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Isolated Renal Tubular Disorders: 
Mechanisms and Clinical Expression 
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18 
C H  A P T E R

Renal control of acid and base reabsorption and excre-
tion is controlled by the proximal and distal tubules 
(see Chapter 6). Thus, it is likely that abnormalities in 

those mechanisms responsible for these processes will result 
in clinically signi  cant disorders. The transporters for carbo-
hydrates, amino acids, and ions are polarized to either the 
apical or basolateral membrane, and the clinical abnormali-
ties of   uid, electrolyte, and acid-base balance regulated by 
these transporters either have a genetic basis or are the result 
of acquired abnormalities of speci  c transport proteins. In 
this chapter, we review the major tubular transport defects of 
carbohydrates, amino acids, and some of the ions (H  , K  ,
Na ). We describe the clinical features of these disorders as 
they appear in humans and summarize some of the insights 
learned from experimental models. 

 RENAL TUBULAR ACIDOSIS 
Renal tubular acidosis (RTA) is a clinical syndrome charac-
terized, when fully expressed, by a chronic hyperchloremic 
nongap metabolic acidosis, which results from a defect in 
urinary acidi  cation. 1 This defect can be localized to the 
nephron segment responsible for the pathophysiologic ex-
pression and may be inherited or, more commonly, acquired 
by speci  c diseases or by drug or toxin effects. An incomplete 
form of distal RTA may be exhibited in family members of 
patients with genetic abnormalities of speci  c transporters in 
this nephron segment. Examples of speci  c defects involved 
in the pathogenesis of proximal and classical distal RTA in-
clude acquired or inherited abnormalities of the basolateral 
electrogenic Na  /HCO3

   symporter, the apical Na  /H  ex-
changer, NHE-3, or the enzyme carbonic anhydrase II in the 
proximal tubule, and the H  -ATPase and the  HCO3

  /Cl  ex-
changer in the distal tubule. Proximal RTA (type 2 RTA) and 
classical distal RTA (type 1 RTA) are both associated with 
chronic hypokalemia. In contrast, a more generalized abnor-
mality in the distal nephron is associated with hyperkalemia. 
The diagnosis of “complete” RTA requires spontaneous non-
gap metabolic acidosis in association with either a less than 
maximal urine pH or low ammonium excretion. Incomplete 

RTA is seen without spontaneous metabolic acidosis, but 
with evidence of the inability to acidify urine maximally in 
response to an exogenous acid load. Most inherited forms 
cause growth retardation or short terminal stature. Both in-
herited and acquired forms of proximal and classical distal 
RTA are accompanied by hypokalemia, often suf  ciently se-
vere enough to cause periodic paralysis or even seizures. 

 DIFFERENTIAL DIAGNOSIS OF 
NONGAP (HYPERCHLOREMIC) 
METABOLIC ACIDOSIS 
A nongap metabolic acidosis is recognized by a low plasma 
bicarbonate concentration (or total [CO 2]), low blood pH, 
and a normal anion gap (8 to 10 mEq per L). A compen-
satory decrease in PCO 2 is typical, indicating the presence 
of a pure, or simple, nongap metabolic acidosis. The dif-
ferential diagnosis of a nongap metabolic acidosis includes 
both nonrenal and renal causes. The differential diagnosis of 
nongap acidosis is displayed in Table 18.1. The evaluation of 
a nongap or hyperchloremic metabolic acidosis requires one 
to appreciate the role of the kidney in the acid-base balance, 
and to determine whether the kidney is responding appro-
priately to the prevailing acidosis (Table 18.2), which is to 
increase ammonium ( NH4

  ) production and excretion adap-
tively. In contrast, ammonium production and excretion are 
impaired with chronic renal insuf  ciency, hyperkalemia, and 
with all forms of nongap acidosis of renal origin, including 
all examples of renal tubular acidosis. 

 Loss of  HCO  3 
    from the Gastrointestinal Tract 

versus Renal Tubular Acidosis 
Diarrhea is a common cause of hyperchloremic metabolic 
acidosis. Diarrheal stools contain a large amount of HC O3

 

and HC O3
   decomposed by reaction with organic acids. 2 The 

HCO3
   loss and the ensuing volume depletion cause hyper-

chloremic metabolic acidosis. Hypokalemia develops due to 
direct K   loss in the stool and increased renal K  secretion 
(in the cortical collecting tubule) due to a secondary increase 
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in elaboration of renin and aldosterone in response to vol-
ume depletion. Both hypokalemia and nonrenal metabolic 
acidosis increase renal N H 4  

   synthesis, which increases uri-
nary buffering capacity and urinary pH. The presence of N 
H 4  

   in the urine can be used clinically to distinguish hyper-
chloremic metabolic acidosis due to diarrhea from renal tu-
bular acidosis (Table 18.2). In the latter, N H 4  

   excretion is 
invariably low. Urine pH, although a time-honored method 

to distinguish these disorders, is less reliable because urinary 
ammonium excretion is augmented in chronic metabolic aci-
dosis due to diarrhea, causing urine pH to increase over time. 

 Other Causes of Nongap Metabolic Acidosis 
 In addition to diarrhea and RTA there are other less common 
causes of hyperchloremic metabolic acidosis (Table 18.1). 
External pancreatic and biliary diversion may lead to the 
loss of HC O 3    -rich   uid and result in hyperchloremic met-
abolic acidosis. The excretion of sodium salts of ketones 
during the recovery phase of ketoacidosis represents the 
loss of potential HC O 3     and may result in hyperchloremic 
metabolic acidosis. Ureteral diversion is commonly associ-
ated with hyperchloremic metabolic acidosis because the 
ileum and colon are both endowed with an apical Cl     /
HC O 3     exchanger. When chloride from urine comes into 
contact with the gut, chloride is absorbed in exchange for 
bicarbonate leading to excretion of bicarbonate, absorp-
tion of chloride, and hyperchloremic metabolic acidosis. 3  
The degree of acidosis is magni  ed by stasis and prolonged 
contact of urine with the HC O 3    /Cl      exchanger in the 
pouch. Because of bicarbonate secretion, potassium secre-
tion is also stimulated and leads to hypokalemia. Finally, 
the administration of acid or acid equivalent (arginine HCl, 
lysine HCl, or NH 4 Cl) or medications such as cholestyr-
amine, calcium chloride, and magnesium sulfate are asso-
ciated with hyperchloremic metabolic acidosis. 4  Dilutional 
acidosis occurs in conjunction with rapid infusion of iso-
tonic saline. In these latter examples, the serum potassium 
is usually normal. 

 Progressive renal failure is associated with metabolic 
acidosis. Hyperchloremic metabolic acidosis is commonly 
seen when the glomerular   ltration rate (GFR) is between 
20 to 50 mL per min. 5  As renal failure progresses to a GFR 
of less than 10 to 15 mL per min, the acidosis converts to 
the typical high anion gap acidosis of “uremic” acidosis. The 

TA B L E

DKA, diabetic ketoacidosis; GI, gastrointestinal; RTA, renal tubular acidosis.

TA B L E

Extra-Renal Causes  
 Diarrhea or other GI losses of bicarbonate 

(e.g., tube drainage) 
 Posttreatment of ketoacidosis (dilutional) 

 (occasional: initial DKA) 

Renal Causes Not Due to Renal Tubular Acidosis  
 Ureteral diversion (e.g., ileal loop, ureterosigmoidostomy) 
 Progressive chronic kidney disease 
 Toluene ingestion (excretion of hippurate) 
 Drugs 
  With associated hypokalemia 
   Carbonic anhydrase inhibitors (acetazolamide 
   and topiramate) 
   Amphotericin B 
  With associated hyperkalemia 
   Amiloride 
   Triamterene 
   Spironolactone 
   Trimethoprim 
  With normal potassium 
   CaCl 2 , MgSO 4  
   Cholestyramine 
 Exogenous acid loads (NH 4 Cl, acidic amino acids, total 

parenteral nutrition, sulfur) 
 Posthypocapnic state 

Renal Tubular Acidosis  
 Low [K     ] p  
  Type 1 (classical distal) RTA 
  Type 2 (proximal) RTA 
  Type 3 (mixed proximal and distal) RTA
  (carbonic anhydrase II de  ciency) 
 High [K     ] p  
  Type 4 (generalized distal RTA) 
   Hypoaldosteronism (hyporeninemic and isolated) 
   Aldosterone resistance 
   Voltage defect in collecting duct 

 Differential Diagnosis of Nongap 
 Acidosis 

 18.1 
TA B L E

Nonrenal Etiology  
 Nongap acidosis expect: 

 Increase in  NH 4  
   excretion 

 Negative urine anion gap 
 Acid urine pH (   5.5)—exceptions 

Renal Etiology  
 Nongap acidosis expect: 

 Inability to increase  NH 4  
   excretion 

 Positive urine anion gap 
Urine pH typically    5.5 but  variable in type 4 

TA B L E

 Diagnostic Criteria for Causes of 
 Nongap Acidosis 

18.2
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  NH 4  
   is assumed to be present in the urine if the sum of the 

major cations (Na          K     ) is less than the concentration of 
the major anion (Cl     ). Therefore, a negative urine anion gap 
denotes the presence of ammonium in the urine and signals 
a “normal” renal response to acidosis of nonrenal origin (i.e., 
diarrhea). Hyperchloremic metabolic acidosis of renal origin 
(i.e., RTA) is supported by the presence of a positive urine 
anion gap. A positive urine anion gap con  rms a de  cien-
cy of  NH 4  

  , and obtains when the sum of the major cations 
(Na          K     ) in the urine exceeds the major urinary anion 
(Cl     ). A positive urine anion gap, therefore, denotes an “ab-
normal” renal response to acidosis and is consistent with a 
defect in net acid secretion. The presence of urinary anions 
other than chloride can invalidate the UAG. Examples of uri-
nary anions which invalidate this shorthand method of esti-
mating urinary ammonium concentrations include drug an-
ions, ketones, and toxins such as toluene. If these constituents 
are suspected, urinary  NH 4  

   may be estimated reliably by mea-
suring urine osmolality (U osm ); the concentrations of Na        
K     , urine urea, and glucose (Table 18.4); and calculating the 
urine anion gap. Urine ammonium (U NH4      ) is calculated as: 

 U NH4           0.5 (U osm    [2(Na          K     )     urea 
      glucose]) (all expressed in mmol/L) 

(2) 

 The fractional excretion of sodium may also be helpful to 
differentiate hyperchloremic metabolic acidosis due to diar-
rhea from RTA. The fractional excretion of sodium is typi-
cally low (   1%–2%) in patients with diarrhea compared to 
RTA (2%–3%). 

 PROXIMAL RENAL TUBULAR ACIDOSIS 
 Role of the Proximal Tubule in Bicarbonate 
Reabsorption and Urinary Acid Excretion 
 The kidney employs two fundamental mechanisms to main-
tain acid-base homeostasis: bicarbonate absorption and H   
secretion. Of the 4,000 mEq of HC O 3       ltered by the  kidney 

principle defect in advanced renal failure is impaired ammo-
niagenesis and ammonium excretion. 5  The latter is a result 
of impaired medullary ammonium transport and trapping of 
NH 3 /N H 4  

   in the outer and inner medulla. 
 In summary, the defect in renal acidi  cation in RTA may 

be manifest by one of three clinical syndromes: (1) an acid 
urine pH and low urine anion gap (UAG) during metabolic 
acidosis or frank bicarbonaturia and hypokalemia during 
NaHCO 3  therapy (as in proximal RTA); (2) an inappropriately 
alkaline urine pH, hypokalemia, and a positive urine anion 
gap (classical distal RTA); or (3) hyperkalemia and a positive 
urine anion gap but variable pH with aldosterone de  ciency, 
aldosterone resistance, or a “voltage” defect in the collecting 
tubule (generalized defect in distal nephron) (Table 18.2). 

 Clinical Laboratory Evaluation 
 Because the measurement of urinary N H 4  

   concentration 
may be problematic for the routine hospital clinical pathol-
ogy laboratory, it is helpful to estimate the urine ammonium 
concentration by considering the electrolytes present in 
urine. Because N H 4  

   is a cation, its presence in urine, espe-
cially when in large amounts as expected in nonrenal forms 
of hyperchloremic metabolic acidosis, should be denoted by 
an increase in urinary anions (Cl     ) in excess of the usual cat-
ions (Na          K     ). The urine anion gap (UAG) is calculated 
on a “spot” urine sample as follows (Table 18.3) 6 : 

 UAG     [Na          K     ] u    [Cl     ] u  (1) 

TA B L E

 1.  Spot urine electrolytes: [Na     , K     , Cl     ] u  in a patient 
with hyperchloremic metabolic acidosis 

 2. Calculate urine anion gap: 

 UAG     (Na     K) u      Cl u  

 3. Interpretation: 

 (Na     K) u      Cl u :  NH 4  
    low (ammonium excretion 

impaired) 
 Cl u      (Na     K) u :  NH 4  

    adequate (nonrenal 
hyperchloremic acidosis) 

 4.  Pitfalls: Unusual anions in the urine (perform urine 
osmolar gap) 
  Ketones 
  Toluene 

 Clinical Application of Urine Anion 
Gap to Approximate Urine 
Ammonium Excretion 

TA B L E

18.3

TA B L ETA B L E

 Urine Osmolar Gap     Measured Urine Osmolality   
Calculated Urine Osmolality 

  Urine     U osm  0.5[2 (Na          K     ) u      urea / 2.8     
 glucose/18] [ NH 4  

  ]

 Interpretation: Urine ammonium     75 mEq/L or 
   anticipated in acidosis with normal renal tubule 
function 

 Urine Osmolar Gap to Approximate 
Urine Ammonium Concentration 

18.4
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urinary citrate remains high, even with metabolic acidosis, 
and nephrolithiasis rarely, if ever, occurs. 

 Generalized and Isolated Proximal Tubular 
Transport Defects 
 Renal tubular acidosis involving the proximal tubule can be 
divided into two major categories: generalized disorders of 
proximal tubule reabsorption and isolated abnormalities in 
renal acidi  cation (Table 18.5). Those potential abnormali-
ties that have been documented to date include, in order 
of frequency, genetic defects in the basolateral Na     -3HC O 3   

each day, 80% to 90% is reabsorbed in the proximal tubule. 
Effective HC O 3     absorption in the proximal tubule is medi-
ated by H      secretion. Even though the distal tubule is re-
sponsible for the secretion of 50 to 80 mEq of H      and   nal 
acidi  cation of the urine, the vast majority of H      secretion 
obviously occurs in conjunction with  HCO 3

     reclamation in 
the proximal tubule. 

 Bicarbonate absorption is dependent on H      secretion 
across the apical membrane of the proximal tubule in ex-
change for Na      entry into the cell via the Na     /H      exchanger 
(NHE-3; see Chapter 6). 7,8  A low intracellular Na      concen-
tration is maintained by the active extrusion of Na      across 
the basolateral membrane via the Na     ,K     -ATPase. The en-
zyme carbonic anhydrase present in the cytoplasm (type II) 
and on the apical and basolateral membrane (type IV) is 
critical to accelerate the reaction as indicated here: 

 H           HCO  3  
      ↔ H 2 CO 3  ↔ CO 2      H 2 O (3) 

 The active secretion of H      into HC O 3    -rich glomerular   l-
trate by the NHE-3 results in the formation of H 2 CO 3 . 
Luminal carbonic anhydrase (type IV) facilitates the conver-
sion of H 2 CO 3  to CO 2  and H 2 O. CO 2  freely diffuses through 
the luminal membrane and, under the in  uence of cyto-
plasmic carbonic anhydrase (type II), forms H 2 CO 3  that dis-
sociates rapidly to H      and HC O 3    , which are transported, 
respectively, across the apical and basolateral membranes. 
Bicarbonate exits the cell via the electrogenic Na     -3 HC O 3   

symporter (NBCe1; see Chapter 6). The negative cell poten-
tial is the primary driving force for this transport process. In 
addition to H      secretion via the Na     /H      exchanger, an api-
cal H     -ATPase is also responsible for a small but signi  cant 
fraction of bicarbonate reclamation in the proximal tubule. 

 Other Proximal Tubular Functions 
 In addition to its role in H      secretion and HC O 3     absorption, 
the proximal tubule is the primary site for glucose, amino 
acid, phosphate, and organic anion reclamation. Each of 
these solutes is transported across the apical membrane via 
an Na     -cotransport process. Sodium enters the apical mem-
brane down its electrochemical gradient. Low intracellular 
Na      concentrations and the negative intracellular potential 
are maintained via the basolateral Na     ,K      ATPase. Once in-
side the cell, these solutes are either metabolized or diffuse 
passively across the basolateral membrane. Citrate is reab-
sorbed in the proximal tubule in parallel with Na     - via the 
NaDC-1 (Na dicarboxylate cotransporter-1). 9  The metabo-
lism of citrate within the cell leads to the generation of HC 
O 3    . The presence of citrate in tubular   uid and urine has 
been shown to be protective in the prevention of calcium 
oxalate stones and nephrocalcinosis. In the presence of all 
forms of metabolic acidosis except proximal RTA, citrate 
is preferentially reabsorbed resulting in hypocitraturia and 
predisposing patients to nephrolithiasis. In proximal RTA, 
because this Na     -coupled transport system is impaired, 

TA B L E

 RTA, renal tubular acidosis. 

 1. Primary disorders 
 Inherited—isolated pure bicarbonate wasting 

 Autosomal recessive: Mutations of NBCe1/ SLC4A4   
 (several examples associated with ocular 
abnormalities) 

 Autosomal dominant: Mutation of NHE-3 with 
short stature   (defect not determined) 

 Familial disorders associated with proximal RTA 
 Cystinosis 
 Tyrosinemia 
 Hereditary fructose intolerance 
 Galactosemia 
 Glycogen storage disease (type 1) 
 Wilson disease 
 Lowe syndrome 

 2. Acquired disorders 
 Multiple myeloma, amyloidosis, light chain 

nephropathy 
 Chemotherapeutic agents 

 Ifosfamide 
 Carbonic anhydrase inhibitors 

 Topiramate 
 Acetazolamide 
 Sulfamylon 

 Heavy metals 
 Lead, copper, cadmium, mercury 

 Renal transplantation 
 Paroxysmal nocturnal hemoglobinuria 

 3. Mixed proximal and distal RTA (type 3 RTA) 
 Carbonic anhydrase II de  ciency: osteopetrosis 

and ocular abnormalities   (Guibaud-Vainsel 
syndrome) 

 Etiology of Proximal Renal Tubular 
 Acidosis (Type 2) with or without 
 Fanconi Syndrome 

TA B L E

18.5
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acid, and solute absorption in the proximal tubule due to 
ATP depletion and inhibition of Na  ,K ATPase has also 
been observed in an experimental model of cystinosis. 14

Generalized dysfunction of the proximal tubule could occur 
through three possible mechanisms: (1) an increase in para-
cellular permeability resulting in backleak of all reabsorbed 
solutes into the lumen; (2) a generalized defect in proximal 
tubule absorption, such as ATP depletion; and (3) a defect in 
basolateral Na  ,K -ATPase activity. The second mechanism 
is the most widely accepted to date. 

Regarding paracellular permeability, enhanced ef  ux 
causes increased urinary electrolyte and solute excretion, as 
shown in studies using the maleic acid model (see below). 
Both mechanisms have been demonstrated in some studies 
using the maleic acid model of proximal renal tubule aci-
dosis.15,16 A generalized defect in proximal tubule absorp-
tion may be related to the brush-border membrane, such as 
an abnormality in the sodium-binding domain of the mul-
tiple heterogeneous carriers. Alternatively, there may be an 
abnormality in the way the different carriers are moved to 
the brush-border membrane. Finally, defects in basolateral 
Na ,K -ATPase activity can result in abnormal energy gen-
eration, as Na  ,K -ATPase fuels transport in the proximal 
nephron. Hereditary fructose intolerance, galactosemia, and 
cadmium poisoning may result in Fanconi syndrome by re-
ducing Na  ,K -ATPase activity. Thus, Fanconi syndrome 
may be best described as a defect in energy generation in the 
proximal tubule, with the most important cause being de  -
cient Na  ,K -ATPase activity in the basolateral membrane, 
which decreases sodium-coupled reabsorption due to altera-
tions in the sodium gradient across the luminal membrane. 
Most of the solutes lost in Fanconi syndrome are those 

symporter or NBCe1, the enzymes carbonic anhydrase type 
II or IV, and the Na  /H  exchanger (NHE-3) (Fig. 18.1). 

 Generalized Proximal Tubular Dysfunction 
Generalized proximal tubular dysfunction is the more com-
mon of the two types of defects, and is appreciated by the 
co-occurrence of renal tubular acidosis (type 2 RTA), gly-
cosuria, aminoaciduria, phosphaturia, and hypercitraturia. 
This constellation of symptoms is referred to collectively 
as “Fanconi” syndrome, which can be either hereditary or 
acquired. Excessive urinary excretion of glucose occurs, al-
though plasma glucose concentration is normal, and is usu-
ally less than 10 g per day. A generalized aminoaciduria also 
occurs, but because it usually does not result in de  cien-
cies, supplementation is not needed. Sodium and potassium 
losses occur, which may be massive, resulting in severe sec-
ondary hyperaldosteronism and even metabolic alkalosis. 

The onset of Fanconi syndrome following an exposure 
to a triggering agent can vary widely, from minutes (as in 
the case of patients with hereditary fructose intolerance ex-
posed to fructose 10), to a few days (in galactosemic patients 
exposed to galactose 11,12), to years (following exposure to 
cadmium13). Patients with hereditary fructose intolerance 
lack the enzyme fructose-1-aldolase, which results in se-
questration of intracellular phosphate and is associated with 
ATP depletion. 

 Pathophysiologic Mechanisms of Fanconi Syndrome .
Most studies suggest that the generalized defect and the de-
fect in transcellular HC O3

   absorption are due to depletion 
of intracellular ATP, with inhibition of the Na  ,K -ATPase 
(Fig. 18.1, number 4). Disruption of active HC O3

  , amino 

 FIGURE 18.1 Pathogenesis of 
proximal renal tubular acidosis. 
Model of bicarbonate reabsorp-
tion in the proximal tubule show-
ing described inherited defects 
of genes encoding proximal 
transport proteins that cause 
proximal renal tubular acidosis.  1 , 
defect of basolateral Na   - HCO 3

  
cotransporter;  2 , defect of car-
bonic anhydrase type 2;  3 , defect 
of Na   /H    exchanger; 4, defect of 
Na ,K ATPase. See text for detail. 
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out, have metabolic acidosis with proximal RTA 25 (Fig. 18.1, 
number 3). 

Sly et al. 26 have described a group of patients with inher-
ited carbonic anhydrase II de  ciency (Fig. 18.1, number 2). 
These patients develop osteopetrosis, cerebral calci  cation, 
and combined proximal and distal RTA. 26 This observation 
is not unexpected considering the role carbonic anhydrase 
plays in HC O3

   reclamation. 

 Clinical Features of Proximal RTA 
Patients with proximal renal tubular acidosis commonly 
present with hyperchloremic metabolic acidosis, an acid 
urine pH (pH   5) (when systemic acidosis prevails), and 
minimal HC O3

   excretion. As bicarbonate is administered 
to correct the metabolic acidosis, bicarbonaturia occurs 
and the fractional excretion of HC O3

   often exceeds 10% to 
15% (bicarbonate wasting). This response to alkali therapy, 
the ensuing increase in potassium excretion in response to 
the bicarbonate leak into the distal tubule, and the dif  -
culty with which the plasma bicarbonate is corrected are 
unique features of proximal RTA. Sebastian et al. demon-
strated that the level of K   excretion correlates directly with 
HCO3

   excretion. 27 Decreased NaCl absorption associated 
with proximal tubular dysfunction enhances K   excretion 
by increasing delivery of Na   to the distal nephron and the 
increase in aldosterone elaboration in response to volume 
depletion. 

The most common causes of proximal RTA in children 
are acquired either from the administration and  toxicity 
of ifosfamide or from cystinosis. 28,29 Most children pre-
sent with Fanconi syndrome, but proximal RTA can be 
limited to an isolated impairment in proximal bicarbon-
ate reabsorption. In contrast, the most common cause in 
adults is from multiple myeloma or light chain disease. The 
proximal tubular toxicity related to increased excretion of 
monoclonal immunoglobulin light chains in patients with 
multiple myeloma appear to induce a unique biochemical 
toxicity because of resistance to degradation by lysosomal 
proteases in proximal tubular cells. 30,31 Accumulation of 
the variable domain fragments is presumably responsible 
for the impairment in tubular function. Other causes of 
proximal RTA that lead to isolated bicarbonate wasting in-
clude acetazolamide or the administration of any carbonic 
anhydrase inhibitor. The most common offending agent 
currently is topiramate, which is a potent carbonic anhy-
drase inhibitor. 

The majority of cases of proximal RTA are associated 
with generalized proximal tubule dysfunction (Fanconi syn-
drome) so that glycosuria, aminoaciduria, proteinuria, hy-
perphosphaturia, hypophosphatemia, hyperuricosuria, hyp-
ouricemia, and hypercitraturia are observed commonly. Table 
18.5 lists several familial disorders that may be associated 
with proximal RTA that result when the abnormal product 
of metabolism impacts proximal tubule function. Hypercal-
ciuria, a common feature of metabolic acidosis, is absent in 

coupled to apical sodium reabsorption. Fanconi syndrome 
is also associated with distal nephron dysfunction in some 
patients. The mechanisms involved are not known, but the 
evidence suggests that there may be a defect in Na  ,K -
ATPase throughout the nephron. 

 Experimental Models of Fanconi Syndrome . Maleic
acid is a toxin, relatively speci  c for the proximal tubule, 
which results in the best characterized model of Fanconi 
syndrome. Animals (such as rodents) injected with maleic 
acid develop proximal RTA and exhibit symptoms similar 
to those seen in humans with Fanconi syndrome, including 
decreased activity and expression of Na  ,K -ATPase 16 and 
bicarbonaturia. Maleic acid given to rats also impairs vita-
min D conversion. 17

Because ifosfamide can cause Fanconi syndrome in hu-
man patients, it has been used to induce Fanconi syndrome 
in animals as well. However, the use of this agent in animals 
is mainly to determine if other agents given with ifosfamide 
can block the development of Fanconi syndrome without 
affecting ifosfamide’s antitumor activity. 18–22 Heavy metals 
can also induce Fanconi syndrome in animals and humans. 
Cadmium, uranium, lead, and mercury all induce Fanconi 
syndrome in animals, although because cadmium-induced 
Fanconi syndrome reverses after cadmium administration 
ceases and because uranium and mercury affect GFR (which 
is unaffected in people with the syndrome), the study of 
heavy metal–induced Fanconi syndrome may not necessar-
ily provide accurate information about mechanisms underly-
ing the human disorder. 

 Dent Disease . Dent disease is a disorder of the proximal 
renal tubule caused by an X-linked genetic mutation in the 
CLCN5 gene. Symptoms include proteinuria, nephrocalci-
nosis, hypercalciuria, and slow progression of renal failure. 
Because it can also include phosphaturia, aminoaciduria, 
glycosuria, and rickets, it may be considered a form of Fan-
coni syndrome. Treatment for patients with Dent disease 
usually consists of vitamin D to manage rickets and recom-
mendations to reduce hypercalciuria (e.g., thiazide diuret-
ics and citrate supplementation) in order to limit or prevent 
progression of nephrocalcinosis. 23

 Isolated Proximal Tubule Bicarbonate Transport 
Abnormalities
Isolated abnormalities of proximal tubular renal acidi  cation 
in the absence of Fanconi syndrome are less common, but 
may be associated with depolarization abnormalities or ge-
netic mutations. One model, the infusion of L-lysine in dogs, 
results in marked bicarbonaturia due to inhibition of HC 
O3

   absorption. 24 The presence of luminal L-lysine has been 
shown to depolarize proximal tubular cells, which could al-
kalinize the cell by decreasing HC O3

   extrusion across the 
basolateral membrane. Mice, in which the gene encoding 
the renal Na  /H  exchanger (NHE-3) has been knocked 
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 DISTAL RENAL TUBULAR ACIDOSIS 
 Mechanism and Regulation of Distal 
Acidi  cation (see also Chapter 6) 
 The role of the distal nephron in maintaining acid-base ho-
meostasis occurs through HC O 3     absorption and net acid 
secretion. As discussed previously, the proximal tubule ab-
sorbs approximately 90% of the   ltered HC O 3     load, with the 
distal nephron absorbing the remaining 10%. In  addition, 
the distal nephron is responsible for secreting daily approxi-
mately 50 to 80 mEq of hydrogen ions, which matches daily 
net acid production from metabolism. Thus, excretion of net 
acid stoichiometrically replaces the bicarbonate lost in ex-
tracellular buffering of those acids gained from metabolism 
of dietary protein. Proton secretion in the distal nephron 
generates large pH gradients between blood and the lumen. 
The kidney utilizes an elaborate buffering system to avoid 
unsustainably large transepithelial H      concentration gradi-
ents and the ensuing tubular toxicity associated with the ex-
pected local acidity which would be necessary to secrete 50 
to 80 mEq of H      per day without buffering. This buffering 
system is divided into two components: (1) ammonium and 
(2) titratable acids. Titratable acids in urine include phos-
phate, creatinine, and other miscellaneous buffers. Total net 
acid excretion (NAE) is represented by the sum of titratable 
acid (TA) and ammonium (NH 4      ) excretion (minus mini-
mal HC O 3 

   excretion, if any). Therefore, to maintain acid-
base balance, net acid excretion must approximate net acid 
 production. 

 The Pathophysiologic Basis of Classical Distal 
Renal Tubular Acidosis 
 Anatomic and Physiologic Segregation of the 
Collecting Duct 
 The collecting duct can be divided into three functional seg-
ments: the cortical collecting tubule (CCT), the outer med-
ullary collecting tubule (OMCT), and the inner medullary 
collecting duct (IMCD). The CCT is a low capacity H      secre-
tory segment where the rate of H      secretion is modulated by 
aldosterone, Na      and K      absorption, and systemic acid-base 
balance. The CCT has the capacity for both H      and HC O 3 

   se-
cretion. 32–35  The former function is accomplished by type A 
intercalated cells, and the latter by type B intercalated cells 
(Fig. 18.2). The OMCT, in contrast, has a high capacity for 
H      secretion, which is regulated by systemic acid-base ho-
meostasis, the serum K      concentration, and aldosterone. 36  
Finally, the IMCD is a low capacity proton secretory system. 
In this segment ammonium transport is regulated by acid-
base homeostasis and the serum K      concentration. 

 In each segment of the distal nephron, HC O 3 
    absorption 

is mediated by apical membrane H      secretion. 37,38  Because 
of the negative cell potential, H      secretion must occur by 
an active transport. 39–41  Two ATP-dependent proton pumps, 
the H     -ATPase and the H     ,K     ATPase, have been identi  ed 

proximal RTA, presumably as a result of enhanced calcium 
absorption in the distal nephron in response to increased 
bicarbonate delivery. Rickets, a frequent  manifestation of 
the Fanconi syndrome, is a result of phosphate wasting, not 
proximal RTA or acidosis. Of particular concern in children 
with proximal RTA is growth retardation, a direct conse-
quence of acidosis. Because growth retardation will correct 
with alkali therapy, this complication becomes one of the 
major indications for correction of the serum bicarbonate 
concentration. 

 Isolated proximal RTA without features of the Fanconi 
syndrome can occur rarely in an autosomal recessive disor-
der affecting the gene  SLC4A4  that encodes for the sodium 
bicarbonate cotransporter. In addition, a defect in the gene 
that encodes the Na     /H      exchanger (NHE-3) on the apical 
membrane has been described in a single family as an auto-
somal dominant disease. 

 Management 
 The primary therapeutic objective in the management of 
patients with proximal renal tubular acidosis is to  maintain 
a near normal serum HC O 3     concentration and arterial pH. 
The bicarbonaturia associated with this disorder, which 
ampli  es potassium excretion, requires administration of 
a mixture of sodium and potassium salts (e.g., K-Shohl’s 
solution) (Table 18.6). A feature of proximal renal tubular 
acidosis is the large amount of HC O 3     required to correct 
the acidosis, which, in turn, aggravates renal potassium 
excretion. As an adjunct, the administration of thiazide 
diuretics has been used to decrease GFR from chronic vol-
ume depletion. Sequelae of proximal RTA vary according 
to cause (generalized vs. isolated). Nevertheless, in chil-
dren with isolated proximal RTA, stunted growth is nor-
malized by correction of the acidosis. Additionally, the 
manifestations of isolated proximal RTA in children tend 
to improve with age, but alkali therapy is usually neces-
sary throughout life. 

TA B L E

 Large amounts of alkali required to correct acidosis: 
  10–20 mEq/kg/day of alkali (typically enhances 

  urinary K loss) 
 Preparations that include potassium: 
  Potassium Shohl’s Solution (K-Shohl’s: 

   Polycitra-LC: Citric acid 334 mg, sodium 
citrate 500 mg, and potassium citrate 550 mg 
per 5 mL [480 mL] [alcohol free, sugar-free]) 

 Thiazides (may be helpful) 

 Treatment of Proximal Renal 
Tubular Acidosis 

TA B L E

18.6

593



594 SECTION III  CYSTIC AND TUBULAR DISORDERS

 FIGURE 18.2 Type A and B intercalated cells of collecting duct. See text for detail. 

in the distal nephron and together are responsible for H  
secretion 42 (Fig. 18.2). Immunohistochemical studies have 
localized the H  -ATPase to the apical membrane of acid 
secreting cells (type A intercalated cells) in the CCT and 
OMCT. Both the gastric and colonic H  ,K -ATPase subunits 
are expressed in intercalated cells of the cortical collecting 
duct and outer medullary collecting duct. 42 These two iso-
forms of H  ,K -ATPase have been designated as the HK  1
(“gastric”) and HK  2 (“colonic”) subunits. HK  1 is identical 
to the H  ,K -ATPase in gastric parietal cells, whereas HK  2
is homologous to the H  ,K -ATPase in distal colon. Several 
studies have demonstrated that HK  2 mRNA and protein 
(but not HK  1) are dramatically upregulated by chronic hy-
pokalemia and chronic acidosis. 43 Furthermore, increased 
H ,K -ATPase activity in the outer and inner medullary col-
lecting duct results in enhanced HC O3

   absorption. 44

Apical proton secretion generates HC O3
   intracellularly, 

which then exits the cell via the Cl  /HC O3
   exchanger (AE-1) 

present on the basolateral membrane (encoded by the gene 
SLC4A1).45 Thus, these three transporters, the apical H  -
ATPase and H  ,K -ATPase, and the basolateral HC O3

  /Cl 
exchanger could be involved, if defective, in the development 
of an acidi  cation defect in the distal nephron (Fig. 18.3). The 
reader is referred to Chapter 6 for additional detail. Examples 
of genetic and acquired abnormalities of the H  -ATPase and 
AE-1 have been described and are discussed later. 

Additionally, defective net H   secretion could occur by 
the insertion of a “leak” pathway for H   into the collect-
ing duct (Fig. 18.3). This abnormality, also referred to as a 
“gradient lesion,” occurs most commonly with amphotericin 
B nephrotoxicity. Whether this latter abnormality accounts 
for acidi  cation defects in other forms of inherited or ac-
quired distal RTA has been described in case reports, but has 
not been established clearly. 

 Ammonium Production and Excretion 
Although ammonium is secreted in several segments of the 
nephron, the majority of ammonium secretion occurs in the 
proximal tubule and is regulated by acid-base homeostasis 
(Fig. 18.4). Ammonium transport involves both ammonia 
(NH3) diffusion and ammonium (NH 4 ) transport. NH 4 
secretion into the proximal tubule lumen occurs via the 
apical membrane Na  /H  exchanger (NHE-3) through sub-
stitution of NH 4  for H  . Ammonium secretion is augmented 
dramatically by systemic metabolic acidosis. At physiologic 
pH,  ketoglutarate, a major metabolic product of ammo-
niagenesis, is converted to HC O3

   ions, which are trans-
ported across the basolateral membrane to the extracellular 
  uid (ECF). This end product of ammoniagenesis therefore 
represents “new bicarbonate” when returned to systemic 
circulation via the renal vein. As mentioned previously, and 
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concentrations of ammonium 46 (Fig. 18.5). First, the HC O3
  

concentration and pH of tubular   uid increases progressively 
along the thin descending limb of the loop of Henle as a result 
of water abstraction. 47 This alkaline environment favors NH 3
diffusion out of the tubule lumen. In addition, direct uptake 
of NH 4  is accomplished via the apical Na  -2Cl -K  cotrans-
porter (through competition for the K   site) in the medul-
lary thick ascending limb of the loop of Henle (TALH). 46

Ammonium absorption at this site is stimulated by acidosis 
and hypokalemia and is impaired by hyperkalemia. 48–52 NH 3
is capable of reentering the proximal straight tubule from 
the interstitium. 46 Active absorption of NH 4  in the TALH 
allows for trapping of NH 4  in the medullary countercurrent 
multiplication system. 53 The end result of this system is a 
medullary-to-cortical concentration gradient for ammonium 
with medullary concentrations exceeding cortical concentra-
tions severalfold. This corticomedullary ammonium gradient 
is augmented by metabolic acidosis. 50 Ammonium is trapped 
in the medullary collecting duct by a combination of NH 3
diffusion from the interstitium and active H   secretion by 
the medullary collecting duct (H  -ATPase and the H  -K -
ATPase). 50,54 This process generates high concentrations of 
ammonium in the   nal urine. Because NH 4  uptake by the 
TALH is accomplished by the Na  -K -2Cl  cotransporter, 
competition between K   and NH 4  helps explain the associa-
tion between hyperkalemia and metabolic acidosis. 55 Addi-
tional detail on ammonia/ammonium transporters and their 
regulation is provided in Chapter 6. 

 Regulation of Distal Acidi  cation 
Apical proton secretion and basolateral HC O3

   trans-
port together and regulate net HC O3

   absorption in the 
distal nephron. The responsible transporters include the 

discussed in detail in Chapter 6, “new bicarbonate” restores 
the HC O3

   lost in the ECF from buffering the acid products 
of metabolism. 

After ammonium enters the proximal tubule lumen, an 
elaborate system exists to generate high medullary  interstitial

 FIGURE 18.3 Pathogenesis of 
distal renal tubular acidosis (RTA). 
Model of type A intercalated 
cell in medullary collecting duct 
showing described inherited 
defects encoding distal transport 
proteins that cause classical dis-
tal RTA.  1 , defect of basolateral  
HCO 3

  /Cl   exchanger;  2 , defect of 
speci  c subunits of H   -ATPase; 
 3 , carbonic anhydrase II de  -
ciency;  4 , backleak of H    or gradi-
ent lesion (amphotericin B and 
presumed rare inherited abnor-
malities);  5 , abnormality of H   ,K   -
ATPase (not veri  ed, but may 
explain endemic [Northeastern 
Thailand] distal RTA with severe 
hypokalemia). 

 FIGURE 18.4 Ammoniagenesis and transport of ammonia/ 
ammonium in the proximal tubule. 
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CCT have important regulatory effects on net H   secretion 
in the collecting duct. 

Potassium homeostasis also plays a signi  cant role in 
the regulation of renal acidi  cation. Clearance studies have 
suggested that potassium de  ciency stimulates distal proton 
secretion. It has now been established that this regulatory 
response occurs, at least in part, through upregulation of 
the H  ,K -ATPase. Potassium status can also affect renal 
acidi  cation indirectly. First, potassium is an important 
determinant of aldosterone, and as discussed previously, 
aldosterone is an important determinant of H  secretion. 
Potassium also affects ammonium synthesis and excre-
tion.52 Chronic hypokalemia stimulates ammonium pro-
duction while hyperkalemia suppresses ammoniagenesis. 48

Alterations in ammonium production may also affect the 
medullary interstitial gradient and buffer availability. Hy-
perkalemia impairs ammonium absorption in the thick as-
cending limb, also decreasing medullary concentrations of 
total ammonia and secretion of NH 3 into the medullary col-
lecting duct. 48,49,58

 Pathogenesis of Distal Renal Tubular Acidosis 
 Classical Hypokalemic Distal Renal Tubular Acidosis . 
The mechanisms involved in the pathogenesis of hypoka-
lemic distal RTA (DRTA) are not yet completely resolved. 

electrogenic H  -ATPase, the electroneutral H  ,K -ATPase 
on the apical membrane, and the HC O3

  /Cl  exchanger 
on the basolateral membrane (Fig. 18.6). Alteration in the 
negative transepithelial potential difference, which is de-
pendent on the rate of Na   absorption, has a signi  cant 
secondary impact on proton secretion by the electrogenic 
H -ATPase. Thus, a decline in Na   delivery or Na   acid-
ity through either impairment of epithelial Na   channel 
(ENaC) function or through absence of mineralocorticoid 
will secondarily impair H   secretion. A defect in H   secre-
tion in the CCT in response to a decline in Na  -transport 
dependent transepithelial voltage has been termed a “volt-
age defect.” Mineralocorticoids have been demonstrated to 
be a potent determinant of proton secretion. In the CCT, 
mineralocorticoids stimulate Na   absorption (ENaC) in-
creasing the lumen negative transepithelial potential, which 
stimulates electrogenic proton secretion secondarily. 56 This 
early effect of aldosterone on ENaC is reinforced after sev-
eral hours to upregulate the basolateral Na  ,K -ATPase as 
well. Taken together, mineralocorticoid increases the nega-
tive transepithelial potential, thus enhancing Na   absorp-
tion. Mineralocorticoids have also been shown to stimulate 
the H  -ATPase in the cortical, outer, and inner medullary 
collecting tubules in the absence of Na  .40,57 Thus, in sum-
mary, both mineralocorticoids and Na   absorption in the 

 FIGURE 18.5 Summary of ammonia/ammonium transport pathways in the nephron. Possible defective ammoniagenesis and/or 
 ammonium transport associated with distal renal tubular acidosis, discussed in text in detail. 

596



CHAPTER 18  ISOLATED RENAL TUBULAR DISORDERS 597

HCO3
  /Cl  exchanger will lead to a low U-B PCO 2. In con-

trast, a backleak of H  , as occurs with a “gradient” defect, 
has been shown in experimental models to be associated 
with a normal U-B PCO 2. In patients with classical hypo-
kalemic DRTA, the U-B PCO 2 is usually subnormal, except 
in amphotericin B-induced DRTA. 60–62 This   nding sup-
ports the view that most patients with DRTA have a “rate” 
or “pump” defect (Fig. 18.3, number 1). 

 H   -Secretory Defects . The rate of proton secretion could 
be affected by an abnormality in a speci  c transporter or 
mechanism involved in proton secretion. These include 
the apical H  -ATPase or H  -K -ATPase, and the basolat-
eral Cl  /HCO3

   exchanger, AE-1 (Fig. 18.3, number 2). 
Impairment of the H  -ATPase in classical DRTA has been 
documented in both acquired and inherited disorders. Ac-
quired defects of H  -ATPase have been demonstrated in 
renal biopsy specimens of patients with Sjögren syndrome 
with evidence of classical hypokalemic DRTA. These biopsy 
specimens revealed trapping of this transporter in intracel-
lular compartments and an absence of H  -ATPase protein 
in the apical membrane of type A cells. To further under-
score the importance of H  -ATPase in classical RTA, several 

The occurrence of hypokalemia demonstrates that gener-
alized CCT dysfunction or aldosterone de  ciency is not 
causative. Initially the cause of classical hypokalemic 
DRTA was considered to be a “gradient lesion.” Alterna-
tively, a defect in proton secretion is the most widely ac-
cepted explanation for the inability to maximally acidify 
the urine, 59 in the majority of forms of classical DRTA 
(Fig. 18.3). The most notable exception of this mechanism 
is the defect induced by amphotericin B nephrotoxicity, for 
which insertion of a leak pathway in the apical membrane 
of the distal tubule by the antibiotic is causative (Fig. 18.3, 
number 4). An important feature in the determination of 
the pathogenesis of the acidi  cation defect in these pa-
tients is the response of the urine PCO 2 to NaHCO 3 infu-
sion. Infusion of NaHCO 3 to produce a high HC O3

   ex-
cretion rate results normally in distal nephron hydrogen 
secretion and the generation of a high CO 2 tension in the 
urine. The magnitude of the urinary PCO 2 (referred to as 
the urine-minus-blood PCO 2, or U-B PCO 2) is quantita-
tively related to distal nephron hydrogen ion secretion. 38,60

A decrease in the rate of hydrogen ion secretion as a re-
sult of a defect of one of the H   transporters on the api-
cal membrane (H  - or H  ,K -ATPase) or the basolateral 

 FIGURE 18.6 Three cell types in the collecting tubule: principal cell, and type A and type B intercalated cell. Mechanisms of transport 
discussed in text. 
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inability to trap ammonium in the medullary collecting duct as 
a result of a higher than normal tubular   uid pH, as obtained 
when H   secretion is impaired (e.g., a defect in H  -ATPase, 
H ,K -ATPase, or the basolateral HC O3

  /Cl exchanger)
(Fig. 18.6). Moreover, urinary concentrating defects from 
the medullary interstitial disease is common in patients with 
classical DRTA, and may interfere with the medullary coun-
tercurrent multiplier and reduce the  corticomedullary con-
centration gradient for ammonium and thereby reduce am-
monium excretion. 50 Although the RhCG channel has been 
described in the distal nephron and has been shown to be 
important for ammonia/ammonium transport (see Chapter 
6), there is no evidence to date that this transporter is in-
volved in any form of RTA. Since classical DRTA is associated 
with hypokalemia, it would be anticipated that ammonium 
production and excretion would be enhanced. Nevertheless, 
ammonium excretion remains low for the prevailing systemic 
acidosis and urine pH, most likely as a result of failure of the 
corticomedullary countercurrent system. 

 Clinical Phenotype of Classical Distal Renal 
Tubular Acidosis 
Classical hypokalemic DRTA is associated with positive 
acid balance, a nongap or hyperchloremic metabolic aci-
dosis, and volume depletion with evidence of abnormal 
urine acidi  cation for the prevailing acidosis (spontaneous 
or induced). Hyperchloremia is augmented by volume de-
pletion. The positive acid balance and progressive acidosis 
causes  calcium, magnesium, and phosphate wasting and 
may culminate in metabolic bone disease. Stunted growth is 
common in prepubertal children. A frequent association is 
nephrocalcinosis and nephrolithiasis, often with interstitial 
nephritis with susceptibility to pyelonephritis, which is dif-
  cult to eradicate. Both the hypercalciuria associated with 
DRTA and the hypocitraturia, which accompanies chronic 
metabolic acidosis, provide a favorable environment for uri-
nary stone formation, chie  y calcium phosphate, and the 
development of nephrocalcinosis. 71 Nephrocalcinosis asso-
ciated with nongap metabolic acidosis strongly  implicates
classical DRTA, because this does not occur with either 
proximal RTA or generalized distal nephron dysfunction 
with hyperkalemia. 72 Extra renal manifestations appear to 
be dependent, in part, on the gene mutated, and can include 
osteomalacia, rickets, osteopetrosis, deafness, ocular abnor-
malities, and cognitive dysfunction. The diagnostic features 
for classical DRTA are displayed in Table 18.8 and the sys-
temic consequences in Table 18.9. 

 Classical Distal Renal Tubular Acidosis 
Classical DRTA may occur as an autosomal dominant or 
autosomal recessive inherited defect (primary DRTA) or in 
association with a systemic illness (secondary DRTA). Over-
whelmingly, the majority of patients with classical DRTA 
have secondary DRTA. The different etiologies of classical 
DRTA are displayed in Table 18.7. 

investigators have described autosomal dominant muta-
tions in the ATP6V1B1 gene encoding the B-subunit of the 
H -ATPase in the kidney and cochlea, and these mutations 
are associated with sensorineural deafness. Another form of 
classical DRTA, inherited as an autosomal recessive defect, is 
associated with normal hearing and has been shown recently 
to be a mutation in the ATP6V0A4 gene that encodes for the 
A-subunit of this transporter. 63–65

Alternatively, although abnormalities in the H  ,K -
ATPase (Fig. 18.3) could result in both hypokalemia and 
metabolic acidosis, a defect in this transporter per se has 
not been described to date. An unusually high incidence 
of hypokalemic DRTA (endemic RTA) in Thailand may be 
the result of chronic hypokalemia and chronic tubulointer-
stitial disease, which could, in term, cause the acidi  cation 
defect.66 It would be logical to assume a role for chronic 
hypokalemia and subsequent tubulointerstitial disease in 
the development of some forms of classical DRTA through 
compromise of the H  ,K -ATPase. 

 Defects in the  HCO 3
  /Cl   Exchanger . Three groups have 

independently demonstrated an association between mu-
tations in the  AE-1  gene, which encodes the basolateral 
HCO3

  /Cl  exchanger (AE-1) in the collecting duct, and the 
occurrence of autosomal dominant classical DRTA (Fig. 18.3, 
number 3). 67–69 The typical clinical manifestations of classical 
DRTA were associated with heterozygosity for the  AE1 point 
mutation, G1766A. 67–69 This mutation encodes an amino 
acid substitution, R598H, located at the cytoplasmic end of 
the AE1 protein in transmembrane span 6. Surprisingly, how-
ever, when these point mutations were expressed in vitro, ab-
normalities in HC O3

  /Cl  exchange were not observed. It was 
hypothesized that misdirection of the HC O3

  /Cl  exchanger 
to the apical, rather than the basolateral membrane might ob-
tain in this disorder, resulting in impaired net H   secretion. 
If correct, enhanced HC O3

  /Cl  exchange on the apical mem-
brane would increase rather than decrease urinary PCO 2 dur-
ing bicarbonate infusion. That an increase in the U-B PCO 2
was demonstrated in patients with inherited classical DRTA 
supports this view. 70

Therefore, in summary, genetic evidence exists for abnor-
malities in two subunits of the H  -ATPase and misdirection of 
the HC O3

  /Cl  exchanger to the apical membrane as causes of 
inherited classical DRTA. Another rare mechanism for inher-
ited DRTA includes carbonic anhydrase II de  ciency which 
is associated with osteopetrosis and mental retardation. The 
diverse pathophysiology of the various inherited and acquired 
forms of classical DRTA are outlined in Table 18.7. 

 Impaired NH 4   Excretion 
Patients with abnormalities in hydrogen ion secretion by the 
collecting duct in classical DRTA also exhibit uniformly low 
excretory rates of ammonium. 6,62 In the face of hyperchlo-
remic metabolic acidosis, low ammonium excretion demon-
strates that the kidney causes or perpetuates metabolic aci-
dosis. Defective ammonium excretion may occur due to an 
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TA B L E

 PRTA-DRTA, proximal renal tubular acidosis–distal renal tubular acidosis. 

 Disorders Associated With Classical Hypokalemic Distal Renal Tubular Acidosis 

Familial  
  1. Autosomal dominant 
   a. Abnormality of the basolateral  HCO 3  

  /Cl      exchanger (AE-1) due to  SLC4A1  mutation 
  2. Autosomal recessive 
   a. De  ciency or abnormality of the H     -ATPase 
   Autosomal recessive  ATP6V1B1  mutation with deafness 
   Autosomal recessive  ATP6V0A4  mutation with or without deafness 
   b. Carbonic anhydrase II de  ciency – mixed PRTA-DRTA 

Endemic  
  Northeastern Thailand 

Acquired Defect of the H       -ATPase  
  Sjögren syndrome 

Secondary to Systemic Disorders  
   Autoimmune diseases  
    Hyperglobulinemic purpura Fibrosing alveolitis 
    Cryoglobulinemia Chronic active hepatitis 
    Sjögren’s syndrome Primary biliary cirrhosis 
    Thyroiditis Polyarthritis nodosa 
    HIV nephropathy 
   Hypercalciuria and nephrocalcinosis  
    Primary hyperparathyroidism Vitamin D intoxication 
    Hyperthyroidism Idiopathic hypercalciuria 
    Medullary sponge kidney Wilson disease 
    Fabry disease Hereditary fructose intolerance 
    X-linked hypophosphatemia Hereditary sensorineural deafness 

  Drug- and toxin-induced disease  
    Amphotericin B Cyclamate 
    Mercury 
    Vanadate Lithium 
    Hepatic cirrhosis Classic analgesic nephropathy 
    Ifosfamide Foscarnet 
    Topiramate Acetazolamide 

  Tubulointerstitial diseases  
    Balkan nephropathy Renal transplantation 
    Chronic pyelonephritis Leprosy 
    Obstructive uropathy Jejunoileal bypass with hyperoxaluria 
    Vesicoureteral re  ux 

  Associated with genetically transmitted diseases  
    Ehlers-Danlos syndrome Hereditary elliptocytosis 
    Sickle cell anemia Marfan syndrome 
    Medullary cystic disease Jejunal bypass with hyperoxaluria 
    Hereditary sensorineural deafness Carnitine palmitoyltransferase I 
     Osteopetrosis with carbonic anhydrase 

  II de  ciency 

TA B L E

18.7
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encoding isoforms of two subunits of the H     -ATPase sub-
units include, respectively, the V 1  and V 0  domains. Over 
20 mutations have been reported for  ATP6V1B1  with deaf-
ness, all with a recessive inheritance pattern. Progressive 
bilateral hearing loss occurs with mutations in  ATP6V1B1 , 
encoding the B-subunit of the collecting duct apical electro-
genic proton pump (H     -ATPase) and the H     -ATPase in the 
cochlea. 64  Over 28 mutations of  ATP6V0A4  that encode the 
a4 subunit have been reported with variable deafness and 
are also transmitted as an autosomal recessive inheritance. 65  

 Dominant and Recessive Distal Renal Tubular Acidosis 
with Mutations of  kAE1/SLCA1  .  Approximately 20 family 
members with either recessive or dominant classical DRTA 
have been reported with mutations of  SLC4A1/kAE1 . 68,69,75

The normally con  gured kidney isoform of AE1 ( kAE1 ) is 
a truncated product of the  SLC4A/AE1  gene, whereas, in 
contrast, selective mutations cause DRTA. Dominant DRTA 
involving  kAE1  result in either abnormal intracellular re-
tention of  kAE1 , which prevents appropriate targeting, or 
a reversed polarity of the mutant  kAE1 . Recessive missense 
mutations of  kAE1  encode an unstable protein that results in 
a null phenotype, such as severe hemolytic anemia, DRTA, 
and cardiovascular instability. Others have impaired urinary 
acidi  cation but normal AE1 in red cells. The mutant  kAE1 , 
when expressed in kidney cells in culture, can be rescued 
with glycophorin A. Genetic models in mice ( AE1   /  ) have 
severe hemolytic anemia, heart failure, and acidosis associ-
ated with growth abnormalities, spherocytosis, and poikilo-
cytosis. Because this defect is often fatal, thorough studies 
have not been performed, but nephrocalcinosis has been 
reported. 7  

 Accompanying Disorders of Distal Renal Tubular Aci-
dosis: Hypokalemia, Nephrogenic Diabetes Insipidus, 
and Hypercalciuria (Table 18.9).   Although the hypokale-
mia that frequently accompanies DRTA has been assumed 
to be secondary aldosteronism, more recent evidence im-
plicates the BK Maxi-K channel (Slo1), which interestingly, 
exhibits pH sensitivity. Acid extracellular pH, presumably in 
the renal interstitium, may enhance K secretion. 76  However, 
there are other pH effects on other Na and K channels that 
may be offsetting and render this possible mechanism both 
complex and, as yet, not fully solved. 

 Calcium phosphate nephrolithiasis and nephrocalcino-
sis are very common in DRTA. The etiology has not been 
fully elucidated. The consensus has been that, with acidosis, 
calcium salts are leached from bone, thereby causing a high 
  ltered load of calcium and thus hypercalciuria. However, 
pH-dependency of calcium handling by the distal nephron 
may participate. For example, TRPV5, the major mechanism 
of calcium reabsorption, is inhibited by an acid intracellular 
pH, a condition that likely prevails in the medullary intersti-
tium of acidotic patients with DRTA. 77  Further work on this 
mechanism and a better understanding of the cellular basis 
of nephrocalcinosis is needed as are more effective therapies 

 Inherited Classical Distal Renal Tubular Acidosis .  Over 
300 individuals from over 60 families have been identi  ed 
with primary DRTA, 67,68,73,74  and the speci  c defects are ei-
ther mutations of the H     -ATPase (recessive inheritance), or of 
kAE1/ SLC4A1  (dominant and recessive inheritance). 26,67,68,74

Most patients with inherited DRTA have associated hypercal-
ciuria and hypocitraturia predisposing to nephrocalcinosis 
and bone disease. 1  

 Autosomal Recessive Classical Distal Renal Tubular 
Acidosis Associated with Mutations of the H     -ATPase .
 The features of autosomal recessive DRTA include severe 
metabolic acidosis, an inappropriately alkaline urine, growth 
failure, rickets, and renal calci  cation. This constellation 
of   ndings may occur with or without sensorineural deaf-
ness (see previous text and Table 18.9). Mutations in genes 

TA B L E

 Hypokalemia 
 Urine anion gap positive with induced or spontaneous 

metabolic acidosis 
 Abnormally low NH 4       excretion 
 Urine pH    5.5 
 Modest bicarbonaturia,    10% FE HCO 3        5% 
 Absence of Fanconi syndrome 
 Abnormal calcium metabolism (hypercalciuria, 

nephrocalcinosis, nephrolithiasis, bone disease) 
 Low urine citrate 
 Hyperglobulinemia 

 Diagnostic Features of Classical Distal 
Renal Tubular Acidosis 

TA B L E

18.8

TA B L E

 Progression of chronic kidney disease 
 Bone disease (result of acidosis, hypercalciuria) 
 Nephrocalcinosis 
 Nephrolithiasis 
  Hypercalciuria and hypocitraturia 
   Acidosis leads to hypocitraturia 
 Progression of renal failure 
 Hypokalemia – may be severe 
 Pyelonephritis – dif  cult to eradicate 
 Stunted growth 
 Nephrogenic diabetes insipidus 

 Consequences of Classical Distal 
Renal Tubular Acidosis 

TA B L E

18.9
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 Abnormalities in calcium homeostasis, particularly 
when nephrocalcinosis is present, are commonly seen in 
 patients with acquired DRTA. Examples of the co-occurrence 
of DRTA and nephrocalcinosis include: primary hyperpara-
thyroidism, vitamin D intoxication, medullary sponge kid-
ney, hyperthyroidism, idiopathic hypercalciuria, X-linked 
hypophosphatemia, and type 1 glycogen storage disease 
(Table 18.7). 87–93  

 DRTA can also be caused by various drugs or toxins 
 (Tables 18.7 and 18.10). Examples include amphotericin 
B, 94  carbonic anhydrase inhibitors (including the anticon-
vulsant topiramate), lithium carbonate, 95  analgesics, 96,97

ifosfamide, foscarnet, 98  and vanadate. DRTA occurs in 
the chronic rejection of renal transplantation. 99–101  DRTA 
with renal transplantation is attributed to defective am-
monium excretion and generalized distal tubular malfunc-
tion. 100   Renal tubulointerstitial disease can be associated 
with DRTA. Prominent examples include hyperoxaluria, 102

obstructive uropathy, 103  vesicoureteral re  ux, 104  lupus 
nephritis, leprosy, and pyelonephritis with nephrolithia-
sis. 105  DRTA is also associated with a variety of inherited 
 disorders not discussed here, including Ehlers-Danlos syn-
drome, hereditary elliptocytosis, hereditary spherocytosis, 
sickle cell disease, medullary cystic disease, type I glyco-
gen storage disease, and  carnitine palmitoyltransferase I 
de  ciency. 26,106–109  

 Diagnosis of Classical Distal Renal Tubular 
Acidosis (Table 18.8) 
 The diagnosis of classical DRTA is most often made clinically 
in a patient with acquired forms of the disease (Table 18.10), 
indicating the importance of a thorough history and physi-
cal examination. These patients usually exhibit spontaneous 
and chronic nongap metabolic acidosis in association with 
chronic hypokalemia and an inappropriately alkaline urine 
pH (   5.5), and a positive urine anion gap, as mentioned 
previously. Hypokalemia may   rst bring the patient to medi-
cal attention, particularly if severe because it may be associ-
ated with   accid paralysis. Additionally, patients may have 
a history of nephrolithiasis (calcium phosphate), variable 
degrees of nephrocalcinosis, or evidence of autoimmune 
disorders instead (Sjögren syndrome, thyroiditis, or primary 
biliary cirrhosis) (Table 18.10). Drugs and toxins may cause 
tubular effects or toxicity (Table 18.10). Conversely, other 
patients, usually members of families with known inherit-
ed classical DRTA, may have one or more of the disorders 
(e.g., nephrocalcinosis or nephrolithiasis) but not display ev-
idence of chronic nongap acidosis. When such patients are 
challenged with an oral ammonium chloride load (0.1 gm 
per kg BW), urine pH does not decrease below 5.5 (as in 
nonaffected controls). This latter category of patients has 
what has been designated as “incomplete” classical DRTA. 
 Patients with DRTA, in contrast to patients with proximal 
RTA, do not have a Fanconi syndrome and the fractional 
excretion of bicarbonate is lower (usually in the 5% range). 

for this devastating feature of DRTA. Nephrocalcinosis and 
interstitial   brosis are a major cause of progressive kidney 
disease in these patients. 

 Endemic Distal Renal Tubular Acidosis .  A high incidence 
of DRTA has been reported in northeast Thailand. 78,79  This 
disorder has a female to male ratio of 3:1 and patients range 
in age from 18 to 76 years. Associated features include se-
vere hypokalemia resulting in profound muscle weakness, 
nephrocalcinosis, renal stones, hypocitraturia, osteomalacia, 
and nocturia. The hypokalemia and the accompanying fea-
tures are more severe in the summer months and are most 
prevalent in impoverished groups whose diet consists almost 
entirely of rice. Therefore, dietary hypokalemia may be caus-
ative. Although the precise mechanism involved remains un-
clear, chronic tubulointerstitial renal disease as a result of 
chronic hypokalemia appears to be a better explanation than 
vanadate toxicity, as initially suggested. 80  

 Secondary Distal Renal Tubular Acidosis .  The  disorders 
associated with acquired classical DRTA are outlined in 
Table 18.10. Hyperglobulinemia is commonly associated 
with acquired classical DRTA. Up to 50% of patients with 
Sjögren syndrome and hyperglobulinemic purpura eventu-
ally exhibit an acidi  cation defect. 81–83  These patients may 
have profound hypokalemia at times. Other autoimmune 
and hyperglobulinemic states that are associated with DRTA 
include cryoglobulinemia, thyroiditis and Graves disease, 
primary biliary cirrhosis, chronic active hepatitis, systemic 
lupus  erythematosus, and HIV nephropathy. 84–86  The co-
occurrence of hypokalemic paralysis, a nongap metabolic 
acidosis and thyrotoxicosis, indicates DRTA rather than hy-
pokalemic periodic paralysis. 

TA B L E

 Autoimmune disorders 
  Hyperglobulinemia- autoimmune diseases 
   Sjögren’s, thyroiditis, primary biliary cirrhosis 
 Hypercalciuria and nephrocalcinosis 
  Hypervitaminosis D, hyperparathyroidism, 

Graves disease 
 Drug- or toxin-induced disease 
  Amphotericin B, ifosfamide, topiramate, lead, lithium, 

tetracycline, toluene 
 Tubulointerstitial diseases 
  Minimal change disease, classical analgesic 

nephropathy 

 Classi  cation of Major Disorders 
Associated with Acquired Classical 
Distal Renal Tubular Acidosis 

TA B L E
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requiring immediate therapy. Because the hypokalemia may 
result in respiratory depression, increasing systemic pH 
with alkali therapy may worsen the hypokalemia. Therefore, 
immediate intravenous potassium replacement should be 
achieved prior to alkali administration. 

 Prognosis .  The   rst goal of alkali therapy in DRTA is to nor-
malize the serum bicarbonate and thereby prevent the relent-
less progression of chronic kidney disease. The GFR should 
be expected to stabilize with normalization of the serum 
 bicarbonate (into 23 to 25 mEq per L range). This requires 
modest amounts (1 to 3 mEq/kg/day) of alkali therapy daily 
in divided doses. Hypercalciuria usually subsides on correc-
tion of the acidosis and urinary citrate excretion increases, 
thus reducing the incidence of urolithiasis.  Although it is 
possible that nephrocalcinosis may improve over many years 
of alkali therapy, direct evidence for this view is lacking. 
Potassium homeostasis improves or normalizes in most adult 
patients and the renal phosphate clearance also improves. 
In children, growth is usually restored. Therefore, most if 
not all of the accompanying abnormalities are  corrected with 
sustained correction of the serum bicarbonate. 

 TYPE 3 RENAL TUBULAR ACIDOSIS: 
MIXED PROXIMAL AND DRTA 
 Carbonic anhydrase II de  ciency is a very rare autosomal 
 recessive abnormality characterized by osteopetrosis, RTA, 
and cerebral calci  cation. 26  Additional features that have 
been reported include severe mental retardation, stunted 
growth, microcephaly, dental malocclusion, high-arched 
palate, and broad thumbs. Reported patients with this syn-
drome have been predominantly from the Middle East and 
Mediterranean region. The evidence for both a proximal and 
distal cause of the RTA includes frank bicarbonate wasting 
consistent with proximal tubular dysfunction and an inabil-
ity to acidify the urine during a sustained systemic acidosis, 
as well as a low urinary PCO 2  with bicarbonate loading—the 
latter two indicating DRTA. 

 RENAL TUBULAR ACIDOSIS 
ASSOCIATED WITH HYPERKALEMIA: 
GENERALIZED DISTAL NEPHRON 
DYSFUNCTION 
 The distinguishing features of generalized DRTA (type 4 
RTA) are displayed in Table 18.12. This disorder occurs with 
hyperkalemia, whereas both proximal and classical DRTA 
occur with hypokalemia. A discussion of the unique patho-
physiology, which localizes the nephron site of the abnor-
mality, follows and is summarized in Table 18.13. 

 Pathophysiology of Voltage Defect 
 When a decrease in the negative transepithelial potential dif-
ference in the collecting tubule impairs proton secretion in 

Finally, the urine to blood PCO 2  difference, or gradient, is 
typically lower than in normal subjects for both complete 
and incomplete DRTA. The U-B PCO 2 , although not per-
formed clinically in the majority of cases, remains the 
most sensitive diagnostic test for a secretory abnormality 
(i.e., abnormal H     -ATPase in collecting tubule). In an alka-
line urine, induced by an intravenous infusion of bicarbon-
ate, the urinary PCO 2  typically increases 25 mm Hg above 
arterial PCO 2  levels. In patients with classical DRTA (as well 
as the generalized abnormality discussed later), the urine 
PCO 2  remains at or no more than 10 mm Hg above arterial 
levels (for review, see Chapter 6). 110  

 Treatment of Classical Distal 
Renal Tubular Acidosis 
 The primary therapeutic objective for patients with classi-
cal DRTA is to correct the chronic metabolic acidosis. This 
can be achieved by administration of alkali in an amount 
suf  cient to neutralize the daily acid load, or  approximately 
1 to 3 mEq/kg/day, and to return the plasma bicarbonate 
concentration to the normal range (Table 18.11). Shohl’s 
solution (15 to 20 mL in water or juice, not as a syrup) 
may be more readily tolerated than NaHCO 3  tablets (325 
or 650 mg or 3.9 and 7.8 mEq per tablet, respectively) 
in some patients. Compliance to either is often limited by 
taste fatigue with Shohl’s solution and gastrointestinal dis-
comfort with NaHCO 3  tablets. These and other choices are 
listed in Table 18.11. Correction of the acidosis reduces 
urinary potassium and sodium excretion, thus decreasing 
the need for potassium supplementation. 111,112  If required, 
potassium can be administered as potassium bicarbonate 
(K-Lyte 25 or 50 mEq), potassium citrate (Urocit K), or 
Polycitra (K-Shohl’s). 

   Rarely, patients present with   accid paralysis due to 
severe hypokalemia, metabolic acidosis, and hypocalcemia 

TA B L E

 Shohl’s solution (Na      citrate and citric acid) 
  Sodium citrate 500 mg and citric acid 334 mg per 

  5 mL (480 mL) 
   HCO 3  

   equivalent 1 mEq/mL and Na      1 mEq/mL 
 NaHCO 3  tablets 
  325 mg (3.8 mEq) 
  650 mg (7.6 mEq) 
 Baking soda (60 mEq/tsp) 
 K-Lyte (25 or 50 mEq/tablet) 
 Polycitra (K      Shohl’s) 
 Granules, effervescent (Brioschi) 

 Sources of Alkali for Therapy for 
Renal Tubular Acidosis 

TA B L E
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The mechanism for the generation of  acidosis and hyperka-
lemia in patients receiving trimethoprim, pentamidine, and 
triamterene is similar in mechanism to that observed with 
amiloride. 55  Speci  c mutations in genes ( SCNN1A ,  SCNN1B , 
 SCNN1G ) that encode the epithelial sodium channel (ENaC) 
have been shown to cause autosomal recessive pseudohy-
poaldosteronism type 1. 113  This defect in ENaC impairs Na      
absorption, reduces transepithelial voltage, and subsequently 
impairs K      and H      transport. These mutations, by impair-
ing ENaC and therefore Na      absorption, reduce the negative 
transepithelial voltage in the CCT, and result in a prototypi-
cal “voltage defect” in this segment. Therefore, autosomal re-
cessive pseudohypoaldosteronism type 1 (PHA I) represents 
an example of an inherited “voltage” defect. This information 
is summarized in Figure 18.7. 

this segment, it is referred to as a “voltage defect” (Fig. 18.7). 
Any process inhibiting sodium transport in the CCT would 
be expected to cause such a defect because translocation of 
the cation Na      from lumen to interstitium is the principal 
determinant of transepithelial voltage in the CCT. A decrease 
in negative voltage decreases the electrical gradient K      and 
H      secretion by the CCT. The traditional model of such a 
transport defect is that observed after amiloride administra-
tion. Amiloride occupies and interacts with the epithelial 
 sodium channel (ENaC) on the apical membrane of the prin-
cipal cell of the cortical collecting tubule inhibiting sodium 
transport, decreasing negative transepithelial voltage, and 
secondarily inhibiting both K      and H      secretion (the latter in 
Type A intercalated cells). Therefore, with a “voltage” lesion, 
both hyperkalemia and metabolic acidosis may develop. 

 FIGURE 18.7 Model of principal 
cell in collecting tubule showing 
voltage defect. Example shows 
primary loss of function mutation 
of Na      channel (ENaC) or pseu-
dohypoaldosteronism type 1 as 
example. Loss of function of ENaC 
causes a decrease in Na      absorp-
tion and loss of negative tran-
sepithelial voltage that secondarily 
causes decrease in K      secretion. 
Other examples of voltage defects 
are explained in the text. 

TA B L E

 1. Only variant associated with hyperkalemia 
 2. Collecting duct fails to secrete protons and potassium 
 3. Aldosterone is insuf  cient in quantity or activity or 

intrinsic (genetic) or acquired molecular defect in 
transport of Na     , K     , and H      

 4. Hyperkalemia contributes to acidosis by blunting 
NH 4       production and excretion 

 Distinguishing Features of 
Hyperkalemic (Generalized) Distal 
Renal Tubular Acidosis (Type 4) 

TA B L E
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 1. Abnormal CCD–MCD (intrinsic) 
 2. Primary decrease in mineralocorticoid (extrinsic) 
 3. Voltage defect—compromises H      and K      secretion 
  a. Abnormal ENaC 
  b. Chloride shunt 

 Pathophysiologic Basis of Hyper-
kalemic Acidosis and Generalized 
 Distal Renal Tubular Acidosis (Type 4) 

 CCD, cortical collecting duct; MCD, medullary collecting duct. 
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 Clinical Examples of Mineralocorticoid 
De  ciency and Resistance 
Hyperkalemic and hyperchloremic metabolic acidosis can 
occur as a result of one of three abnormalities: (1) de  ciency 
of mineralocorticoid, (2) resistance to mineralocorticoid, or 
(3) renal tubular dysfunction. The causes of voltage defects 
(tubular dysfunction) and de  ciency or resistance to miner-
alocorticoid are outlined in Table 18.14. Mineralocorticoid 
de  ciency may occur in concert with general adrenal failure 
(Addison disease), where there is a decrease in elaboration of 
both glucocorticoid and mineralocorticoid. Addison disease
can be caused by destruction of the adrenal cortex with 
hemorrhage, infection, invasion by tumors, or autoimmune 
disease. Patients have hypoglycemia, anorexia, weakness, hy-
perpigmentation, relative or frank hypotension, and a failure 
to respond to stress. Renal salt wasting, hyponatremia, hyper-
kalemia, and metabolic acidosis coexist. 117 Typically, serum 
aldosterone levels are low and the plasma renin high. Meta-
bolic acidosis occurs because of a decrease in H   secretion in 
the collecting tubule from decreased H  -ATPase number and 
function. Hyperkalemia further aggravates the acidosis by de-
pression of ammonium production and  excretion. 

Selective or isolated hypoaldosteronism can occur in 
critically ill patients, particularly in the setting of sepsis or 
cardiogenic shock. 118 Heparin (either low molecular weight 
or unfractionated heparin), often administered in this set-
ting, impairs aldosterone synthesis as a result of direct tox-
icity to the zona glomerulosa with direct inhibition of the 
enzyme aldosterone synthase. 119 Moreover, hypoxia and 
cytokines may contribute to aldosterone synthesis failure in 
the critically ill patient. 118,120

One of the best examples of resistance to mineralocor-
ticoid is autosomal dominant pseudohypoaldosteronism 
(PHA I). This disorder is clinically less severe than autoso-
mal recessive PHA I (discussed later) and is associated with 
hyperkalemia, renal salt wasting, metabolic acidosis,  elevated
renin and aldosterone levels, and hypotension. The autoso-
mal dominant disorder has been shown to be the result of 
a mutation in the intracellular mineralocorticoid receptor 
in the collecting tubule. 113 Unlike the autosomal recessive 
disorder, this defect is not expressed in organs other than 
the kidney, and becomes less severe with advancing age. 
Carbenoxolone raises the intracellular concentration of cor-
tisol, overcoming the functional defect in the mutant recep-
tor and improving mineralocorticoid resistance. Because the 
decrease in mineralocorticoid reduces apical Na   absorption 
and activity of ENaC, transepithelial potential difference 
declines and K   secretion is impaired. 121

 Clinical Examples of Voltage Defects in the 
Collecting Tubule (Table 18.14) 
The prototype for a “voltage” defect is pseudohypoaldoste-
ronism type 1 (PHA I). Most cases of autosomal dominant 
PHA I link to mutations in the mineralocorticoid receptor 
(MR). In general, patients with autosomal recessive PHA I 

 Role of Aldosterone De  ciency in Generation 
of Hyperkalemic Acidosis 
Aldosterone enhances the lumen negative transepithelial po-
tential difference in the cortical collecting tubule through up-
regulation of Na   absorption. Initially, aldosterone upregu-
lates ENaC, and subsequently the basolateral Na  ,K -ATPase, 
to stimulate Na   absorption, K   secretion, and H   secretion. 
Therefore, it is not surprising that aldosterone de  ciency 
would result in the development of hyperkalemia and meta-
bolic acidosis. In contrast to the CCT, aldosterone stimulates 
potassium and hydrogen ion secretion in the medullary col-
lecting tubule, independent of sodium transport. Therefore, 
a relative decrease in the amount of aldosterone or decrease 
in responsiveness of the collecting tubule to aldosterone 
could result in a reduction in distal sodium absorption which 
would be expected to impair both potassium and hydrogen 
ion secretion. Aldosterone also plays a signi  cant role in am-
monium absorption and excretion by the inner medullary 
collecting duct. 57 Selective aldosterone de  ciency in animal 
models has been reported to be associated with impaired am-
monium excretion and reduced papillary PCO 2 during bicar-
bonate loading, verifying a defect in proton secretion. Both of 
these processes lead to a decrease in proton secretion, favor-
ing the development of metabolic acidosis. The importance of 
mineralocorticoid in the regulation of net acid excretion has 
been documented in mineralocorticoid-de  cient animals and 
man.114 In patients who have undergone  adrenalectomy, net 
acid excretion and plasma total CO 2 decline if mineralocorti-
coid is selectively discontinued, but increase with the reinitia-
tion of mineralocorticoid. 115 The change in plasma total CO 2
correlated directly, in these  studies, with changes in ammo-
nium excretion and, inversely, with corresponding changes in 
potassium balance. 

 Role of Hyperkalemia in the Generation of 
Hyperchloremic Metabolic Acidosis 
Hyperkalemia has an independent effect on net acid excre-
tion through inhibition of renal ammoniagenesis. Hyperkale-
mia is associated, in addition, with a decrease in  ammonium
transport and, thereby, excretion. This contributes impor-
tantly to the development of metabolic acidosis. 58,116 DuBose 
et al. have shown that hyperkalemia decreases  ammonium
excretion and production in the proximal tubule. 52,57

Hyperkalemia markedly impairs ammonium absorption in 
the thick ascending limb, reducing inner medullary con-
centrations of total ammonia and decreasing secretion of 
NH3 into the inner medullary collecting duct. 48,49,52,58 The 
mechanism for impaired absorption of NH 4  in the medul-
lary thick ascending limb of Henle is competition between 
K  and NH 4  for the K   secretory site on the Na  -2Cl -K 

cotransporter. The importance of hyperkalemia as a cause 
of metabolic acidosis is underscored by the observation that 
correction of hyperkalemia is associated with a signi  cant 
increase in net acid excretion and a parallel correction of the 
acidosis.
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TA B L E

(continued)

 Generalized Abnormality of Distal Nephron with Hyperkalemia 

MINERALOCORTICOID DEFICIENCY  
   Primary mineralocorticoid de  ciency  
   Combined de  ciency of aldosterone, desoxycorticosterone, and cortisol 
     Addison disease 
     Bilateral adrenalectomy
     Bilateral adrenal destruction 
    Hemorrhage or carcinoma   

   Congenital enzymatic defects 
   21-Hydroxylase de  ciency 
   3   -Hydroxy dehydrogenase de  ciency 
   Desmolase de  ciency 

   Isolated (selective) aldosterone de  ciency 
     Chronic idiopathic hypoaldosteronism 
     Heparin (unfractionated or LMW) in critically ill patient 
     Familial hypoaldosteronism 
      Corticosterone methyl oxidase de  ciency, types 1 and 2 
     Primary zona glomerulosa defect 
     Transient hypoaldosteronism of infancy 
     Persistent hypotension and/or hypoxemia in critically ill patient 

   Angiotensin II–converting enzyme inhibition 
     Endogenous 
     ACE inhibitors and AT 1  receptor antagonists 

   Secondary mineralocorticoid de  ciency  
   Hyporeninemic hypoaldosteronism 
     Diabetic nephropathy 
     Tubulointerstitial nephropathies 
      Nephrosclerosis 
      Nonsteroidal anti-in  ammatory agents 
      Acquired immunode  ciency syndrome 
      Immunoglobulin M monoclonal gammopathy 

MINERALOCORTICOID RESISTANCE  
  Pseudohypoaldosteronism type 1 (PHAI)—autosomal dominant 

RENAL TUBULAR DYSFUNCTION (Voltage Defect)  
  Pseudohypoaldosteronism type 1 (PHAI)—autosomal recessive 
  Pseudohypoaldosteronism type 2 (PHAII)—autosomal recessive 
  Drugs that interfere with Na      channel function in CCT 
   Amiloride   
   Triamterene   
  Trimethoprim
  Pentamidine

  Calcineurin inhibitors (interfere with Na     , K     -ATPase in CCT) 
   Cyclosporin A 
   Tacrolimus 

TA B L E
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ride in the collecting tubule beyond the site of the defect, 
the distal convoluted tubule. 

 In addition to inherited voltage defects, there are ex-
amples of acquired voltage defects due to drugs or tubuloin-
terstitial disease (Table 18.14). 127,128  Examples of the former 
include amiloride and the structurally related compounds 
trimethoprim and pentamidine. 129–131  As discussed previ-
ously, this explains the occurrence of hyperkalemic hyper-
chloremic acidosis in patients receiving higher doses of these 
agents. Spironolactone and triamterene are more likely to 
cause hyperkalemia in patients with renal insuf  ciency or 
hyporeninemic hypoaldosteronism. 132,133  Those tubuloint-
erstitial diseases, which may be associated with impairment 
or destruction of collecting duct function, include obstruc-
tive uropathy, lupus nephritis, sickle cell nephropathy, anal-
gesic nephropathy, or multiple myeloma. 101,127,134,135  

 Hyporeninemic-hypoaldosteronism 
 In hyporeninemic-hypoaldosteronism, both the metabolic 
acidosis and the hyperkalemia are out of proportion to the 
level of reduction in GFR. Many patients have congestive 
heart failure, diabetic nephropathy or tubulointerstitial renal 
disease, cardiac arrhythmias, and hypertension. Ammonium 
excretion is impaired because hyperkalemia inhibits both 
ammoniagenesis and ammonia/ammonium transport and 
excretion. Both ammoniagenesis and ammonia excretion 
improve with correction to normal plasma potassium. Many 
of these patients have progressive renal disease and at stage 
4 or 5 chronic kidney disease develop the typical high anion 
gap acidosis of renal failure. 

 Identi  cation and Treatment of 
Generalized Defect 
 The   rst priority in the treatment of hyperkalemic-hyper-
chloremic metabolic acidosis is identi  cation of the under-
lying disorder. To this end obtaining a careful dietary and 

as opposed to autosomal dominant PHA I have a more se-
vere clinical phenotype and do not spontaneously improve 
during early childhood. Furthermore, given the generalized 
expression of ENaC in epithelial tissues, autosomal recessive 
PHA I associates with systemic manifestations, most notably 
recurrent pulmonary infections. 122–125  Children with autoso-
mal recessive PHA I have severe hyperkalemia and renal salt 
wasting because of a functional block of sodium transport 
across the apical membrane through impairment of ENaC, 
which secondarily prevents potassium secretion and causes 
hyperkalemia. In addition, the hyperchloremic metabolic 
acidosis may be severe and is associated with hypotension 
and marked elevations of plasma renin and aldosterone. 
These children also present with vomiting, hyponatremia, 
failure to thrive, and respiratory distress. The latter is related 
to involvement of ENaC in the alveoli, preventing Na      and 
water absorption in the lungs, and increasing the frequency 
of infection. Patients with this disease respond to a high salt 
intake and correction of the hyperkalemia. Unlike the auto-
somal dominant form, autosomal recessive PHA I persists 
throughout life and is a more severe disease. 

 A “voltage defect” with a contrasting phenotype is 
pseudohypoaldosteronism type II (PHA II), or Gordon 
syndrome,   rst described in the 1960s (Table 18.14). This 
disorder occurs in adults and results in hyperkalemia, hy-
perchloremic metabolic acidosis, hypertension, mild vol-
ume expansion, and suppressed renin and aldosterone 
levels. 121,126  These patients typically respond to thiazide 
diuretics, suggesting a disorder of the distal tubule Na     -
Cl      cotransporter. PHA II is transmitted in an autosomal 
dominant fashion and is caused by mutations in the  WNK1  
and  WNK4  genes that interact with the Na-Cl cotransporter 
in the distal tubule, causing a gain of function (loss of deg-
radation) of this transporter and resulting in salt retention 
and hypertension. The response of these patients to Na 2 SO 4
infusion validates the presence of a voltage defect, perhaps 
as a result of preferential absorption (“shunting”) of chlo-

 ACE, angiotensin-converting enzyme; CCT, cortical collecting tubule; LMW, low molecular weight. 

TA B L E

 Generalized Abnormality of Distal Nephron with Hyperkalemia  (continued)

TA B L E

 18.14

  Drugs which inhibit aldosterone effect on CCT 
   Spironolactone 

  Disorders associated with tubulointerstitial nephritis and renal insuf  ciency 
   Lupus nephritis   
   Methicillin nephrotoxicity   
   Obstructive nephropathy   
  Kidney transplant rejection
  Sickle cell disease
  Williams syndrome with uric acid nephrolithiasis
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the patient is volume overexpanded or hypertensive. Chil-
dren with PHA I should receive NaCl supplement and adults 
with PHA II should receive thiazide diuretics. In summary, 
because hyperkalemia interferes with the kidney’s response 
to metabolic acidosis, treatment consists of correction of 
hyperkalemia, restoration of euvolemia, alkali therapy, loop 
diuretics, and dietary potassium restriction. In severe hypoal-
dosteronism, the effect of loop diuretics can be enhanced by 
the addition of replacement mineralocorticoids. 

 Summary 
 The diagnostic features and studies to distinguish the vari-
ous types of RTA are displayed in Table 18.16. 

 BARTTER SYNDROME AND GITELMAN 
SYNDROME 
 Bartter and Gitelman syndromes are autosomal recessive 
inherited renal tubular transport disorders characterized by 
salt wasting and relative hypotension. Typical symptoms of 
both are severe hypokalemia, metabolic alkalosis with hy-
peraldosteronism, and hypertrophy and hyperplasia of the 
juxtaglomerular apparatus. Although the two syndromes 
are similar, Gitelman syndrome is uniquely associated with 
magnesium de  ciency and hypocalciuria. 

 Both Bartter and Gitelman syndromes are caused by 
speci  c genetic mutations associated with salt transporters. 
Genetic abnormalities causing Bartter syndrome localize to 
transporters in the thick ascending limb of loop of Henle, 
whereas, in contrast, the defects in Gitelman syndrome re-
side in the distal convoluted tubule. There are three different 
speci  c types of Bartter syndrome. Type 1 is caused by a mu-
tation of the Na     -K     -2Cl      cotransporter 136 ; type 2 by muta-
tions in the apical K    channel 137,138 ; and type 3 (neonatal) 
by mutations in the basolateral Cl      channel 139  (Fig. 18.8A). 
Gitelman syndrome is caused by mutations in the NaCl co-
transporter in the distal tubule 140–142  (Fig. 18.8B). Gitelman 
syndrome is relatively common, affecting about 1% of the 
population. 

 The differential diagnoses for Bartter and Gitelman syn-
dromes include chronic or surreptitious vomiting, laxative 
or diuretic abuse, or licorice ingestion. Daily treatment with 
150 to 300 mEq of potassium along with amiloride, spirono-
lactone, or triamterene is recommended. Although associ-
ated with relative hypotension, some patients respond when 
ACE inhibitors or ARBs are added, but with careful attention 
to blood pressure. 

 DISORDERS OF CARBOHYDRATE 
TRANSPORT 
 Mechanisms of Carbohydrate Reabsorption 
 The proximal tubule not only reabsorbs approximately 
70% of the salt, bicarbonate, and water, but also all of the 
glucose and amino acids. The sodium-dependent glucose 

drug history is critical and can identify unsuspected sources 
of exogenous K      intake. It is also important to identify con-
tributing or precipitating factors that include low urine   ow, 
decreased distal Na      delivery, superimposed acute renal fail-
ure, hyperglycemia, and hyperosmolality. The distinguish-
ing diagnostic features are summarized in Table 18.12. The 
workup should consist of an evaluation of K      excretion by 
the (TTKG) or the fractional excretion of potassium, an esti-
mate of renal ammonium excretion (urine anion gap), urine 
pH, the U-B PCO 2 , and evaluation of PRA and aldosterone 
secretion. Aldosterone secretion, if evaluated, should be ob-
tained under stimulated conditions with dietary salt restric-
tion and/or furosemide-induced volume depletion. Drugs 
associated with hyperkalemia such as triamterene, spirono-
lactone, amiloride, pentamidine, trimethoprim, nonsteroidal 
anti-in  ammatory drugs, angiotensin-converting enzyme 
(ACE) inhibitors, angiotensin receptor blockers (ARBs), or 
K      supplements should be discontinued. Salt substitutes 
and herbal preparations should be avoided and a diet low in 
potassium emphasized. 

 The severity of the hyperkalemia is the primary deter-
minant in the decision to treat patients with this disorder 
and the therapy is summarized in Table 18.15. Patients with 
combined glucocorticoid and mineralocorticoid de  ciency 
should receive both steroids in replacement dosages. Miner-
alocorticoids should be avoided in the face of hypertension or 
congestive heart failure. If supraphysiologic doses of mineral-
ocorticoids are needed, patients should be monitored closely 
for volume overexpansion, hypertension, and hypokalemia. 
Effectively reducing the serum potassium with either cation-
exchange resin (sodium polystyrene powder, 15 Gm dis-
solved in water not in sorbitol, daily) or loop diuretics will 
often improve the metabolic acidosis by increasing ammo-
nium excretion. Volume depletion should be avoided unless 

TA B L E

 p.o., by mouth. 

 Alkali therapy 
 Loop diuretic (furosemide, bumetanide) 
 Sodium polystyrene sulfonate powder (Kayexalate 15 gm 

p.o. in water—not Sorbitol—three times a week) 
 Fludrocortisone (0.1–0.3 mg/day) 
  Avoid in hypertension, volume expansion, 

 heart failure, chronic kidney disease 
  Combine with loop diuretic 
  Avoid drugs associated with hyperkalemia 
 In pseudohypoaldosteronism type I: add NaCl supplement 

 Treatment of Generalized 
Dysfunction of the Nephron with 
Hyperkalemia 

TA B L E

18.15
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to the brush-border membranes of S 1  and S 3  segments. 
Most glucose is reabsorbed in the   rst 25% of the proxi-
mal tubule. Healthy kidneys reabsorb all   ltered monosac-
charides if their plasma concentrations are normal or low, 
but if plasma concentrations increase due to disease or a 
systemic infusion, sugar appears in the urine. A plot of the 
plasma concentration versus the urinary excretion rate al-
lows the maximum rate of tubular reabsorption (T max ) to 
be obtained. 143  

 cotransporters ( SGLT1 and SGLT2 ) are integral membrane 
proteins that mediate the transport of glucose across the 
plasma membrane by secondary active cotransport of 
glucose molecules and sodium ions. The lumen-to-cell 
sodium concentration gradient, maintained by the baso-
lateral Na     ,K     -ATPase, provides the energy for transport 
of sodium across the apical membrane, augmented by the 
lumen-negative potential difference in the early proximal 
tubule (   2 mV). The sodium-glucose transporters  localize 

 FIGURE 18.8 Inherited solute 
wasting disorders.  A:  Examples of 
three types of Bartter syndrome: 
type 1 Bartter, abnormality of apical 
Na     -2Cl     -K      tri-transporter; type 2 
Bartter, abnormal apical K      conduc-
tance; and type 3 Bartter, abnormal-
ity of basolateral Cl      channel.  
B:  Distal convoluted tubule show-
ing cause of Gitelman syndrome. 
See text for details. 

TA B L E

a Except with Amphotericin B. 
 RTA, renal tubular acidosis; U-B, urine-minus-blood. 

 Summary of Diagnostic Studies in Renal Tubular Acidosis 
TA B L E

18.16

  Type of RTA 

    Generalized Distal 
Finding Proximal (II) Classical Distal (I) Dysfunction (IV) 

 Plasma [K     ] Low Low High 

 Urine pH (with acidosis)    5.5    5.5    5.5 or    5.5 

 Urine net charge Positive Positive Positive 

 Fanconi lesion Present Absent Absent 

 Fractional bicarbonate    10%–15%    5%    5%–10% 
excretion

 U-B PCO 2  Normal Low a  Low 

 Response to therapy Least readily Readily Less readily 

 Associated features Fanconi syndrome Nephrocalcinosis/  Renal insuf  ciency 
    hyperglobulinemia
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methionine, phenylalanine, lysine, arginine, and histidine 
(taurine appears to be an essential amino acid for infants). 
There are at least six separate transport systems for the dif-
ferent types of amino acids: dicarboxylic amino acids glu-
tamate and aspartate; dibasic amino acids lysine, arginine, 
ornithine, and cystine 36,37; neutral amino acids glycine, 
valine, leucine, and isoleucine (and 13 other amino ac-
ids146,151,152; imino amino acids proline, hydroxyproline, and 
sarcosine (and other  N-methyl amino acids);  -amino acids
 -alanine,  -aminoisobutyric acid,  -aminobutyric acid, 
and taurine 153,154; and cystine–cysteine. 146,152

 Speci  c Clinical Diseases Associated with Aminoaciduria .
Genetic studies in patients with speci  c aminoacidurias, 
and phenotypic observations in knockout mice, have re-
sulted in major contributions to a better understanding 
of amino acid transport in the kidney. The recognition 
of changes in individual amino acid levels in urine and 
plasma of patients with aminoaciduria has been behind 
much of the recent progress in this   eld. However, these 
recent advances, along with changes in nomenclature, have 
caused some consideration among renal physiologists and 
nephrologists as to classi  cation, now based on speci  c 
solute carrier transporter types. The major classes of dis-
orders include cystinuria A, cystinuria B, cystinuria AB, 
lysinuria, and Hartnup disease. Urinary amino acid screen-
ing has allowed identi  cation of additional asymptomatic 
aminoacidurias, iminoglycinuria, and dicarboxylic amino-
aciduria.155

 Cystinurias . The overall incidence of cystinuria is approxi-
mately 1:7,000 births. Although the most evident conse-
quence of this disease, cystine bladder stones, was   rst 
described almost two centuries ago, the proteins responsible 
were identi  ed only recently. Alexander Garrod placed the 
clinical   ndings within the context of disordered amino acid 
metabolism, but it was not until 50 years ago that cystinuria 
was proposed to be an inborn error of dibasic amino acid 
transport. Charles Dent was the   rst to recognize that not 
only urinary cystine but also lysine and arginine were con-
stantly elevated in patients with cystinuria. 

SLC3A1 (rBAT) was the   rst protein related to epithe-
lial amino acid transport to be identi  ed. Interacting pro-
teins have been identi  ed as  SLC7A9 (b 0, AT) and  SLC3A1
(rBAT). Both mediate dibasic amino acid and cystine trans-
port across the apical membrane of renal tubule cells. These 
proteins can be localized to the brush border membranes of 
proximal tubules. By overexpression of  SLC3A1 (rBAT) and 
SLC7A9 (b 0, AT) in MDCK cells, both proteins were shown 
to colocalize in the apical membrane, whereas without ex-
pression of the heavy subunit  SLC3A1 (rBAT), the light sub-
unit SLC7A9 (b 0, AT) was retained within the cell. Therefore, 
SLC3A1 (rBAT) is essential for proper cell surface expression 
of SLC7A9 (b 0, AT). Together they exchange dibasic amino 
acids and cystine from the tubular lumen for intracellular 
neutral amino acids. 

 Primary Renal Glycosuria 
Primary renal glycosuria occurs when plasma glucose is 
normal but urinary glucose excretion is increased. GFR 
and intestinal absorption of carbohydrates are also normal. 
Although mechanisms underlying primary renal glucosuria 
are not fully appreciated, three types (A, B, and O) have been 
noted, based on glucose titration curves. 144 However, the ge-
netic description of disorders of glucose transport have more 
recently elucidated the molecular basis for glycosuria. 145

Congenital defects in SGLT2, located in the apical mem-
brane of the S1 segment in proximal renal tubule cells, lead 
to a primary renal glucosuria. Patients with this disease 
have normal blood glucose levels, normal oral tolerance test 
results, and persistent glucosuria. In the most severe cases, 
a major portion of the   ltered glucose is excreted. 

The Fanconi-Bickel syndrome (FBS), a rare autosomal 
recessive inborn error of metabolism A, is the result of an in-
herited defect within the SLC2A2 gene and resembles type I 
glycogen storage disease. Thirty-four different GLUT2 muta-
tions have been reported in 132 patients. Because GLUT2 is 
the predominant glucose transporter in hepatocytes, pancre-
atic beta cells, enterocytes, and renal tubular cells, a loss of 
GLUT2 leads to a typical combination of hepatorenal glyco-
gen accumulation, glucose and galactose intolerance, fasting 
hypoglycemia, a proximal tubular nephropathy, and severely 
stunted growth. 

The diagnostic criteria for the diagnosis of primary re-
nal glycosuria includes glucosuria without hyperglycemia, 
which may increase during pregnancy; glucosuria inde-
pendent of dietary intake, present after an overnight fast; 
a normal (or   at) glucose tolerance curve in the presence of 
normal plasma insulin, free fatty acids, and glycosylated he-
moglobin; normal renal transport of other sugars; and nor-
mal carbohydrate utilization in affected subjects. 

 Glycosuria of Pregnancy 
There are two reasons that glucose T max could decrease dur-
ing pregnancy: an increased GFR without parallel increases 
in glucose reabsorption, or a signi  cant inhibition of reab-
sorption due to volume expansion. Glucose transport tends 
to normalize approximately 2 months after delivery. It does 
not appear that women with prenatal glucosuria are at higher 
risk for developing diabetes mellitus. 

 Disorders of Amino Acid Transport 
 Mechanisms of Amino Acid Transport . The kidney   lters 
approximately 70% to 90% of the body’s protein each day, 
mostly as small peptides and amino acids, with about 2% 
to 3% of amino acids being excreted in the urine and the 
remaining being reabsorbed by the proximal tubule for re-
circulation to the body. Sodium-dependent cotransport sys-
tems for many of the acidic and neutral amino acids have 
been identi  ed, 146,147 which are energized by the basolat-
eral Na  ,K -ATPase. 148–150 The nutritionally essential amino 
acids in adults are valine, leucine, isoleucine,  threonine, 
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stones are particularly refractory to extracorporeal shock 
waves. Use of this approach may result in substantial prob-
lems, including hematuria, infection, and renal parenchymal 
scarring. Fortunately if kidney transplantation is required, 
the disease does not appear to recur in the allograft. 159

 Lysinuria . The most widely appreciated disorder, lysin-
uria, is inherited as an autosomal recessive disorder more 
prevalent in Finland, Italy, and Spain. 159 Homozygotes are 
intolerant of a protein-rich diet. The mutations causing this 
autosomal recessive disorder have, in contrast to cystinuria, 
been identi  ed in  SLC7A7, which encodes a protein involved 
in transport of dibasic amino acids. Prenatal diagnosis is now 
possible. Patients show signs of failure to thrive, vomiting, 
hypotonia, and episodes of stupor or coma after consuming 
high amounts of dietary protein. Additional features include 
hepatomegaly, hyperammonemia, low blood urea nitrogen 
levels, and orotic aciduria. Osteoporosis is commonly seen 
and a severe interstitial lung disease may occur at any time 
during life. Intestinal absorption of three amino acids  (lysine, 
ornithine, and arginine) is abnormal. Elevations of urinary di-
basic amino acids lysine, arginine, and ornithine are diagnos-
tic and more pronounced than in cystinuria; urinary cystine 
levels, in contrast to those of cystinuria, are almost normal. 

Therapy consists of l-citrulline (0.5 mg per g) with di-
etary protein restriction (1.5 g per kg per day). 160 l-citrulline 
supplements improve tolerance for protein intake. 

Type I hyperdibasic aminoaciduria is also an autoso-
mal recessive disorder. Those affected appear to have an 
incomplete phenotype and modest aminoaciduria (lysine, 
ornithine, and arginine). It has a different ethnic distribu-
tion from that of the type II disorder in that cases are not 
clustered in one area. Although homozygotes have no hyper-
ammonemia, mental retardation occasionally is observed. 161

 Iminoglycinuria . Iminoglycinuria is a benign autosomal 
recessive disorder that presents with elevated urinary gly-
cine, proline, and hydroxyproline. It is important to analyze 
the fractional excretion of all amino acids to exclude urinary 
losses due to elevated plasma levels, as occurs in hyperpro-
linemia, where urine   ndings can mimic iminoglycinuria. 
Heterozygotes have glycinuria alone. The defect is thought 
to reside in the apical membrane amino acid transporter. 
It has been hypothesized that mutations in multiple genes, 
such as SLC36A1, SLC6A20, and SLC6A19, could be defec-
tive in iminoglycinuria. However, preliminary genetic stud-
ies155 exclude SLC36A and SLC6A20.

 Neutral Aminoaciduria (Hartnup Disease) . Hartnup dis-
ease is one of the best described disorders of amino acid 
transport.151 The neutral monocarboxylic amino acids— 
including tryptophan, phenylalanine, valine, leucine, isoleu-
cine, alanine, serine, histidine, glutamine, asparagine, and 
threonine—are not absorbed normally and, subsequently, 
are excreted into the urine and stool in massive quantities. 
Elevated urinary neutral amino acids are the   rst means of 

Mutations in either interacting subunit, SLC3A1 (rBAT) 
or SLC7A9 (b 0, AT), cause cystinuria. Cystinuria due to mu-
tations in SLC3A1 is an autosomal recessive trait, whereas 
mutations in SLC7A9 are autosomal dominant and lead to 
an abnormal pattern of urinary amino acid excretion in het-
erozygotes. The initial nomenclature, based on the excre-
tion status of obligate heterozygotes (cystinuria types I, II 
[non-I], III [non-I]), has been replaced by a classi  cation 
based on genotype. Accordingly, mutations in  SLC3A1 cause 
cystinuria type A, mutations in SLC7A9 cause cystinuria type 
B, and mutations in both genes (compound heterozygotes) 
cause cystinuria type AB. The severity of disease appears 
similar in cystinuria types A and B. A mouse model devel-
ops stones and the overall phenotype resembles type B cys-
tinuria. Animals develop massive hyperexcretion of cystine 
and dibasic amino acids, and cystine crystalluria, with 40% 
having cystine calculi in the urinary system. As in humans, 
oral treatment of this mouse model with D-penicillamine has 
been shown to reduce the size and number of calculi. 155

Clinically, cystinuria presents during the second or third 
decade of life as renal colic and stone disease. Urinary tract 
obstruction, recurrent infection, and hypertension occur. 
The disease may progress and may require kidney trans-
plantation. Commonly associated diseases include hyper-
uricemia, hemophilia, Down syndrome, hypotonia, retinitis 
pigmentosa, and pancreatitis. The intestinal absorption de-
fects in cystinuria, however, do not appear to impair growth. 

The diagnosis may be made with the urinary cyanide-
nitroprusside test, in which the urine turns magenta red; 
characteristic cystine crystals may also be seen on micro-
scopic urinalysis. Ion exchange chromatography reveals 
excretion of excess cystine and cationic amino acids with 
normal plasma levels. 

Dietary control with low methionine intake and restric-
tion of salt intake are only slightly effective. 156 Alkalinizing 
the urine to pH 7.5 is of no bene  t because urinary cys-
tine concentration is always greater than 0.8 mmol per L in 
affected subjects. Nevertheless, penicillamine (1 to 2 g per 
24 hours) is the treatment of choice for dissolving stones 
and preventing further formation. The drug, however, may 
have serious side effects, including nephrotic syndrome, 
membranous nephropathy, serum sickness, fever, rash, and 
pancytopenia. As a result, its long-term use is quite limited. 
The compound  -mercaptoproprionyl glycine has also been 
used. This drug has a higher redox potential than penicilla-
mine and is said to be less toxic. Even so, proteinuria, mem-
branous glomerulonephritis, fever, rash, and positive anti-
nuclear antibodies have been reported. 157 ACE inhibitors 
have been used in a few cases with bene  cial results. 158 The 
mechanism of action appears to be related to the increased 
solubility of a cysteine–captopril complex excreted in the 
urine. Bladder irrigation using N-acetyl penicillamine, peni-
cillamine, mercaptoproprionyl glycine, or trimethylamine 
has been attempted with some success. Cases in which the 
urinary tract is obstructed have been treated with lithotomy. 
Lithotripsy is of no bene  t in this disorder because cystine 

610



CHAPTER 18  ISOLATED RENAL TUBULAR DISORDERS 611

 15. Bergeron M, Dubord L, Hausser C. Membrane permeability as a cause of 
transport defects in experimental Fanconi syndrome. A new hypothesis.  J Clin 
Invest. 1976;57(5):1181. 
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diagnosing the disorder, and must be differentiated from 
generalized aminoaciduria, the hallmark feature of the 
Fanconi syndrome. 

The disorder occurs with an estimated incidence of 1 
in 20,000 live births, but is multifactorial and depends on 
both diet and environment. Patients can present with signs 
and symptoms of pellagra (including light-sensitive derma-
titis), intermittent cerebellar ataxia, and psychosislike symp-
toms. These symptoms are assumed to be the result of niacin 
de  ciency, because tryptophan is a precursor of niacin and 
serotonin. 

Mutations in SLC6A19, encoding the neutral amino acid 
transporter B 0AT1, which mediates neutral amino acid trans-
port from the luminal compartment into the cells, are caus-
ative for autosomal recessive Hartnup disease. Therefore, a 
defect exists in the transporter(s) for the  -amino acids and 
the neutral amino acids in both the brush border of the renal 
tubule and the jejunum. 

Treatment includes increasing protein intake and pro-
viding niacin (40 to 100 mg per day) to prevent or treat 
pellagralike symptoms. 

Additional resources are available for the reader inter-
ested in a more in depth review of the genetic disorders of 
amino acid transporters in mammalian cells. 155,159,162–164

 REFERENCES 
 1. Alper SL. Familial renal tubular acidosis.  J Nephrol. 2010;23(S16):
S57–S76.
 2. DuBose TD, McDonald GA. Renal tubular acidosis. In: DuBose TD, Hamm 
L, eds. Acid-Base and Electrolyte Disorders: A Companion to Brenner and Rector’s The 
Kidney. Philadelphia: Saunders; 2002. 
 3. Kleinman PK. Letter: Cholestyramine and metabolic acidosis. N Engl J Med.
1974;290(15):861.
 4. Heird WC, Dell RB, Driscoll JM Jr, et al. Metabolic acidosis resulting from 
intravenous alimentation mixtures containing synthetic amino acids.  N Engl J 
Med. 1972;287(19):943. 
 5. Widmer B, Gerhardt RE, Harrington JT, et al. Serum electrolyte and acid 
base composition. The in  uence of graded degrees of chronic renal failure.  Arch 
Int Med. 1979;139(10):1099. 
 6. Goldstein MB, Bear R, Richardson RM, et al. The urine anion gap: a clini-
cally useful index of ammonium excretion.  Am J Med Sci. 1986;292(4):198. 
 7. Alpern RJ, Chambers M. Cell pH in the rat proximal convoluted tubule. 
Regulation by luminal and peritubular pH and sodium concentration. J Clin In-
vest. 1986;78(2):502. 
 8. Murer H, Hopfer U, Kinne R. Sodium/proton antiport in brush-border-
membrane vesicles isolated from rat small intestine and kidney.  Biochem J.
1976;154(3):597.
 9. Pajor AM. Sequence and functional characterization of a renal sodium/
dicarboxylate cotransporter.  J Biol Chem. 1995;270(11):5779. 
 10. Morris RC Jr. An experimental renal acidi  cation defect in patients with 
hereditary fructose intolerance: II. Its distinction from classical renal tubular 
acidosis; its resemblance to the renal acidi  cation defect associated with the 
Fanconi syndrome in children with cystinosis.  J Clin Invest. 1968;47:1648. 
 11. Muller D, Santer R, Krawinkel M. Fanconi-Bickel syndrome presenting in 
neonatal screening for galactosaemia.  J Inherit Metab Dis. 1997;20:607. 
 12. Ty  eld L, Reichardt J, Fridovich-Keil J, et al. Classical galactosemia and 
mutations at the galactose-1-phosphate uridyl transferase (GALT) gene.  Hum
Mutat. 1999;13:417. 
 13. Adams RG, Harrison JF, Scott P. The development of cadmium-induced pro-
teinuria, impaired renal function, and osteomalacia in alkaline battery workers. 
Q J Med. 1969;38:425. 
 14. Coor C, Salmon RF, Quigley R, et al. Role of adenosine triphosphate (ATP) 
and NaK ATPase in the inhibition of proximal tubule transport with intracellular 
cystine loading. J Clin Invest. 1991;87(3):955. 

611

 1. Alper SL. Familial renal tubular acidosis. J Nephrol. 2010;23(S16): S57–S76.
http://www.ncbi.nlm.nih.gov/pubmed/21170890
 2. DuBose TD, McDonald GA. Renal tubular acidosis. In: DuBose TD, Hamm 
L, eds. Acid-Base and Electrolyte Disorders: A Companion to Brenner and Rector’s The 
Kidney. Philadelphia: Saunders; 2002.
 3. Kleinman PK. Letter: Cholestyramine and metabolic acidosis. N Engl J Med. 
1974;290(15):861.
 4. Heird WC, Dell RB, Driscoll JM Jr, et al. Metabolic acidosis resulting  rom 
intravenous alimentation mixtures containing synthetic amino acids. N Engl J 
Med. 1972;287(19):943.
http://www.ncbi.nlm.nih.gov/pubmed/4627861
 5. Widmer B, Gerhardt RE, Harrington JT, et al. Serum electrolyte and acid 
base composition. The in uence o  graded degrees o  chronic renal  ailure. Arch 
Int Med. 1979;139(10):1099.
http://www.ncbi.nlm.nih.gov/pubmed/485740
 6. Goldstein MB, Bear R, Richardson RM, et al. The urine anion gap: a clini-
cally use ul index o  ammonium excretion. Am J Med Sci. 1986;292(4):198.
http://www.ncbi.nlm.nih.gov/pubmed/3752165
 7. Alpern RJ, Chambers M. Cell pH in the rat proximal convoluted tubule. 
Regulation by luminal and peritubular pH and sodium concentration. J Clin In-
vest. 1986;78(2):502.
 8. Murer H, Hop er U, Kinne R. Sodium/proton antiport in brush-border-
membrane vesicles isolated  rom rat small intestine and kidney. Biochem J. 
1976;154(3):597.
 9. Pajor AM. Sequence and  unctional characterization o  a renal sodium/ 
dicarboxylate cotransporter. J Biol Chem. 1995;270(11):5779.
http://www.ncbi.nlm.nih.gov/pubmed/7890707
 10. Morris RC Jr. An experimental renal acidif cation de ect in patients with 
hereditary  ructose intolerance: II. Its distinction  rom classical renal tubular aci-
dosis; its resemblance to the renal acidif cation de ect associated with the Fan-
coni syndrome in children with cystinosis. J Clin Invest. 1968;47:1648.
http://www.ncbi.nlm.nih.gov/pubmed/5658593
 11. Muller D, Santer R, Krawinkel M. Fanconi-Bickel syndrome presenting in 
neonatal screening  or galactosaemia. J Inherit Metab Dis. 1997;20:607.
http://www.ncbi.nlm.nih.gov/pubmed/9266402
 12. Tyf eld L, Reichardt J, Fridovich-Keil J, et al. Classical galactosemia and 
mutations at the galactose-1-phosphate uridyl trans erase (GALT) gene. Hum Mu-
tat. 1999;13:417.
http://www.ncbi.nlm.nih.gov/pubmed/10408771

 13. Adams RG, Harrison JF, Scott P. The development o  cadmium-induced 
pro-teinuria, impaired renal  unction, and osteomalacia in alkaline battery work-
ers. Q J Med. 1969;38:425.
http://www.ncbi.nlm.nih.gov/pubmed/5355536
 14. Coor C, Salmon RF, Quigley R, et al. Role o  adenosine triphosphate (ATP) 
and NaK ATPase in the inhibition o  proximal tubule transport with intracellular 
cystine loading. J Clin Invest. 1991;87(3):955.
 15. Bergeron M, Dubord L, Hausser C. Membrane permeability as a cause o  
transport de ects in experimental Fanconi syndrome. A new hypothesis. J Clin 
Invest. 1976;57(5):1181.
http://www.ncbi.nlm.nih.gov/pubmed/1262464
 16. Castaño E, Marzabal P, Casado FJ, et al. Na+,K(+)-ATPase expression in 
maleic-acid-induced Fanconi syndrome in rats. Clin Sci (Lond). 1997;92(3):247.
http://www.ncbi.nlm.nih.gov/pubmed/9093004
 17. Brewer ED, Tsai HC, Szeto KS, et al. Maleic acid-induced impaired conver-
sion o  25(OH)D3 to 1,25(OH)2D3: implications  or Fanconi’s syndrome. Kidney 
Int. 1977;12(4):244.
 18. Sehirli O, Sakarcan A, Velioglu-Ogünç A, et al. Resveratrol improves 
i os amide-induced Fanconi syndrome in rats. Toxicol Appl Pharmacol. 2007; 
222(1):33.
http://www.ncbi.nlm.nih.gov/pubmed/17481685
 19. Sener G, Sehirli O, Yegen BC, et al. Melatonin attenuates i os amide-in-
duced Fanconi syndrome in rats. J Pineal Res. 2004;37(1):17.
http://www.ncbi.nlm.nih.gov/pubmed/15230864
 20. Badary OA. Thymoquinone attenuates i os amide-induced Fanconi syn-
drome in rats and enhances its antitumor activity in mice. J Ethnopharmacol. 
1999;67(2):135.
http://www.ncbi.nlm.nih.gov/pubmed/10619376
 21. Badary OA. L-Histidinol attenuates Fanconi syndrome induced by i os-
 amide in rats. Exp Nephrol. 1999;7(4):323.
http://www.ncbi.nlm.nih.gov/pubmed/10450020
 22. Badary OA. Taurine attenuates Fanconi syndrome induced by i os amide 
without compromising its antitumor activity. Oncol Res. 1998;10(7):355.
http://www.ncbi.nlm.nih.gov/pubmed/10063969
 23. Chadha V, Alon US. Hereditary renal tubular disorders. Sem Nephrol. 
2009;29(4):399.
http://www.ncbi.nlm.nih.gov/pubmed/19615561
 24. Chan YL, Kurtzman NA. E  ects o  lysine on bicarbonate and  uid absorp-
tion in the rat proximal tubule. Am J Physiol. 1982;242(6):F604–F609.
 25. Schultheis PJ, Clarke LL, Meneton P, et al. Targeted disruption o  the mu-
rine Na+/H+ exchanger iso orm 2 gene causes reduced viability o  gastric parietal 
cells and loss o  net acid secretion. J Clin Invest. 1998;101(6):1243.
http://www.ncbi.nlm.nih.gov/pubmed/9502765
 26. Sly WS, Whyte MP, Sundaram V, et al. Carbonic anhydrase II def ciency 
in 12  amilies with the autosomal recessive syndrome o  osteopetrosis with renal 
tubular acidosis and cerebral calcif cation. N Engl J Med. 1985;313(3):139.
 27. Sebastian A, McSherry E, Morris RC Jr. On the mechanism o  renal potas-
sium wasting in renal tubular acidosis associated with the Fanconi syndrome 
(type 2 RTA). J Clin Invest. 1971;50(1):231.
http://www.ncbi.nlm.nih.gov/pubmed/5101297
 28. Gahl WA, Thoene JG, Schneider JA, et al. NIH Con erence. Cystinosis: 
progress in a prototypic disease. Ann Intern Med. 1988;109(7):557.
http://www.ncbi.nlm.nih.gov/pubmed/3048161
 29. Stöhr W, Paulides M, Bielack S, et al. I os amide-induced nephrotoxicity in 
593 sarcoma patients: a report  rom the Late E  ects Surveillance System. Pediatr 
Blood Cancer. 2007;48(4):447.
http://www.ncbi.nlm.nih.gov/pubmed/16628552
 30. Leboulleux M, Lelongt B, Mougenot B, et al. Protease resistance and bind-
ing o  Ig light chains in myeloma-associated tubulopathies. Kidney Int. 1995; 
48(1):72.
http://www.ncbi.nlm.nih.gov/pubmed/7564094
 31. Deret S, Mougenot B, Bridoux F, et al. Adult Fanconi syndrome secondary 
to light chain gammopathy. Clinicopathologic heterogeneity and unusual  ea-
tures in 11 patients. Medicine (Baltimore). 2000;79(3):135.
http://www.ncbi.nlm.nih.gov/pubmed/10844934
 32. Iacovetti M, Nash L, Peterson LN, et al. Distal tubule bicarbonate accu-
mulation in vivo. E  ect o   ow and transtubular bicarbonate gradients. J Clin 
Invest.1986;78(6):1658.
http://www.ncbi.nlm.nih.gov/pubmed/3097075
 33. Levine DZ. An in vivo microper usion study o  distal tubule bicarbo-
nate reabsorption in normal and ammonium chloride rats. J Clin Invest. 1985; 
75(2):588.
 34. Lucci MS, Pucacco LR, Carter NW, et al. Evaluation o  bicarbonate trans-
port in rat distal tubule: e  ects o  acid-base status. Am J Physiol. 1982;243(4): 
F335–F341.



612 SECTION III  CYSTIC AND TUBULAR DISORDERS

 71. Coe FL, Parks JH. Stone disease in hereditary distal renal tubular acidosis. 
Ann Intern Med. 1980;93(1):60. 
 72. Brenner RJ, Spring DB, Sebastian A, et al. Incidence of radiographically 
evident bone disease, nephrocalcinosis, and nephrolithiasis in various types of 
renal tubular acidosis.  N Engl J Med. 1982;307(4):217. 
 73. Buckalew VM Jr, McCurdy DK, Ludwig GD, et al. Incomplete renal tubular 
acidosis. Physiologic studies in three patients with a defect in lowering urine pH. 
Am J Med. 1968;45(1):32. 
 74. Hamed IA, Czerwinski AW, Coats B, et al. Familial absorptive hypercalci-
uria and renal tubular acidosis.  Am J Med. 1979;67(3):385. 
 75. Sritippayawan S, Sumboonnanonda A, Vasuvattakul S, et al. Novel com-
pound heterozygous SLC4A1 mutations in Thai patients with autosomal reces-
sive distal renal tubular acidosis.  Am J Kidney Dis. 2004;44(1):64. 
 76. Hou S, Heinemann SH, Hoshi T. Modulation of BKCa channel gating by 
endogenous signaling molecules. Physiology. 2009;24:26. 
 77. Yeh BI, Kim YK, Jabbar W, et al. Conformational changes of pore helix 
coupled to gating of TRPV5 by protons.  EMBO J. 2005;24:3224. 
 78. Nimmannit S, Malasit P, Chaovakul V, et al. Pathogenesis of sudden un-
explained nocturnal death (lai tai) and endemic distal renal tubular acidosis. 
Lancet. 1991;338(8772):930. 
 79. Nimmannit S, Malasit P, Susaengrat W, et al. Prevalence of endemic distal 
renal tubular acidosis and renal stone in the northeast of Thailand.  Nephron.
1996;72(4):604.
 80. Sitprija V, Tungsanga K, Eiam-ong S, et al. Renal tubular acidosis, vana-
dium and buffaloes.  Nephron. 1990;54(1):97. 
 81. Shioji R, Fuyurama T, Onodera S, et al. Sjögren’s syndrome and renal tubu-
lar acidosis. Am J Med. 1970;48(4):456. 
 82. Talal N. Sjögren’s syndrome, lymphoproliferation, and renal tubular acido-
sis. Ann Intern Med. 1971;74(4):633. 
 83. DuBose TD Jr. A 42-year-old woman with   accid paralysis.  Am J Kidney 
Dis. 2009;54(5):965. 
 84. Golding PL. Renal tubular acidosis in chronic liver disease.  Postgrad Med J.
1975;51(598):550.
 85. Mason AM, Golding PL. Renal tubular acidosis and autoimmune thyroid 
disease. Lancet. 1970;2(7683):1104. 
 86. Seux-Levieil ML, Joly V, Yeni P, et al. Evaluation of renal acidi  cation 
in HIV-infected patients with hypergammaglobulinemia.  Nephron. 1997;
75(2):196. 
 87. Carboni I, Andreucci E, Caruso MR, et al. Medullary sponge kidney associ-
ated with primary distal renal tubular acidosis and mutations in the H  -ATPase 
genes. Nephrol Dial Transplant. 2009;24(9):2734. 
 88. Osther PJ, Mathiasen H, Hansen AB, et al. Urinary acidi  cation and uri-
nary excretion of calcium and citrate in women with bilateral medullary sponge 
kidney.  Urol Int. 1994;52(3):126. 
 89. Restaino I, Kaplan BS, Stanley C, et al. Nephrolithiasis, hypocitraturia, 
and a distal renal tubular acidi  cation defect in type 1 glycogen storage disease. 
J Pediatr. 1993;122(3):392. 
 90. Rochman J, Better OS, Winaver J, et al. Renal tubular acidosis due to the 
milk-alkali syndrome.  Isr J Med Sci. 1977;13(6):609. 
 91. Savani RC, Mimouni R, Tsang RC. Maternal and neonatal hyperparathy-
roidism as a consequence of maternal renal tubular acidosis.  Pediatrics. 1993;
91(3):661.
 92. Seikaly M, Browne R, Baum M. Nephrocalcinosis is associated with re-
nal tubular acidosis in children with X-linked hypophosphatemia.  Pediatrics.
1996;97(1):91.
 93. Szeto CC, Chow CC, Li KY, et al. Thyrotoxicosis and renal tubular acidosis 
presenting as hypokalaemic paralysis.  Br J Rheumatol. 1996;35(3):289. 
 94. Sawaya BP, Briggs JP, Schnermann J. Amphotericin B nephrotoxicity: the 
adverse consequences of altered membrane properties [editorial].  J Am Soc 
Nephrol. 1995;6(2):154. 
 95. Batlle DC, Gaviria M, Grupp M, et al. Distal nephron function in patients 
receiving chronic lithium therapy.  Kidney Int. 1982;21(3):477. 
 96. Steele TW, Györy AZ, Edwards KD. Renal function in analgesic nephropa-
thy.  Br Med J. 1969;2(651):213. 
 97. Steele TW, Edwards KD. Analgesic nephropathy. Changes in various pa-
rameters of renal function following cessation of analgesic abuse.  Med J Aust.
1971;1(4):181.
 98. Navarro JF, Quereda C, et al. Nephrogenic diabetes insipidus and re-
nal tubular acidosis secondary to foscarnet therapy.  Am J Kidney Dis. 1996;
27(3):431.
 99. Györy AZ, Stewart JH, George CR, et al. Renal tubular acidosis, acido-
sis due to hyperkalaemia, hypercalcaemia, disordered citrate metabolism and 
other tubular dysfunctions following human renal transplantation.  Q J Med.
1969;38(150):231.

 44. Wall SM. NH 4  augments net acid secretion by a ouabain-sensitive 
mechanism in isolated perfused inner medullary collecting ducts.  Am J Physiol.
1996;270(3 Pt 2):F432–F439. 
 45. Schuster VL, Bonsib SM, Jennings ML. Two types of collecting duct 
mitochondria-rich (intercalated) cells: lectin and band 3 cytochemistry.  Am J 
Physiol. 1986;251(3 Pt 1):C347–C355. 
 46. Good DW, Knepper MA, Burg MB. Ammonia and bicarbonate transport by 
thick ascending limb of rat kidney.  Am J Physiol. 1984;247(1 Pt 2):F35–F44. 
 47. DuBose TD Jr, Lucci MS, Hogg RJ, et al. Comparison of acidi  cation 
parameters in super  cial and deep nephrons of the rat.  Am J Physiol. 1983;
244(5):F497–F503.
 48. DuBose TD Jr, Good DW. Effects of chronic hyperkalemia on renal pro-
duction and proximal tubule transport of ammonium in rats.  Am J Physiol.
1991;260(5 Pt 2):F680–F687. 
 49. DuBose TD Jr, Good DW. Chronic hyperkalemia impairs ammoni-
um transport and accumulation in the inner medulla of the rat. J Clin Invest.
1992;90(4):1443.
 50. Good DW, Ca  isch CR, DuBose TD Jr. Transepithelial ammonia concentra-
tion gradients in inner medulla of the rat. Am J Physiol. 1987;252(3 Pt 2):F491–
F500.
 51. Nagami GT, Sonu CM, Kurokawa K. Ammonia production by isolated 
mouse proximal tubules perfused in vitro. Effect of metabolic acidosis.  J Clin 
Invest. 1986;78(1):124. 
 52. Tannen RL, McGill J. In  uence of potassium on renal ammonia produc-
tion. Am J Physiol. 1976;231(4):1178. 
 53. Kurtz I, Star R, Balaban RS, et al. Spontaneous luminal disequilibrium pH 
in S3 proximal tubules. Role in ammonia and bicarbonate transport.  J Clin  Invest.
1986;78(4):989.
 54. Knepper MA, Good DW, Burg MB. Mechanism of ammonia secretion by 
cortical collecting ducts of rabbits. Am J Physiol. 1984;247(5 Pt 2):F729–F738. 
 55. DuBose TD Jr. Hyperkalemic hyperchloremic metabolic acidosis: patho-
physiologic insights. Kidney Int. 1997;51(2):591. 
 56. Schwartz GJ, Burg MB. Mineralocorticoid effects on cation transport by 
cortical collecting tubules in vitro.  Am J Physiol. 1978;235(6):F576–F585. 
 57. DuBose TD Jr, Ca  isch CR. Effect of selective aldosterone de  ciency 
on acidi  cation in nephron segments of the rat inner medulla.  J Clin Invest.
1988;82(5):1624.
 58. Good DW. Active absorption of NH 4  by rat medullary thick ascending 
limb: inhibition by potassium. Am J Physiol. 1988;255(1 Pt 2):F78–F87. 
 59. Batlle DC, Sehy JT, Roseman MK, et al. Clinical and pathophysiologic spec-
trum of acquired distal renal tubular acidosis.  Kidney Int. 1981;20(3):389. 
 60. DuBose TD Jr, Ca  isch CR. Validation of the difference in urine and blood 
carbon dioxide tension during bicarbonate loading as an index of distal nephron 
acidi  cation in experimental models of distal renal tubular acidosis.  J Clin Invest.
1985;75(4):1116.
 61. Batlle DC. Segmental characterization of defects in collecting tubule acidi-
  cation.  Kidney Int. 1986;30(4):546. 
 62. Halperin ML, Goldstein MB, Haig A, et al. Studies on the pathogenesis of 
type I (distal) renal tubular acidosis as revealed by the urinary PCO 2 tensions. 
J Clin Invest. 1974;53(3):669. 
 63. Fry AC, Karet FE. Inherited renal tubular acidosis.  Physiology. 2007;
22:202.
 64. Karet FE, Finberg KE, Nelson RD, et al. Mutations in the gene encoding B1 
subunit of H  -ATPase cause renal tubular acidosis with sensorineural deafness. 
Nat Genet. 1999;21(1):84. 
 65. Karet FE, Finberg KE, Nayir A, et al. Localization of a gene for autosomal 
recessive distal renal tubular acidosis with normal hearing (rdRTA2) to 7q33-34. 
Am J Hum Genet. 1999;65(6):1656. 
 66. Vasuvattakul S, Nimmannit S, Chaovakul V, et al. The spectrum of en-
demic renal tubular acidosis in the northeast of Thailand.  Nephron. 1996;
74(3):541. 
 67. Bruce LJ, Cope DL, Jones GK, et al. Familial distal renal tubular acidosis is 
associated with mutations in the red cell anion exchanger (Band 3, AE1) gene. 
J Clin Invest. 1997;100(7):1693. 
 68. Jarolim P, Shayakul C, Prabakaran D, et al. Autosomal dominant distal 
renal tubular acidosis is associated in three families with heterozygosity for 
the R589H mutation in the AE1 (band 3) Cl -/HCO3

  exchanger.  J Biol Chem.
1998;273(11):6380.
 69. Karet FE, Gainza FJ, Györy AZ, et al. Mutations in the chloride-bicarbonate 
exchanger gene AE1 cause autosomal dominant but not autosomal recessive dis-
tal renal tubular acidosis.  Proc Natl Acad Sci U S A. 1998;95(11):6337. 
 70. Kaitwatcharachai C, Vasuvattakul S, Yenchitsomanus P, et al. Distal renal 
tubular acidosis and high urine carbon dioxide tension in a patient with south-
east Asian ovalocytosis. Am J Kidney Dis. 1999;33(6):1147. 

612

 35. Schwartz GJ, Barasch J, Al-Awqati Q. Plasticity o   unctional epithelial po-
larity. Nature. 1985;318(6044):368.
http://www.ncbi.nlm.nih.gov/pubmed/2415824
 36. Lombard WE, Kokko JP, Jacobson HR. Bicarbonate transport in cortical 
and outer medullary collecting tubules. Am J Physiol. 1983;244(3): F289–F296.
http://www.ncbi.nlm.nih.gov/pubmed/6829761
 37. DuBose TD Jr, Pucacco LR, Carter NW. Determination o  disequilibrium 
pH in the rat kidney in vivo: evidence o  hydrogen secretion. Am J Physiol. 
1981;240(2):F138–F146.
 38. DuBose TD Jr. Hydrogen ion secretion by the collecting duct as a de-
terminant o  the urine to blood PCO2 gradient in alkaline urine. J Clin Invest. 
1982;69(1):145.
 39. Brown D, Paunescu TG, Breton S, et al. Regulation o  the V-ATPase in kid-
ney epithelial cells: dual role in acid-base homeostasis. J Exp Biol. 2009;212:1762.
 40. Koeppen BM, Helman SI. Acidif cation o  luminal  uid by the rabbit corti-
cal collecting tubule per used in vitro. Am J Physiol. 1982;242(5):F521–F531.
 41. McKinney TD, Burg MB. Bicarbonate absorption by rabbit cortical collect-
ing tubules in vitro. Am J Physiol. 1978;234(2):F141–F145.
 42. Wingo CS, Madsen KM, Smolka A, et al. H-K-ATPase immunoreactivity in 
cortical and outer medullary collecting duct. Kidney Int. 1990;38(5):985.
http://www.ncbi.nlm.nih.gov/pubmed/2176257
 43. DuBose TD Jr, Codina J, Burges A, et al. Regulation o  H+ -K+ -ATPase ex-
pression in kidney. Am J Physiol. 1995;269(4 Pt 2):F500–F507.
 44. Wall SM. NH4

+ augments net acid secretion by a ouabain-sensitive 
mechanism in isolated per used inner medullary collecting ducts. Am J Physiol. 
1996;270(3 Pt 2):F432–F439.
 45. Schuster VL, Bonsib SM, Jennings ML. Two types o  collecting duct mito-
chondria-rich (intercalated) cells: lectin and band 3 cytochemistry. Am J Physiol. 
1986;251(3 Pt 1):C347–C355.
 46. Good DW, Knepper MA, Burg MB. Ammonia and bicarbonate transport by 
thick ascending limb o  rat kidney. Am J Physiol. 1984;247(1 Pt 2):F35–F44.
 47. DuBose TD Jr, Lucci MS, Hogg RJ, et al. Comparison o  acidif cation 
parameters in superf cial and deep nephrons o  the rat. Am J Physiol. 1983; 
244(5):F497–F503.
 48. DuBose TD Jr, Good DW. E  ects o  chronic hyperkalemia on renal pro-
duction and proximal tubule transport o  ammonium in rats. Am J Physiol. 
1991;260(5 Pt 2):F680–F687.
 49. DuBose TD Jr, Good DW. Chronic hyperkalemia impairs ammoni-
um transport and accumulation in the inner medulla o  the rat. J Clin Invest. 
1992;90(4):1443.
http://www.ncbi.nlm.nih.gov/pubmed/1401077
 50. Good DW, Ca isch CR, DuBose TD Jr. Transepithelial ammonia concen-
tration gradients in inner medulla o  the rat. Am J Physiol. 1987;252(3 Pt 2): 
F491–F500.
 51. Nagami GT, Sonu CM, Kurokawa K. Ammonia production by isolated 
mouse proximal tubules per used in vitro. E  ect o  metabolic acidosis. J Clin 
Invest. 1986;78(1):124.
http://www.ncbi.nlm.nih.gov/pubmed/3722373
 52. Tannen RL, McGill J. In uence o  potassium on renal ammonia produc-
tion. Am J Physiol. 1976;231(4):1178.
 53. Kurtz I, Star R, Balaban RS, et al. Spontaneous luminal disequilibrium pH 
in S3 proximal tubules. Role in ammonia and bicarbonate transport. J Clin Invest. 
1986;78(4):989.
http://www.ncbi.nlm.nih.gov/pubmed/3760195
 54. Knepper MA, Good DW, Burg MB. Mechanism o  ammonia secretion by 
cortical collecting ducts o  rabbits. Am J Physiol. 1984;247(5 Pt 2):F729–F738.
 55. DuBose TD Jr. Hyperkalemic hyperchloremic metabolic acidosis: patho-
physiologic insights. Kidney Int. 1997;51(2):591.
 56. Schwartz GJ, Burg MB. Mineralocorticoid e  ects on cation transport by 
cortical collecting tubules in vitro. Am J Physiol. 1978;235(6):F576–F585.
 57. DuBose TD Jr, Ca isch CR. E  ect o  selective aldosterone def ciency 
on acidif cation in nephron segments o  the rat inner medulla. J Clin Invest. 
1988;82(5):1624.
 58. Good DW. Active absorption o  NH4

+ by rat medullary thick ascending 
limb: inhibition by potassium. Am J Physiol. 1988;255(1 Pt 2):F78–F87.
 59. Batlle DC, Sehy JT, Roseman MK, et al. Clinical and pathophysiologic 
spec-trum o  acquired distal renal tubular acidosis. Kidney Int. 1981;20(3):389.
http://www.ncbi.nlm.nih.gov/pubmed/6795380
 60. DuBose TD Jr, Ca isch CR. Validation o  the di  erence in urine and blood 
carbon dioxide tension during bicarbonate loading as an index o  distal nephron 
acidif cation in experimental models o  distal renal tubular acidosis. J Clin Invest. 
1985;75(4):1116.
http://www.ncbi.nlm.nih.gov/pubmed/3921566
 61. Batlle DC. Segmental characterization o  de ects in collecting tubule acidi-
f cation. Kidney Int. 1986;30(4):546.

 62. Halperin ML, Goldstein MB, Haig A, et al. Studies on the pathogenesis o  
type I (distal) renal tubular acidosis as revealed by the urinary PCO2 tensions. J 
Clin Invest. 1974;53(3):669.
 63. Fry AC, Karet FE. Inherited renal tubular acidosis. Physiology. 2007; 22:202.
http://www.ncbi.nlm.nih.gov/pubmed/17557941
 64. Karet FE, Finberg KE, Nelson RD, et al. Mutations in the gene encoding B1 
subunit o  H+ -ATPase cause renal tubular acidosis with sensorineural dea ness. 
Nat Genet. 1999;21(1):84.
http://www.ncbi.nlm.nih.gov/pubmed/9916796
 65. Karet FE, Finberg KE, Nayir A, et al. Localization o  a gene  or autosomal 
recessive distal renal tubular acidosis with normal hearing (rdRTA2) to 7q33–34. 
Am J Hum Genet. 1999;65(6):1656.
 66. Vasuvattakul S, Nimmannit S, Chaovakul V, et al. The spectrum o  endem-
ic renal tubular acidosis in the northeast o  Thailand. Nephron. 1996; 74(3):541.
http://www.ncbi.nlm.nih.gov/pubmed/8938678
 67. Bruce LJ, Cope DL, Jones GK, et al. Familial distal renal tubular acidosis is 
associated with mutations in the red cell anion exchanger (Band 3, AE1) gene. J 
Clin Invest. 1997;100(7):1693.
http://www.ncbi.nlm.nih.gov/pubmed/9312167
 68. Jarolim P, Shayakul C, Prabakaran D, et al. Autosomal dominant distal 
renal tubular acidosis is associated in three  amilies with heterozygosity  or 
the R589H mutation in the AE1 (band 3) Cl»/HCO3~ exchanger. J Biol Chem. 
1998;273(11):6380.
http://www.ncbi.nlm.nih.gov/pubmed/9497368
 69. Karet FE, Gainza FJ, Györy AZ, et al. Mutations in the chloride-bicarbo-
nate exchanger gene AE1 cause autosomal dominant but not autosomal recessive 
distal renal tubular acidosis. Proc Natl Acad Sci U S A. 1998;95(11):6337.
 70. Kaitwatcharachai C, Vasuvattakul S, Yenchitsomanus P, et al. Distal renal 
tubular acidosis and high urine carbon dioxide tension in a patient with south-
east Asian ovalocytosis. Am J Kidney Dis. 1999;33(6):1147.
 71. Coe FL, Parks JH. Stone disease in hereditary distal renal tubular acidosis. 
Ann Intern Med. 1980;93(1):60.
http://www.ncbi.nlm.nih.gov/pubmed/7396320
 72. Brenner RJ, Spring DB, Sebastian A, et al. Incidence o  radiographically 
evident bone disease, nephrocalcinosis, and nephrolithiasis in various types o  
renal tubular acidosis. N Engl J Med. 1982;307(4):217.
http://www.ncbi.nlm.nih.gov/pubmed/7088070
 73. Buckalew VM Jr, McCurdy DK, Ludwig GD, et al. Incomplete renal tubular 
acidosis. Physiologic studies in three patients with a de ect in lowering urine pH. 
Am J Med. 1968;45(1):32.
http://www.ncbi.nlm.nih.gov/pubmed/5658867
 74. Hamed IA, Czerwinski AW, Coats B, et al. Familial absorptive hypercalci-
uria and renal tubular acidosis. Am J Med. 1979;67(3):385.
 75. Sritippayawan S, Sumboonnanonda A, Vasuvattakul S, et al. Novel com-
pound heterozygous SLC4A1 mutations in Thai patients with autosomal reces-
sive distal renal tubular acidosis. Am J Kidney Dis. 2004;44(1):64.
 76. Hou S, Heinemann SH, Hoshi T. Modulation o  BKCa channel gating by 
endogenous signaling molecules. Physiology. 2009;24:26.
http://www.ncbi.nlm.nih.gov/pubmed/19196649
 77. Yeh BI, Kim YK, Jabbar W, et al. Con ormational changes o  pore helix 
coupled to gating o  TRPV5 by protons. EMBO J. 2005;24:3224.
http://www.ncbi.nlm.nih.gov/pubmed/16121193
 78. Nimmannit S, Malasit P, Chaovakul V, et al. Pathogenesis o  sudden un-
explained nocturnal death (lai tai) and endemic distal renal tubular acidosis. 
Lancet. 1991;338(8772):930.
http://www.ncbi.nlm.nih.gov/pubmed/1681278
 79. Nimmannit S, Malasit P, Susaengrat W, et al. Prevalence o  endemic distal 
renal tubular acidosis and renal stone in the northeast o  Thailand. Nephron. 
1996;72(4):604.
http://www.ncbi.nlm.nih.gov/pubmed/8730429
 80. Sitprija V, Tungsanga K, Eiam-ong S, et al. Renal tubular acidosis, vana-
dium and bu  aloes. Nephron. 1990;54(1):97.
http://www.ncbi.nlm.nih.gov/pubmed/2296353
 81. Shioji R, Fuyurama T, Onodera S, et al. Sjögren’s syndrome and renal tu-
bular acidosis. Am J Med. 1970;48(4):456.
http://www.ncbi.nlm.nih.gov/pubmed/5444301
 82. Talal N. Sjögren’s syndrome, lymphoproli eration, and renal tubular acido- 
sis. Ann Intern Med. 1971;74(4):633.
http://www.ncbi.nlm.nih.gov/pubmed/5551171
 83. DuBose TD Jr. A 42-year-old woman with  accid paralysis. Am J Kidney 
Dis. 2009;54(5):965.
http://www.ncbi.nlm.nih.gov/pubmed/19781834
 84. Golding PL. Renal tubular acidosis in chronic liver disease. Postgrad Med J. 
1975;51(598):550.
http://www.ncbi.nlm.nih.gov/pubmed/1234340



CHAPTER 18  ISOLATED RENAL TUBULAR DISORDERS 613

127. Mehta BR, Cavallo T, Remmers AR Jr, et al. Hyporeninemic hypoaldoste-
ronism in a patient with multiple myeloma.  Am J Kidney Dis. 1984;4(2):175. 
128. Rodriguez-Soriano J, Vallo A, Quintela MJ, et al. Normokalaemic pseudo-
hypoaldosteronism is present in children with acute pyelonephritis.  Acta Pediatr.
1992;81(5):402.
129. Kleyman TR, Roberts C, Ling BN. A mechanism for pentamidine-induced 
hyperkalemia: inhibition of distal nephron sodium transport.  Ann Intern Med.
1995;122(2):103.
130. Schlanger LE, Kleyman TR, Ling BN. K  -sparing diuretic actions of tri-
methoprim: inhibition of Na   channels in A6 distal nephron cells.  Kidney Int.
1994;45(4):1070.
131. Velázquez H, Perazella MA, Wright FS, et al. Renal mechanism of trime-
thoprim-induced hyperkalemia. Ann Intern Med. 1993;119(4):296. 
132. Domingo P, Ferrer S, Cruz J, et al. Trimethoprim-sulfamethoxazole-
induced renal tubular acidosis in a patient with AIDS.  Clin Infect Dis. 1995;
20(5):1435.
133. Hulter HN, Bonner EL Jr, Glynn RD, et al. Renal and systemic acid-base 
effects of chronic spironolactone administration.  Am J Physiol. 1981;240(5):
F381–F387.
134. D’Angio CT, Dillon MJ, Leonard JV. Renal tubular dysfunction in methyl-
malonic acidaemia. Eur J Pediatr. 1991;150(4):259. 
135. De Ferrari ME, Colussi G, Brunati C, et al. Type IV renal tubular acidosis 
and uric acid nephrolithiasis in Williams’ syndrome—an unusual mode of renal 
involvement. Nephrol Dial Transplant. 1997;12(7):1484. 
136. Uchida S. In vivo role of CLC chloride channels in the kidney.  Am J  Physiol.
2000;279:F802–F808.
137. Lorenz JN, Baird NR, Judd LM, et al. Impaired renal NaCl absorption in 
mice lacking the ROMK potassium channel, a model for type II Bartter’s syn-
drome.  J Biol Chem. 2002;277(40):37871. 
138. Lu M, Wang T, Yan Q, et al. Absence of small conductance K   channel (SK) 
activity in apical membranes of thick ascending limb and cortical collecting duct 
in ROMK (Bartter’s) knockout mice.  J Biol Chem. 2002;277(40):37881. 
139. Nozu K, Fu XJ, Nakanishi K, et al. Molecular analysis of patients with type 
III Bartter syndrome: picking up large heterozygous deletions with semiquantita-
tive PCR. Pediatr Res. 2007;62(3):364. 
140. Hebert SC. Bartter syndrome.  Curr Opin Genet Dev. 2003;12:527. 
141. Jeck N, Konrad M, Peters M, et al. Mutations in the chloride channel gene 
CLCNKB, leading to a mixed Bartter-Gitelman phenotype.  Pediatr Res. 2000;
48(6):754.
142. Zelikovic I, Szargel R, Hawash A, et al. A novel mutation in the chloride 
channel gene, CLCNKB, as a cause of Gitelman and Bartter syndromes.  Kidney
Int. 2003;63(1):24. 
143. Wright EM. Renal Na(  )-glucose transporters. Am J Physiol Renal Physiol.
2001;280(1):F10–F18.
144. Silverman M. Glucose reabsorption in the kidney: Molecular mechanisms 
of the Na  /Glucose cotransporter. In: Seldin DW, Giebisch G, eds.  The Kidney: 
Physiology and Pathophysiology, 3rd ed. Philadelphia: Lippincott Williams & 
Wilkins; 2000:2167. 
145. Scheepers A, Joost HG, Schurmann A. The glucose transporter families 
SGLT and GLUT: molecular basis of normal and aberrant function.  JPEN J 
 Parenter Enteral Nutr. 2004;28(5):364. 
146. Silbernagl S. Renal transport of amino acids.  Klin Wochenschr. 1979;
57:1009.
147. Silbernagl S, Gekl M. Amino acids and oligopeptides. In: Seldin DW, 
Giebisch G, eds. The Kidney: Physiology and Pathophysiology, 3rd ed. Philadelphia: 
Lippincott Williams & Wilkins; 2000:2179. 
148. Hamm LL, Nakhoul F. Renal acidi  cation. In: Brenner BR, ed.  Brenner and 
Rector’s The Kidney, 8th ed. Philadelphia: Saunders Elsevier; 2008. 
149. Horisberger JD. Recent insights into the structure and mechanism of the 
sodium pump. Physiology (Bethesda). 2004;19:377. 
150. Jørgensen PL, Meng LM, Pedersen PA. Structure and regulation of Na,
K-ATPase in the kidney. In: Schlöndorff D, Bonventre JV, eds.  Molecular Nephrol-
ogy. New York: Marcel Dekker; 1995:349. 
151. Levy H. Hartnup disorder. In: Scriver CR, Beaudet AL, Sly AL, eds.  The
Metabolic and Molecular Basis of Inherited Diseases, 8th ed. New York: McGraw-
Hill; 2001:4957. 
152. Silbernagl S. The renal handling of amino acids and oligopeptides.  Physiol
Rev. 1988;68:911. 
153. Friedman AL, Jax DK, Chesney RW.  â-Amino acid transport in isolated 
renal cortex tubules.  Ren Physiol. 1979;2:21. 
154. Palacin M, Bertran J, Zorzano A. Heteromeric amino acid transporters 
explain inherited aminoacidurias. Curr Opin Nephrol Hypertens. 2000;9:547. 
155. Camargo SM, Bockenhauer D, Kleta R. Aminoacidurias: clinical and 
molecular aspects. Kidney Int. 2008;73(8):918. 

100. Jordan M, Cohen EP, Roza A, et al. An immunocytochemical study of H  
ATPase in kidney transplant rejection.  J Lab Clin Med. 1996;127(3):310. 
101. Wilson DR, Siddiqui AA. Renal tubular acidosis after kidney transplanta-
tion. Natural history and signi  cance.  Ann Intern Med. 1973;79(3):352. 
102. Vainder M, Kelly J. Renal tubular acidosis secondary to jejunoileal bypass. 
JAMA. 1976;235(12):1257. 
103. Better OS, Arieff AI, Massry SG, et al. Studies on renal function after relief 
of complete unilateral ureteral obstruction of three months’ duration in man. 
Am J Med. 1973;54(2):234. 
104. Guizar JM, Kornhauser C, Malacara JM, et al. Renal tubular acidosis in 
children with vesicoureteral re  ux.  J Urol. 1996;156(1):193. 
105. Cochran M, Peacock M, Smith DA, et al. Renal tubular acidosis of pyelone-
phritis with renal stone disease.  Br Med J. 1968;2(607):721. 
106. Bergman AJ, Donckerwolcke RA, Duran M, et al. Rate-dependent distal 
renal tubular acidosis and carnitine palmitoyltransferase I de  ciency.  Pediatr Res.
1994;36(5):582.
107. Fathallah DM, Bejaoui M, Sly WS, et al. A unique mutation underlying 
carbonic anhydrase II de  ciency syndrome in patients of Arab descent.  Hum
Genet. 1994;94(5):581. 
108. Fathallah DM, Bejaoui M, Lepaslier D, et al. Carbonic anhydrase II (CA II) 
de  ciency in Maghrebian patients: evidence for founder effect and genomic 
recombination at the CA II locus.  Hum Genet. 1997;99(5):634. 
109. Sato S, Zhu XL, Sly WS. Carbonic anhydrase isozymes IV and II in uri-
nary membranes from carbonic anhydrase II-de  cient patients.  Proc Natl Acad Sci 
U S A. 1990;87(16):6073. 
110. DuBose TD Jr, Alpern RJ. Renal tubular acidosis. In: Scriver CR, Beaudet 
AL, Sly AL, eds. The Metabolic and Molecular Bases of Inherited Disease, 8th ed. 
New York: McGraw-Hill; 2000. 
111. Sebastian A, McSherry E, Morris RC Jr. Renal potassium wasting in renal 
tubular acidosis (RTA): its occurrence in types 1 and 2 RTA despite sustained 
correction of systemic acidosis.  J Clin Invest. 1971;50(3):667. 
112. Sebastian A, McSherry E, Morris RC Jr. Impaired renal conservation 
of sodium and chloride during sustained correction of systemic acidosis 
in patients with type 1, classic renal tubular acidosis.  J Clin Invest. 1976;
58(2):454. 
113. Geller DS, Rodriguez-Soriano J, Vallo Boado A, et al. Mutations in the 
mineralocorticoid receptor gene cause autosomal dominant pseudohypoaldoste-
ronism type I.  Nat Genet. 1998;19(3):279. 
114. Wilcox CS, Cemerikic DA, Giebisch G. Differential effects of acute miner-
alo- and glucocorticosteroid administration on renal acid elimination.  Kidney Int.
1982;21(4):546.
115. Sebastian A, Schambelan M, Lindenfeld S, et al. Amelioration of metabolic 
acidosis with   udrocortisone therapy in hyporeninemic hypoaldosteronism. 
N Engl J Med. 1977;297(11):576. 
116. Tannen RL. Relationship of renal ammonia production and potassium ho-
meostasis. Kidney Int. 1977;11(6):453. 
117. Schambelan M, Sebastian A, Biglieri EG. Prevalence, pathogenesis, and 
functional signi  cance of aldosterone de  ciency in hyperkalemic patients with 
chronic renal insuf  ciency.  Kidney Int. 1980;17(1):89. 
118. Davenport MW, Zipser RD. Association of hypotension with hyperrenin-
emic hypoaldosteronism in the critically ill patient.  Arch Intern Med. 1983;
143(4):735.
119. O’Kelly R, Magee F, McKenna TJ. Routine heparin therapy inhibits adrenal 
aldosterone production.  J Clin Endocrinol Metab. 1983;56(1):108. 
120. Shimizu T, Yoshitomi K, Nakamura M, et al. Site and mechanism of action 
of trichlormethiazide in rabbit distal nephron segments perfused in vitro.  J Clin 
Invest. 1988;82(2):721. 
121. Schambelan M, Sebastian A, Rector FC Jr. Mineralocorticoid-resistant 
renal hyperkalemia without salt wasting (type II pseudohypoaldosteronism): 
role of increased renal chloride reabsorption.  Kidney Int. 1981;19(5):716. 
122. Furgeson SB, Linas S. Mechanisms of type I and type II pseudohypoaldo-
steronism.  J Am Soc Nephrol. 2010;21(11):1842. 
123. Chang SS, Grunder S, Hanukoglu A, et al. Mutations in subunits of the 
epithelial sodium channel cause salt wasting with hyperkalaemic acidosis, pseu-
dohypoaldosteronism type 1.  Nat Genet. 1996;12(3):248. 
124. Gründer S, Firsov D, Chang SS, et al. A mutation causing pseudohypoal-
dosteronism type 1 identi  es a conserved glycine that is involved in the gating of 
the epithelial sodium channel. EMBO J. 1997;16(5):899. 
125. Schild L. The ENaC channel as the primary determinant of two hu-
man diseases: Liddle syndrome and pseudohypoaldosteronism.  Nephrologie.
1996;17(7):395.
126. Spitzer A, Edelmann CM Jr, Goldberg LD, et al. Short stature, hyperka-
lemia and acidosis: A defect in renal transport of potassium.  Kidney Int. 1973;
3(4):251.

613

 85. Mason AM, Golding PL. Renal tubular acidosis and autoimmune thyroid 
disease. Lancet. 1970;2(7683):1104.
http://www.ncbi.nlm.nih.gov/pubmed/4097906
 86. Seux-Levieil ML, Joly V, Yeni P, et al. Evaluation o  renal acidif cation in 
HIV-in ected patients with hypergammaglobulinemia. Nephron. 1997; 75(2):196.
http://www.ncbi.nlm.nih.gov/pubmed/9041541
 87. Carboni I, Andreucci E, Caruso MR, et al. Medullary sponge kidney associ-
ated with primary distal renal tubular acidosis and mutations in the H+ -ATPase 
genes. Nephrol Dial Transplant. 2009;24(9):2734.
http://www.ncbi.nlm.nih.gov/pubmed/19364879
 88. Osther PJ, Mathiasen H, Hansen AB, et al. Urinary acidif cation and uri-
nary excretion o  calcium and citrate in women with bilateral medullary sponge 
kidney. Urol Int. 1994;52(3):126.
 89. Restaino I, Kaplan BS, Stanley C, et al. Nephrolithiasis, hypocitraturia, and 
a distal renal tubular acidif cation de ect in type 1 glycogen storage disease. J 
Pediatr. 1993;122(3):392.
 90. Rochman J, Better OS, Winaver J, et al. Renal tubular acidosis due to the 
milk-alkali syndrome. Isr J Med Sci. 1977;13(6):609.
http://www.ncbi.nlm.nih.gov/pubmed/885714
 91. Savani RC, Mimouni R, Tsang RC. Maternal and neonatal hyperparathy-
roidism as a consequence o  maternal renal tubular acidosis. Pediatrics. 1993; 
91(3):661.
http://www.ncbi.nlm.nih.gov/pubmed/8441579
 92. Seikaly M, Browne R, Baum M. Nephrocalcinosis is associated with re-
nal tubular acidosis in children with X-linked hypophosphatemia. Pediatrics. 
1996;97(1):91.
 93. Szeto CC, Chow CC, Li KY, et al. Thyrotoxicosis and renal tubular acidosis 
presenting as hypokalaemic paralysis. Br J Rheumatol. 1996;35(3):289.
http://www.ncbi.nlm.nih.gov/pubmed/8620307
 94. Sawaya BP, Briggs JP, Schnermann J. Amphotericin B nephrotoxicity: the 
adverse consequences o  altered membrane properties [editorial]. J Am Soc Neph-
rol. 1995;6(2):154.
http://www.ncbi.nlm.nih.gov/pubmed/7579079
 95. Batlle DC, Gaviria M, Grupp M, et al. Distal nephron  unction in patients 
receiving chronic lithium therapy. Kidney Int. 1982;21(3):477.
http://www.ncbi.nlm.nih.gov/pubmed/6283233
 96. Steele TW, Györy AZ, Edwards KD. Renal  unction in analgesic nephropa- 
thy. Br Med J. 1969;2(651):213.
 97. Steele TW, Edwards KD. Analgesic nephropathy. Changes in various pa-
rameters o  renal  unction  ollowing cessation o  analgesic abuse. Med J Aust. 
1971;1(4):181.
http://www.ncbi.nlm.nih.gov/pubmed/5100165
 98. Navarro JF, Quereda C, et al. Nephrogenic diabetes insipidus and re-
nal tubular acidosis secondary to  oscarnet therapy. Am J Kidney Dis. 1996; 
27(3):431.
 99. Györy AZ, Stewart JH, George CR, et al. Renal tubular acidosis, acido-
sis due to hyperkalaemia, hypercalcaemia, disordered citrate metabolism and 
other tubular dys unctions  ollowing human renal transplantation. Q J Med. 
1969;38(150):231.
100. Jordan M, Cohen EP, Roza A, et al. An immunocytochemical study o  H+ 
ATPase in kidney transplant rejection. J Lab Clin Med. 1996;127(3):310.
http://www.ncbi.nlm.nih.gov/pubmed/9273365
101. Wilson DR, Siddiqui AA. Renal tubular acidosis a ter kidney transplanta-
tion. Natural history and signif cance. Ann Intern Med. 1973;79(3):352.
http://www.ncbi.nlm.nih.gov/pubmed/4583934
102. Vainder M, Kelly J. Renal tubular acidosis secondary to jejunoileal bypass. 
JAMA. 1976;235(12):1257.
103. Better OS, Arie   AI, Massry SG, et al. Studies on renal  unction a ter relie  
o  complete unilateral ureteral obstruction o  three months’ duration in man. Am 
J Med. 1973;54(2):234.
104. Guizar JM, Kornhauser C, Malacara JM, et al. Renal tubular acidosis in 
children with vesicoureteral re ux. J Urol. 1996;156(1):193.
http://www.ncbi.nlm.nih.gov/pubmed/8648800
105. Cochran M, Peacock M, Smith DA, et al. Renal tubular acidosis o  pyelone-
phritis with renal stone disease. Br Med J. 1968;2(607):721.
http://www.ncbi.nlm.nih.gov/pubmed/5656278
106. Bergman AJ, Donckerwolcke RA, Duran M, et al. Rate-dependent distal 
renal tubular acidosis and carnitine palmitoyltrans erase I def ciency. Pediatr Res. 
1994;36(5):582.
http://www.ncbi.nlm.nih.gov/pubmed/7877875
107. Fathallah DM, Bejaoui M, Sly WS, et al. A unique mutation underlying 
carbonic anhydrase II def ciency syndrome in patients o  Arab descent. Hum 
Genet. 1994;94(5):581.
http://www.ncbi.nlm.nih.gov/pubmed/7959703

108. Fathallah DM, Bejaoui M, Lepaslier D, et al. Carbonic anhydrase II (CA 
II) def ciency in Maghrebian patients: evidence  or  ounder e  ect and genomic 
recombination at the CA II locus. Hum Genet. 1997;99(5):634.
http://www.ncbi.nlm.nih.gov/pubmed/9150731
109. Sato S, Zhu XL, Sly WS. Carbonic anhydrase isozymes IV and II in urinary 
membranes  rom carbonic anhydrase II-def cient patients. Proc Natl Acad Sci U S 
A. 1990;87(16):6073.
http://www.ncbi.nlm.nih.gov/pubmed/2117271
110. DuBose TD Jr, Alpern RJ. Renal tubular acidosis. In: Scriver CR, Beaudet 
AL, Sly AL, eds. The Metabolic and Molecular Bases of Inherited Disease, 8th ed. 
New York: McGraw-Hill; 2000.
111. Sebastian A, McSherry E, Morris RC Jr. Renal potassium wasting in renal 
tubular acidosis (RTA): its occurrence in types 1 and 2 RTA despite sustained 
correction o  systemic acidosis. J Clin Invest. 1971;50(3):667.
http://www.ncbi.nlm.nih.gov/pubmed/5101785
112. Sebastian A, McSherry E, Morris RC Jr. Impaired renal conservation o  
sodium and chloride during sustained correction o  systemic acidosis in patients 
with type 1, classic renal tubular acidosis. J Clin Invest. 1976; 58(2):454.
113. Geller DS, Rodriguez-Soriano J, Vallo Boado A, et al. Mutations in the 
mineralocorticoid receptor gene cause autosomal dominant pseudohypoaldoste- 
ronism type I. Nat Genet. 1998;19(3):279.
http://www.ncbi.nlm.nih.gov/pubmed/9662404
114. Wilcox CS, Cemerikic DA, Giebisch G. Di  erential e  ects o  acute miner-
alo- and glucocorticosteroid administration on renal acid elimination. Kidney Int. 
1982;21(4):546.
http://www.ncbi.nlm.nih.gov/pubmed/6808220
115. Sebastian A, Schambelan M, Linden eld S, et al. Amelioration o  metabolic 
acidosis with  udrocortisone therapy in hyporeninemic hypoaldosteronism. N 
Engl J Med. 1977;297(11):576.
http://www.ncbi.nlm.nih.gov/pubmed/18672
116. Tannen RL. Relationship o  renal ammonia production and potassium ho- 
meostasis. Kidney Int. 1977;11(6):453.
117. Schambelan M, Sebastian A, Biglieri EG. Prevalence, pathogenesis, and 
 unctional signif cance o  aldosterone def ciency in hyperkalemic patients with 
chronic renal insu f ciency. Kidney Int. 1980;17(1):89.
118. Davenport MW, Zipser RD. Association o  hypotension with hyperrenin-
emic hypoaldosteronism in the critically ill patient. Arch Intern Med. 1983; 
143(4):735.
http://www.ncbi.nlm.nih.gov/pubmed/6301395
119. O’Kelly R, Magee F, McKenna TJ. Routine heparin therapy inhibits adrenal 
aldosterone production. J Clin Endocrinol Metab. 1983;56(1):108.
http://www.ncbi.nlm.nih.gov/pubmed/6336617
120. Shimizu T, Yoshitomi K, Nakamura M, et al. Site and mechanism o  action 
o  trichlormethiazide in rabbit distal nephron segments per used in vitro. J Clin 
Invest. 1988;82(2):721.
http://www.ncbi.nlm.nih.gov/pubmed/2841360
121. Schambelan M, Sebastian A, Rector FC Jr. Mineralocorticoid-resistant re-
nal hyperkalemia without salt wasting (type II pseudohypoaldosteronism): role 
o  increased renal chloride reabsorption. Kidney Int. 1981;19(5):716.
122. Furgeson SB, Linas S. Mechanisms o  type I and type II pseudohypoaldo- 
steronism. J Am Soc Nephrol. 2010;21(11):1842.
http://www.ncbi.nlm.nih.gov/pubmed/20829405
123. Chang SS, Grunder S, Hanukoglu A, et al. Mutations in subunits o  the 
epithelial sodium channel cause salt wasting with hyperkalaemic acidosis, pseu-
dohypoaldosteronism type 1. Nat Genet. 1996;12(3):248.
http://www.ncbi.nlm.nih.gov/pubmed/8589714
124. Gründer S, Firsov D, Chang SS, et al. A mutation causing pseudohypoal-
dosteronism type 1 identif es a conserved glycine that is involved in the gating o  
the epithelial sodium channel. EMBO J. 1997;16(5):899.
http://www.ncbi.nlm.nih.gov/pubmed/9118951
125. Schild L. The ENaC channel as the primary determinant o  two hu-
man diseases: Liddle syndrome and pseudohypoaldosteronism. Nephrologie. 
1996;17(7):395.
http://www.ncbi.nlm.nih.gov/pubmed/8987044
126. Spitzer A, Edelmann CM Jr, Goldberg LD, et al. Short stature, hyperka-
lemia and acidosis: A de ect in renal transport o  potassium. Kidney Int. 1973; 
3(4):251.
127. Mehta BR, Cavallo T, Remmers AR Jr, et al. Hyporeninemic hypoaldoste-
ronism in a patient with multiple myeloma. Am J Kidney Dis. 1984;4(2):175.
128. Rodriguez-Soriano J, Vallo A, Quintela MJ, et al. Normokalaemic pseudo-
hypoaldosteronism is present in children with acute pyelonephritis. Acta Pediatr. 
1992;81(5):402.
129. Kleyman TR, Roberts C, Ling BN. A mechanism  or pentamidine-induced 
hyperkalemia: inhibition o  distal nephron sodium transport. Ann Intern Med. 
1995;122(2):103.



614 SECTION III  CYSTIC AND TUBULAR DISORDERS

161. Kihara H, Valente M, Porter MT, et al. Hyperdibasic aminoaciduria in a 
mentally retarded homozygote with a peculiar response to phenothiazines.  Pedi-
atrics. 1973;51:223. 
162. Deves R, Boyd CA. Transporters for cationic amino acids in animal cells: 
discovery, structure, and function.  Physiol Rev. 1998;78(2):487. 
163. Jellum E, Dollekamp H, Brunsvig A, et al. Diagnostic applications of 
chromatography and capillary electrophoresis.  J Chromatogr B Biomed Sci Appl.
1997;689(1):155.
164. Palacin M, Estevez R, Bertran J, et al. Molecular biology of mammalian 
plasma membrane amino acid transporters. Physiol Rev. 1998;78(4):969. 
165. Scriver CR, Treacy ER. Is there treatment for “genetic” disease?  Mol Genet 
Metab. 1999;68(2):93. 

156. Jaeger P, Portmann L, Saunders A, et al. Anticystinuric effects of glutamine 
and of dietary sodium restriction.  N Engl J Med. 1986;315(18):1120. 
157. Lindell A, Denneberg T, Eneström S, et al. Membranous glomerulo-
nephritis induced by 2-mercaptopropionylglycine.  Clin Nephrol. 1990;
34(3):108. 
158. Sloan JA, Izzo JL Jr. Captopril reduces urinary cystine excretion in cystin-
uria. Arch Int Med. 1987;147(8):1409. 
159. Pras E. Cystinuria at the turn of the millennium: clinical aspects and new 
molecular developments. Mol Urol. 2000;4(4):409. 
160. Rajantie J, Simell O, Rapola J, et al. Lysinuric protein intolerance: a two-
year trial of dietary supplementation therapy with citrulline and lysine.  J Pediatr.
1980;97:927.

614

130. Schlanger LE, Kleyman TR, Ling BN. K+ -sparing diuretic actions o  tri-
methoprim: inhibition o  Na+ channels in A6 distal nephron cells. Kidney Int. 
1994;45(4):1070.
131. Velázquez H, Perazella MA, Wright FS, et al. Renal mechanism o  trime-
thoprim-induced hyperkalemia. Ann Intern Med. 1993;119(4):296.
http://www.ncbi.nlm.nih.gov/pubmed/8328738
132. Domingo P, Ferrer S, Cruz J, et al. Trimethoprim-sul amethoxazole-
induced renal tubular acidosis in a patient with AIDS. Clin Infect Dis. 1995; 
20(5):1435.
http://www.ncbi.nlm.nih.gov/pubmed/7620045
133. Hulter HN, Bonner EL Jr, Glynn RD, et al. Renal and systemic acid-base  
e  ects o  chronic spironolactone administration. Am J Physiol. 1981;240(5): 
F381–F387.
http://www.ncbi.nlm.nih.gov/pubmed/7235011
134. D’Angio CT, Dillon MJ, Leonard JV. Renal tubular dys unction in methyl-
malonic acidaemia. Eur J Pediatr. 1991;150(4):259.
135. De Ferrari ME, Colussi G, Brunati C, et al. Type IV renal tubular acidosis 
and uric acid nephrolithiasis in Williams’ syndrome—an unusual mode o  renal 
involvement. Nephrol Dial Transplant. 1997;12(7):1484.
136. Uchida S. In vivo role o  CLC chloride channels in the kidney. Am J Physiol. 
2000;279:F802–F808.
137. Lorenz JN, Baird NR, Judd LM, et al. Impaired renal NaCl absorption in 
mice lacking the ROMK potassium channel, a model  or type II Bartter’s syn-
drome. J Biol Chem. 2002;277(40):37871.
http://www.ncbi.nlm.nih.gov/pubmed/12122007
138. Lu M, Wang T, Yan Q, et al. Absence o  small conductance K+ channel (SK) 
activity in apical membranes o  thick ascending limb and cortical collecting duct 
in ROMK (Bartter’s) knockout mice. J Biol Chem. 2002;277(40):37881.
http://www.ncbi.nlm.nih.gov/pubmed/12130653
139. Nozu K, Fu XJ, Nakanishi K, et al. Molecular analysis o  patients with type 
III Bartter syndrome: picking up large heterozygous deletions with semiquantita- 
tive PCR. Pediatr Res. 2007;62(3):364.
http://www.ncbi.nlm.nih.gov/pubmed/17622951
140. Hebert SC. Bartter syndrome. Curr Opin Genet Dev. 2003;12:527.
141. Jeck N, Konrad M, Peters M, et al. Mutations in the chloride channel gene 
CLCNKB, leading to a mixed Bartter-Gitelman phenotype. Pediatr Res. 2000; 
48(6):754.
http://www.ncbi.nlm.nih.gov/pubmed/11102542
142. Zelikovic I, Szargel R, Hawash A, et al. A novel mutation in the chloride 
channel gene, CLCNKB, as a cause o  Gitelman and Bartter syndromes. Kidney 
Int. 2003;63(1):24.
143. Wright EM. Renal Na(+)-glucose transporters. Am J Physiol Renal Physiol. 
2001;280(1):F10–F18.
144. Silverman M. Glucose reabsorption in the kidney: Molecular mechanisms 
o  the Na+ /Glucose cotransporter. In: Seldin DW, Giebisch G, eds. The Kidney: 
Physiology and Pathophysiology, 3rd ed. Philadelphia: Lippincott Williams & 
Wilkins; 2000:2167.
145. Scheepers A, Joost HG, Schurmann A. The glucose transporter  amilies 
SGLT and GLUT: molecular basis o  normal and aberrant  unction. JPEN J Par-
enter Enteral Nutr. 2004;28(5):364.
http://www.ncbi.nlm.nih.gov/pubmed/15449578
146. Silbernagl S. Renal transport o  amino acids. Klin Wochenschr. 1979; 
57:1009.
http://www.ncbi.nlm.nih.gov/pubmed/392175

147. Silbernagl S, Gekl M. Amino acids and oligopeptides. In: Seldin DW, 
Giebisch G, eds. The Kidney: Physiology and Pathophysiology, 3rd ed. Philadelphia: 
Lippincott Williams & Wilkins; 2000:2179.
148. Hamm LL, Nakhoul F. Renal acidif cation. In: Brenner BR, ed. Brenner and 
Rector’s The Kidney, 8th ed. Philadelphia: Saunders Elsevier; 2008.
149. Horisberger JD. Recent insights into the structure and mechanism o  the 
sodium pump. Physiology (Bethesda). 2004;19:377.
150. Jørgensen PL, Meng LM, Pedersen PA. Structure and regulation o  Na, K-
ATPase in the kidney. In: Schlöndor   D, Bonventre JV, eds. Molecular Nephrol- 
ogy. New York: Marcel Dekker; 1995:349.
151. Levy H. Hartnup disorder. In: Scriver CR, Beaudet AL, Sly AL, eds. The 
Metabolic and Molecular Basis of Inherited Diseases, 8th ed. New York: McGraw- 
Hill; 2001:4957.
152. Silbernagl S. The renal handling o  amino acids and oligopeptides. Physiol 
Rev. 1988;68:911.
http://www.ncbi.nlm.nih.gov/pubmed/3293095
153. Friedman AL, Jax DK, Chesney RW â-Amino acid transport in isolated 
renal cortex tubules. Ren Physiol. 1979;2:21.
154. Palacin M, Bertran J, Zorzano A. Heteromeric amino acid transporters ex-
plain inherited aminoacidurias. Curr Opin Nephrol Hypertens. 2000;9:547.
http://www.ncbi.nlm.nih.gov/pubmed/10990376
155. Camargo SM, Bockenhauer D, Kleta R. Aminoacidurias: clinical and mo-
lecular aspects. Kidney Int. 2008;73(8):918.
http://www.ncbi.nlm.nih.gov/pubmed/18200002
156. Jaeger P, Portmann L, Saunders A, et al. Anticystinuric e  ects o  glutamine 
and o  dietary sodium restriction. N Engl J Med. 1986;315(18):1120.
http://www.ncbi.nlm.nih.gov/pubmed/3093863
157. Lindell A, Denneberg T, Eneström S, et al. Membranous glomerulo-ne-
phritis induced by 2-mercaptopropionylglycine. Clin Nephrol. 1990; 34(3):108.
http://www.ncbi.nlm.nih.gov/pubmed/2225561
158. Sloan JA, Izzo JL Jr. Captopril reduces urinary cystine excretion in cystin- 
uria. Arch Int Med. 1987;147(8):1409.
159. Pras E. Cystinuria at the turn o  the millennium: clinical aspects and new 
molecular developments. Mol Urol. 2000;4(4):409.
160. Rajantie J, Simell O, Rapola J, et al. Lysinuric protein intolerance: a two-
year trial o  dietary supplementation therapy with citrulline and lysine. J Pediatr. 
1980;97:927.
http://www.ncbi.nlm.nih.gov/pubmed/6777479
161. Kihara H, Valente M, Porter MT, et al. Hyperdibasic aminoaciduria in a 
mentally retarded homozygote with a peculiar response to phenothiazines. Pedi-
atrics. 1973;51:223.
162. Deves R, Boyd CA. Transporters  or cationic amino acids in animal cells: 
discovery, structure, and  unction. Physiol Rev. 1998;78(2):487.
http://www.ncbi.nlm.nih.gov/pubmed/9562037
163. Jellum E, Dollekamp H, Brunsvig A, et al. Diagnostic applications o  
chromatography and capillary electrophoresis. J Chromatogr B Biomed Sci Appl. 
1997;689(1):155.
http://www.ncbi.nlm.nih.gov/pubmed/9061490
164. Palacin M, Estevez R, Bertran J, et al. Molecular biology o  mammalian 
plasma membrane amino acid transporters. Physiol Rev. 1998;78(4):969.
http://www.ncbi.nlm.nih.gov/pubmed/9790568
165. Scriver CR, Treacy ER. Is there treatment  or “genetic” disease? Mol Genet 
Metab. 1999;68(2):93. 
http://www.ncbi.nlm.nih.gov/pubmed/10527662


