricemic  therapy is
recommended for the individual who has both gouty
arthritis and either uric acid— or calcium-containing
stones, both of which may occur in association with
hyperuricaciduria. Regardless of the nature of the cal-
culi, fluid ingestion should be sufficient to produce a
daily urine volume >2 L. Alkalinization of the urine with
sodium bicarbonate or acetazolamide may be justified
to increase the solubility of uric acid. Specific treatment
of uric acid calculi requires reducing the urine uric acid
concentration with a xanthine oxidase inhibitor, such
as allopurinol or febuxostat. These agents decrease the
serum urate concentration and the urinary excretion
of uric acid in the first 24 h, with a maximum reduc-
tion occurring within 2 weeks. The average effective
dose of allopurinol is 300-400 mg/d. Allopurinol can be
given once a day because of the long half-life (18 h) of
its active metabolite, oxypurinol. The drug is effective in
patients with renal insufficiency, but the dose should be
reduced. Allopurinol is also useful in reducing the recur-
rence of calcium oxalate stones in gouty patients and
in nongouty individuals with hyperuricemia or hyper-
uricaciduria. Febuxostat (40-80 mg/d) is also taken
once daily, and doses do not need to be adjusted in the
presence of mild to moderate renal dysfunction. Potas-
sium citrate (30-80 mmol/d orally in divided doses) is
an alternative therapy for patients with uric acid stones
alone or mixed calcium/uric acid stones. A xanthine
oxidase inhibitor is also indicated for the treatment of
2,8-dihydroxyadenine kidney stones.

Uric Acid Nephropathy Uric acid nephropathy is
often preventable, and immediate, appropriate therapy
has greatly reduced the mortality rate. Vigorous IV hydra-
tion and diuresis with furosemide dilute the uric acid in
the tubules and promote urine flow to >100 mL/h. The
administration of acetazolamide, 240-500 mg every
6-8 h, and sodium bicarbonate, 89 mmol/L, IV enhances
urine alkalinity and thereby solubilizes more uric acid.
It is important to ensure that the urine pH remains >7.0
and to watch for circulatory overload. In addition, antihy-
peruricemic therapy in the form of allopurinol in a single
dose of 8 mg/kg is administered to reduce the amount
of urate that reaches the kidney. If renal insufficiency
persists, subsequent daily doses should be reduced to
100-200 mg because oxypurinol, the active metabo-
lite of allopurinol, accumulates in renal failure. Despite
these measures, hemodialysis may be required. Urate
oxidase (Rasburicase) can also be administered IV to
prevent or to treat tumor lysis syndrome.

HYPOURICEMIA

Hypouricemia, defined as a serum urate concentration
<120 pmol/L (2.0 mg/dL) can result from decreased
production of urate, increased excretion of uric acid,
or a combination of both mechanisms. It occurs in
<0.2% of the general population and <0.8% of hospital-
ized individuals. Hypouricemia causes no symptoms or
pathology and therefore requires no therapy.

Most hypouricemia results from increased renal uric
acid excretion. The finding of normal amounts of uric
acid in a 24-h urine collection in an individual with
hypouricemia is evidence for a renal cause. Medications
with uricosuric properties (Table 8-1) include aspirin
(at doses >2.0 g/d), losartan, fenofibrate, x-ray con-
trast materials, and glyceryl guaiacolate. Total parenteral
hyperalimentation can also cause hypouricemia, possibly
a result of the high glycine content of the infusion for-
mula. Other causes of increased urate clearance include
conditions such as neoplastic disease, hepatic cirrhosis,
diabetes mellitus, and inappropriate secretion of vaso-
pressin; defects in renal tubular transport such as pri-
mary Fanconi syndrome and Fanconi syndromes caused
by Wilson’s disease, cystinosis, multiple myeloma, and
heavy metal toxicity; and isolated congenital defects
in the bidirectional transport of uric acid. Hypourice-
mia can be familial, generally inherited in an autoso-
mal recessive manner. Most cases are caused by a loss of
function mutation in SLC12A12, the gene that encodes
URAT-1, resulting in increased renal urate clearance.
Individuals with normal SLC12A412 most likely have
a defect in other urate transporters. Although usually
asymptomatic, some patients suffer from urate nephroli-
thiasis or exercise-induced renal failure.

SELECTED INBORN ERRORS OF
PURINE METABOLISM

(Table 8-4; see also Fig. 8-3.) More than 30 defects in
human purine and pyrimidine metabolic pathways have
been identified thus far. Many are benign, but about
half are associated with clinical manifestations, some
causing major morbidity and mortality. Advances in
genetics, as well as high-performance liquid chromatog-
raphy and tandem mass spectrometry, have allowed for
better diagnosis.

PURINE DISORDERS

HPRT DEFICIENCY

The HPRT gene is located on the X chromosome.
Affected males are hemizygous for the mutant gene;

carrier females are asymptomatic. A complete deficiency
of HPRT, the Lesch-Nyhan syndrome, is characterized
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TABLE 8-4

INBORN ERRORS OF PURINE METABOLISM

LABORATORY
ENZYME ACTIVITY INHERITANCE CLINICAL FEATURES FEATURES
Hypoxanthine phosphoribosyl- Complete X-linked Self-mutilation, choreoathetosis, Hyperuricemia,
transferase deficiency gout, and uric acid lithiasis hyperuricosuria
Partial X-linked Gout and uric acid lithiasis Hyperuricemia,
deficiency hyperuricosuria
Phosphoribosylpyrophosphate ~ Overactivity X-linked Gout, uric acid lithiasis, and Hyperuricemia,
synthetase deafness hyperuricosuria
Adenine phosphoribosyl- Deficiency Autosomal recessive  2,8-Dihydroxyadenine lithiasis —
transferase
Xanthine oxidase Deficiency Autosomal recessive  Xanthinuria and xanthine Hypouricemia,
lithiasis hypouricosuria
Adenylosuccinate lyase Deficiency Autosomal recessive  Autism and psychomotor —
retardation
Myoadenylate deaminase Deficiency Autosomal recessive  Myopathy with exercise —
intolerance or asymptomatic
Adenosine deaminase Deficiency Autosomal recessive  Severe combined immuno- =
deficiency disease and
chondroosseous dysplasia
Purine nucleoside Deficiency Autosomal recessive T cell-mediated —

phosphorylase

immunodeficiency

by hyperuricemia, self~-mutilative behavior, choreoath-
etosis, spasticity, and mental retardation. A partial defi-
ciency of HPRT, the Kelley-Seegmiller syndrome, is
associated with hyperuricemia but no central nervous
system manifestations. In both disorders, the hyperuri-
cemia results from urate overproduction and can cause
uric acid crystalluria, nephrolithiasis, obstructive uropa-
thy, and gouty arthritis. Early diagnosis and appropriate
therapy with allopurinol can prevent or eliminate all
the problems attributable to hyperuricemia but have no
effect on the behavioral or neurologic abnormalities.

INCREASED PRPP SYNTHETASE ACTIVITY

Like the HPRT deficiency states, PRPP synthetase
overactivity 1s X-linked and results in gouty arthritis and
uric acid nephrolithiasis. Nerve deafness occurs in some
families.

ADENINE PHOSPHORIBOSYLTRANSFERASE
(APRT) DEFICIENCY

APRT deficiency is inherited as an autosomal recessive
trait. Affected individuals develop kidney stones com-
posed of 2,8-dihydroxyadenine. Whites with the disor-
der have a complete deficiency (type I), whereas Japanese
subjects have some measurable enzyme activity (type II).
Expression of the defect is similar in the two populations,
as 1s the frequency of the heterozygous state (0.4—1.1 per
100). Allopurinol treatment prevents stone formation.

HEREDITARY XANTHINURIA

A deficiency of xanthine oxidase causes all purine in the
urine to occur in the form of hypoxanthine and xan-
thine. About two-thirds of deficient individuals are
asymptomatic. The remainder develop kidney stones
composed of xanthine.

MYOADENYLATE DEAMINASE DEFICIENCY

Primary (inherited) and secondary (acquired) forms
of myoadenylate deaminase deficiency have been
described. The primary form is inherited as an autosomal
recessive trait. Clinically, some may have relatively mild
myopathic symptoms with exercise or other triggers,
but most individuals with this defect are asymptomatic.
Therefore, another explanation for the myopathy should
be sought in symptomatic patients with this deficiency.
The acquired deficiency occurs in association with a
wide variety of neuromuscular disease, including muscu-
lar dystrophies, neuropathies, inflammatory myopathies,
and collagen vascular diseases.

ADENYLOSUCCINATE LYASE DEFICIENCY

Deficiency of this enzyme is due to an autosomal reces-
sive trait and causes profound psychomotor retardation,
seizures, and other movement disorders. All individuals
with this deficiency are mentally retarded, and most are
autistic.



CHAPTER 9

NEPHROLITHIASIS

John R. Asplin m Fredric L. Coe = Murray J. Favus

Kidney stones are one of the most common urologic
problems. In the United States, ~13% of men and 7%
of women will develop a kidney stone during their life-
times, and the prevalence is increasing throughout the
industrialized world.

TYPES OF STONES

Calcium salts, uric acid, cystine, and struvite are the
constituents of most kidney stones in the western hemi-
sphere (Chap. 4). Calcium oxalate and calcium phos-
phate stones make up 75-85% of the total (Table 9-1)
and those constituents may be admixed in the same
stone. Calcium phosphate in stones is usually hydroxy-
apatite [Cas;(PO,);OH] or, less commonly, brushite
(CaHPO4H,O), although the incidence of brushite
stones 1s Increasing.

Calcium stones are more common in men; the average
age of onset is the third to fourth decade. Approximately
50% of people who form a single calcium stone form
another within the next 10 years, and some form multiple
recurrent stones. The average rate of new stone forma-
tion in recurrent stone formers is about one stone every
3 years. Uric acid stones account for 5-10% of kidney stones
and are also more common in men. Five percent of stones
are struvite, whereas cystine Stones are uncommon, account-
ing for ~1% of cases in most series of nephrolithiasis.

MANIFESTATIONS OF STONES

As stones grow on the surfaces of the renal papillae or
within the collecting system, they do not necessarily pro-
duce symptoms. Asymptomatic stones may be discovered
during the course of radiographic studies undertaken for
unrelated reasons. Stones are a common cause of isolated
hematuria. Stones become symptomatic when they enter
the ureter or occlude the ureteropelvic junction, causing
pain and obstruction.
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Stone passage

A stone can traverse the ureter without symptoms, but
passage usually produces pain and bleeding. The pain
begins gradually, usually in the flank, but increases over
the next 20—-60 min to become so severe that narcotics
may be needed for its control. The pain may remain in
the flank or spread downward and anteriorly toward the
ipsilateral loin, testis, or vulva. A stone in the portion
of the ureter within the bladder wall causes frequency,
urgency, and dysuria that may be confused with uri-
nary tract infection. The vast majority of ureteral stones
<0.5 c¢m in diameter pass spontaneously.

Helical computed tomography (CT) scanning with-
out radiocontrast enhancement is now the standard
radiologic procedure for diagnosis of nephrolithiasis.
The advantages of CT include detection of uric acid
stones in addition to the traditional radiopaque stones,
no exposure to the risk of radiocontrast agents, and
possible diagnosis of other causes of abdominal pain in
a patient suspected of having renal colic from stones.
Ultrasound is not as sensitive as CT in detecting renal
or ureteral stones. Standard abdominal x-rays may be
used to monitor patients for formation and growth of
kidney stones, as they are less expensive and provide
less radiation exposure than CT scans. Calcium, cystine,
and struvite stones are all radiopaque on standard x-rays,
whereas uric acid stones are radiolucent.

Other syndromes

I Staghorn calculi

Struvite, cystine, and uric acid stones often grow too
large to enter the ureter. They gradually fill the renal
pelvis and may extend outward through the infundib-
ula to the calyces themselves. Very large staghorn stones
can have surprisingly few symptoms and may lead to the
eventual loss of kidney function.



96 TABLE 9-1
PERCENT
PERCENT OCCURRENCE RATIO OF
STONE TYPE OF ALL OF SPECIFIC  MALES TO
AND CAUSES STONES® CAUSES? FEMALES ETIOLOGY DIAGNOSIS TREATMENT
Calcium stones 75-85 2:1 to 3:1
Idiopathic 50-55 2:1 ? Hereditary Normocalcemia, Low-sodium, low-
hypercalciuria unexplained protein diet;
wv hypercalciuria® thiazide diuretics
= Hyperuricosuria 20 4:1 Diet Urine uric acid >750 mg Allopurinol or low-
g per 24 h (women), purine diet
= >800 mg per 24 h
— (men)
Primary hyper- 3-5 3:10 Neoplasia Hypercalcemia with Surgery
parathyroidism nonsuppressed
> parathyroid hormone
> Distal renal Rare 1:1 Hereditary or ~ Hyperchloremic acido-  Alkali replacement
§ tubular acidosis acquired sis, minimum urine
= pH >5.5
: Dietary 10-30 1:1 High-oxalate  Urine oxalate >40 mg Low-oxalate,
- hyperoxaluria diet or low- per 24 h normal-calcium
S calcium diet diet
a_’_, Enteric ~1-2 1:1 Bowel Urine oxalate >75 mg Low-oxalate diet
s hyperoxaluria surgery per 24 h and oral calcium
= pills
== Primary Rare 1:1 Hereditary Urine oxalate Fluids, pyridoxine,
=] hyperoxaluria and glycolic or citrate, and neutral
= I-glyceric acid phosphate
- increased
o Hypocitraturia 20-40 1:1to2:1  ? Hereditary,  Urine citrate <320 mg  Alkali supplements
= diet per 24 h
i—’ Idiopathic stone 20 2:1 Unknown None of the above Oral phosphate,
§ disease present fluids
Uric acid stones 5-10
Metabolic ~30 1:1 Diet Glucose intolerance, Alkali and
syndrome obesity, hyperlipidemia  allopurinol if daily
urine uric acid
>1000 mg
Gout ~30 3:1to4:1 Hereditary Clinical diagnosis Alkali and allopurinol
Idiopathic ~30 1:1 ? Hereditary Uric acid stones, Alkali and allopurinol
no gout if daily urine uric
acid >1000 mg
Dehydration ? 1:1 Intestinal, History, intestinal Alkali, fluids,
habit fluid loss reversal of cause
Lesch-Nyhan Rare Males only Hereditary Reduced hypoxanthine- Allopurinol
syndrome guanine phosphoribo-
syltransferase level
Cystine stones 1 1:1 Hereditary Stone type; elevated Massive fluids, alkali,
cystine excretion D-penicillamine if
needed
Struvite stones 5 1:3 Infection Stone type Antimicrobial agents

and judicious
surgery

4Values are percentages of patients who form a particular type of stone and who display each specific cause of stones.

bUrine calcium >300 mg/24 h (men), 250 mg/24 h (women), or 4 mg/kg per 24 h either sex. Hyperthyroidism, Cushing’s syndrome, sarcoidosis,
malignant tumors, immobilization, vitamin D intoxication, rapidly progressive bone disease, and Paget’s disease all cause hypercalciuria and
must be excluded in diagnosis of idiopathic hypercalciuria.



Il Nephrocalcinosis

Calcium stones grow on the papillae. Most break loose
and cause colic, but they may remain in place so that
multiple papillary calcifications are found by x-ray, a
condition termed nephrocalcinosis. Papillary nephrocalci-
nosis is common in hereditary distal renal tubular acido-
sis (RTA) and in other types of severe hypercalciuria. In
medullary sponge kidney disease (Chap. 16), calcifica-
tion may occur in dilated distal collecting ducts.

Infection

Although urinary tract infection is not a direct conse-
quence of stone disease, it can occur after instrumen-
tation and surgery of the urinary tract, which are used
frequently in the treatment of stone disease. Stone dis-
ease and urinary tract infection can enhance their respec-
tive seriousness and interfere with treatment. Obstruction
of an infected kidney by a stone may lead to sepsis and
extensive damage of renal tissue, since it converts the uri-
nary tract proximal to the obstruction into a closed space
that can become an abscess. Stones may harbor bacteria
in the stone matrix, leading to recurrent urinary tract
infection, and infection due to bacteria that have the
enzyme urease can cause stones composed of struvite.

Activity of stone disease

In active disease, new stones are forming or preformed
stones are growing. Sequential radiographs are needed
to document the growth or appearance of new stones
and ensure that passed stones are actually newly formed,
not preexistent.

PATHOGENESIS OF STONES

Urinary stones usually arise because of the breakdown
of a delicate balance between solubility and precipita-
tion of salts. The kidneys must conserve water, but they
must excrete materials that have low solubility. These two
opposing requirements must be balanced during adaptation
to diet, climate, and activity. The problem is mitigated to
some extent by the fact that urine contains substances such
as pyrophosphate, citrate, and glycoproteins that inhibit
crystallization. These protective mechanisms are less than
perfect. When urine becomes supersaturated with insolu-
ble materials, because excretion rates are excessive and/or
because water conservation is extreme, crystals form and
may grow and aggregate to form a stone.

Supersaturation

A solution in equilibrium with a solid phase is said to be
saturated with respect to that substance. If the concen-
tration of a substance in a solution is above the satura-
tion point, the solution is said to be supersaturated and

can support the growth of crystals, and if supersaturation
is excessive, new crystals can begin to develop sponta-
neously. Excessive supersaturation is common in stone
formation.

Calcium, oxalate, and phosphate form many soluble
complexes among themselves and with other substances
in urine, such as citrate. As a result, their free ion activi-
ties are below their chemical concentrations. Reduc-
tion in ligands such as citrate can increase ion activity
and therefore supersaturation. Urine supersaturation can
be increased by dehydration or by overexcretion of cal-
cium, oxalate, phosphate, cystine, or uric acid. Urine pH
is also important; phosphate and uric acid are acids that
dissociate readily over the physiologic range of urine pH.
Alkaline urine contains more dibasic phosphate, favor-
ing deposits of brushite and apatite. Below a urine pH
of 5.5, uric acid crystals predominate, whereas phosphate
crystals are rare. The solubility of calcium oxalate is not
influenced by changes in urine pH. Measurements of
supersaturation in a 24-h urine sample probably under-
estimate the risk of precipitation. Transient dehydration,
variation of urine pH, and postprandial bursts of overex-
cretion may cause spikes in supersaturation.

Crystallization

When urine supersaturation is excessive, crystals begin
to nucleate. Once formed, crystal nuclei will grow in
size if urine is supersaturated with respect to that crys-
tal phase. Multiple crystals can then aggregate to form a
kidney stone. For a kidney stone to form, crystals must
be retained in the renal pelvis long enough to grow and
aggregate to a clinically significant size. Recent studies
have shown that common calcium oxalate kidney stones
form as overgrowths on apatite plaques in the renal
papillae. These plaques, called Randall’s plaques, pro-
vide an excellent surface for heterogeneous nucleation
of calcium oxalate salts. The Randall’s plaques begin
in the deep medulla in the basement membrane of the
thin limb of the loop of Henle and then spread through
the interstitium to the basement membrane of the pap-
illary urothelium. If the urothelium becomes damaged,
the plaque is exposed to the urine, and calcium oxalate
crystals form on the plaque, accumulating a clinically sig-
nificant mass to form a stone. Calcium phosphate stone
formers, particularly formers of brushite, do not follow
this pattern. Inner medullary collecting ducts are plugged
with apatite crystals, and stones form as extensions of
those plugs. Unlike in calcium oxalate stone formers,
renal papillae are often fibrotic and deformed.

EVALUATION AND TREATMENT OF
PATIENTS WITH NEPHROLITHIASIS

Most patients with nephrolithiasis have remediable met-
abolic disorders that cause stones and can be detected by
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chemical analyses of serum and urine. Adults with recur-
rent kidney stones and children with even a single kid-
ney stone should be evaluated. A practical outpatient
evaluation consists of two 24-h urine collections, with
a corresponding blood sample; measurements of serum
and urine calcium, uric acid, electrolytes, and creatinine,
along with urine pH, volume, oxalate, and citrate should
be made. Since stone risks vary with diet, activity, and
environment, at least one urine collection should be
made on a weekend when the patient is at home and
another on a workday. When possible, the composition
of kidney stones should be determined because treat-
ment depends on stone type (Table 9-1). No matter
what disorders are found, every patient should be coun-
seled to avoid dehydration and drink copious amounts
of water. The efficacy of high fluid intake was con-
firmed in a prospective study of first-time stone formers.
Increasing urine volume to 2.5 L per day resulted in a
50% reduction of stone recurrence compared with the
control group.

TREATMENT  Nephrolithiasis

The management of stones already present in the kid-
neys or urinary tract requires a combined medical and
surgical approach. The specific treatment depends on
the location of the stone, the extent of obstruction, the
nature of the stone, the function of the affected and
unaffected kidneys, the presence or absence of urinary
tract infection, the progress of stone passage, and the
risks of operation or anesthesia in light of the clinical
state of the patient. Medical therapy can enhance pas-
sage of ureteral stones. Oral a,;-adrenergic blockers relax
ureteral muscle and have been shown to reduce time
to stone passage and the need for surgical removal of
small stones. Severe obstruction, infection, intractable
pain, and serious bleeding are indications for removal of
a stone.

Advances in urologic technology have rendered
open surgery for stones a rare event. There are now
three alternatives for stone removal. Extracorporeal litho-
tripsy causes the in situ fragmentation of stones in the
kidney, renal pelvis, or ureter by exposing them to shock
waves. After multiple shock waves, most stones are
reduced to powder that moves through the ureter into
the bladder. Percutaneous nephrolithotomy requires the
passage of a nephroscope into the renal pelvis through
a small incision in the flank. Stones are then disrupted
by a small ultrasound transducer or holmium laser. The
third method is ureteroscopy with stone disruption using
a holmium laser. Ureteroscopy generally is used for
stones in the ureter, but some surgeons are now using
ureteroscopy for stones in the renal pelvis as well.

Calcium stones

I |diopathic hypercalciuria

This condition is the most common metabolic abnormal-
ity found in patients with nephrolithiasis (Table 9-1). It is
familial and is probably a polygenic trait, although there
are some rare monogenic causes of hypercalciuria and kid-
ney stones such as Dent’s disease, which is an X-linked
disorder characterized by hypercalciuria, nephrocalci-
nosis, and progressive kidney failure. Idiopathic hyper-
calciuria is diagnosed by the presence of hypercalciuria
without hypercalcemia and the absence of other systemic
disorders known to affect mineral metabolism. Vitamin D
overactivity through either high calcitriol levels or excess
vitamin D receptor is a likely explanation for the hyper-
calciuria in many patients. Recent studies have shown
that a polymorphism (Arg990Gly) of the calcium-sensing
receptor, which leads to activation of the receptor, is more
common in hypercalciuric subjects and probably contrib-
utes to higher urine calcium excretion. Hypercalciuria
contributes to stone formation by raising urine saturation
with respect to calcium oxalate and calcium phosphate.

TREATMENT  Hypercalciuria

For many years the standard therapy for hypercalciuria
was dietary calcium restriction. However, studies have
shown that low-calcium diets increase the risk of incident
stone formation, perhaps by reducing the amount of cal-
cium in the intestine to bind oxalate, thereby increasing
urine oxalate levels. A 5-year prospective trial compared
the efficacy of a low-calcium diet to a low-protein, low-
sodium, normal-calcium diet in preventing stone recur-
rence in male calcium stone formers. The group on the
low-calcium diet had a significantly greater rate of stone
relapse. In addition, hypercalciuric stone formers have
reduced bone mineral density and an increased risk of
fracture compared with the non-stone-forming popula-
tion. Low calcium intake probably contributes to the low
bone mineral density. In sum, low-calcium diets are of
unknown efficacy in preventing stone formation and carry
a long-term risk of bone disease, making low-sodium and
low-protein diets a superior treatment option. If diet ther-
apy is not sufficient to prevent stones, thiazide diuretics
may be used. Thiazide diuretics lower urine calcium and
are effective in preventing the formation of stones. Three
3-year randomized trials have shown a 50% decrease in
stone formation in the thiazide-treated groups compared
with the placebo-treated controls. The drug effect requires
slight contraction of the extracellular fluid volume, and
high dietary NaCl intake reduces its therapeutic effect.
Thiazide-induced hypokalemia should be treated aggres-
sively since hypokalemia will reduce urine citrate, an
important inhibitor of calcium crystallization.



I Hyperuricosuria

About 20% of calcium oxalate stone formers are hyper-
uricosuric, primarily because of an excessive intake of
purine from meat and fish. The mechanism of stone
formation probably involves salting out calcium oxalate
by urate. A low-purine diet is desirable but difficult for
many patients to achieve. The alternative is allopurinol,
which has been shown to be effective in a randomized,
controlled trial.

B Primary hyperparathyroidism

The diagnosis of this condition is established by docu-
menting that hypercalcemia that cannot be otherwise
explained is accompanied by inappropriately elevated
serum concentrations of parathyroid hormone. Hyper-
calciuria, which usually is present, raises the urine super-
saturation of calcium phosphate and/or calcium oxalate
(Table 9-1). Calcium oxalate stones form on intersti-
tial apatite plaque, whereas calcium phosphate stones
form on apatite crystals, obstructing collecting ducts. In
patients who have hyperparathyroidism, the Arg990Gly
polymorphism of the calcium-sensing receptor leads to
higher urine calcium excretion and an increased risk of
nephrolithiasis. Prompt diagnosis of hyperparathyroid-
ism is important because parathyroidectomy should
be carried out before recurrent stones or renal damage
occurs.

I Distal renal tubular acidosis

(See also Chap. 16) The defect in this condition seems
to reside in the distal nephron, which cannot establish a
normal pH gradient between urine and blood, leading
to hyperchloremic acidosis. The diagnosis is suggested by
a minimum urine pH >5.5 in the presence of systemic
acidosis. Hypercalciuria, an alkaline urine, and a low
urine citrate level increase urine saturation with respect
to calcium phosphate. Calcium phosphate stones form,
nephrocalcinosis is common, and osteomalacia or rick-
ets may occur. Apatite deposits form in inner medullary
collecting ducts and cause extensive medullary tubular
interstitial nephropathy, which can lead to reduced kid-
ney function. Renal tubular acidosis may be genetic,
secondary to a systemic disease, or caused by a medica-
tion. Topiramate, a drug commonly used for seizures
and migraines, inhibits the enzyme carbonic anhydrase
and may cause calcium nephrolithiasis.

Treatment with supplemental alkali reduces hyper-
calciuria and limits the production of new stones. The
preferred form of alkali is potassium citrate, which is
given at a dose of 0.5-2.0 meq/kg body weight in two
to three divided doses per day. In incomplete distal renal
tubular acidosis, systemic acidosis is absent, but urine pH
cannot be lowered below 5.5 after an exogenous acid
load. Incomplete RTA may develop in some patients
who form calcium oxalate stones because of idiopathic
hypercalciuria; the importance of RTA in producing

stones in this situation is uncertain, and thiazide treat-
ment is a reasonable alternative. Alkali also can be used
in incomplete RTA. In treating patients with alkali, it
is prudent to monitor changes in urine citrate and pH.
If urine pH increases without an increase in citrate, cal-
cium phosphate supersaturation will increase and stone
disease may worsen.

I Hyperoxaluria

Oxalate is a metabolic end product in humans. Urine
oxalate comes from diet and endogenous metabolic pro-
duction, with ~40-50% originating from dietary sources.
The upper limit of normal for oxalate excretion is gen-
erally considered to be 40-50 mg per day. Mild hyp-
eroxaluria (50-80 mg/d) usually is caused by excessive
intake of high-oxalate foods such as spinach, nuts, and
chocolate. In addition, low-calcium diets may promote
hyperoxaluria as there is less calcium available to bind
oxalate in the intestine. Enteric hyperoxaluria is a con-
sequence of small-bowel disease, resulting in fat malab-
sorption. Oxalate excretion is often >100 mg per day.
Enteric hyperoxaluria may be caused by jejunoileal
bypass for obesity, pancreatic insufficiency, or exten-
sive small-intestine involvement from Crohn’s disease.
With fat malabsorption, calcium in the bowel lumen
is bound by fatty acids instead of oxalate, which is left
free for absorption in the colon. Delivery of unabsorbed
fatty acids and bile salts to the colon injures the colonic
mucosa and enhances oxalate absorption. Recent stud-
ies have shown that modern bariatric surgery for obe-
sity that involves bypassing intestinal segments, such as
Roux-en-Y gastric bypass and biliopancreatic diversions,
may lead to hyperoxaluria that can cause kidney failure
as well as kidney stones. The mechanism of hyperoxal-
uria has not been well studied.

Primary hyperoxaluria is a rare autosomal recessive
disease that causes severe hyperoxaluria. Patients usu-
ally present with recurrent calcium oxalate stones dur-
ing childhood. Primary hyperoxaluria type 1 is due to a
deficiency in the peroxisomal enzyme alanine:glyoxylate
aminotransferase. Type 2 is due to a deficiency of
D-glyceric dehydrogenase. Severe hyperoxaluria from
any cause can lead to stone formation and produce
tubulointerstitial nephropathy (Chap. 17).

TREATMENT ~ Hyperoxaluria

Patients with mild to moderate hyperoxaluria should
be treated with a diet low in oxalate and with a normal
intake of calcium and magnesium to reduce oxalate
absorption. Enteric hyperoxaluria can be treated with
a low-fat, low-oxalate diet and calcium supplements,
given with meals, to bind oxalate in the gut lumen.
The oxalate-binding resin cholestyramine provides an
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additional form of therapy. Treatment for primary hyper-
oxaluria includes a high fluid intake, neutral phosphate,
potassium citrate, and pyridoxine (25-200 mg/d). Even
with aggressive therapy, irreversible renal failure may
occur. Liver transplantation to correct the enzyme defect,
combined with kidney transplantation, has been suc-
cessfully utilized in patients with primary hyperoxaluria.

I Hypocitraturia

Urine citrate prevents calcium stone formation by
creating a soluble complex with calcium, effectively
reducing free urine calcium. Hypocitraturia is found in
20-40% of stone formers either as a single disorder or
in combination with other metabolic abnormalities. It
can be secondary to systemic disorders such as RTA,
chronic diarrheal illness, and hypokalemia, or it may be
a primary disorder, in which case it 1s called idiopathic
hypocitraturia.

TREATMENT  Hypocitraturia

Treatment is with alkali, which increases urine citrate
excretion; generally, bicarbonate or citrate salts are
used. Potassium salts are preferred as sodium loading
increases urinary excretion of calcium, reducing the
effectiveness of treatment. Two randomized, placebo-
controlled trials have demonstrated the effectiveness
of citrate supplements in calcium oxalate stone formers.
Lemonade and other citrate-rich beverages have been
used to treat hypocitraturia, although the increase in
urine citrate is not as great as that seen with pharmaco-
logic dosing of citrate salts.

I |diopathic calcium lithiasis

Some patients have no metabolic cause for stones despite
a thorough metabolic evaluation (Table 9-1). The best
treatment appears to be high fluid intake so that the
urine specific gravity remains at <1.005 throughout the
day and night. Thiazide diuretics and citrate therapy
may help reduce crystallization of calcium salts, but there
have been no prospective trials in this patient popula-
tion. Oral phosphate at a dose of 2 g phosphorus daily
may lower urine calcium and increase urine pyrophos-
phate, thereby reducing the rate of recurrence. Ortho-
phosphate causes mild nausea and diarrhea, but tolerance
may improve with continued intake.

Uric acid stones

Persistently acidic urine is the major risk factor for uric
acid stone formation. When urine pH is low, the pro-
tonated form of uric acid predominates and is soluble in
urine at concentrations of 100 mg/L. Concentrations
above this level represent supersaturation that causes

crystals and stones to form. Common causes of acidic
urine and uric acid stones include metabolic syndrome,
chronic diarrheal states, gout, and idiopathic uric acid
lithiasis. As the prevalence of obesity increases, metabolic
syndrome is becoming an increasingly important cause of
uric acid stone formation, as insulin resistance leads to a
decrease in ammoniagenesis, requiring that the metabolic
acid load be excreted as titratable acid. Hyperuricosuria,
when present, increases supersaturation, but urine of low
pH can be supersaturated with uric acid even though
the daily excretion rate is normal. Myeloproliferative
syndromes, chemotherapy for malignant tumors, and
Lesch-Nyhan syndrome cause such massive production
of uric acid and consequent hyperuricosuria that stones
and uric acid sludge form even at a normal urine pH.
Obstruction of the renal tubules by uric acid crystals can
cause acute renal failure.

TREATMENT  Uric Acid Lithiasis

The two goals of treatment are to raise urine pH and
lower excessive urine uric acid excretion to <1 g/d. Sup-
plemental alkali, 1-3 meqg/kg of body weight per day,
should be given in three or four divided doses, one of
which should be given at bedtime. The goal of treatment
should be a urine pH between 6 and 6.5 in a 24-h urine
collection. Increasing urine pH above 6.5 will not provide
additional benefit in preventing uric acid crystallization
but increases the risk of calcium phosphate stone forma-
tion. The form of the alkali may be important. Potassium
citrate may reduce the risk of calcium salts crystallizing
when urine pH is increased, whereas sodium alkali salts
may increase the risk. A low-purine diet should be insti-
tuted in uric acid stone formers with hyperuricosuria.
Patients who continue to form uric acid stones despite
treatment with fluids, alkali, and a low-purine diet should
have allopurinol added to their regimen.

Cystinuria and cystine stones

In this inherited disorder, proximal tubular and jejunal
transport of the dibasic amino acids cystine, lysine, argi-
nine, and ornithine is defective, and excessive amounts
are lost in the urine. Clinical disease is due solely to the
insolubility of cystine. Cystine crystals plug terminal col-
lecting ducts, and stones may grow as an extension of
those plugs. Damage to the papillae and medulla from
crystal obstruction is the probable reason why kidney
function is reduced in cystinuria compared with routine
stone disease.

Il Pathogenesis

Cystinuria occurs because of defective transport of
dibasic amino acids by the brush borders of renal tubule
and intestinal epithelial cells. Disease-causing mutations



have been identified in both the heavy and light chains
of a heteromeric amino acid transporter found in the
proximal tubule of the kidney. Cystinuria is classified
into two main types, based on the urinary excretion of
cystine in obligate heterozygotes. In type I cystinuria,
heterozygotes have normal urine cystine excretion;
thus, type I has an autosomal recessive pattern of inher-
itance. A gene on chromosome 2 that has been desig-
nated SLC3A1 encodes the heavy chain of the trans-
porter and has been found to be abnormal in type I. In
non-type I cystinuria, heterozygotes have moderately
elevated urine cystine excretion, with homozygotes
having a much higher urine cystine excretion. Non-
type I is inherited as a dominant trait with incomplete
penetrance. Non-type | is due to mutations in the
SLC7A9 gene on chromosome 19, which encodes the
light chain of the heteromeric transporter. In rare cases,
mutations of the SLC7A9 gene can lead to a type I
phenotype.

I Diagnosis

Cystine stones are formed only by patients with cys-
tinuria, but 10% of stones in cystinuric patients do not
contain cystine; therefore, every stone former should
be screened for the disease. The sediment from a first
morning urine specimen in many patients with homo-
zygous cystinuria reveals typical hexagonal, platelike
cystine crystals. Cystinuria can also be detected by using
the urine sodium nitroprusside test. Because the test is
sensitive, it is positive for cystinuria in many asymptom-
atic heterozygotes. A positive nitroprusside test or the
finding of cystine crystals in the urine sediment should
be evaluated by measurement of daily cystine excretion.
Cystine stones seldom form in adults unless urine excre-
tion is at least 300 mg/d.

TREATMENT  Cystinuria and Cystine Stones

High fluid intake, even at night, is the cornerstone of
therapy. Daily urine volume should exceed 3 L. Rais-
ing urine pH with alkali is helpful provided that the
urine pH exceeds 7.5. A low-salt diet (100 mmol/d) can
reduce cystine excretion up to 40%. Because side effects
are common, drugs such as penicillamine and tiopro-
nin, which form mixed soluble disulfide cysteine-drug

complexes, should be used only when fluid loading,
salt reduction, and alkali therapy are ineffective. Low-
methionine diets have not proved to be practical for
clinical use, but patients should avoid protein gluttony.

Struvite stones
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