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Renal Tubular Acidosis: The Clinical Entity
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The term renal tubular acidosis (RTA) is applied to a group d¢if and CA IV are markedly stimulated during chronic meta-
transport defects in the reabsorption of bicarbonate (KGO bolic acidosis. A substantial fraction of proximal HgOre-
the excretion of hydrogen ion (H, or both. This condition absorption is mediated by vacuolar"FATPase. Also, about
was first described in 1935 (1), confirmed as a renal tubula®% of filtered HCQ™ is reabsorbed by passive back-diffu
disorder in 1946 (2), and designated “renal tubular acidosis” #ion along the paracellular pathway.
1951 (3). The RTA syndromes are characterized by a relativelyProximal HCQ~ reabsorption is influenced by luminal
normal GFR and a metabolic acidosis accompanied by hypel€cO,;~ concentration and flow rate, extracellular fluid vol
chloremia and a normal plasma anion gap. In contrast, the teume, peritubular HCQ concentration, and d@,, Cl~, K™,
uremic acidosis is applied to patients with low GFR in whor@& ", phosphate, parathyroid hormome, glucocorticoidag
metabolic acidosis is accompanied by normo- or hypochlaenergic tone, and angiotensin Il (4).
emia and an increased plasma anion gap.
Distal Urinary Acidification

Physiology of Renal Acidification Urinary acidification takes place in the distal nephron by

The renal acid-base homeostasis may be broadly dividgglee related processeg) (eclamation of the small fraction of
into two processes1f reabsorption of filtered HCO', which filtered HCO,~ that escapes reabsorption proximally (10 to
occurs fundamentally in the proximal convoluted tubule; argd%); @) titration of divalent basic phosphate (HPQ, which
(2) excretion of fixed acids through the titration of urinaryis converted to the monovalent acid form,@0, ") or titrable
buffers and the excretion of ammonium, which takes plaegid; and 8) accumulation of ammonia (N§ji intraluminally,

primarily in the distal nephron. which buffers H to form nondiffusible ammonium (NJ).
_ _ The thick ascending limb of Henle’s loop reabsorbs about
Proximal HCO™ 5 Reabsorption 15% of the filtered HCQ™ load by a mechanism similar to that

The mechanisms for proximal reabsorption of approximateftesent in the proximal tubule,e., through Na-H* apical
80 to 90% of filtered HCQ@™ are displayed irFigure 1. The exchange. It also participates in Nktansport. Absorption of
foremost processes occurring in this segment afesetretion NH," in the apical membrane of the Henle’s loop occurs by
at the luminal membrane via a specific NaH" exchanger substitution for K both in the Na& K* 2CI~ cotransport
(NHE-3) and HCQ" transport at the basolateral membrane vigystem and in the K-H™ antiport system. The medullary thick
a Na'- HCO;™ cotransporter (NBC-1). In the proximal-tu ascending limb has a low permeability to MHimiting back-
bules, carbonic acid ($€£0,) is formed within the cell by the diffusion. A NH,” medullary concentration gradient is gener
hydration of CQ, a reaction catalyzed by a soluble cytoplasated and amplified by countercurrent multiplication through
mic carbonic anhydrase (CA Il). The,8O; ionizes and the NH," secretion into the proximal tubule and possibly into the
H™ is secreted in exchange for luminal Nalhis mechanism thin descending limb of the loop of Henle. The accumulation of
is electroneutral, driven by a lumen-to-cell Ngradient, stim  NH; in the medullary interstitium increases the driving force
ulated by intracellular acidosis, and inhibited by high conceifor diffusional entry of NH into the collecting tubule, a
trations of amiloride. Bicarbonate generated within the cqlrocess facilitated by the high acidity of the tubular fluid at this
leaves it across the basolateral membrane by passive'13Na level (5).
HCO;™ cotransport. The secreted"Heacts with filtered bi Distal urinary acidification occurs mainly in the collecting
carbonate to form luminal }€O;, which quickly dissociates tubules (6). In the cortical collecting tubule, the intercalated
into CO, and water by the luminal action of membrane-boungklls are involved in both Hand HCQ,~ secretion, whereas
carbonic anhydrase (CA IV). Luminal G@an freely diffuse the principal cells are in charge of Naeabsorption and K
back into the cell to complete the reabsorption cycle. Both Cdecretion. There are two populations of intercalated cells,
which differ both functionally and structurally. The cell is
esponsible for H secretion, and thg cell is responsible for
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Figure 1. Schematic model of HCO;™ reabsorption in proximal
convoluted tubule. The processes occurring are H* secretion at the
luminal membrane via a specific Na*- H* exchanger (NHE-3) and
HCO,™ transport at the basolateral membrane viaa 1 Na“-3 HCO, ™~
cotransporter (NBC-1). Cytoplasmic carbonic anhydrase 11 (CA 1)

and membrane-bound carbonic anhydrase 1V (CA 1V) are necessary
to reabsorb HCO; ™.

CORTICAL COLLECTING TUBULE

Lumen a intercalated cell Blood
He H*- ATPase AE]
‘@p HCO;
Cr
HPO,~ H,CO .
H"..’(*-.«!J'Pa.se2 8 Ci
+
NH, H 3 Na*
2K =L
K+ -~ K+
Cco, H,O
H,PO,; NH,*

© -
Figure 2. Schematic model of H™ secretion in cortica collecting
tubule. The main pump for luminal H* secretion in the o type-
intercalated cell is avacuolar H -ATPase. A H" K*-ATPase is aso
involved in H* secretion. Intracellularly formed HCO,™ leaves the
cell via CI™-HCO—; exchange, facilitated by an anion exchanger
(AEL). Cytoplasmic carbonic anhydrase Il (CA 1) is necessary to
secrete H™.

aso involved in H* secretion, but its physiologic role is
probably more related to potassium than to acid-base ho-
meostasis. Intracellularly formed HCO; ™ leaves the cell by an
electroneutral mechanism involving Cl~-HCO; ™ exchange, fa-
cilitated by an anion exchanger (AEL or band 3 protein).

H* secretion proceeds in the outer medullary collecting
tubule, which is a unigque segment that does not reabsorb Na*
or secrete K™ and the only function of which isthe transport of
H™. The medullary collecting tubule is lumen-positive, and H*
must be secreted against the electrochemical gradient via an
electrogenic, Na"-independent process modulated by the vac-
uolar H"-ATPase. H" secretion is not inhibited by agents that
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block Na“ transport, but it is influenced by adosterone
through a mechanism that is independent of Na* delivery or
reabsorption. The terminal part, the inner medullary collecting
duct, also plays an important role in distal acidification. The
cellular process involved in mediating H™ secretion appears to
be similar to the process described in a-intercalated cells, but
its quantitative importance in overall renal H* secretion re-
mains to be determined. All segments of the collecting tubule
arevery richin cytosolic carbonic anhydrase |1, but membrane-
bound, luminal carbonic anhydrase 1V is also present in both
outer and inner segments of the medullary collecting duct. The
luminal CA 1V seems to play an important role for HCO;™
absorption in this segment.

Distal urinary acidification is influenced by blood pH and
Pco,, distal Na* transport and transepithelial potential differ-
ence, aldosterone, and K. Aldosterone influences distal acid-
ification through several mechanisms. First, it enhances Na*
transport in late distal and cortical collecting tubules and
thereby increases the lumen-negative potential difference
across epithelium, so favoring both H™ and K* secretion. This
action is first mediated by activation of preexisting epithelia
Na" channels (ENaC) and pumps (Na*,K "-ATPase) and sub-
sequently mediated by increasing the overall transport capacity
of the renal tubular cells. Aldosterone seems to be responsi-
ble of the specific localization of the ENaC in the apical
membrane of principal cells of distal and cortical collecting
tubules. Both early regulatory and late anabolic-type actions
depend on the transcriptional regulation exerted by hormone-
activated mineral ocorticoid receptors (MR). However, the reg-
ulatory pathways that link the transcriptional action of aldo-
sterone to these Na* transport proteins is mediated by sgk
(serum and glucocorticoid-regulated kinase) and other regula-
tory proteins (7).

Aldosterone also enhances H"-ATPase activity in cortical
and medullary collecting tubules, an effect that is independent
of plasma K* levels. However, the stimulation of H* K™-
ATPase also observed in states of aldosterone excess depends
predominantly on the stimulus exerted by accompanying hy-
pokalemia. Aldosterone also has an effect on NH, " excretion
by increasing NH3 synthesis, both as a direct action and as a
consequence of simultaneous changes in K™ homeostass.

Classification of Renal Acidification Defects

On clinical and pathophysiologic grounds, RTA has been
separated into three main categories: proxima RTA or type 2;
distal RTA or type 1; and hyperkalemic RTA or type 4. Each
may occur in a varied number of hereditary or acquired etiol-
ogies (8). Recent advances in molecular biology of acid-base
transporters have alowed a better knowledge of the hereditary
syndromes (9-11).

Proximal RTA (Type 2)

Proximal RTA may occur as a primary and isolated entity
(12-15) or be accompanied by other proximal tubular defects
(Fanconi syndrome). It may also have a hereditary origin, be
secondary to administration of drugs and toxins, or be associ-
ated with anumber of varied diseases (Tables 1 and 2). Stunted
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Table 1. Genetics of primary rena tubular acidosis (RTA)?
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Gene

Syndrome Locdization Locus Symbol Gene Product
Primary proxima RTA (type 2)
autosomal dominant : ? ?
autosomal recessive with ocular abnormalities 4921 SLC4A4 NBC-1
sporadic in infancy — — Immaturity of NHE-3 ?
Primary distal RTA (type 1)
autosomal dominant 17921-22 SLC4A1 AE1
autosomal recessive with deafness (rdRTA1) 2p13 ATP6B1 B1 subunit of H" ATP-ase
autosomal recessive without deafness (rdRTA2) 7033-34 ATP6N1B 116-kD subunit of H* ATP-ase
Combined proximal and distal RTA (type 3)
autosomal recessive with osteopetrosis 8g22 CA2 CA ll
Hyperkalemic distal RTA (type 4)
pseudohypoaldosteronism type 1
autosomal dominant renal form 4g31.1 MLR Mineral ocorticoid receptor
autosomal recessive multiple-organ form 16p1l2  SNCCI1B, SCNN1G B and y ENaC
12p13 SNCC1A a ENaC
“early-childhood” hyperkalemia — — Immaturity of MC receptor?
pseudohypoaldosteronism type 2 (Gordon syndrome)  12p13.3 WNK1 WNK1 kinase
17p11-g21 WNK4 WNK4 kinase

2NBC-1, Na*-HCO;- cotransporter; NHE-3, Na"-H™* exchanger; AE1, Cl~-HCO,- exchanger; ENaC, epithelid Na* channel; MC,

mineralocorticoid receptor.

Table 2. Causes of proxima RTA (type 2)

I. Primary isolated proximal RTA
1. hereditary (persistent)
a. autosomal dominant

b. autosomal recessive associated with mental retardation and ocular abnormalities

2. sporadic (transient in infancy)
Il. Secondary proximal RTA

1. in the context of Fanconi syndrome (cystinosis, galactosemia, fructose intolerance, tyrosinemia, Wilson disease, Lowe
syndrome, metachromatic leukodystrophy, multiple myeloma, light chain disease)
2. drugs and toxins (acetazolamide, outdated tetracycline, aminoglycoside antibiotics, valproate, 6-mercaptopurine,

streptozotocin, iphosphamide, lead, cadmium, mercury)

3. associated to other clinical entities (vitamin D deficiency, hyperparathyroidism, chronic hypocapnia, Leigh syndrome,
cyanotic congenital heart disease, medullary cystic disease, Alport syndrome, corticoresistant nephrotic syndrome, rena

transplantation, amyloidosis, recurrent nephrolithiasis)

growth is a prominent clinical feature in children. Rickets and
osteomalacia are never observed unless hypophosphatemia is
present as occurs in the Fanconi syndrome. Nephrocalcinosis
and uralithiasis are also infrequent, even in situations in which
hypercalciuriais present (16). Hypokaemia and related symp-
toms are also restricted to cases with the Fanconi syndrome.
Proximal RTA (type 2) is caused by an impairment of
HCO;™ reabsorption in the proximal tubule and is character-
ized by a decreased renal HCO4™ threshold, which is normally
situated between 22 mmol/L ininfants and 26 mmol/L in older
children and aduts. Distal acidification mechanisms are intact;
when plasma HCO;™ concentration diminishes to sufficiently
low levels, these patients may lower urine pH below 5.5 and
excrete adequate amounts of NH,". However, when plasma
HCO;~ concentration is normalized by administration of al-

kali, the distal nephron is not capable of handling the large
delivery of HCO; . As a consequence, the urine is highly
alkaline and contains a great fraction of the filtered load (>10
to 15%). ThisHCO,;~ wasting is a transient phenomenon, and
a steady state is again maintained when plasma HCO4~ con-
centration stabilizes in the acidemic range. It may occur as an
isolated defect (e.g., mutations in the gene SLC4A4, encoding
the Na"/HCO,~ cotransporter NBC-1) (17) or more com-
monly in association with generalized proximal tubular trans-
port defects (e.g., in the context of a dysfunctional Na* K™
ATP-ase system).

Distal RTA (Type 1)
This type is caused by impaired distal acidification and is
characterized by the inability to lower urinary pH maximally
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(<5.5) under the stimulus of systemic acidemia. The impaired
secretion of NH," is secondary to this defect. In general,
HCO;™ reabsorption is quantitatively normal; however, as a
consequence of the elevated urine pH, a certain degree of
bicarbonaturiamay be obligatorily present (<5% of thefiltered
load).

The term incomplete distal RTA has been proposed to de-
sign patients with nephrocalcinosis or urolithiasis but without
metabolic acidosis. Although these patients cannot acidify the
uring, a high rate of NH," excretion compensates for their
limited excretion of titrable acid. Some cases have been re-
ported as a result of screening for hypocitraturia in families of
a propositus with complete distal RTA (18).

In children, distal RTA is aimost always observed as a
primary entity. Prominent clinical features include impairment
of growth, polyuria, hypercalciuria, nephrocalcinosis, lithiasis,
and K™ depletion. Progression of nephrocalcinosis may lead to
development of chronic renal failure. If detected early in life,
therapeutic correction of the acidosis by continuous alkali
administration may induce resumption of normal growth, arrest
of nephrocalcinosis, and preservation of renal function (19).

Primary distal RTA may be observed sporadically or with
autosomal dominant or recessive transmission (20) (Tables 1
and 3). Autosomal dominant distal RTA has been found to be
associated in several kindred with mutations in the gene en-
coding the CI"-HCO;~ exchanger AE1 or band 3 protein (21).
An important fraction of cases of sporadic or autosomal reces-
sivedistal RTA develop sensorineural deafness (rdRTA1L) (22).
There is great variation in the presentation of deafness, from
birth to late childhood. Karet et al. (23) have recently demon-
strated that most patients with distal RTA and nerve deafness
present mutations in the gene ATP6B1 encoding the B1-sub-
unit of H*-ATPase. Sporadic or autosomal recessive distal

Table 3. Causes of distal RTA (type 1)
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RTA without sensorineural deafness (rdRTA2) is the most
frequently encountered primary form. Karet et al. (24) aso
demonstrated that this form may be caused by mutations in the
gene ATP6N1B encoding the 116-kD subunit of H" ATP-ase.
In my experience, these patients may also develop neurosen-
sorial deafness after the second decade of life.

In adults, distal RTA frequently develops as a consequence
of hypergammaglobulinemia and some autoimmune disorders
with renal involvement such as systemic lupus erythematosus
and Sjogren syndrome. Chronic liver disease, particularly
chronic active hepatitis and primary biliary cirrhosis, and
chronic renal alograft rejection have also been found to be
associated with distal RTA (25-27)

Pathogenically, distal RTA can develop when thereis atrue
failure of the distal nephron to secrete H™ (secretory defect or
classic distal RTA) or when such capacity isintrinsically intact
but secondarily impaired. As mentioned, mutations in genes
encoding renal acid-base transporters have been identified as
causes of inherited secretory defects. The pathogenesis of
acquired cases of secretory distal RTA is less known, but
immunocytochemical analyses of renal biopsies from patients
with Sjogren syndrome have shown the absence of H -ATPase
in the a-type intercalated cells of the collecting duct (28,29).
However, in two patients with lupus nephritis and hyperkale-
mic distal RTA, intercalated cells stained normally with H™-
ATPase antibodies (30). A defective H"-K* ATPase function
at the apical surface of a-type intercalated cells has been also
proposed as a potential mechanism of disease (31), but this
possibility remains highly theoretical because this transporter
is more implicated in K™ than in H* homeostasis (32). Nev-
ertheless, deficient H"-K™ ATPase function secondary to va-
nadium toxicity has been suggested to be the cause of the

I. Primary distal RTA
1. persistent

a. “classic” form (sporadic or inherited as autosomal dominant or autosomal recessive)

b. with neurosensorial deafness (autosomal recessive)

c. with bicarbonate wasting (in infants and young children)

d. incomplete distal RTA
2. transient (in infancy?)
Il. Secondary distal RTA

1. in the context of genetic diseases (osteopetrosis, sickle-cell disease, Ehlers-Danlos syndrome, hereditary ovalocytosis,
Wilson disease, hereditary fructose intolerance with nephrocalcinosis, primary hyperoxaluria type 1, carnitine
palmitoyltransferase-1 deficiency, X-linked hypophosphatemia, cogenital adrenal hyperplasia)

2. calcium disorders (primary hyperparathyroidism, hypercalcemic hyperthyroidism, vitamin D intoxication, idiopathic
hypercalciuria with nephrocalcinosis, familial hypomagenesemia-hypercalciuria with nephrocal cinosis)

3. dysproteinemic syndromes (hypergammaglobulinemia, cryoglobulinemia, amyloidosis)

4. autoimmune diseases (systemic lupus erythematosus, Sjogren syndrome, chronic active hepatitis, primary biliary
cirrhosis, thyroiditis, fibrosing alvealitis, rheumatoid arthritis)

5. renal diseases (rena transplant rejection, medullary sponge kidney, obstructive and reflux nephropathy, Balkan

nephropathy)

6. hyponatriuric states (nephrotic syndrome, hepatic cirrhosis)
7. drugs and toxins (amphotericin B, lithium, analgesic abuse, toluene, amiloride, trimethoprim, pentamidine, vanadium)
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environmental hypokalemic distal RTA present in northeastern
Thailand (33).

The nonsecretory defects are caused by either an inability to
create a steep lumen-to-cell H* gradient due to increased
back-leak of secreted H™ (gradient defect), as observed after
amphotericin B administration, or an inability to generate or
maintain a distal lumen-negative transepithelial difference
(voltage-dependent defect), as observed in patients with im-
paired distal Na* transport (obstructive uropathy, sickle cell
disease, salt-losing congenital adrenal hyperplasia, or admin-
istration of lithium, amiloride, trimethoprim, and pentamidine).
Patients with distal RTA usually present with normo- or hy-
pokalemia, but when there is a voltage-dependent defect the
associated impairment of K™ secretion will lead to hyperkale-
mia (hyperkalemic distal RTA) (34). Another nonsecretory
defect (low buffer type) is caused by reduced urinary NH, " not
caused by high distal nephron lumina pH but by low NH,"
delivery from proximal tubule to medullary interstitium. It may
be observed in patients with nephrocalcinosis or chronic inter-
stitial nephropathy of different origins (35,36).

The concept of distal RTA has been expanded to include
patients in whom urine pH is appropriately low during sys-
temic acidemia but who present a low urine Pco, during
akaline loading, as indicative of a low rate of H* secretion.
Although this defect is described in adults with interstitial
nephritis or with prolonged lithium therapy (37), it may also be
observed in children with apparently primary distal RTA (38).
It isnot yet clear if such patients have a new and different type
of distal RTA or if they simply manifest a milder secretory
defect.

Combined Proximal and Distal RTA (Type 3)

In some patients, the delineation between proxima and
distal RTA isdifficult to establish because they share features
of both forms. In these cases, there is a striking reduction in
tubular reclamation of filtered HCO; ™, but, in contrast to a
situation of pure proximal dRTA, there is also an inability to
acidify the urine maximally despite severe degrees of systemic
acidemia. This pattern (once termed type 3 RTA) may be
observed as a transient phenomenon in infants and young
children with primary distal RTA and does not represent a
different genetic entity (39). Most cases were observed during
the 1960s and 1970s, probably in relation with some exoge-
nous factor such as high salt intake. It should be noted that this
pattern of hereditary distal RTA has almost disappeared over
the past two decades.

Combined proximal and distal RTA is also observed as the
result of inherited carbonic anhydrase Il deficiency. Mutations
in the gene encoding this enzyme give rise to an autosomal
recessive syndrome of osteopetrosis, renal tubular acidosis,
cerebral calcification, and mental retardation (40). To date,
more than 50 cases have been reported worldwide. However,
the majority of patients come from North Africa and the
Middle East, with nearly 75% being of Arabic descent (41). All
clinical findings may be explained as secondary to carbonic
anhydrase |1 deficiency in different organs and systems. Os-
teopetrosis may be readily explained by the failure of oste-
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oclasts to secrete acid to dissolve bone mineral. Renal func-
tional studies show the presence of impaired renal reabsorption
of HCO; ™, failure to achieve maximally low urine pH, de-
creased NH, * excretion, low urine-to-blood Pco, differencein
akaline urine, and high urinary citrate level, al indicative of
the coexistence of proximal and distal RTA (42).

Hyperkalemic RTA (Type 4)

The acidification defect is mainly caused by impaired am-
moniagenesis and is characterized by a normal ability to acid-
ify the urine after an acid load associated to a subnormal net
acid excretion due to very low rates of NH, " excretion. Renal
HCO;™ reabsorption is reduced at normal plasma HCO;™
concentration, but such reduction is not of sufficient magnitude
to implicate an associated proximal defect. Type 4 RTA has
similarities to voltage-dependent distal RTA, particularly the
finding of hyperkalemia, although, unlike this condition, the
ability to lower urinary pH in response to systemic acidosis is
maintained. Although the decrease in NH; production is
mainly caused by hyperkalemia itself, aldosterone deficiency
or resistance may also play important contributory roles (43).

Hyperkalemic RTA accompanies a large number of hy-
perkalemic states and is most frequently observed in states of
hypo- or pseudohypoaldosteronism, either isolated or appear-
ing in the context of chronic renal parenchymal damage (Ta-
bles 1 and 4). Nephrocalcinosis and urolithiasis are absent in
this disorder, and bone lesions are seen only in uremic subjects.

Hyperkalemic RTA of hereditary origin is most frequently
observed in children with primary pseudohypoal dosteronism
type 1. This entity is characterized by salt-wasting, hyperkale-
mia, and metabolic acidosis in the presence of markedly ele-
vated plasma renin activity and aldosterone concentration. In
the autosomal dominant form, aldosterone resistance is limited
to the kidney and is due to heterozygous mutations in the gene
encoding the mineralocorticoid receptor (44). In the autosomal
recessive form, aldosterone resistance is extended to many
organs (kidney, colon, lung, sweat and salivary glands) and is
caused by loss-of-function homozygous mutations in the genes
encoding one of the three constitutive subunits («, 8, and v) of
the epithelial Na* channel (45). A transient syndrome of
hyperkalemia and metabolic acidosis, without clinical salt-
wasting, has been described in infancy. Plasma renin activity
and aldosterone excretion were consistently normal or elevated
(46). This entity has been called “early-childhood” hyperkale-
mia and represents a variant of the rena form of pseudohy-
poaldosteronism type 1, probably due to a maturation disorder
in the number or function of mineralocorticoid receptors. This
hypothesis, however, remains highly speculative because it
does not explain the absence of salt-wasting.

Primary pseudohypoadosteronism type 2 (Gordon syn-
drome) is an autosoma dominant syndrome of arterial hyper-
tension, hyperkalemia, metabolic acidosis, and suppressed
plasma renin activity. The name of “chloride-shunt syndrome”
has been also proposed due to the existence of a tubular
hyperreabsorption of NaCl in thick ascending Henle' sloop and
early distal tubule, leading to impaired K™ and H™ secretion.
Recently, it has been found that the basic abnormality is due to



J Am Soc Nephrol 13: 2160-2170, 2002

Table 4. Causes of hyperkalemic RTA (type 4)
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I. Primary hyperkalemic RTA

1. early childhood hyperkalemia (transient)
Il. Secondary hyperkalemic RTA

1. mineralocorticoid deficiency

a. in absence of rena disease (Addison’s disease, isolated hypoal dosteronism, congenital adrenal hyperplasia)
b. hyporeninemic hypoaldosteronism in patients with chronic nephropathies (diabetic nephropathy, systemic lupus

erythematosus, AIDS nephropathy)

c. hyporeninemic hypoaldosteronism in patients with acute glomerulonephritis

2. mineralocorticoid resistance

a. in genetic diseases (primary pseudohypoaldosteronism type 1, primary pseudohypoal dosteronism type 2, or Gordon

syndrome)

b. in chronic interstitial nephropathies (obstructive uropathy, medullary cystic disease, drug-induced interstitial nephritis,
renal transplant rejection, analgesic abuse nephropathy, AIDS nephropathy)

3. drug-induced hyperkalemia

a. impaired renin-aldosterone elaboration (cyclo-oxygenase inhibitors, converting enzyme inhibitors, heparin)
b. inhibitors of renal K™ secretion (potassium-retaining diuretics, trimethoprim, pentamidine, cyclosporin A)
c. dtered K* distribution (insulin antagonists, B-adrenergic antagonists, a-adrenergic agonists, digitalis,

succinylcholine)

gain-of-function mutations in the genes encoding the WNK1
and WNK4 kinases, which probably play important roles in
electrolyte homeostasis by increasing the transcellular and
paracellular conductance to Cl— (47).

In adults, hyperkalemic RTA often represents an acquired
disorder that is observed in the context of mineralocorticoid
deficiency, either asaprimary adrenal disorder or as secondary
to hyporeninemia in patients with mild to moderate renal
insufficiency due to diabetic nephropathy, systemic lupus er-
ythematosus, and AIDS nephropathy. It is also often seen in a
number of tubulointerstitial renal diseases that are associated
with attenuated responsiveness to aldosterone and defective
tubular K™ secretion. Finaly, a great number of drugs may
induce hyperkalemic RTA.

Laboratory Diagnosis of RTA

In general, RTA should be suspected when metabolic aci-
dosis is accompanied by hyperchloremia and a normal plasma
anion gap (Na” — [CI~ + HCO;™] = 8to 16 mmoal/L) in a
patient without evidence of gastrointestinal HCO, ™ losses and
who is not taking acetazolamide or ingesting exogenous acid.

Functional Evaluation of Proximal HCO3™
Reabsor ption

HCO;™ Titration. The basic test for studying tubular
reabsorption of HCO3™ is the measurement of rates of reab-
sorption and excretion at different filtered loads. This is done
by infusing NaHCO; to produce slow increments of plasma
HCO;™ concentration and by simultaneously measuring con-
centrations of HCO4~ and creatinine (or inulin) in blood and
urine. Rates of reabsorption and excretion are plotted against
the corresponding value of plasma HCO;™ . The calculation of
the reabsorption Tm is useless because it represents a factitious
value induced by volume expansion. The simple calculation of

the renal HCO4™ threshold gives all necessary information for
the diagnosis of a defect in tubular reabsorption of HCO; ™.

Plasma HCO4;™-Urine pH Relationship. A practical ap-
proach for studying tubular handling of HCO5™~ consists of the
simple monitoring of urine pH during the course of intravenous
or oral administration of NaHCO,. Referring the values of
urine pH to corresponding values of plasma HCO;~ will per-
mit an easy identification of patients in whom renal HCO;™
threshold is diminished.

HCO3;™ Excretion at Normal Plasma HCO4~ Concentra-
tion. The demonstration of a large requirement for alkali to
sustain correction of plasma HCO,~ concentration at about 22
mmol/L and of aexcretion at this plasma concentration or more
than 15% of the filtered load is generally taken as evidence for
aproximal defect in tubular reabsorption of HCO;™ . However,
experimental studies have shown that this approach underesti-
mates the presence of a proximal defect because, even if such
amount is rejected proximally, HCO;™ reabsorption may pro-
ceed in the functionally intact distal tubule (48). In my opinion,
a defect in proximal HCO, ™ reabsorption is better uncovered
by examining HCO5 ™ excretion when plasma HCO;~ concen-
tration is below normal levels.

Functional Evaluation of Distal Urinary Acidification
and Potassium Secretion

Urine pH and NH,* Excretion. The measurement of
urine pH is a basic step in assessing the integrity of the
mechanisms of distal urinary acidification. It should be re-
called that urine pH measures only the activity in the urine of
free H', which is less than 1% of the total amount of protons
excreted in the distal nephron. The pH should be measured
electrometrically in afresh random morning urinary sample. A
normally low urine pH does not ensure anormal distal urinary
acidification mechanism if excretion of is NH, " is low; vice
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versa, a patient with stimulated ammoniagenesis may have a
urine pH as high as 6.0 without implying a defect in acidifi-
cation. The urine pH must always be evaluated in conjunction
with the urinary NH,, ™ content to assess the distal acidification
process adequately (49,50). The urinary Na* concentration
should aso be known because an elevated urine pH may be
associated with low Na* excretion without implying the exis-
tence of an intrinsic defect in distal urinary acidification (51).
It should be also remembered that a high urine pH may be
secondary to urinary infection with urea-splitting organisms.

Urine Anion Gap. The urine anion gap (UAG) represents
an indirect index of urinary NH, " excretion in patients with
hyperchloremic metabolic acidosis (52). The UAG is cacu-
lated by using the measured concentration of electrolytesin the
urine: Na" + K" — CI~. On a normal diet, the amounts of
Ca?* and Mg?" in the urine are small and the excretion of
unmeasured anions (phosphate, sulfate, organic acids) vary
little. The UAG is therefore amost equivalent to the concen-
tration of NH, " minus the concentration of unmeasured an-
ions. The excretion of these anions remains constant; any
increase in the excretion of NH,* during a state of metabolic
acidosis must therefore be accompanied by a parallel increase
in the excretion of Cl . Thus, the UAG becomes progressively
more negative as NH, " excretion increases. When urine pH
exceeds 6.5 the accuracy of the UAG in assessing NH, "
excretion decreases as HCO,;~ becomes a significant anionic
contribution. It is important to recognize that this test is only
valid when applied to situations of sustained hyperchloremic
metabolic acidosis. For this reason, criticisms arisen against it
should be disregarded (53).

Urine Osmolal Gap. The reliability of the UAG is re-
duced when other measured anions (e.g., ketones) are present
in the urine in increased amounts or when it contains unmea-
sured anions (e.g., lithium). In these circumstances, the calcu-
lation of the urine osmolal gap may be useful (UOG = Osm,
— [2Na*, + 2K™, + ureg, + glucose]), with values of urea
and glucose also expressed in mmol/L. If the UOG exceeds
100 mmol/L, urine NH, " excretion is increased, although the
converse is not necessarily valid if the urine is dilute. A true
estimate of NH, "excretion using UOG will be UOG/2 because
of ionization and equivalent counter ion (54).

Urine Pco,. When the urine is highly alkaline, as occurs
after a massive load of NaHCO;, urine Pco, increases as a
direct result of distal H™ secretion. H* reacts with luminal
HCO;™ to form carbonic acid (H,CO). Carbonic acid dehy-
drates slowly in the medullary collecting duct to form CO,,
which istrapped in this area of the kidney (55). Dehydration of
H,CO; is aso slow in the renal pelvis and bladder due to an
unfavorable surface arealvolume relationship. Provided that
urine pH and HCO;™ concentration increase above 7.6 and 80
mmol/L, respectively, the urine-to-blood Pco, gradient should
be greater than 20 mmHg in normal individuals.

Urine also augments markedly after neutral phosphate ad-
ministration, providing that urine pH is close to the pK of the
phosphate buffer system (i.e., 6.8). With a urine phosphate
concentration above 20 mmol/L, normal subjects should
achieve a urine-to-blood Pco, gradient above 40 mmHg (56).
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Transtubular K* Concentration Gradient (TTKG).
To estimate the action of aldosterone at the level of late distal
and cortical collecting tubulesit is useful the calculation of the
TTKG index.

+U/K+p

U OS'T\/ POSfT'I

where K ;and K™ represent potassium concentration in the
urine and plasma, respectively, and U,g,and P, represent
urine and plasma os molality, respectively. Normally, TTKG
value is aways situated above 4; however, in a hyperkalemic
patient, a value <8 already implies that that the collecting duct
is not responding appropriately to the prevailing hyperkalemia
and that potassium secretion is impaired(57).

Urinary Citrate.  Urinary citrate concentration represents
the proportion of the filtered load of citrate not reabsorbed in
the proximal tubule. As luminal pH increases, acid citrate
reabsorption is enhanced; vice versa, a more akaline urine
increases citrate excretion. When the pH of the proximal tu-
bular cell falls, citrate reabsorption is also enhanced. There-
fore, urinary citrate excretion is normal or high in proximal
RTA and hyperkalemic RTA, but it is reduced in distal RTA,
including in incomplete distal RTA. In adults, the reference
range for urine citrate excretion is 1.6 to 4.5 mmol/24 h.

Functional Tests. Urine pH and NH," excretion are
traditionally evaluated during spontaneous metabolic acidosis
or after the acute oral administration of an acidifying salt
(NH,CI, CaCl,, arginine hydrochloride) but they can also be
assessed during the infusion of sodium sulfate or, more con-
veniently, after the acute administration of furosemide. Both
sulfate and furosemide enhance H* and K" secretion in the
cortical collecting tubule by increasing distal Na* delivery and
generating a high luminal electronegativity in the distal
nephron thus permitting the simultaneous evaluation of distal
H* and K" secretion capacities.

The furosemide test is very useful in clinical practice, but it
should not be a substitute for the classical NH,Cl test, because
a falure to acidify the urine after furosemide administration
does not necessarily imply the presence of an irreversible
acidification defect. Although furosemide may be administered
oraly, | prefer a protocol of intravenous furosemide adminis-
tration (1 mg/kg body wt). It should be noted that the maximal
acidification effect of furosemide is delayed, taking place
about 120 to 180 min after administration of the drug. An
advantage of the intravenous test over the oral test isthat it also
results in marked stimulation of the renin-aldosterone system,
which is of critical importance in the evaluation of a patient
with hyperkalemic RTA (56).

TTKG = (1)

Diagnostic Approach to a Patient Suspected to
Have RTA

A practical guide for the differential diagnosis of patients
with RTA isgiven in Table 5. Appropriate attention to clinical
and biochemical findings will lead in most cases to the correct
classification of the patient. Also, the judicious application of
the different functional tests will allow to distinguish between
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Table 5. Differential diagnosis of various types of RTA?
Distal RTA (type 1) )
Proximal RTA With HCO,- A
(type 2) “Classic” Wasting ? Hyperkalemic (type 4)
(type 3)
In situation of metabolic acidosis (spontaneously or after acid loading)
plasma K™* N or D N or D N or D I I
urinary anion gap Negative Positive Positive Positive Positive
urine pH <55 >55 >55 >55 <55
NH," excretion N D D D D
fractional K™ excretion N orl I I D D
Ca excretion N I I I N or D
citrate excretion N D D D N
In situation of normal acid-base equilibrium (after alkali loading)
fractional HCO;- excretion >10 to 15% <5% >5to 15% <5% >5 to 10%
U-B Pco, >20 mmHg <20 mmHg <20 mmHg >20 mmHg >20 mmHg
Other tubular defects Often present Absent Absent Absent Absent
Nephrocalcinosig/lithiasis Absent Often present Often present Often present Absent
Bone involvement Often present  Rarely present  Rarely present  Rarely present Absent
2N, normal; |, increased; D, decreased.
Negative urine anion gap Positive urine anion gap
(Cl > Na*+ K*) (CF < Na*+ K*)
| Distal re|na| defect
I | |
Gl HCO, loss  Proximal RTA ? HCl intake r———Plasma K* ————
Anamnesis | Anamnesis N * . *
Urinary Na+ Acid load
Acid load : | |
UpH<s5.5 UpH>55 >55 <55
' Sodium bicarbonate load
Sodium bicarbonate load '
FEHCO, > 10-15% U-B Pco, < 20 mmHg <20 nl1mHg 2 20 mmHg

U-B Pco, > 20 mmHg

Proximal RTA

Look for other tubular defects

Figure 3. Diagnostic work-up of a patient with hyperchloremic met-
abolic acidosis and a negative urine anion gap. Gl, gastrointestinal;
RTA, rena tubular acidosis, UpH, urine pH; FE o3, fractiona
excretion of bicarbonate; U-B Pco,, urine-to-blood Pco, gradient.

the different pathogenic types of distal RTA. As mentioned
above, rapid distinction between proximal and distal RTA can
be quickly performed by the study of the urine anion or
osmolal gaps. When a urine sample from a patient with hyper-
chloremic metabolic acidosis has a negative anion gap or an
osmolal gap above 100 mmol/L, a gastrointestinal or renal loss
of HCO;™ or aprevious intake of an acid salt are the probable
causes (Figure 3). Diagnosis of proximal RTA is established
when the other disorders have been excluded. Surreptitious use
of laxatives should be suspected in adults but is unusual in
children. A low urinary Na* content should indicate this pos-

|
| Hyperkalemic distal RTA | [ Type 4 RTA |

Distal RTA

Secretory defect

Voltage-dependent defect

Look for nephrocalcinosis  Look for Na* transport defect Look for aldosterone

deficiency and

renal disease
Figure 4. Diagnostic work-up of a patient with hyperchloremic met-
abolic acidosis and a positive urine anion gap. RTA: rena tubular
accidosis, UpH, urine pH; FE o3, fractional excretion of bicarbon-
ate; U-B Pco,, urine-to-blood Pco, gradient.

sibility. Definitive diagnosis of proximal RTA is accomplished
by the demonstration of alow urine pH at low plasma HCO;™
concentration and by the presence of a normal urine Pco, and
a high urine HCO;~ excretion at norma plasma HCO;~ con-
centration. This diagnosis warrants a complete study of other
proximal tubular functions.

When a urine sample from a patient with hyperchloremic
metabolic acidosis has a positive anion gap or an osmola gap
below 100 mmol/L, a defect in distal urinary acidification
should be suspected (Figure 4). The immediate step in the
diagnostic work-up is to measure plasma K™ concentration. If
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the value pf plasma K™ is normal or decreased, the demon-
stration of an inability to lower urine pH below 5.5, either after
NH,CI loading or after furosemide administration, establish
the diagnosis of distal RTA. Thisdiagnosisis further supported
by the finding of a low urine-to-blood Pco, gradient after
NaHCO; or neutral phosphate loading. In primary distal RTA
caused by an inherited secretory defect, fractional excretion of
HCO;™ at norma plasma HCO;™ concentration should not
exceed 5% of the filtered load. A greater fractional excretion
indicates the presence of an associated defect in HCO3™ reab-
sorption. Diagnostic work-up should aways include the search
for nephrocalcinosis by ultrasonography and the measurement
of urinary excretion of calcium and citrate.

When the value of plasma K™ is increased, even modestly,
one should pay immediate attention to the value of the urine
pH. The finding of a urine pH higher than 5.5 after NH,Cl
loading will permit the identification of a small group of
patients with hyperkalemic distal RTA caused by a “voltage-
dependent” defect. The search for a distal abnormality in Na*™
transport is mandatory in such cases. When the urine pH is
lower than 5.5, the diagnosis of hyperkalemic (type 4) RTA is
established. The presence of a moderate degree of HCO;™
wasting should not induce the erroneous diagnosis of proximal
RTA, which is always ruled out in these cases by the very low
rate of NH," excretion. The remainder of the diagnostic
work-up should include determination of plasmalevelsof renin
and aldosterone and investigation of a possible underlying
nephropathy.

Treatment and Prognosis

The aims of treatment for RTA are not only to correct as
much as possible the biochemical abnormalities but to funda-
mentally improve growth in children and to prevent the pro-
gression of nephrocalcinosis and the development of chronic
renal failure at all ages. The basis of therapy is the continuous
administration of appropriate amounts of akali in the form of
either bicarbonate or citrate. The amount of alkali administered
should compensate for the urinary loss of HCO;™ plus the
amount of acid generated by the catabolism of proteins and the
skeletal growth.

For proximal RTA, the amount of akali required is very
large (up to 10 to 20 mmol/kg per 24 h) due to the massive
urinary loss of HCO;™, which takes place at hormal HCO;™
concentration. A mixture of Na“ and K* salts, preferably
citrate, is advised. It is important to split the daily dosage in
repeat portions along day and night. Alkali therapy is bulky
and unpalatable, so long-term compliance is relatively poor.
Concomitant administration of a thiazide diuretic may be use-
ful in reducing the amount of base required, but it may worsen
the hypokalemia. Prognosis of proximal RTA depends on the
underlying etiology, especialy in cases observed in the context
of the Fanconi syndrome. However, in children with sporadic
isolated proximal RTA the tubular defect improves over time,
and therapy can be generally discontinued at about 3 to 5 yr of
age.

For distal RTA, the treatment aim isto provide adequate base
to balance H™ production. This production is higher in children
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(2 mmol/kg per d) than in adults (1 mmol/kg per d) dueto H*
release from bone during the process of skeletal growth. Again,
amixture of Na“ and K™ salts is advised. The amount of base
required daily per kg of body weight progressively decreases
from infancy to adulthood. In young infants, as much as 5 to 8
mmol/kg per 24 h of citrate (or bicarbonate) may be needed,
whereas amounts of about 3 to 4 mmol/kg per 24 hand 1 to 2
mmol/kg per 24 h are required in children and adults, respec-
tively (39). Potassium citrate alone can also be used and, in
children, an amount of 4 mmol/kg per 24 h is recommended
(58). An appropriate dosage should correct successfully most
of the urinary abnormalities, including hypercalciuria

Strict correction of the hypercalciuriais mandatory because
urinary citrate excretion often remains subnormal and an ele-
vated urinary saturation of calcium phosphate persists. Moni-
toring of urinary calcium-to creatinine ratio and of citrate-to-
creatinine ratio are valuable to calculate the adequate amount
of alkali supplementation required. It is important to avoid
overcorrection of the acidosis because this circumstance im-
plies expansion of extracellular fluid volume and paradoxical
increase of the urinary calcium excretion.

Primary distal RTA is a permanent disease, and therapy
should be maintained throughout life. Nevertheless, prognosis
is excellent if diagnosis has been performed early in life and
appropriate amounts of akali supplements are continuously
administered. Alkali therapy restores growth in children and
prevents the progression of nephrocalcinosis at all ages. How-
ever, if therapy is delayed to late childhood or adulthood
progression to end-stage renal insufficiency may not be
avoided.

For hyperkalemic RTA, treatment and prognosis depends on
the underlying cause. Potassium-retaining drugs should always
be withdrawn. Hypoal dosteronism due to adrenal failure may
respond adequately to replacement doses of fludrocortisone.
Fludrocortisone therapy may also be useful in hyporeninemic
hypoal dosteronism, preferably in combination with a loop di-
uretic such as furosemide to reduce the risk of extracellular
fluid volume expansion. In some cases, alkali supplements (1.5
to 2 mmol/kg per 24 h) are also required (59,60).

References

1. Lightwood R: Calcium infarction of the kidneys in infants. Arch
Dis Child 10: 205-206, 1935

2. Albright F, Burnett CH, Parson W, Reifenstein EC, Roos A:
Osteomalacia and late rickets: Various etiologies met on United
States with emphasis on that resulting from specific forms of
rena acidosis, therapeutic implications for each etiological sub-
group, and relationship between osteomalacia and Milkman's
syndrome. Medicine 25: 399—479, 1946

3. PinesKL, Mudge GH: Rend tubular acidosis with osteomalacia.
Am J Med 11: 302-311, 1951

4. Maddox DA, Deen WM, Gennari FJ: Control of bicarbonate
reabsorption in the proximal convoluted tubule. Semin Nephrol
7. 72-81, 1987

5. DuBose TD, Good DW, Hamm LL, Wal SM: Ammonium
transport in the kidney: New physiological concepts and their
clinical implications. J Am Soc Nephrol 1: 1193-1203, 1991



J Am Soc Nephrol 13: 2160-2170, 2002

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Hamm LL, Hering-Smith KS: Acid-base transport in the collect-
ing duct. Semin Nephrol 13: 246255, 1993

Naray-Fejes-Toth A, FejesToth G: The sgk, an adosterone-
induced gene in mineralocorticoid target-cells, regulates the ep-
ithelial sodium channel. Kidney Int 57: 1290-1294, 2000
Rodriguez Soriano J: Renal tubular acidosis. In: Pediatric Kidney
Disease, Vol. 2, 2™ edition, edited by Edelmann CM Jr, Boston,
Little Brown, 1992, pp 1737-1775

Rodriguez Soriano J: New insights into the pathogenesis of renal
tubular acidosis-From functional to molecular studies. Pediatr
Nephrol 14: 1121-1136, 2000

Karet FE: Inherited rena tubular acidosis. Adv Nephrol 30:
147-161, 2000

Alper SL: Genetic diseases of acid-base transporters. Annu Rev
Physiol 64: 899-923, 2002

Brenes LG, Brenes M, Hernandez MM : Familial proximal renal
tubular acidosis. A distinct disease entity. Am J Med 63: 244—
252, 1977

Rodriguez Soriano J, Boichis H, Stark H, Edelmann CM Jr:
Proximal renal tubular acidosis. A defect in bicarbonate reab-
sorption with normal urinary acidification. Pediatr Res 1: 81-98,
1967

Nash MA, Torrado AD, Greifer I, Spitzer A, Edelmann CM Jr:
Rena tubular acidosis in infants and children. J Pediatr 80:
738-748, 1972

Igarashi T Ishii T, Watanabe K, Hayakawa H, Horio K, Sone Y,
Ohga K: Persistent isolated proximal renal tubular acidosis- a
systemic disease with a distinct clinical entity. Pediatr Nephrol
8: 70—71, 1994

Brenner RJ, Spring DB, Sebastian A, McSherry E, Gennant HK,
Paubinskas AJ, Morris RC Jr: Incidence of radiographically evident
bone disease, nephrocalcinosis and nephrolitiasisin various types of
rena tubular acidosis. N Engl J Med 307: 217-221, 1982

Igarashi T, Inatomi J, Sekine T, Cha S-H, Kanai Y, Kunimi M,
Tsukamoto K, Satoh H, Shimadzu M, Tozawa F, Mori T, Shio-
bara M, Seki G, Endou H: Mutations in SLC4A4 cause perma-
nent isolated proximal renal tubular acidosis with ocular abnor-
malities. Nature Genet 23: 264266, 1999

Norman ME, Feldman NI, Cohn RM, Roth KS, McCurdy DK:
Urinary citrate excretion in the diagnosis of renal tubular acido-
sis. J Pediatr 92: 294—400, 1978

Caldas A, Broyewr M, Dechaux M, Kleinknecht C: Primary
distal tubular acidosis in childhood: Clinical study and long-term
follow-up of 28 patients. J Pediatr 121: 233-241, 1992

Batlle DC, Ghanekar H, Jain S, Mitra A: Hereditary distal renal
tubular acidosis: New understandings. Annu Rev Med 52: 471—
484, 2001

Tanner MJ: Band 3 anion exchanger and its involvement in
erythrocyte and kidney disorders. Curr Opin Hematol 9: 133—
139, 2002

Stoll C, Gentine A, Geisert J:. Siblings with congenital renal
tubular acidosis and nerve deafness. Clin Genet 50: 235-239,
1996

Karet FE, Finberg KE, Nelson RD, Nayir A, Mocan H, Sanjad
SA, Rodriguez-Soriano J, Santos F, Cremers CWRJ, Di Pietro
A, Hoffbrand BI, Winiarski J, Bakkal A, Ozen S, Dusunsel R,
Goodyer P, Hulton SA, Wu DK, Skvorak AB, Morton CC,
Cunningham MJ, Jha V, Lifton RP: Mutations in the gene
encoding B1 subunit of H"-ATPase cause renal tubular aci-
dosis with sensorineural deafness. Nature Genet 21: 84-90,
1999

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

35.

36.

37.

38.

39.

40.

Renal Tubular Acidosis 2169

Smith AN, Skaug J, Choate KA, Nayir A, Bakkaloglu A, Ozen
S, Hulton SA, Sanjad SA, Al-Sabban EA, Lifton RP, Scherer
SW, Karet FE: Mutations in ATP6N1B, encoding a new kidney
vcacuolar proton pump 116-kD sububit, cause recessive distal
renal tubular acidosis with preserved hearing. Nature Genet 26:
71-75, 2000

Batlle DC, Sehy JT, Roseman MK, Arruda JA, Kurtzman NA:
Clinical and parhophysiological spectrum of acquired distal renal
tubular acidosis. Kidney Int 20: 389-396, 1981

Caruana RJ, Barish CF, Buckalew VM Jr: Complete distal renal
tubular acidosis in systemic lupus: Clinical and laboratory find-
ings. Am J Kidney Dis 6: 59—-63, 1985

Wrong OM, Feest TG, Maciver AG: Immune-related potassium-
losing interstitial nephritis: acomparison with distal renal tubular
acidosis. Quart J Med 86: 513-534, 1993

DeFranco PE, Haragsim L, Schmitz PG, Bastani B: Absence of
vacuolar H-ATPase pump in the collecting duct of a patient
with hypokalemic distal renal tubular acidosis and Sjogren syn-
drome. J Am Soc Nephrol 6: 295-301, 1995

Joo KW, Jeon US, Han JS, Ahn C, Kim S, Lee JS, Kim GH, Cho
Y'S, Kim YH, Kim J: Absence of H*-ATPase in the intercal ated
cells of rena tissuesin classic distal renal tubular acidosis. Clin
Nephrol 49: 226-231, 1998

Bastani B, Underhill, Chu N, Nelson RD, Haragsim L, Gluck S,
Yang L: Preservation of intercalated cell H-ATPase in two
patients with lupus nephritis and hyperkalemic distal renal tubu-
lar acidosis. J Am Soc Nephrol 8: 1109-1117, 1996

Sabatini S, Kurtzman NA: Biochemical and genetic advances
in distal renal tubular acidosis. Semin Nephrol 21: 94-106,
2001

Silver RB, Soleimani M: H" -K " -ATPases: Regulation and role
in pathophysiological states. Am J Physiol 276: F799-F811,
1999

Tosukhowong P, Tungsanga K, Eiam-Ong S, Sitprija V: Envi-
ronmental distal renal tubular acidosis in Thailand: An enigma.
Am J Kidney Dis 33: 1180-1186, 1999

Batlle D, Flores G: Underlying defects in distal renal tubular
acidosis. New understandings. Am J Kidney Dis 27: 896-915,
1996

Kamel KS, Briceno LF, Sanchez MI, Brenres L, Yorgin P, Kooh
SW, Bafe JW, Haperin ML: A new classification for renal
defects in net acid excretion. Amer J Kidney Dis 29: 136146,
1997

Rodriguez Soriano J, Valo A: Pathophysiology of the renal
acidification defect present in the syndrome of familia hypo-
magnesaemia-hypercalciuria. Pediatr Nephrol 8: 432—435, 1994
Batlle DC, Grupp M, Gaviria M, Kurtzmen NA: Distal renal
tubular acidosis with intact capacity to lower urinary pH. Am J
Med 72: 751758, 1982

Strife CF, Clardy CW, Varade WC, Prada AL, Waldo FB: Urine
to blood carbon dioxide tension gradient and maximal depression
of urinary pH to distinguish rate-dependent from classic distal
rena tubular acidosis. J Pediatr 122: 60—65, 1993

Rodriguez Soriano J, Valo A, Cadtillo G, Oliveros R: Natural
history of primary distal renal tubular acidosis treated since
infancy. J Pediatr 101: 669—676, 1982

Sly WS, Whyte MP, Sundaram V, Tashian RE, Hewett-Emmett
D, Guibaud P, Vainsel M, Baluarte HJ, Gruskin A, Al-Mosawi
M, Sakati N, Ohlsson A: Carbonic anhydrase || deficiency in 12
families with the autosomal recessive syndrome of osteopetrosis



2170

41.

42.

43.

45,

46.

47.

48.

49,

Journal of the American Society of Nephrology

with renal tubular acidosis and cerebral calcification. N Engl
J Med 313: 139-145, 1985

Hu PY, Roth DE, Skaags LA, Venta PJ, Tashian RE, Guibaud P,
Sly WS: A splice junction mutation in intron 2 of the carbonic
anhydrase Il gene of osteopetrosis patients from Arab countries.
Hum Mutat 1: 288-292, 1992

Naga R, Kooh SW, Bafe JW, Fenton T, Halperin ML: Renal
tubular acidosis and osteopetrosos with carbonic anhydrase |1
deficiency: Pathogenesis of impaired acidification. Pediatr
Nephrol 11: 633-636, 1997

DuBose TD Jr: Hyperkalemic hyperchloremic metabolic acido-
sis: Pathophysiologic insights. Kidney Int 51: 591-60, 1997
Geller DS, Rodriguez-Soriano J, Vallo A, Schiffer S, Bayer M,
Chang SS, Lifton RP: Mutations in the mineralocorticoid recep-
tor gene cause autosoma dominant pseudohypoal dosteronism
type I. Nature Genet 19: 279-281, 1998

Chang SS, Grunder S, Hanukoglu A, Rosler A, Mathew PM,
Hanukoglu I, Schild L, Lu Y, Shimkets RA, Nelson-Williams C,
Rossier BC, Lifton RP: Mutations of the epithelial sodium chan-
nel cause salt wasting with hyperkalaemic acidosis, pseudohy-
poaldosteronism type 1. Nat Genet 12: 248—253, 1996
Appiani AC, Marra G, Tirelli SA, Goj V Romeo L, Cavanna G,
Assael BM: Early childhood hyperkalaemia: Variety of
pseudohypoaldosteronism. Acta Paediatr Scand 75: 970-974,
1986

Wilson FH, Disse-Nicomede S, Choate KA, Ishikawa K, Nelson-
Williams C, Desitter | : Human hypertension caused by muta-
tions in WNK kinases. Science 293: 1107-1112, 2001
Nakamura S, Amlal H, Schultheis PJ, Galla JH, Shull GE,
Soleimani M: HCO, ™ reabsorption in renal collecting duct of
NHE-3-deficient mouse: a compensatory response. Am J Physiol
276: F914—921, 1999

Wrong O: Distal renal tubular acidosis. the value of urinary pH,
P CO, and NH 4™ measurements. Pediatr Nephrol 5: 249-255,
1991

51.

52.

53.

55.

56.

57.

58.

59.

60.

J Am Soc Nephrol 13: 2160-2170, 2002

. Carlisle EJF, Donnelly SM, Halperin ML: Renal tubular acidosis

(RTA): Recognize the ammonium defect and phorget the urine
pH. Pediatr Nephrol 5: 242-248, 1991

Batlle DC, VanRiotte A, Schleuter W: Urinary sodium in the
evaluation of hyperchlremic metabolic acidosis. N Engl J Med
316: 140-144, 1987

Batlle DC, Hizon M, Cohen E, Gutterman C, Grupta R: The use
of the urinary anion gap in the diagnosis of hyperchloremic
metabolic acidosis. N Engl J Med 318: 594-599, 1988

Oh MS, Carroll HJ: Vaue and determinants of urine anion gap.
Nephron 90: 252-255, 2002

Dyck RF, Asthana S, Kalra J, West ML, Massey KL: A modi-
fication of the urine osmolal gap: An improved method for
estimating urine ammonium. Am J Nephrol 10: 359-362, 1990
DuBose TD Jr: Hydrogen ion secretion by the collecting duct is
a determinant of the urine to blood Pco, gradient in akaline
urine. J Clin Invest 69: 145-156, 1982

Vallo A, Rodriguez Soriano J: Oral phosphate loading test for the
assessment of distal urinary acidification in children. Miner
Electrolyte Metab 10: 387—-390, 1984

Rodriguez Soriano J, Valo A: Renal tubular hyperkalaemia.
Pediatr Nephrol 2: 498-509, 1988

Domrongkitchaiporn S, Khositseth S, Stitchantrakul W, Tapaneya-
olarn W, Radinahamed P: Dosage of potassium citrate in the cor-
rection of urinary abnormalitiesin pediatric distal rena renal tubular
acidosis patients. Am J Kidney Dis 39: 383-391, 2002

Sebastian A, Schambelan M, Lindenfeld S, Morris RC: Amelio-
ration of hyperchloremic acidosis with fludrocortisone therapy in
hyporeninemic hypoal dosteronism. N Engl J Med 297: 576-583,
1977

Sebastian A, Schambelan M, Sutton JM: Amelioration of hyper-
chloremic acidosis with furosemide therapy in patients with
chronic renal insufficiency and type 4 renal tubular acidosis.
Am J Nephrol 4: 287-300, 1984

Access to UpToDate on-line is available for additional clinical information
at http://www.jasn.org/




