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Introduction

Renal tubular acidosis (RTA) is a condition in which there
is a defect in renal excretion of hydrogen ion, or reabsorption
of bicarbonate, or both, which occurs in the absence of or out
of proportion to an impairment in the glomerular filtration
rate (1). Thus, RTA is distinguished from the renal acido-
sis that develops as a result of advanced chronic kidney
disease (2—4). Albright originally described the disease
as “renal acidosis resulting from tubular insufficiency
without glomerular insufficiency” to emphasize this dis-
tinction (5). The term was reduced to “renal tubular
acidosis” by Pines and Mudge in their studies published
in 1951 (6). These renal tubular abnormalities can occur
as an inherited disease or can result from other disorders
or toxins that affect the renal tubules.

Historical Development of Classification
of RTA

The historical development of renal tubular acidosis par-
allels the historical development of our understanding of
renal physiology. As with many complex diseases, inves-
tigations into disease processes improve our understand-
ing of normal physiology and, in turn, the advances in
basic physiologic research shed light on pathophysiology
and mechanisms of diseases. This is apparent in the his-
torical development of renal tubular acidosis which began
in the early twentieth century and is now extending into
the molecular biologic era as medicine enters the twenty-
first century. In addition, some of the confusion with the
classification scheme of RTA stems from its historical
development.

At the British Pediatric Association meeting in 1935,
Lightwood described six infants out of an autopsy series
of 850 that had “calcium infarction” of the kidneys (7).
This would later be recognized as the first report of infants
with nephrocalcinosis from renal tubular acidosis. Butler
et al. described a series of four infants with similar find-
ings in 1936 (8). In addition to nephrocalcinosis, these
infants were also found to have hyperchloremia and aci-
dosis, suggesting that there was a relationship between the
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biochemical findings and nephrocalcinosis. It was not
clear from these first reports if the biochemical findings
were the cause of the calcium deposits in the kidneys
or were the result of damage to the renal tubules from
the calcinosis.

The first description of the potential pathophysiolo-
gic explanation for these findings was put forward by
Albright, et al. in 1946 (5). In this classic description of
various forms of osteomalacia, the authors also outlined
the treatment of these patients with a solution of citric
acid and sodium citrate that was advocated by Dr Shohl.
Albright described this form of acidosis as “renal acidosis
resulting from tubular insufficiency without glomerular
insufficiency” to distinguish this form of acidosis from
the acidosis that occurs in renal failure.

The entity of “infantile renal acidosis” was then de-
scribed by Lightwood in 1953 in a series of 35 infants (9).
This was a larger series of infants than his first description
and they had similar clinical histories and biochemical
findings as the series by Butler (8). The first description
of an adult with similar findings was made in 1945 by
Baines, et al. (10).

During the 1940s and 1950s, a number of cases of
renal tubular acidosis were described and led to investiga-
tions of the renal acidification defect (4, 11). The primary
feature in these patients was the inability to lower their
urine pH despite having mild to moderate acidosis. This
became the defining characteristic of this disease as
reported in a series of studies by Elkinton (12, 13). In
the classic report by Pines and Mudge, the term “renal
tubular acidosis” was used to replace the previously more
cumbersome term of “renal acidosis resulting from tubu-
lar insufficiency without glomerular insufficiency” (6).
This new term was emphasized in an editorial review by
Elkinton and has remained the term for this disease ever
since (12). Thus, at the end of the 1950s, renal tubular
acidosis was thought to be a disease process that limited
the ability of the kidneys to lower the urine pH, despite
the fact that the patient had mild to moderate acidosis.

Although the concept of glomerular filtration had
been well established in the early twentieth century, the
measurement of the rate of glomerular filtration in
humans had not been performed. This was accomplished
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by the pioneering work of Homer Smith. He was one of
the first to conceive of the idea of a renal excretion system
in which there was a high glomerular filtration rate which
required tubular reabsorption of solutes (14). The fact
that the glomerular filtration rate was very high and was
followed by tubular modifications of the urine had pro-
found effects on the ideas of bicarbonate handling and
acid secretion.

The disorder of renal tubular acidosis was initially
thought to be due to the inability of the kidney to main-
tain the steep pH gradient in the distal nephron segment.
The idea that this disorder could arise from the inability of
the proximal tubule to recover the filtered bicarbonate
was first suggested in 1949 by Stapleton (15). He reported
a patient that had significant amounts of bicarbonate in
the urine at low concentrations of serum bicarbonate.
This idea was further advanced by Soriano in a report
of two patients that demonstrated an abnormally low
threshold for bicarbonate excretion (16, 17). Based on
their findings in these patients, Soriano and Edelmann
proposed classifying patients with RTA as having either
distal or proximal tubule defects. This was the initial
description of the need for a classification scheme for
this disease, suggesting that there could be multiple causes
for this disease process.

The dichotomy of proximal and distal RTA was firmly
established in the classic review by Rodriguez-Soriano and
Edelmann which summarized the understanding of the
pathophysiology at that time (1). The nomenclature of
type I and type II RTA was established by the end of the
1960s in a review by Morris (18). In this review, distal RTA
was referred to as type I (or classic) and proximal RTA as
type IL The author also described a type III RTA as those
patients that displayed features consistent with both forms
of RTA. In 1972, McSherry, et al. described several patients
that displayed characteristics of classic type I RTA but in
addition had a reduced threshold for bicarbonate reabsorp-
tion. These patients seemed to fit the description of type III
RTA. Subsequently, the reabsorption of bicarbonate in
these patients normalized so that they were thought to
have classic type I RTA with a developmental immaturity
of the proximal tubule. Since that time, type III RTA has
been essentially dropped from the classification scheme of
RTA. It is interesting to note that the review by Genarri and
Cohen did not mention type III RTA (19).

In the middle of the twentieth century, the discovery
of aldosterone revolutionized our understanding of the
physiology of sodium and potassium metabolism (20).
Subsequently, it was found that patients with aldosterone
deficiency had a form of RTA that resembled that of
distal RTA, but the patients had hyperkalemia and not

hypokalemia (21, 22). This form of RTA was then referred
to as type IV RTA. More recently, other defects in distal
nephron transporters have also been characterized and
resemble the findings of type IV RTA. Although they are
not true aldosterone deficient syndromes, they also are
described as type IV RTA since these patients also have
hyperkalemia. To add to the confusion, a review published
in 1986 classified RTAs as type I (distal), type II (proxi-
mal) and type III (aldosterone deficient RTA) (23).

In recent years, there have been suggestions to clarify
the classification of RTAs in a scheme that is based more
on the pathophysiologic mechanism of the disease
(24, 25). While this might eventually be the preferred
nomenclature, most practicing nephrologists continue to
use the historical classification. The other schemes will
be discussed as part of the pathophysiology of RTA.

Over the past century, advances in renal physiology,
acid-base chemistry, and molecular genetics have greatly
improved our understanding of the various forms of
renal tubular acidosis. Currently, the diagnosis and classifi-
cation of the various types of renal tubular acidosis
continue to rely on biochemical measurements of blood
and urine. During the twenty-first century, however, the
diagnosis of renal tubular acidosis may eventually be made
by a molecular genetic approach and not by extensive bio-
chemical testing.

Physiology of Acid Secretion

The kidney is the primary organ for long term acid base
regulation. Thus, an understanding of the normal renal
excretion of acid is necessary to understand the defects
present in patients with RTA.

The typical Western diet generates approximately
1 mmol of H" per kilogram of body weight in adults
(26). In addition, children generate acid from the produc-
tion of hydroxyapatite in growing bone and thus generate
a total of approximately 2-3 mmol of H" per kilogram
of body weight (27-29). The acid generated from the diet
and bone growth necessitates the excretion of acid by the
kidneys.

The amount of acid excreted by the kidneys is referred
to as Net Acid Excretion (NAE) and is expressed quanti-
tatively as:

NAE = (UNHI + Uy — UHC03> X V,
where V is the urine flow rate, Uy is the urine ammo-

nium concentration, Ur4 is the urine titratable acid
concentration and Upco, is the urine bicarbonate
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concentration. Thus, the components of acid secretion
can be thought of as bicarbonate reclamation to prevent
bicarbonate loss, ammonium excretion and titratable acid
excretion. The processes for maintaining acid base balance
are quite complex, but the basic concepts will be reviewed
so that the pathophysiologic changes in RTA can be
described.

The kidneys are responsible for the excretion of
nitrogenous waste products, principally urea, that are
generated from our diet. In mammalian kidneys, urea is

O Figure 39-1

excreted primarily by filtration which requires having a
high filtration rate so this can be accomplished. The
average adult will filter about 150-180 L of blood per
day. Because bicarbonate is freely filtered in the glomeru-
lus, a large amount of bicarbonate (about 4,000 mEq per
day in an adult) must be reabsorbed by the tubules each
day to prevent loss of base. The bulk of the filtered
bicarbonate is reabsorbed in the proximal tubule by
mechanisms that are illustrated in © Fig. 39-1. A number
of proteins, both transporters and enzymes, work in

Model of bicarbonate reabsorption by a proximal tubule cell. The Na-K-ATPase located in the basolateral membrane
generates and maintains the low intracellular sodium concentration. Protons are excreted into the tubule lumen by the
sodium-proton exchanger (NHE3) where they combine with bicarbonate to form carbonic acid. In the presence of carbonic
anhydrase IV (CAIV) the carbonic acid is hydrolyzed to water and carbon dioxide which enter the cell and recombine to form

carbonic acid by the action of intracellular carbonic acid Il (CAll). The carbonic acid ionizes into a proton which is then

excreted into the lumen and bicarbonate which is transported by the sodium-bicarbonate symporter (NBC1) into the blood

stream (reprinted with permission from (30)).
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concert to reclaim approximately 80% of the filtered
bicarbonate in this tubule segment (31-33).

The initial step in the reabsorption of bicarbonate is
the secretion of protons into the tubular lumen. About
two thirds of the proton secretory rate is provided by the
sodium-proton antiporter (34-36). The isoform that is
present on the luminal membrane of the proximal tubule
has been termed NHE3 (sodium hydrogen exchanger 3).
The energy for proton secretion by the antiporter is
derived from the low intracellular sodium concentration
that is maintained by the basolaterally located sodium-
potassium ATPase. There is evidence that approximately
one third of the proton secretory rate is provided by a
proton ATPase located in the luminal membrane (36, 37).
This transporter derives its energy directly from ATP.

Once the hydrogen ion is in the lumen of the proximal
tubule, it combines with bicarbonate to form carbonic
acid which will then form carbon dioxide and water as
shown in the following equation:

carbonic anhydrase

Ht + HCO; «— H,CO; H, O+ CO,

The enzyme, carbonic anhydrase, is critical for catalyzing this

process (38—40). One isoform of this enzyme (carbonic
anhydrase IV) is located in the brush border membrane of

@ Figure 39-2

the proximal tubule and serves to catalyze the forward reac-
tion while another isoform of the enzyme (carbonic anhy-
drase II) is located inside the tubule cell for catalyzing the
reverse reaction (38). Thus, carbon dioxide and water can
move rapidly into the proximal tubule cell and recombine
to form carbonic acid which will ionize to form bicarbon-
ate and a hydrogen ion. The hydrogen ion is then available
for secretion into the tubule lumen while the bicarbonate ion
is then transported through the basolateral membrane by
the sodium-bicarbonate cotransporter, NBC (41-43).

The overall process for reabsorbing bicarbonate in the
proximal tubule is saturable (44). This is illustrated in
© Fig. 39-2. When the serum bicarbonate concentration is
within the normal range, the filtered load of bicarbonate
can be almost completely reabsorbed. If the serum bicar-
bonate concentration begins to rise, the filtered load
of bicarbonate will then exceed the reabsorption rate
of the kidney and bicarbonate will then be excreted into
the urine. This has been studied in humans who
were administered bicarbonate to determine the point
at which bicarbonate would appear in the urine (44).
The data from these experiments form a titration curve
(see © Fig. 39-2). The normal serum concentration of
bicarbonate is thus determined by the threshold at
which bicarbonate is excreted.

Bicarbonate titration curves for normal humans. At low concentrations of serum bicarbonate, all of the filtered load can be
reabsorbed. The process of bicarbonate reabsorption is saturable, so once the delivered bicarbonate rate exceeds the

transport maximum, bicarbonate will be excreted in the urine (reprinted with permission from (45)).
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An additional task in maintaining acid base balance
for the proximal tubule is the generation of ammonia to
serve as a buffer to efficiently excrete the bulk of the acid
that is generated from our diet. It has long been recog-
nized that the excretion of ammonium is critical to the
overall excretion of acid by the kidneys (46). This is
primarily due to ammonium’s ability to buffer hydrogen
ions. To excrete 100 mmol of unbuffered H" at a pH of 4.0
([H"] = 10™* mol/L) would require a volume of 1,000 L
of urine. The reaction of ammonia and H" to form
ammonium has a pKa of approximately 9.0 (47). Thus,
at a pH of 7.0, 99% of all the ammonia in the urine is in
the form of ammonium ion and is excreted as ammonium
chloride, limiting the amount of free hydrogen ions in the
urine. Thus, the ammonium excretion rate is a quantita-
tively more important factor for the excretion of acid than
the urine pH.

This can also create confusion in the assessment of a
patient’s ability to excrete acid. The equation that defines
net acid excretion (see above) does not include informa-
tion about the urine pH. Since the pKa of the ammonia/
ammonium equilibrium is nine, if the patient is excreting
a large amount of protons as ammonium, the pH will tend
to rise even though the amount of acid being excreted has
increased.

The tubular handling of ammonia and ammonium
is complex (48-50). Briefly, ammonia is generated in the
proximal tubule by the metabolism of glutamine and is
secreted into the tubule lumen by the sodium-proton
exchanger as the ammonium ion (see © Fig. 39-1). The
diffusion of ammonia gas across the proximal tubule api-
cal membrane accounts for a small fraction of the total
excretion of ammonia. The ammonium ions are then
reabsorbed into the interstitium by the thick ascending
limb of Henle to be secreted again by the collecting
ducts (50, 51). The generation of ammonia by the proxi-
mal tubule can be upregulated in the presence of acidosis
by 5- to 10-fold over baseline in adults (46, 52, 53).
The ability of the neonatal kidney to upregulate amm-
onium excretion is somewhat limited and can prolong
the recovery phase of acidosis in infants. The upreg-
ulation of ammonium production and secretion serves
as the principal means of correcting acidosis that is
due to non-renal causes. As will be seen below, the inabil-
ity of the kidney to secrete acid as ammonium is a key
feature of RTA.

The thick ascending limb of Henle is responsible
for continued reabsorption of bicarbonate as well as
ammonium (54, 55). The transporters involved include
the sodium-hydrogen exchanger (NHE3), the sodium-
potassium-2 chloride cotransporter, NKCC2 and the

sodium-potassium ATPase (54). The thick ascending
limb of Henle reabsorbs approximately 10% of the filtered
bicarbonate.

The distal nephron is responsible for the secretion of
protons which are then buffered by ammonia and titrat-
able acid. The cell type in the collecting duct that is
responsible for this is the alpha intercalated cell that
is depicted in © Fig. 39-3. The luminal membrane has
a proton ATPase that utilizes ATP directly to secrete
protons into the lumen of the tubule (56-59). This gen-
erates a bicarbonate ion that is then excreted through
the basolateral membrane by the anion exchanger AE1
in exchange for a chloride ion (60, 61). The chloride
can then exit the cell by the potassium chloride cotran-
sporter (KCC) or the chloride channel, CLC-Kb (62, 63).
Carbonic anhydrase II is critical for the formation of the
carbonic acid in the cell that ionizes into the proton and
bicarbonate ion (39).

The principal cells of the collecting duct are responsi-
ble for the reabsorption of sodium and the secretion of
potassium and thus do not directly secrete protons into
the tubular fluid. However, these processes influence the
rate of acid secretion indirectly by affecting the electrical
potential difference across the epithelium. Thus, disease
processes or drugs that have a primary effect on sodium or
potassium transport in the collecting duct can eventually
lead to acid base disturbances.

As discussed above, the proximal tubule generates
ammonia that is eventually excreted as ammonium as a
mechanism for acid excretion. The other major buffers in
the urine are referred to as titratable acids and include
phosphate, sulfate and many other anions. Of the many
buffers available, the quantitatively most significant is
phosphate. Phosphate exists in the blood as several differ-
ent ionic species (H;PO,, H,PO, !, HPO, % and PO, )
with H,PO, ! and HPO, being the most abundant at
physiologic pHs. The pK for the equilibrium between
H,PO, ! and HPO, % is 6.8, thus at a normal blood pH
of 7.4, the ratio of H,PO, ': HPO, ? is approximately
4:1. As the urine passes through the collecting duct where
the pH is lower, HPO, * can accept protons and be
converted to H,PO, ! and will aid in the buffering of
excreted acid.

In addition to bicarbonate reabsorption and ammo-
nia generation, the proximal tubule reabsorbs almost the
entire filtered load of glucose and amino acids as well as
approximately 85% of the filtered load of phosphate.
These processes are coupled to the apical membrane sodi-
um electrochemical gradient and are thus driven by the
low intracellular sodium concentration and the negative
electric potential inside the cell. Diseases that affect
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@ Figure 39-3

Model of acid excretion in an alpha-intercalated cell in the distal nephrons. Protons are excreted into the tubule lumen by
the proton-ATPase and are buffered by ammonia or titratable acid (mostly phosphate). Inside the cell, carbonic anhydrase Il
(CAIl) provides the protons and bicarbonate through the hydration of carbon dioxide to form carbonic acid. Bicarbonate is
excreted into the blood stream by action of the chloride bicarbonate exchanger (AE1) on the basolateral membrane.

Chloride homeostasis is maintained by the potassium-chloride cotransporter (KCC4) and the chloride channel (CIC-Kb)

(reprinted with permission from (30)).
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the ability of the proximal tubule cell to maintain this
gradient result in a condition known as the Fanconi
syndrome (64). This is a form of proximal tubule dys-
function that includes proximal RTA, glucosuria, amino
aciduria and phosphaturia. As will be discussed below,
most forms of proximal RTA are associated with the
Fanconi syndrome.

Proximal Renal Tubular Acidosis
(Type Il RTA)

Pathophysiology

As discussed above, the transport of bicarbonate in the
proximal tubule is a saturable process. Thus, the transport
of bicarbonate exhibits the typical titration curve which
has a threshold for bicarbonate reabsorption as illustrated
in © Fig. 39-2 (44). This threshold for the reabsorption
of bicarbonate is the main factor determining the
serum bicarbonate concentration. If the serum bicarbonate
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concentration rises above the threshold, the filtered load
will exceed the transport maximum for reabsorption and
bicarbonate will be excreted. This will bring the serum
concentration down until it matches the threshold and
then all of the filtered bicarbonate is again reabsorbed.

The hallmark of proximal RTA is a reduced threshold
for the reabsorption of bicarbonate as illustrated in
© Fig. 39-4 and thus, these patients will have a low serum
bicarbonate concentration (17, 66). When the serum bic-
arbonate concentration increases and approaches the
normal range, patients with proximal RTA will develop
bicarbonaturia. Their bicarbonate titration curve is simi-
lar to that of normal patients, but it is shifted to the left
(see ® Fig. 39-4). It is important to note that the threshold
for bicarbonate excretion is generally in the 14-18 mEq/L
range and remains stable (1, 17).

This reduction in the capacity for reabsorption of
bicarbonate makes the treatment of patients with proxi-
mal RTA difficult. Most patients require well over 6 mEq/
kg/day of bicarbonate therapy to make an improve-
ment in their serum bicarbonate concentration (67, 68).
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@O Figure 39-4

Bicarbonate titration curves for patients with proximal renal tubular acidosis. Patients with proximal RTA have a reduced
threshold for bicarbonate reabsorption and will thus excrete significant amounts of bicarbonate in their urine at lower
serum bicarbonate concentrations. Thus, their titration curves are shifted to the left (reprinted with permission from (65)).
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As the patient is treated with bicarbonate and the serum
bicarbonate rises, bicarbonate excretion will increase
dramatically with little increase in the serum bicarbonate
concentration. In addition, the distal delivery of the non-
reabsorbable anion will obligate the excretion of sodium
and potassium. This leads to volume depletion and an
increase in the serum aldosterone concentration (69). The
combination of the increased distal delivery of sodium
and the elevated aldosterone concentration leads to a
marked excretion of potassium. Thus, many patients
with proximal RTA become hypokalemic during the treat-
ment of the disease.

Although the treatment of these patients can be dif-
ficult, their overall acid base balance is generally good. In
patients with proximal RTA, when the serum bicarbon-
ate remains at or below the threshold for bicarbonate
excretion, the patient can reclaim the filtered load of
bicarbonate and will remain in relative acid base balance
(16, 17, 67). This is due to the fact that the patient’s distal
nephron remains intact and is able to excrete the acid
generated from their diet and will help prevent the patient
from developing a large base deficit. This is reflected in
the fact that their urine pH can decrease to less than
five (© Fig. 39-5) (1). Thus, while most patients with

proximal RTA have a low serum bicarbonate, it will
remain constant because the patient remains in acid
base balance.

The acid base balance of patients with pure proximal
RTA has been extensively studied (67, 68). At baseline,
the patients were found to be in acid base balance with
normal ammonium and titratable acid excretion and did
not develop a base deficit. When challenged with an
ammonium chloride load, they were able to increase the
excretion of acid in the form of ammonia as well as
titratable acid (67).

While the excretion of ammonium increased in this
study, it is unclear if patients with proximal RTA have the
same capacity to increase ammonia excretion as normal
individuals. Because the proximal tubule is the site of
ammoniagenesis, there could conceivably be a defect in
the ammonia generation rate. When these patients were
loaded with ammonium chloride, their excretion of acid
was increased; however, the ratio of ammonia excretion to
titratable acid excretion remained constant (16, 17, 67).
This brought into question their ability to increase am-
monia excretion in the face of an acid load and thus would
probably not be able to recover from acidosis as well as
a normal patient would. It was also thought that the
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@ Figure 39-5

Urine pH of patients with proximal RTA. When patients with proximal RTA become acidotic, their serum bicarbonate
concentration falls below the threshold for excretion. Because their distal nephron is intact, they can lower their urinary pH

to values less than 6.0 (reprinted with permission from (70)).
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level of ammonium excretion could be considered low for
the chronic acidotic state (67).

A more recent study has indicated that while patients
with proximal RTA are in balance at baseline, when their
acidosis worsens, they cannot fully compensate (71). In
this study, patients with proximal RTA were loaded with
ammonium chloride for 3 days. Previous studies had been
performed with an acute ammonium chloride load. The
chronic loading demonstrated that the patients with
proximal RTA indeed had an inability to increase their
ammonium excretion as compared to the normal control
subjects (71). Interestingly, the patients with proximal
RTA were able to lower their urine pH to a value below
the control subjects’ urine pH (4.66 vs. 5.00). This was
thought to be due to the fact that the normal subjects
had higher amounts of ammonium in their urine to buffer
the protons.

The mechanism for the ability to maintain acid base
balance is due in part to an increase in titratable acid
excretion (67). Because of their intact distal nephrons,
these patients can also lower their urine pH to the 4.5-5
range. However, this usually occurs at very low serum pH
values and is depicted in © Fig. 39-5 (1).

Calcium excretion rates in patients with proxi-
mal RTA were found to be within the normal range,
indicating that there was no loss of calcium from their

bones (67, 68). There was also no evidence of rickets
or osteomalacia in these patients with isolated proximal
RTA (67).

Fanconi Syndrome (See also Chapter 42)

As discussed above, the proximal tubule is also responsi-
ble for the reabsorption of glucose, amino acids and
phosphate by sodium dependent transport systems.
Many of the processes that interfere with the reclamation
of bicarbonate are due to a defect in maintaining a low
intracellular concentration of sodium and will thus affect
the reabsorption of all of these solutes. This condition is
known as the Fanconi syndrome which can be thought of
as a global dysfunction of the proximal tubule (64). Thus,
proximal RTA can be divided into isolated proximal RTA,
which is relatively rare, and Fanconi syndrome, which is
actually a more common cause of proximal RTA. This will
be an important point in the clinical presentation and
work up of these patients.

In addition to the problems with bicarbonate was-
ting, patients with Fanconi syndrome have additional
pathophysiologic changes. The original definition of
Fanconi syndrome consisted of skeletal findings secon-
dary to hypophosphatemia (i.e., rickets), generalized
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aminoaciduria and glucosuria (64). Later, it was found
that the tubular reabsorption of bicarbonate was impaired
and the definition then included proximal RTA (1).
Recent reports indicate that severe osteomalacia can
develop in adult patients with Fanconi syndrome
(72, 73). Hypokalemia also develops in most patients
with this disorder (30).

There are numerous diseases that present with Fan-
coni syndrome, but they appear to have a final common
pathway for the proximal tubule dysfunction. A number
of studies have indicated that depletion of the intracellular
ATP store is responsible for the loss of the transmembrane
sodium gradient (74, 75). This then leads to the inability
to secrete protons and reabsorb glucose, phosphate and
amino acids.

Etiology

As with most clinical disease processes, isolated proximal
RTA and Fanconi syndrome can occur as an inherited
defect or as an acquired disease. We will first discuss the
congenital causes of this syndrome, and then review the
acquired causes.

Congenital Isolated Proximal RTA

As mentioned above, isolated proximal RTA is rare (76).
The initial descriptions of isolated proximal RTA were of
infants that had a transient form of the disease (1, 68, 77).
This form was found predominately in males and app-
eared to improve after several years of life. Patients
presented with failure to grow and repeated bouts of
vomiting and dehydration. This form follows a sporadic
inheritance pattern and has no known cause.

There is a well described kindred of patients from
Puerto Rico that have isolated proximal RTA that follows
an autosomal dominant pattern of inheritance (67). To
date, there are no reports of a gene defect in this family.
Interestingly, the patients are more severely affected as
infants, but tend to have less of a problem when they are
older. This suggests that either the defect is attributable to
a developmental transporter or to compensation with age
by other transport processes in the more distal nephron
segments. Children in these families have moderate aci-
dosis and do not grow at normal rates unless they receive
treatment (67). As discussed above, treatment with alkali
therapy does not fully correct their acidosis because of
the increased excretion of the administered base, but
treatment will allow them to grow at near normal rates.

In recent years, another family with isolated proximal
RTA that has an autosomal dominant inheritance pattern
has been reported (78). The clinical features of this family
were very similar to the previous report (67). A candidate
gene approach was taken in an attempt to determine the
genetic defect in this family. Extensive sequencing was
done on many of the genes known to be involved in
the proximal tubule reabsorption of bicarbonate; car-
bonic anhydrase II and IV as well as carbonic anhydrase
XIV; NBC1; NHE2, NHE3 and NHES8 as well as the
sodium proton exchanger regulatory proteins NHRF1
and NHREF2; and the chloride bicarbonate exchanger,
SLC26A6. However, no defects were found. The authors
concluded that either additional proteins are involved
in the regulation of bicarbonate reabsorption or that
there might have been defects in transcription factors
that could regulate the expression of these genes (78).

A rare cause of isolated proximal RTA is a mutation in
the sodium bicarbonate cotransporter, NBC1, which is
inherited in an autosomal recessive pattern (79-81). The
initial patients described were two brothers that had
proximal RTA as well as eye and dental abnormalities
(82). Since then, only a few other patients have been
described with these features (82, 83). These patients
were found to have a defect in the sodium bicarbonate
cotransporter, NBC1, that is responsible for transporting
bicarbonate out of the proximal tubule cell and into the
blood stream (80, 83-85). Although these cases are very
rare causes of isolated proximal RTA, they have demon-
strated the critical function of NBCI in the proximal
tubule reabsorption of bicarbonate.

The sodium bicarbonate cotransporter, NBCI, is in
the class of transporters that are critical in the mem-
brane transport of bicarbonate known as SCLA4 (60, 61,
86-88). This class also includes the chloride bicarbo-
nate exchanger that will be discussed in the section on
distal RTA. The sodium coupled bicarbonate transporter
in the proximal tubule cotransporter is designated
SCLA4A4 (NBC1) and is also found in other tissues
such as the eyes as well as the heart (80). This kidney
specific isoform is determined by alternate splicing of
the gene. Defects in this transporter result in proximal
RTA due to the inhibition of bicarbonate transport in the
proximal tubule. Because of the distribution of the
protein in the eye, patients also develop ocular defects
(80). Recently it was found that the defect might be in
trafficking of the protein and not the actual function of
the protein (89).

Defects in carbonic anhydrase cause dysfunction of
the proximal tubule, but because of its distribution in the
distal nephron, these defects cause combined proximal
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and distal RTA (43, 90). These will be discussed in detail
below in the section on Type III RTA.

The sodium hydrogen exchangers have been consid-
ered candidate genes for the cause of isolated proximal
RTA, however, to date there have been no defects found in
these genes. To determine the role of these exchangers in
overall acid base balance, knockout mouse models have
been generated. The primary sodium hydrogen exchanger
in the apical membrane of the proximal tubule is NHE3
(34). Mice that have had NHE3 knocked out have a
modest metabolic acidosis (91). They have an elevated
serum aldosterone level as well as upregulation of colonic
sodium transporters indicating that these animals have
evidence of volume contraction (91). Perfusion of the
proximal tubules in vitro shows a reduced ability to acid-
ify the urine (92). As discussed above, a recent study in
patients with isolated proximal RTA failed to detect a
defect in any known gene for bicarbonate transport in-
cluding NHE3 (78).

Another mouse model of proximal RTA was devel-
oped recently (93). The TASK K + channel is located in
the proximal tubule and appears to regulate bicarbonate
transport. When this channel was knocked out, the ani-
mals developed acidosis which was due to renal bicarbon-
ate wasting (93).

Congenital Fanconi Syndrome

There are a number of genetic defects that result in
Fanconi syndrome. These are listed in © Table 39-1 and
will be described briefly.

The most common cause of congenital Fanconi syn-
drome is cystinosis which is an autosomal recessive disor-
der (94, 95). This disease results from a defect in the gene
CTNS which encodes for the lysosomal membrane trans-
porter, cystinosin (96, 97). Lysosomes are organelles
responsible for degradation of proteins within the cell.
Cystinosin is responsible for the transport of cystine out
of the lysosome so that the organelle can continue to
function. In the disease cystinosis, cystine accumulates
within the lysosome of the cells throughout the body
(95). It is not clear how this leads to the Fanconi syn-
drome, but it appears to be related to depletion of intra-
cellular ATP (74, 75).

The other diseases that result in the Fanconi syndrome
are much rarer. One in particular is worth mentioning
because it is thought to be the cause of the syndrome
first described by Fanconi (98-102). This is a defect in
the facilitative glucose transporter GLUT2. This trans-
porter is responsible for transporting glucose out of

@ Table 39-1
Inherited causes of Fanconi syndrome

Disease Gene defect OMIM
Cystinosis Cystinosin (CTNS) 219,800
Tyrosinemia Fumarylacetoacetase 276,700
Fanconi-Bickel Glut 2 138,160
syndrome
Hereditary Fructose-1-phosphate 229,600
fructose aldolase
intolerance
Dent’s disease CICN5 300,009
Lowes syndrome | Phosphatidylinositol 4,5- 309,000
bisphosphate 5-phosphatase
deficiency (OCRL1)
Galactosemia Galactose-1-phosphate 230,400
uridylyltransferase
Wilson’s disease | ATPase, Cu®*-transporting, 277,900
beta polypeptide

the proximal tubule cell and into the blood stream.
Thus, a mutation in this protein would lead to accumula-
tion of glucose within the proximal tubule. It is unclear
how this would cause the Fanconi syndrome, but could be
due to the consumption of intracellular phosphate by the
accumulated glucose.

Hereditary fructose intolerance is of interest because
this served as a useful model for the study of Fanconi
syndrome (103, 104). The cause of the Fanconi syndrome
in this disorder is thought to be due to the depletion
of intracellular phosphate that occurs when the cell is
presented with a load of fructose. Patients with this
disorder tend to have normal renal function and no
acid-base disturbance when they remain on a fructose
restricted diet.

The oculo-cerebro-renal syndrome of Lowe is due to a
mutation in the OCRL1 gene which encodes for the enzyme,
phosphatidylinositol 4,5-bisphosphate 5-phosphatase (105).
This causes an accumulation of phosphatidylinositol 4,5-
bisphosphate in the cells which presumably leads to the
Fanconi syndrome because it interferes with actin poly-
merization (106). The syndrome is inherited in an
X-linked pattern.

Dent disease is caused by mutations in the chloride
channel encoded by the gene, CLCN5 (107-110). The
original term for this disorder was X-linked hypercalciuric
nephrolithiasis. The chloride channel that the gene encodes
for is found in intracellular organelles and appears to be
critical for maintaining pH gradients. It is not clear
how this defect results in the Fanconi syndrome.
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Other diseases that lead to the Fanconi syndrome
include galactosemia and tyrosinemia (111-114). These
disease processes can also be controlled by diet. Rarely,
other forms of glycogen storage disease can result in
the Fanconi syndrome (115-117). Mitochondrial defects
can also rarely be associated with the Fanconi syndrome
(118-121).

Recently, mutations in the transcription factor HNF1
alpha have been associated with dysfunction of the proxi-
mal tubule (122). In addition, these defects result in
maturity onset diabetes of the young type 3 (MODY3)
(123). This syndrome has been reproduced in a mouse
model (124). Thus, it appears that this transcription fac-
tor is a key regulator of glucose metabolism and could
impact the function of the proximal tubule.

Acquired Isolated Proximal RTA

Most diseases and toxins that affect the proximal tubule
result in the Fanconi syndrome, thus it is rare for isolated
proximal RTA to be acquired. The primary cause of
isolated proximal RTA is inhibition of carbonic anhydrase
(CA) (125). Acetazolamide is given to treat pseudotumor
cerebri and some forms of glaucoma. One side effect of
this treatment is the development of proximal RTA.
Indeed, this is often used as a marker of treatment
adequacy. A number of other medicines can also cause
CA inhibition, e.g., hydrochlorothiazide and topiramate
(126-129).

Acquired Fanconi Syndrome

There are many toxins and medications including heavy
metals that are now known to affect the proximal tubule
and result in the Fanconi syndrome (130-133). In partic-
ular, a number of well documented cases of Fanconi have
been reported with valproic acid (134, 135). These appear
to be reversible processes, but the time of resolution can
be significant. Chinese herbs containing aristolochic acid
have also been associated with Fanconi syndrome (136,
137). Other agents that have been associated with Fanconi
syndrome include aminoglycosides, ifosfamide, the anti-
viral agent tenofovir and salicylate (138-145).

Disease processes that cause the Fanconi syndrome are
either immune mediated diseases or paraproteinemia syn-
dromes. For example, Sjogren’s disease will typically cause
distal RTA but has been reported to cause Fanconi syn-
drome (146). The classic paraproteinemia that results in
Fanconi syndrome is multiple myeloma (147-149).

Other conditions that are associated with Fanconi
syndrome include vitamin D deficiency (150, 151). The
mechanism of action for this process is not well under-
stood. In addition, proximal RTA has been reported in
pregnancy and with paroxysmal nocturnal hemaglobi-
nuria (152, 153).

Distal Renal Tubular Acidosis
(Type 1 RTA)

Pathophysiology

The hallmark of distal RTA is the inability to lower
the urine pH maximally in the face of moderate to severe
systemic acidosis (1). This is clearly shown in © Fig. 39-5
where the urine pH is graphed against the serum bicar-
bonate concentration. As can be seen in the normal
individuals, the urine pH decreases to a value of app-
roximately 4.5-5.0, but the patients with distal RTA fail
to reduce their urine pH below 6.5. While this feature has
been known for many years and was the initial defining
characteristic of RTA, the causes of this dysfunction
have only recently been elucidated (© Fig. 39-6).

The primary function of the distal nephron in acid
base homeostasis is excretion of the acid generated by
the metabolism of our diet. As described earlier, the
typical western diet generates approximately 1 mmol of
acid per kilogram of body weight (26). Children have an
additional 1-2 mmol of acid per kilogram body weight
that is generated from the formation of hydroxyapatite in
growing bone. Thus, the distal nephron in the growing
child has the task of excreting between 1 and 3 mmol of
acid per kilogram (27-29). If the distal nephron is not
capable of performing this function, the patient will use
the existing buffers in the body to buffer this acid. Most of
the pathophysiologic consequences of distal RTA are due
to accumulation of acid. Even though the proximal tubule
is functioning normally to reabsorb the filtered load of
bicarbonate, the patient will continue to accumulate acid
and develop an ever increasing base deficit.

After the bicarbonate buffers in the extracellular fluid
space are depleted, the bones begin to serve as the buffer
source for the accumulated acid. Hydroxyapatite can be
dissolved to liberate hydroxyl ions to help in the neutrali-
zation of the acid. Studies in patients with distal RTA have
shown that they are in negative calcium balance due to the
reabsorption of bone (1). This will lead to nehrocalcinosis
and nephrolithiasis.

Another contributing factor to the development of
nephrocalcinosis is the fact that citrate reabsorption in the
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@ Figure 39-6

Urine pH of patients with distal RTA. Because patients with distal RTA cannot excrete hydrogen ions against a gradient
in the distal nephron, they are unable to significantly lower their urine pH, even when they become very acidotic

(reprinted with permission from (70)).
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Nephrocalcinosis in a patient with distal RTA (reprinted with permission from (156)).

proximal tubule will be increased to help provide for base
equivalents (154, 155). The resulting hypocitraturia will
contribute to the development of nehrocalcinosis and nep-
hrolithiasis. This can be used to help differentiate distal RTA

from proximal RTA as seen in® Fig. 39-7 (157). In growing
bones, the acid base disturbance will lead to rickets where-
as in the older patient, they will develop osteomalacia.
The description of this was provided by Albright (5).
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Nephrocalcinosis has also been associated with
increased production of red cells (158, 159). It is not
clear what the mechanism is in these patients. Erythrocy-
tosis has been observed in some patients with distal RTA,
presumably as a result of the nephrocalcinosis (158, 159).

The proximal tubule provides ammonia that is del-
ivered to the distal nephrons to serve as a buffer. Recently,
it has been appreciated that the rate of ammonium excre-
tion in patients with distal RTA is less than that of normal
subjects (24, 25, 160). This is presumably due to the
fact that ammonia that is not converted to ammonium
ion by the secretion of protons can then diffuse back
into the blood stream and is subsequently not excreted.
There have been a number of reports of patients with
distal RTA that have hyperammonemia at the time of pre-
sentation when they are extremely acidotic (161-163).
They do not have liver dysfunction but they have an
inability to excrete the ammonia generated in the proxi-
mal tubule.

This phenomenon has lead some investigators to pos-
tulate that the excretion of ammonium be used as a new
classification scheme of RTA (160). While this could result
in a more physiologic scheme for the classification of
RTA, this is probably not practical at the present time.
The measurement of ammonium in the urine is not
a routine laboratory test. Methods for estimating ammo-
nium excretion will be discussed in the section on clini-
cal aspects.

Another pathophysiologic finding in patients with
classical distal RTA is hypokalemia (164, 165). The exact
mechanism for this is not entirely clear but is at least
partially due to elevated aldosterone concentrations in
these patients (45). Careful studies have indicated that
the aldosterone concentration is routinely elevated in
patients with distal RTA. A few patients had aldosterone
concentrations in the normal range, but were inappro-
priately normal for the degree of hypokalemia. It was
thought that the patients were mildly volume depleted
because of mild proximal tubule dysfunction. The hypo-
kalemia can be severe and cause muscle paralysis (166).
This has occasionally been the presenting sign of
RTA (167).

Etiology

Congenital

Congenital forms of distal RTA are divided into autoso-
mal dominant (type la) and autosomal recessive with
(type Ib) and without (type Ic) hearing loss. The molecular

basis for these forms of inherited distal RTA have become
clear over the past few years and have greatly improved our
understanding of the molecular basis of renal acid base
metabolism.

Autosomal dominant distal RTA is caused by muta-
tions in the anion exchanger (AEl) that is located in
the basolateral membrane of the alpha intercalated cells
of the collecting duct. This exchanger is responsible
for the basolateral exit of bicarbonate into the blood
stream. Thus, if the protein is not functioning, acid secre-
tion into the tubule lumen will be limited.

The biology of AE1 has proven to be very interesting
(60, 168, 169). The exchanger is also located in the red cell
membrane where it was first discovered and was termed
“band 3 protein” (169). While it serves to function in the
red blood cell as an anion exchanger, it also binds to other
membrane proteins and contributes to the stability of the
red cell membrane. Thus, defects in AE1 have been asso-
ciated with hereditary spherocytosis and south-east Asian
ovalocytosis (SAO) (168). In general, patients with these
disorders do not have RTA.

The mutations in AE1 that result in autosomal domi-
nant distal RTA are located in a different area of the molecule
than the mutations causing the red cell membrane defects
(170, 171). Patients with autosomal dominant distal RTA
tend to develop a less severe form of RTA than patients
with the autosomal recessive forms (172, 173). Most of
the patients do not have red cell membrane defects. How-
ever, there have been recently described patients with both
RTA and SAO. These patients were found to be com-
pound heterozygotes for mutations that cause the two
different disorders or they were homozygous for a muta-
tion that could cause both RTA and SAO (174-176).

The autosomal recessive distal RTA with hearing loss
(type Ib) was found to be due to mutations in a subunit
(ATP6V1B1) of the proton pump located on the apical
membrane of the alpha intercalated cell of the collecting
duct (177). This led to the discovery of the proton pump
location in the inner ear (178, 179). The proton pump is a
key transporter in the secretion of hydrogen ions (56-59).
It is a complex molecule with multiple subunits that are
specific to the location in the body.

Subsequent to the initial discovery, a number of other
mutations have been discovered that are responsible for
autosomal recessive distal RTA with hearing loss (70, 180).
Most recently, a large family with this form of RTA and
hearing loss had been reported (181). The defect has
been recently determined to be a truncating mutation
of the ATP6V1B1 which prevented the subunit from
organizing with the rest of the proton pump for complete
function (182).
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As families were characterized for mutations in the
proton pump, it was clear that some of the families did
not have hearing loss and did not have defects in the
ATP6V1B1 subunit. This led to the designation of auto-
somal recessive distal RTA without hearing loss (type Ic).
Defects in a separate subunit (ATP6N1B) were found to
be the cause in the initial families studied (183). Subse-
quently, a number of patients developed hearing loss later
in life. These patients were found to have a defect in
subunits that were found in the inner ear (180).

Mouse models of distal RTA have also been developed.
A mouse model that lacks AE1 (slc4al) has been produced
and found to have many of the same features as the
human disease (184). The importance of the potassium
chloride transporter KCC4 for function of the alpha inter-
calated cells was shown in a knock out model (62). These
mice had features of distal RTA. A mouse that lacked the
transcription factor Foxil was shown to have distal RTA
(185). This transcription factor is evidently important in
the development of the alpha intercalated cells. There are
no known human mutations in this factor, but the mouse
model raises the possibility of this being another gene to
consider in human disease.

Acquired

The most common cause of acquired distal RTA is immu-
nologic destruction of the alpha intercalated cells. This
occurs most frequently with Sjogren’s syndrome (186,
187). Distal RTA in Sjogren’s has been reported to occur
in about one third of the patients and after a duration of
10 years (187, 188). It can also occur in patients with
systemic lupus erythematosis and has been reported in a
patient with Graves’ disease (189-192). Distal RTA has
also been reported in renal transplant patients, however it
is not clear if this is immune mediated or secondary to the
medications (193).

A number of medications have been found to cause
distal RTA. The classic example is amphotericin (194).
This model has been used to study the pathogenesis of
RTA in the laboratory (195, 196). The primary defect in
acid secretion due to amphotericin appears to be an
increase in the permeability of the collecting duct cells
to hydrogen ions. This would then prevent the formation
of the gradient that is necessary to secrete protons into the
urine. While these results helped explain the pathophysi-
ology of the backleak and is important clinically, this
probably does not apply to patients with inherited defects
that result in distal RTA.

Other medications that are known to cause distal RTA
include lithium, foscarnet and melphalan (197-199). The
mechanisms for these effects are not clear.

Acquired distal RTA can also result from the treatment
of hypophosphatemic rickets (200). This is probably a
result of the nephrocalcinosis that develops form the
high dose of vitamin D these patients receive. Examina-
tion of patients with idiopathic hypercalciuria also dem-
onstrated some defects in renal acidification (201).

An interesting association of distal RTA and ingestion
of vanadate has been proposed as a mechanism for the
high endemic rate of RTA in northeastern Thailand (202).
These patients develop severe hypokalemia and it is
thought that this could be due to inhibition of the H-K-
ATPase by vanadate. There is a high level of vanadate in
the soil in this area and experiments with rats have shown
that administration of vanadate can lead to renal tubular
acidosis (203).

Glue sniffing has been listed as a cause of distal RTA;
however careful examination of a patient with acidosis
form glue sniffing suggests a different cause of the acidosis
(204). The toluene in the glue is rapidly metabolized to
hippuric acid which is promptly excreted by the kidneys.
When measurements were made of ammonium excretion
rates, they were found to be normal. Thus, the conclusion
is that while there might be some renal tubule damage
from the glue sniffing, the bulk of the acidosis results from
hippuric acid production. The prompt excretion of the
hippurate prevents the development of an increase in
the anion gap (204).

Type lll Renal Tubular Acidosis

Type III RTA refers to a form of renal tubular acidosis that
has features of both proximal RTA and distal RTA. During
the middle of the twentieth century, a number of patients
were found to have features of both forms of RTA and the
third type of RTA was suggested. It was subsequently
found that these patients had distal RTA with a transient
form of proximal RTA. Thus, the term fell out of favor
and had not been used.

More recently, a form of RTA that occurs with some
forms of osteopetrosis has been characterized that seems
to meet the criteria for the designation of Type III RTA.
This association was originally described in 1972 (205).
Subsequently, the defect was found to be a mutation in
the gene for carbonic anhydrase II (43, 90). After the
initial finding of the genetic defect, a number of other
patients have been described with similar clinical findings
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(156, 206, 207). These patients have other extrarenal find-
ings such as cerebral calcifications as well as the bone
problems associated with osteopetrosis (207). It should
be pointed out that osteopetrosis can be caused by a defect
in a number of different genes that affect the osteoclast
(208). Thus, the finding of osteopetrosis does not imply
that the patient will have a defect in carbonic anhydrase II
and will develop RTA. The form of osteopetrosis asso-
ciated with the carbonic anhydrase deficiency is the syn-
drome known as Guibaud-Vainsel syndrome or marble
brain disease (208).

Type IV Renal Tubular Acidosis

The effects of aldosterone on electrolyte balance have been
extensively studied since the discovery of aldosterone in
the 1950s (20). The initial findings demonstrated dramat-
ic effects of aldosterone on sodium reabsorption and
potassium secretion. In the latter half of the twentieth
century it became clear that aldosterone also had effects
on acid base balance. With the recent advances in molec-
ular biology, the mechanisms involved in the genetic
causes of type IV RTA have been elucidated.

Type IV RTA was initially used to describe patients
that developed acidosis from aldosterone deficiency. This
could occur as an inherited defect, such as congenital
adrenal hyperplasia, or could be acquired as in Addison’s
disease. The principal feature that distinguished type IV
RTA from classic type I RTA was the finding of hyperka-
lemia. Patients with type IV RTA are hyperkalemic while
many of the patients presenting with classic type I RTA
were hypokalemic. This led investigators to believe that
the cause of this form of RTA was aldosterone deficiency.
Later it became apparent that many of the patients were
not aldosterone deficient, but had a decreased responsive-
ness of the renal tubules to aldosterone and hence devel-
oped hyperkalemic RTA. Currently the term type IV RTA
is applied to all forms of hyperkalemic RTA, regardless of
the serum aldosterone concentration.

Pathophysiology

The primary effect of aldosterone on the collecting duct is
to stimulate sodium reabsorption and potassium secre-
tion in the principle cells (209). This results in an en-
hancement of the lumen negative electrical potential
which can then help promote proton secretion. Aldoste-
rone also has direct effects on the alpha intercalated cells
to promote proton secretion by upregulating expression

of the proton ATPase as well as carbonic anhydrase (209).
The effect of aldosterone on ammonia excretion is not
clear. There is evidence that aldosterone deficiency could
directly inhibit the production of ammonia while other
studies indicate that the effect could be secondary to
hyperkalemia (210-212). Ammonia secretion in patients
with aldosterone deficiency was low and was shown to
increase after administration of mineralocorticoid; how-
ever, it was still not clear if the effect could be secondary to
changes in potassium concentration.

Patients that are aldosterone deficient or resistant to
the actions of aldosterone have increased excretion of
sodium which leads to volume depletion and potentially
a decrease in the glomerular filtration rate (213, 214).
Thus, many of the symptoms of this process are secondary
to the volume depletion.

The acidosis in most patients with type IV RTA is not
as severe as in other forms of RTA (213). Thus, the main
clinical problem with most of these patients is the hyper-
kalemia. Treatment often relies on restricting the intake
of potassium but will ultimately depend on the cause
of the RTA.

Etiology

As discussed above, type IV RTA can result from a defi-
ciency of aldosterone or from a resistance of the renal
tubules to the actions of aldosterone.

Aldosterone Deficiency

Aldosterone deficiency can be the result of a global dys-
function of the adrenal gland, referred to as Addison’s
syndrome, or it can be the result of isolated aldosterone
or mineralocorticoid deficiency. The most common
inherited form of mineralocorticoid deficiency is cong-
enital adrenal hyperplasia (CAH) which is due to
21-hydroxylase deficiency (65, 215). Other infants can pre-
sent with isolated aldosterone synthase deficiency which is
not as severe a disease process since the glucocorticoid
pathway remains intact (216).

Aldosterone Resistance

There are a number of inherited and acquired conditions
that result in resistance of the tubules to the action of
aldosterone. The pathway for aldosterone action includes
the mineralocorticoid receptor and the epithelial sodium
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channel (ENaC). Defects in both of these components
results in type IV RTA. Because of the renal tubular
resistance to aldosterone, aldosterone concentrations in
the blood are quite elevated. Thus, this is referred to as
pseudohypoaldosteronism (PHA).

Defects in the mineralocorticoid receptor lead to an
autosomal dominant form of PHA (217). This form is the
least severe of the PHAs and patients tend to improve as
they get older. This is presumably due to compensation by
other pathways to reabsorb sodium and secrete potassium
and hydrogen ions.

An autosomal recessive form of PHA is due to defects
in ENaC (218). Patients with this form can be severely
affected since the final pathway for sodium regulation in
the collecting duct involves ENaC. In addition, they have
severe pulmonary problems at birth because ENaC is
present in the lungs and is a key factor in the reabsorption
of fluid from the lung space after birth.

Both of these forms of PHA lead to salt loss and
volume depletion. Patients tend to be hypotensive and
dehydrated. Additionally, plasma concentrations of renin
and aldosterone are quite elevated because of the volume
depletion.

A form of PHA that occurs in patients that are hyper-
tensive was originally thought to be due to a “chloride
shunt” in the collecting duct and was referred to as PHA
type 2 or Gordon’s syndrome (219). These patients are
characterized by having hyperkalemia and acidosis, but
have a low concentration of renin and aldosterone in their
plasma. This led investigators to hypothesize that the
paracellular pathway in the collecting duct was allowing
chloride to be reabsorbed at a higher rate than was needed
(220). This would cause the electrical potential difference
in the tubule to decrease and would thus decrease the
excretion of potassium and protons.

Recent discoveries have shown that PHA type 2 is due
to defects in WNKs (with no lysine kinases) (221). Specif-
ically, there are families with the syndrome that have
mutations in WNKI1 and some with mutations in
WNK4. The biology of the WNKs has turned out to be
very complicated and is beyond the scope of this chapter.
However, they seem to be key players in the regulation of
potassium and blood pressure.

Acquired

Addison’s disease can be an autoimmune disease or can be
the result of damage to the adrenal gland from infection
or infarction. Treatment involves replacing the adrenal
hormones as needed as well as treating the underlying

infection. In adult patients, diabetes is a leading cause of
type IV RTA as a result of hyporeninemic hypoaldoster-
onism (222). There are other disease processes that also
lead to a decrease in production of renin which would
then lead to a decrease in aldosterone secretion. If the
patient has type IV RTA from acquired hypoaldosteron-
ism, treatment with mineralocorticoids will correct the
defect (223).

Tubular resistance to aldosterone can occur as a result
of a number of different processes. Autoimmune diseases
can lead to interstitial nephritis that decreases the tubule
responsiveness to aldosterone (224). Patients with sys-
temic lupus erythematosis classically develop type
1 RTA, but have been reported to present with type IV
RTA (192). Infections such as acute pyelonephritis can
also cause a resistance to aldosterone action.

Probably the most common cause of acquired type
IV RTA in the pediatric age range is obstruction of
the urinary tract. The mechanism by which obstruction
causes resistance of the tubule to aldosterone is not clear,
but this is commonly seen in patients with posterior
urethral valve or with prune belly syndrome.

Type IV RTA can also been seen in patients with a
renal transplant (225). This could be due to either an
immune mediated mechanism or it could be related to
medications used for the treatment of rejection. In partic-
ular, calcineurin inhibitors are known to cause a type IV
RTA (193, 226).

Other medications that are known to interfere with
the action of aldosterone include angiotensin converting
enzyme inhibitors (ACE inhibitors), heparin, prostaglan-
din inhibitors (NSAIDs) and a number of potassium
sparing diuretics. These would include amiloride which
blocks the epithelial sodium channel and spirinolactone
which blocks the mineralocorticoid receptor.

Clinical Aspects of Renal Tubular
Acidosis

The diagnosis of renal tubular acidosis represents a chal-
lenge to the clinician for a number of reasons. Depending
on the severity of the disease presentation, the patient
could present with findings consistent with proximal
and distal RTA. The patients are also many times quite
volume depleted at presentation and it is not clear how
much this impacts the serum chemistries. In addition,
patients with infections can be septic and in shock.
Thus, the complete evaluation of a patient for renal tubu-
lar acidosis might have to occur after the acute illness
has subsided.
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As with any complex disease, the diagnosis of RTA
begins with clinical suspicion. If the disease is not being
considered in the differential diagnosis, then a definitive
diagnosis will not be made. There have been a number of
recent reviews that outline practical guidelines for the
diagnosis and management of RTA (227-230). This sec-
tion of the chapter will focus on the reasoning behind the
laboratory testing that is recommended for the work up of
patients with suspected RTA.

The inherited forms of renal tubular acidosis present
almost uniformly with failure to grow and repeated epi-
sodes of vomiting and dehydration (1, 68). It should be
emphasized that most of these patients are very ill appear-
ing at the time of presentation. The patient with failure to
grow that otherwise appears healthy ahs a much lower
probability of having RTA. A recent study examined
patients referred for failure to thrive that had serum
chemistries indicating the possibility of RTA (231). Sim-
ply performing a venous blood gas analysis in the patients
demonstrated the absence of acidosis.

The first step in the evaluation of patients with an
acidosis is to determine the serum anion gap (232-234).
Patients with RTA are characterized by having a normal
anion gap. This is also referred to as a hyperchloremic
metabolic acidosis. Interpretation of the anion gap can
occasionally be misleading. Other factors can affect the
anion gap such as serum protein concentrations, calcium
and other anions such as phosphate (233). Thus, the
determination of a normal anion gap acidosis can only
be correctly made when these factors are taken into
account.

Although renal tubular acidosis should be suspected
in these patients with metabolic acidosis with a normal
anion gap, there are other disorders to consider in the
differential diagnosis such as gastrointestinal loss of bicar-
bonate. The workup of these patients is therefore designed
to differentiate whether the acidosis is of renal or extra-
renal origin. Thus, it is necessary to examine the response
of the kidney to the metabolic acidosis. As discussed
above, the normal renal response to metabolic acidosis is
to increase ammonium chloride excretion as a way to
enhance hydrogen ion excretion to correct the acidosis.
Unfortunately, measuring ammonium in the urine is not
a routine function in most hospital laboratories. Over
time, several approaches have been taken to estimate the
urinary excretion of ammonium to determine if the kid-
ney is responding normally (235-239).

The measurement of the urine pH can be helpful but
also can be misleading in the diagnosis of RTA (240).
Where it tends to be helpful is in determining whether
or not there is bicarbonate in the urine (see © Fig. 39-8).

The simplest test that was devised is to measure the
urine sodium, potassium and chloride concentrations
and calculate the urinary anion gap using the following
equation:

Urinary anion gap = Uy, + Ux — Ug,

where Uy, is the urinary sodium concentration, Ux the
urinary potassium concentration and Ug the urinary
chloride concentration. This approach is based on the
fact that the unmeasured cations and anions are constant
and that ammonium would be the primary cation other
than sodium and potassium that would be excreted with
chloride. The amount of ammonium in the urine when
the anion gap is zero turned out to be 80 mmol/L. The
other assumptions in this approach are that there is no
appreciable bicarbonate in the urine and the patient is not
receiving medications that are excreted in the urine in
ionic form such as penicillins. If the urine pH is less than
seven, the urinary bicarbonate will be less than 10 mmol/L
(see © Fig. 39-8). This simple approach has been verified
in normal controls as well as patients with RTA and
gastrointestinal causes of acidosis (235, 237).

Modifications to the urinary anion gap calculation
have been made to expand its application to conditions
that could yield misleading results. If patients are excret-
ing other anions, ammonium would be excreted with the
unmeasured anion instead of chloride. Thus, the urinary
anion gap would underestimate the amount of ammoni-
um in the urine. The osmolal gap was developed to take
this into account (238). The osmolal gap is calculated
by the following equation:

Urine osmolal gap = measured urine osmolality

— calculated osmolality.

The calculated osmolality is determined by the follow-
ing equation:

Calculated osmolality = Na + K 4+ HCO;

+ urea nitrogen,/2.4 + glucose/18.

This was shown to correctly account for the unmeasured
anions in patients with ketoacidosis (238). An additional
modification was then developed because of the difficulty
in measuring the urine bicarbonate concentration. This
method replaces the urine bicarbonate measurement by
multiplying the sum of the sodium and potassium con-
centrations by two (236).

The above approaches are designed to estimate the
amount of ammonium in the urine. Normal controls have
about 80 mmol/L of ammonium in the urine (237). What
makes the test work well in the evaluation of acidosis is
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@ Figure 39-8

Urinary bicarbonate concentration as a function of urinary pH. As can be seen, once the urine pH becomes less than 6.5, the
concentration of bicarbonate is less than 10 mEg/L. This might have an impact in determining the urinary anion gap

(reprinted with permission from (241)).

60r

50

] o
o o
T T

Urinary HCO5 (m equiv. /L.)
rn
o

5.0

the fact that normal individuals will have an increase in
their ammonium excretion but the patients with RTA will
not. A recent study examined the correlation of these
techniques with actual measurement of urinary ammoni-
um (242). This study concluded that the correlation many
times was not good and that direct measurement of the
urinary ammonium would be a better method. Another
problem with this approach is that neonates were found
to have a poor correlation between urinary anion gap and
urinary ammonium concentration (243).

Another approach to examine the urine for proton
secretory rate is to measure the urine and blood pCO,
during bicarbonate loading (244-246). The idea is to take
advantage of the low level of carbonic anhydrase activity
in the distal nephron. When the patient is loaded with
bicarbonate, the delivery to the proximal tubule will ex-
ceed the transport maximum and significant amounts of
bicarbonate will be delivered to the distal nephron. If the
patient has a normal proton secretory rate, hydrogen ions
will be secreted into the tubule lumen. Although there
is CA II in the distal nephron, the rate of reaction is
slow enough that the carbon dioxide will be excreted in
the urine and not reabsorbed. Under these conditions,

8.0

normal individuals will have a urinary pCO, of greater
than 70 mm Hg or a blood-urine pCO, of greater than
30 mm Hg. Patients with a defect in hydrogen ion secre-
tion will have a urinary pCO, of less than 70 mm Hg or
a blood-urine pCO, of less than 30 mm Hg. This method
has been shown to be useful in neonates as well as
adults (246).

Other tests might be indicated if the results of the
above remain indeterminate. Traditionally, the patient’s
ability to acidify the urine is tested using acute or chronic
loading with ammonium chloride (228). Because of the
unpalatable nature of the ammonium loading, urinary
acidification can be evaluated using a combination of a
mineralocorticoid and furosemide (247).

Differentiating Proximal and Distal RTA

Once it has been determined that the patient has RTA, it is
necessary to determine if it is a proximal or distal defect.
Usually this can be determined by the associated findings
in the patient. As outlined above, most patients with
proximal RTA have the Fanconi syndrome. Thus, it is



Renal Tubular Acidosis

997

very helpful to evaluate the urine for glucosuria and
phosphaturia. If these are normal but the patient is sus-
pected of having a proximal tubule defect, it might be
necessary to perform a bicarbonate titration to find the
threshold for bicarbonate excretion (228). The serum
potassium concentration will also help determine if the
patient has a type IV RTA.

Another useful determination is a renal sonogram or
X-ray to determine if the patient has nephrocalcinosis (see
© Fig. 39-7). Patients with distal RTA have hypocitraturia
and therefore are much more likely to have nephrocalci-
nosis and form renal stones. Patients with proximal RTA
are in relative acid base balance so that they have normal
amounts of citrate in their urine and they do not excrete
large amounts of calcium.

Treatment

The treatment of RTA will of course be determined by the
type and cause of RTA. Fanconi syndrome due to cysti-
nosis should be treated with cysteamine (241, 248, 249).
This will prevent further damage to the renal tubular cells
by preventing the accumulation of cystine. However, these
patients continue to have Fanconi syndrome and require
large amounts of alkali therapy as well as phosphate and
vitamin D.

The sporadic forms of proximal RTA are also difficult
to correct completely, but mild improvements in their
acid base status allows them to grow normally (67).
These patients tend to improve with age and will need
less alkali as the grow.

The treatment of distal RTA is somewhat more
straight forward. The amount of alkali needed to correct
the acidosis and maintain normal acid base balance is
much less than that needed in patients with proximal
RTA. The dosage of alkali necessary has been recently
studied. Using potassium citrate, investigators have
found that 3—-4 mEq/kg/day was necessary to normalize
the urinary citrate excretion (250, 251). A previous study
had also indicated that the dosage of alkali needed to be
higher in younger children and decreased to about 3 mEq/
kg/day after the age of 6 years (69).

The importance of continued therapy in these chil-
dren has been a recent concern (252). It appears that
subclinical acidosis could have long term effects on the
bone, resulting in osteoporosis. The loss of calcium from
the bones would also lead to nephrocalcinosis and renal
stone formation.
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