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INTRINSIC RENAL TUBULAR TRANSPORT DISORDERS 

I. Introduction 

This review of intrinsic renal tubular disorders has two broad 
purposes: 1) to describe the important clinical disorders of tubula r 
transport, 2) to discern the basic altered physiology in order to be : ter 
characteri ze normal function. Some of the disorders that will be discus
sed are of devastating clinical consequence, some will cause no disease 
at all; some will be more often under the purview of the pediatrician, 
others are relatively co~non problems for the internist, nephrologist and 
urologist; some are common, others exceedingly rare almost as to be 
interesting footnotes. All have in common a defect in renal handling of 
a material or materials in the least so that the index rnaterial (s) 
appears in excess in the final urine. Table 1 describes the several ways 
that excess urinary excretion of a substance may be established. 

f~ECHANIS~1S OF EXCESS RENAL EXCRETION OF INDEX SUBSTANCE 

1. Increased filtered load 

2. Competition for normal renal pumps by a second 
substance 

3. Diminished tubular handling (normal plasma 
concentration) 

a. generalized, nonspecific dysfunction 

b. precise defect in handling of unique 
substance(s) with stereo and biochemical 
specificity 



First, the ·filtered load may be increased to the point of saturating a 

nonnal but limited tubular handling capacity. Several disorders of 

metabolism such as diabetes mellitus, with glucose as the index sub

stance, flood the tubular system such that the excess appears in the 

urine. These disorders are truly extrinsic to the kidney. Secondly, a 

~econd substance might compete for transport with an index material, 

which is relatively common as well be discussed in more detail below. 

The increased concentration of the competing agent might have been 

brought about by a disordered cellular metabolism such as lack of a 

crucial enzyme, quite rarely by the diet or more commonly by physician 

intervention. Again, renal handling of the substance is truly nonnal . 

Thirdly, excess urinary excretion can be a consequence of abnormal tubu

lar physiology. Despite the presentation of normal or even diminished 

filtered loads the kidney rejects a greater fraction of the substance the 

consequence of which will be abnormal urinary concentrations. Some of 

these defects are quite genera 1 i zed and can be secondary to wide spread 

tubular destruction, for example, by pyelonephritis, myeloma, drugs or 

ischemia or to an inherited generalized tubular dysfunction called 

Fanconi 's Syndrome. Other examples are quite precise in transport 

defects with deviations from nonnal physiologic disposition of unique 

classes of molecules with a high degree of stereo and biochemical speci

ficity. This review will be confined to a selective treatment of 

selected examples of these unique and specific transport disorders. 

II. Aminoacidurias 

A. Introduction 

The first category of disorders that will be reviewed are those 

in the handling of the plasma amino acid pool. Three entities will 

be tested in some detail, Hartnup Disease and Cystinuria, which 

cause considerable clinical manifestations, and familial iminogly

cinuria which, although illustrative of principles of medical 

genetics and renal tubular physiology in general, causes no clinical 

problems. 
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B. General Considerations of the Transport of Amino Acids 

~~INO ACID METABOLISM 

1. Circulating concentration = 2 mM 

2. Since kidney clears 160 l/24 hrs then 
320 mmol of amino acids ( "'100 g) is filtered 

3. Normal urinary excretion is 1-3% of the urinary 
nitrogen; about 2-5 g/24 hrs. 

4. The kidney conserves 95% of the filtered loads 

The table above outlines aspects of amino acid metabolism. The 
circulating concentration of amino acids is about 2mf.l or 2 mmol pe r 
liter. The kidney filters about 160 liters of blood each 24 hours 
so that 320 mmol of ami no acids or about 100 grams is filtered 
daily. Nonnal urinary excretion of free amino acid is about 2-5 g, 
1-3% of the urinary nitrogen, so that 95-97% of the filtered load i s 
reclaimed (1). The amount of amino acids that appears in the urine 
is modulated by several factors (Table 3). 

FACTORS WHICH EFFECT EXCRETION OF A~INO ACIDS 

1. Diet 

2. Age 

3. Sex 

4. Pregnancy 

The diet reflects protein intake; men pass more than women although 
excretion is higher in pregnancy. Interestingly, as will be dis
cussed in more detail for iminoglycinuria, some transport systems 
are immature at birth and undergo a maturation process so that 
nonnal levels of these amino acids vary with age. 
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The pattern of amino acids which appear in the urine is also 
relatively precise. Some of these materials are reabsorbed com
pletely. The bulk are reabsorbed as 90-96% of the filtrate. Trans
port of glycine and histidine is exceedingly inefficient so that 
these amino acids constitute >50% of the total amino acids excreted. 

GENERAL CHARACTERISTICS OF TRANSPORT OF ArUNO ACIDS 

1. The proximal tubule is the site of reabsorption of the 
amino acids. 

2. Transport is vectorial - across the lumenal membrane, 
through the cell, into paracellular spaces and thence 
to the capillary. 

3. Transport is active 

a. against a concentration gradient 
b. energy is required 

4. Transport is Na+ dependent in general. 

5. Transport can be described by r~ichaelis-r~enten kinetics 
which suggests discrete carrier molecules. 

FIGURE 1 
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The table on page 4 outlines five general characteristics 01 

amino acid transport which are discussed in more detail below . 

First, as shown in Figure 1, the proximal tubule is the site o1 

amino acid transport. Experimental evidence for thi s statement i ~ 

of moderately recent vintage. Intimations that the proximal tu J ul E 

was the nephron segment of importance can be drawn from the s to~ 

flow experiments of Young and Edwards (2) and Young and Freed,nar 

(3). Rats were infused with a solution which contained high concen

trations of amino acids. The ureter was occluded for prolongec 

periods followed by release of the ureteral obstruction and urinar) 

recollection . It was found that the segment which secreted th t 

index agent p-aminohippurate, the proximal nephron broadly speaking , 

was that also responsible for amino acid reabsorption. Micropunc

ture experiments have been more convincing (reviewed by l·lorel et al. 

(4)). Bergeron injected labeled test amino acids and showed uptakE 

of label in this segment (5). Test amino acids placed between fixec 

oil droplets in the proximal tubule diminished in concentratior 

demonstrating removal (6). Such transport contributes to the elec

trical potential difference determined by Kokko in this segment (7). 
Free flow micropuncture studies of Eisenbach et al. found almost al l 

transport proxi1~al and only for taurine can a possible distal s itE 

be described (8). 

Although the precise channels across the nephron through whic h 

elements of the glomerular filtrate move are not yet agreed upon, a 

model of vectorial transport best fits our model building for the 

amino acids. This model as shown in Figure 2 predicts uptake of th e 

amino acid by the luminal membrane followed by transport though the 

cell for secretion by the antiluminal membrane either directly into 

the capillary or into a peritubular space and thence into the 

capillary. 
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FIGURE 2 

Strong evidence can be martialed for the view that transport of 

the amino acids is, in general, an active process. The amino acids 

are transported by the proximal tubule against a steep concentra

tions gradient. Analysis of cortical kidney slices show the concen

trations of these materials to be greater than plasma and therefore 

certainly greater than glomerular filtrate (9). Thus the fall in 

tubular fluid/glomerular filtrate concentrations against this con

centration gradient suggests an active process. The last bit of 

evidence is that both direct and indirect studies demonstrate that 

this uphill transport is energy requiring (10). 

That transport of the amino acids is a sodium dependent process 

has allowed construction of a model to explain the movement of the 

material from lumen into cell. Na+ transport is indisputably linked 
. + 

to A.A. transport. The degree of Na dependency varies from nearly 

100% for the neutral amino acids (determined by cortical slice 

uptake studies and microperfusion of isolated tubules) to what 

appears to be partial dependency for the dibasic amino acids 

(11-13). Purified membrane vesicles prepared from the brush border 

membranes of the proximal tubule were unable to transport amino 
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acids when Na +was removed substituted by the non-transported catio1 

choline in test solution (14). The carrier model is displayed i t 

Figure 3. 

LI/MEN CELL MEMBRANE CELL 

FIGURE 3 

A carrier molecule has binding sites for Na+ and for an amino acid . 

In its most simplistic form, only when both sites are filled wil l 
the carrier molecule float through the lipid sea of the membrane anc 

disgorge the cation and amino acis. As drawn, the coupling ratio i ~ 

1:1; in reality this is as yet undetermined and may be a variety ot 

ratios reflecting slightly different carrier molecules for a giver 

substance. This model then ascribes transport to the interventior 

of a finite number of carrier molecules coupling the process t c 

energy expenditure and co-transport of a second substrate for the 
carrier, Na+. Further explication of the transport process requires 
a mathematical approach. 
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In whole clearance experiments, transport or reabsorption of an 

index amino acid increased in a curvilinear manner as a function of 
the amino acid concentration as shown in the left panel of Figure 4 

a and b. At some concentration no further increased transport is 
appreciated; one has achieved a tubular maximum transport capacity 

or Tm. The shape of this relationship resembles that seen for 
enzyme-substrate reactions in which substrate concentration i s 

varied through infinity while enzyme concentration is fixed. The T m 
value is analagous to the Vmax or maximal velocity of the enzyme-
substrate reaction. This t·1ichaelis-Menten kinetic analysis can be 
analyzed further using a Lineweaver-Burke plot in which the inverse 

of reaction velocity is a function of the inverse of the substrate 

concentration. In the example in the right panel of Figure 4, the 
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more complex Tm curve dissolves into a line with two distinct slopes 
suggesting two separate carrier systems. Here one can calculate the 
affinity of a particular carrier for the given amino acid from the X 

intercept which is the negative of the inverse of the l·lichael is
Menten affinity constant at equilibrium (-1/Km) . Such a plot 
characterizes each carrier in terms of the specificity with respec t 
to a given amino acid (from the affinity constant, K ) and the 

m 
capacity to transport that amino acid (the Vmax). 

CARRIER CHARACTERISTICS 

Km- The affinity constant; that concentration of 

amino acid which fills half the carrier sites. 

The lower the Km, the greater the aff i nity of 

carrier for substrate 

Vmax - The capacity of the carrier the maximum 

amount of an amino acid which can be 

transported by a given carrier. 

For example a given carrier may have a great affinity for amino acid 
X, but transport little because its capacity is small. Moreover, 
for a given amino acid, multiple carrier systems may be at play to 
accomplish the net transport of the material. A high affinity, low 
capacity carrier may transport only 20%, but transport no other 
amino acid, while a low affinity, high capacity carrier may trans
port the bulk of amino acid. This latter carrier, because of the 
low affinity, is at risk to malfunction when supplied with a sub
stance or amino acid for which it has a greater affinity . 
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FIGURE 4c 

Standard saturation curve "a" is disordered in 
two ways. The first (line b) is a carrier with 
reduced Km but normal number of molecules so 
the Vmax or total capacity is normal. The 
second (line c) is a carrier with reduced 
transport capacity but normal affinity. 

These considerations, as displayed in Figure 4c, become important 
principles for understanding the nature of the underlying carrier 
defect in the clinical disorders of amino acid transport. 
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THREE BROAD CARRIER SYST~lS TRANSPORT N1I NO AC IDS 

Amino Acids 
Transported Basic Structure Disease 

1. dibasic amino R --NH Cystinuria 
acids and I 2 
cystine CH -- NH2 I 

COOH 

2. a ami no neutra 1 R Hartnup's 
amino acids I Disease 

NH2 - CH 2- COOH 

3. Imino acids 

O'cooH 

Familial 
and glycine iminoglycinuria 

N 
H 

Three broad carrier systems transport the bulk of the amino 

acids. It has been the very disorders about wh i ch this review will 

soon discuss that has provided the proof of this contention . One 

carrier system transports only the dibasic amino acids to the exclu

sion of all other amino acids. The sulfated amino acid, cystine, 

shares this ca r rier the malhandl ing of which provides the major 

clinical problems so that the disorder of this system is called 

cystinuria. The second broad carrier system transports only the 

neutral alpha amino acids, those which are monamino and mono

carboxylic . The disorder of this system causes Hartnup 's disease. 

Glycine and the imino acids share the third broad system the 

disorder of which is called familial iminoglycinuria. This review 
will dewll on these three disorders in more detail below. 
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Suffice to say that there are four general principles which 
govern the function of the broad carrier systems (Table 7). 

GENERAL PRINCIPLES GOVERNING BROAO CARRIER SYSTEMS 

FOR AMINO ACID TRANSPORT 

1. The carrier generally exhibits high capacity and relatively 
low affinity accomplishing bulk transport. 

2. Each carrier recognizes individual amino acids within 
the group transported in a hierarchical fashion 
(Km varies). 

3. Within the broad carriers systems a number of discrete 
carriers exist (range of Km for given AA) 

4. High affinity, low capacity back up systems exist. 

First the carrier system is suited for bulk movement of material. 

This means that the pump needs to have a relatively high capacity 
and can have a lesser affinity. Flooding the pump allows it to 

function maximally. Trouble potentially may arise only when very 

small concentations of substrate are present the loss of which would 
cause disease only if a high affinity, 1 ow capacity back-up sys tern 

were not to exist. While each carrier system transports a number of 

ami no acids, it does not do so equally. There is an estab 1 i shed 

hierarchy or preference for a given amino acid by the carrier so 

that there are a range of Km' s or affi ni ties for the transported 
substances. Within a broad carrier system a given transported amino 

acid may be reabsorbed by several discrete carriers each with dif

ferent kinetic properties. 
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C Disorders of the Three Broadly-Defined Carrier Systems 

a. Introduction 

General clinical features of cystinuria are outlinec 

in the table below . 

Clinical Features 

1. autosomal recessive 

2. transport defect of intestine and kidney 

3. severe nephrolithiasis - cystine crystals 

4. early renal failure 2° to nephrolithiasis 

5. one of most common inherited disorders 1/10,000 tota ; 
1/2,500 Libyan Jews 

6. male more affected than females 

7. 2nd - 3rd decade peak expression 

A transport defect leading to the passage of exces ~ 

amounts of cystine in the urine has been recognized sincE 

1810 when Wallaston first described the finding of < 

sulfur-containing material in the urine of a patient witt 

severe nephrolithiasis. This disease is one of the mos 1 

common of the genetic disorders affecting 1:10,000 indi · 

viduals (15) . In some highly selected inbred population ~ 

cystinuria is even more common. For example among th ( 

Libyan Jews 1 in 2,500 {16) are affected . This diseas E 

can strike at any age, first recognition of cases ha ~ 

occurred in patients prior to age one and after BO. But 
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patients most commonly come to medical attention in the 
second and third decades (15). Thus, cystinuria is one of 
the amino acid transport disorders which because of its 
devastating clinical problems, the age of onset, its 
frequency, and the eventua 1 consequence is an important 
entity for the internist. 

Cystinuria is a genetic disorder of the broad carrier 
system 1~hich transports the dibasic amino acids and 
cystine. Aspects of transport for these amino acids are 
outlined in the following table. 

RENAL TRANSPORT OF CYSTINE AND DIBASIC AA 

1. single proximal tubule carrier system for AA in which 
amino groups separated by 4-6 C or S Dent and Rose -
3 generalized carrier defects 

a. mixed dibasic and sulfated AA transport defect 

b. hereditary dibasic aminoaciduria without 
cystinuria 

c. cystinuria without dibasic aminoaciduria 

2. a number of proximal tubule systems handle sulfated 
and dibasic AA, some shared, others not 

3. apparent distal secretion exists for cystine 

H H:N, ;SH 

r-----1 \"" H-J-NH, f NH 
I 

-r-~H-tNH, ~· -E· <r>-
~ H -NH, MJ-~ OOOH H OOOH H OOOH c,,.,., Ly•int OrtrithiM A.rr;,.;,., 

FIGURE 5 
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Figure 5 displays the chemical structures for these amino 

acids which include lysine, arginine, ornithine and cys

tine. In all affected individuals there are enough 

secondary carriers so that ornithine and arginine are 

rarely in excess in the urine. Although a greater defect 

exists for lysine, the loss of 1.6 mg into the urine 

causes generally no clinical problem as a normal prott.!in 

diet supplies in excess of 5 mg/d of lysine. It is the 

appearance of 600-1800 mg of cystine each day in the urine 

that accounts for the important clinical features of this 
disease. 

b. History 

History 

1810 

1824 

1833 

1908 

1951 

CYSTINURIA 

Unusual stones from bladder calculi 
called cystine oxide 

Hexagonal cystals in urine 

Analyzed stones and found not an 
oxide; felt stones made in bladder 

Felt to be an inborn error of 
metabolism 

Demonstrated rena 1 origin of 
defect 

Wollaston 

Stromeyer 

Berzelius 

Garrod 

Dent and 
Rose 

As mentioned, W.H. Wollaston first described an 

unusual sulfur-containing stone which he felt was a cys-

tine oxide (17). A chemist named Stromeyer found the 

typical hexagonal shaped crystals in the urine as 

described by Dr. Noehden in 1824 (18). He reanalyzed 

this unusual form of stone showing that it did not have an 

oxide form naming the new material cystine (19). It was 
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Berzelius who stated clearly that the stones were formed 
in situ in the bladder. Garrod propagated another inac
curate view of this disease when he included cystinuria in 
his list of inborn errors of metabolism in the Croomian 
lectures published in the 1908 _[,EnceJ. (20). It were Dent 
and Rose in 1951 who clearly showed that cystine was 
increased in urine in the face of a normal or even 
depressed plasma concentration suggesting the renal origin 
of the disorder (21). 

c. Clinical Picture 

DIAGNOSIS OF CYSTINURIA 

1. Clinical picture- nephrolithiasis 

2. Typical cystine crystals in first 
voided urine 

3. Nitroprusside screening test 

4. Quantification of plasma and 
urine amino acids 

The diagnosis of cystinuria is made based on four 

criteria outlined in the above table. A discussion of 
each follows below. 

The primary clinical impact in cystinuria can be laid 
to the instability of cystine in urine pH. 
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FIGURE 6 

Cystine solubility curve depicting 
the minimal soluble concentration 
at a given urine pH. 

Figure 6 shows that less than 400 ~g/ml or 400 mg/1 of 

cystine is soluble in a urine with a pH from S-7. Not 

until urine pH exceeds 8 can as much as 1000 ~g/ml be 

soluble (22). Since patients with . cystinuria frequently 

pass more than 600-1800 mg/1 per liter, they are in con

stant danger of nephrolithiasis. 
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CYSTINURIA 

Clinical Features II 

1. most frequent presentation- renal colic 

2. UTI common 

3. urinary tract obstruction in young, 
non-diabetic calls cystinuria to mind 

4. Renal failure - common outcome prior to effective 
therapy; cause of death in 50% of homozygotes 

(Bostrom and Haembrius, 1974) 

The signs and symptoms prevalent in cystinuria can be 
abstracted from the large series collecting by Bostrom and 
Haembrius as shown in the table above. Renal calculi 
causing renal colic is the most frequent clinical present
ation, although urinary tract infections and obstructions 
are not infrequently encountered. In fact, urinary 
obstruction in a young adult in the absence of diabetes 
mellitus should bring the diagnosis of cystinuria to mind. 
Although the frequency of the disorder is equally 
distributed between males and females, males seem to be 
more clinically affected. Renal failure requiring dialy
sis or transplant is not an uncommon outcome for untreated 
patients. Prior to effective therapy 50% of patients with 
cystinuria died from renal failure and all had consider
ably shortened life spans (15). 
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CYSTINURIA 

Cystine Stones 

yellow-brown color; hexagonal 

maple sugar crystal surface 

radiopaque - appear smooth 

multiple recurrent or staghorn stone 

can have calcium salts associated 

The renal calculi are quite distinctive as showr. 

above . They are yellow-brown in color with a hexagona l 

shape. The surface is roughened 1 ike dried maple. sugar. 

Importantly, the stones are smooth and radioopaque but of 

a different density from stones formed from calcium salts 

so that they can be frequently distinguished radiographi

cally. The · cystine stones can grow quite large and often 

present as staghorn calculi, large bladder stones, or even 

form negative casts of the entire outflow tract. Herring 

in his heroic analysis of 10,000 renal calculi foun d 

cystine in about 1% of the stones (23). 
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As shown in Figure 7 from Herring's work, 70% of the 

stones containing any cystine were comprised totally of 

the cystine, 25% were mostly cystine and still others were 
associated with calcium salts. 

CYSTINE IN STONES OF CYSTINURIC PATIENTS 

Pure cystine 

Mixed cystine:calcium salts 

No cystine· 

(Bostrom and Haembrius, 1974) 

50% 

40% 

10% 

BostrOm and Haembrius examined stones from patients with 

proven disease and found more sobering data (15). Fifty 
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percent of patients in several large Scandanavian kindred ~ 

passed pure cystine stones while 40% passed mixed stone~ 

containing large amounts of cystine peppered with variou ~ 

calcium salts. The addition of the calcium salts 1~il l 

alter the radiodensity of the cystine stone. Intri

guingly, almost 10% of the stones passed in patients 

clearly cystinuric might contain no cystine at all. Thi s 

finding implies that, although the finding of cystinE 

stone is diagnostic, the absence is not helpful. 

d. Diagnosis 

Cystinuria should be considered in the general evalu

ation of nephrolithiasis. The younger the patient, thE 

higher ought be one's suspisions. The nitroprusside test , 

a routine urine screening test that can be performed ir 

the internist's office, has been well validated. It 

almost always reveals sulfur compounds in the urine of 

homozygotes and is often helpful in screening hetero

zygotes (24a,24b). 

NITROPRUSSIDE TEST 

Sodium cyanide added to urine + NH40H 

cystine + cysteine 

cysteine + sodium nitropusside red color 

False positives: 

-21-
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This test involves conversion of cystine to the reduced 

compound cysteine by sodium cyanide in alkaline urine . 

The cysteine will form a magenta red complex with sodium 

nitroprusside, the intensity of which is proportional to 

the amount of cysteine present. False positive reactions 

can be seen in patients with i1omocystinuria whose clin i cal 

picture is quite different, those with acetonuria, and in 

those taking sulfa drugs. If either the screening test is 

positive or cystine crystals are found, more sophisticated 

measurements of plasma and urine amino acids should be 

performed . 

CYSTINURIA 

Plasma and Urine AA Findings 

1. t diamino, monocarboxylic AA in the urine-

Lysine > arginine > ornithine 

2. t cystine: nl < 300 mg/1; 600-1300 mg/1 homozygotes 

3. t mixed disulfides of cystine 

4. plasma levels of affected AA low or nl 

5. plasma cystine markedly reduced, implying important GI 
transport defect 

Upon examination of the plasma or urine (see above table) 

one will find elevated diamino-monocarboxylic amino acids 

in the urine with lysine found in excess of arginine and 

ornithine, which may be present in normal concentrations . 

Of course the hallmark urinary finding is increased 

cystine and its various mixed disulfides. Plasma levels 

of these amino acids are normal or low, the latter finding 

is especially applicable to cystine. 
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DIAGNOSTIC CRITERIA IN MAYO CLINIC SURVEY OF 

89 HOMOZYGOUS CYSTINURICS 

Cystine stone 55% 

Crystalluria or positive 11% 
cyanide nitroprusside 
alone 

Cystine excretion > 66% 
400 mg/day 

Elevated urinary 33% 
cystine, ornithine 
arginine, and lysine 

(Dahlberg et al Mayo Clinic Proc. 1977) 

The diagnosis in homozygotes is relatively straight 

foNard. Dahlberg and colleagues reviewed the diagnosti 

criteria in 107 patients seen at the Mayo Clinic fro 

1950-75 in whom 89 homozygotes were found (25). In ove 

half the patients a stone with cystine was found. Two 

thirds of these patients excreted more than 400 mg/da. 

while 1/3 had elevated urinary levels of cystine and th 

dibasic amino acids. Only 10% had only cystine crystal 

or a positive nitroprusside test. Diagnosis in hetero 

zygotes is more difficult. As shall be seen when genetic 

of this disorder are discussed in more detail, cystinuri 

is truly a genetically heterogeneous series of disorder 

with variant heterozygote phenotypy. 
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One useful test whi ch may discern heterozygotE 

affected individuals is an oral cystine loading tes t 

(Figure 8). 
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In this test, described by ~linami and colleagues, an oral 

cystine load of 0.5 mmol/kg is administered. By four 

hours after the consumption of the test load one observes 

increased urinary excertion of cystine in all hetero

zygotes without overlaps ( 26). This test has become a 

useful maneuver in family studies for the genetic 

counselor. 
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e. Pathophysio~ 

Lumen 

Blood 

MECHANISMS TO EXPLAIN CYSTINURIA 

FIGURE 9 

From the introductory remarks it must be clear tha t 

the broad carrier system which transports cystine and thE 

dibasic amino acids is in some fashion deranged in cystin

uria. Various hypothetical models are depicted in FigurE 

9. The simplest model of the deranged carrier is tha t 

proposed by Dent and Rose. They postulated that thE 

lumenal membrane carrier protein was itself deranged (21) . 

Although a defect in the various lumenal membrane carrier 

proteins may exist, several pieces of experimental evi

dence has caused amendments in the view of Dent and RosE 

and even raised other possibilities. Fox et al studiec 

the uptake of labeled amino acids from kidney biopsy 

tissue of patients with cystinuria (27), and found accumu

lation to be nonnal. This raised the possibility that 

reabsorptive transport proceeds nonnally but efflux fran 

the cell is deranged so that there is cellular accumula

tion and spillover or that efflux is actually enhanced ana 

there is back diffusion. Newer data show that cells ca r. 
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accumulate these amino acids from both the lumenal and 

anti-lumenal membranes (28), and that cellular secretory 

mechanisms can add to the concentration of the amino acid 

in the urine (30). Final resolution of the experimental 

controversies rest on the description of three distinct 

carriers which handle this class of amino acids. 

3 CARRIERS FOR CYSTINE AND DIBASIC AMINO ACIDS 

1. Shared system - handles dibasic amino acids and 
cystine at high capacity for all 

2. Dibasic amino acids alone 

3. Cystine alone - very rarely disordered 

The first of these is a shared system with high capacity 

for all but with a preference for the dibasic amino acids 

(31). It is this shared system which is most often 

affected in patients, the low affinity (Km) for cystine 

plus tubular secretion accounting for the larger amount of 

this particular amino acid in the urine. The second 

system is a moderate capacity system serving the transport 

of the dibasic amino acids alone which functions as an 

auxiliary to reclaim some of these materials rejected by 

disease of the first, shared pump ( 32). The 1 as t pump 

recognizes cysttne with high affinity but low capacity and 

cannot reclaim the dumped cystine (33). 

-26-



CYSTINURIA - GENETICS 

1. autosomal recessive 

2. genetic heterogeneity - variant phenotypy argues for 

variant genotypy. 

3. characterized by phenotypic expression detected in 

heterozygotes and by the nature of the accompany i n• 

intestinal transport defect. 

Analysis of families with known probands who excrete' 

more than 400 mg of cystine per mg urinary creatininr 

clearly showed that cystinuria is inherited as an auto· 

soma 1 recessive disorder. The genetic heterogeneity o· 

this disorder was suggested by the variant phenotypi < 

expression observed in heterozygote subjects, some of who1 

are unaffected and thus display normal urine in an unpro· 

voked state, others of whom excrete more than norma · 

amounts of cystine and lysine. Combining the nature of a1 
accompanying intestinal transport defect for these amine 

acids along with the excretory pattern has allowed fonnu · 

lation of three distinct types of cystinuria (34). 
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- CYSTINURIA - PHENOTYPIC EXPRESSION 

~ Type I I Type I I I 

Intestine No transport 0 Lysine -1- Lysine 
of dibasics -1- Cystine ± Cystine 
or cystine 

Kidney 

Homozygotes t dibasics + t t 
cystine 

Heterozygotes r~ormal t t 

In type I there is total abrogation of intestinal trans

port for the index amino acids, but the urinary excretion 

pattern is nonna 1 in the heterozygotes. In both types I I 

and III an intestinal defect exists for the diabasic amino 

acids. Type III is distinguished by virtue of normal 

intestinal cystine transport so that oral loads of cystine 

easily raise plasma levels which can unmask heterozygotes 

and cause disease. In both types I I and. I I I heterozygotes 

is may have excess lysine and cystine in the urine but 

this of greater degree in type III than II precisely 

because of the intact intestinal transport system (35). 
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..... · 

CYSTINURIA 

Aims of Medical Management 

1. Reduce cystine load - low methionine diet 

2. Increase solubility 

a. increase amount of urine - increase to 4-7 1/ d . 

b. increase pH of urine- > 7.5 

3. Convert cystine to the more soluble cysteine 

a. penicillamine 

b. mercaptopropionylglycine (Hautmann et al., 1977 

The aim of treatment in cystinuria as outlined in th . 

above table is to reduce the load of ~soluble cystine by 

1) reducing the plasma load, 2) altering the urine t 

enhance sol ubil tty, or 3) converting the cystine to a rnor. 

soluble material. Although it is possible on a rnetaboli • 

ward or in a unique patient to sustain a diet virtuall : 

absent in methionine, the major dietary source of cystine 

and thereby demonstrate clinical efficacy for such , 

therapy, this diet for most patients is impossible (36) 

Increasing the urine volume to 4-7 liters increases th : 

solubil tty of cystine and can be shown to be effectiv • 

treatment for selected well motivated patients (37) 

Patients are most vulnerable during sleep periods at whic! 

time mild dehydration increases the risk of cystine pre· 

cipitation . The patient undergoing forced water diuresi 

needs to consume volume throughout the day, usually on a · 
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hourly schedule, which is cumbersome. Because the solu

bility of cystine increases sharply above pH 7.5, alka-

1 inization of the urine has been attempted. Again this 

therapy must be in force for all 24 hours of a day. 

Additionally, raising the pH decreases the so 1 ubil ity of 

several calcium salts which may be associated with cystine 

stones. 

The rna ins tay of modern therapy has been the conver

sion of urinary cystine to the more soluble cysteine by 

the drug 0-penicillamine. Although this drug has been 

very effective in preventing and even lysing stones (38), 

it has several side rea·ctions including serum s i ckness, 

nephrotic syndrome, and cytopenia. These effects have 

fostered a search for less toxic but equaliy effective 

drugs. One agent, mercaptopropionyl glycine, has had a 

promising but small trial (39). Until further evaluation 

is complete, however, judicious use of a-penicillamine 

will remain the treatment of choice. 

2. Hartnup Disease 

a. Introduction 

In contrast to cystinuria, Hartnup Disease is rare 

and encountered in the pediatric rather than adult prac

tice. D.N. Baron and co-workers described the first four 

cases of what they called "Hereditary pellagra-like skin 

rash with temporary cerebellar ataxia, constant renal 

amino-aciduria and other bizarre biochemical features." 

(40). The syndrome was first called Hart's disease after 

the chap who recognized the proband, but was changed to 

"honor" the first family so described. To date as many as 

49 cases have been documented in the literature of this 
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abnormality in the transport of the neutral alpha amine 
acids (41). The original case of Baron was brought t c 
medical attention because the mother of a twelve year ole 

boy noted that a red sealy rash on the face and neck of 
her son, which resembled the pellagra that her sister oncE 
had, did not respond to Vitamin B. In addition the bo.} 
was "faltering like an old man". The child was short ot 
stature, had a typical pellagra-like rash, neurologic 
signs of cerebellar ataxia, periods of disordered behavior 
and even abnormal thought processes. 

b. Clinical Features 

HARTNUP DISEASE 

Clinical Features- intermittent, variable, with attacks. 

1. skin lesions - red, scaly rash; can be dry, raw or 
blistered 

2. neurologic - fully reversible cerebellar ataxia during 
attacks especially of skin rash 

3. psychiatric - range from instability through hallu
cinosis to delerium, some retardation 

4. constant aminoaciduria - precise pattern with normal 
serum levels, therefore of renal origin 

5. excretion of tryptophan derivatives in excess 

The original description of the proband is absolutel: 
typical of all described affected individuals. An outlin1 
of the constellation of signs and symptoms appears in th1 
table above. All clinical manifestations, other than th• 
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urinary findings, are intermittent with varying severity 

during discrete attacks. The classical skin lesions are 

described as red and scaly, worse in photosensitive areas. 

The rash can be dry, raw or even blistered. Cerebellar 

ataxia can be quite severe especially during a bout of 

violent skin eruption. The findings may be anything from 

mild ataxia noted on fine movement to a broad based, high 

stepping gait, nystagmus, diplopia, and even coma. Sub

jects can a 1 so experience periods of tot a 1 neu ro 1 og i c 

quiescence. Psychiatric impairment is the most function

ally significant problem which beclouds what can be a 

relatively normal existence for these patients. Patients 

can have symptoms of emotional instability, periods of 

acting out and anger. They may also have hallucinosis, 

delerium, and even periods of frank catatonia or coma 

(42). Mental retardation has been thought present but 

there is no progressive loss of cerebration (43). Diar

rhea has not infrequently been found. Thus, the affected 

children present with an inconstant pellagra-like syndrome 

characterized by the classic three d's of dermatitis, 

dementia, and diarrhea the pathogenesis of which is 

directly related to urinary losses of the essential amino 

acid tryptophan. This invariant finding in these children 

allows one to diagnose and explain the more variant clini

cal features. There is a constant aminoaciduria with the 

passage of the monocarboxyl ic, monamino, neutral alpha 

amino acids into the urine in the face of normal plasma 

concentrations. The further breakdown of tryptophan into 

its derivatives in the urine imparts a peculiar odor to 

the urine which is frequently the presenting complaint of 

the parent of an affected child. 
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c. Diagnosis 

HARTNUP DISEASE 

DIAGNOSIS 

1. the constant feature is excretion of free amino acids 

with monocarboxylic structure 

a. total urinary aminp acid N not adequate for 

diagnosis 

b. an abnormal pattern with low excretion levels 

of some still makes diagnosis 

2. tryptophan loading test - 72 mg/kg oral load leads to 

marked urinary loss of the metabolite SHIAA 

3. differential -pellagra in which AA excretion normal 

When an individual or sibs in a kindred are suspecte< 
of having Hartnup's disease a diagnosis can rather easil ~ 

be made using the criteria in the above table. Increase< 
urine amino acids is not adequate to make the diagnosis a! 
the disturbed transport system is highly specific leadin ~ 

to precise patterns as shown in the next figure . 
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FIGURE 10 

Urinary amino acid patterns of normal 
subjects and children with Hartnup 
disease (from Stanbury et al., 
Metabolic Basis of Inherited Disease, 
1978) 

Figure 10 demonstrates that alanine, asparagine, gluta

mine, histidine, leucine, isoleucine, phenylalanine, 

serine, threonine, tyrosine, valine, and most important, 

tryptop,han are those amino acids which appear in the urine 

in excess. Indole and S-OH-indole acetic acid (5HIAA) are 

not constant enough features of the urine in patients on 

normal diets to be effective easily obtained screening 

tests. A tryptophan loading test in which 72 mg/kg of 

L-tryptophan is administered orally markedly enhances 

5HIAA excretion and can be helpful in the diagnosis (44). 

The only viable alternative diagnosis is dietary pellagra 
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in which the excretion pattern of the amino acids i~ 

perfectly normal (40). 

d. Genetics 

The disease is found only in homozygotes, affect : 

males and females equally, and has an inheritance patterr 

in kindreds that is best described as autosomal recessive. 

Because of the various combinations of renal and intes· 

tinal abnormalities in different kindreds, Hartnup' : 

disease is felt to be of heterogeneous phenotypic expres 

sion ( 45) . 

e. Pathogenesis 

HARTNUP DISEASE 

PATHOGENESIS 

1. primary defect is renal and intestinal transport 

2. fecal and urinary losses of tryptophan reduces the 

level of this AA essential for nicotinamide 

metabolism 

3. reduced nicotinamide can lead to pellagra 

4. no explanation for neurologic "attacks" - tryptamine 

and indoylacetic acid implicated 

Three of four aspects of Hartnup's disease can bt 

scientifically explained (above table). As discusse• 

above the primary defect is the failure of the rena 

proximal tubule to reclaim the neutral amino acids in , 
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normal fashion . The loss, as much as 60 mgjday for tryp
tophan, can lead to profound niacin deficiency. 

S·OH INDOLEACETIC ACID 
t 

SEROTONIN 
t 

5·0H TRYP 
t 

TRYPTOPHAN 

t 
FORMYLKYNURENINE 

+ KYNURENINE 

I 
3·0H KYNURENINE 

I 
3·0H ANTHRANILIC ACID---- C02 

NICOTI~C ACID-- DIPHOSPHOPYRIDINE 
' NUCLEOTIDE (DPN) 

NICOTINAMIDE 

FIGURE 11 

The pathways of . tryptophan metabolism is displayed in 
Figure 11. Tryptophan is transformed to kynurenine, thence 
to 30A-anthranilic acid and to the vitamin nicotinic acid, 
the deficiency of which leads to the pe l lagra-like fea
tures of the disease. The urine contains the necessary 
enzymes to convert the excess tryptophan to S-OH-trypto
phan and thence to SHIAA and the indicans. 
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f. Treatment 

HARTNUP DISEASE 

TREA TI>1ENT 

Early recognition and therapy leads to normal life. 

1. high protein diet - reverses stunted growth 

2. decreased sun exposure 

3. nicotinamide 250 mg/d - clears rash and neurologic 
deficits; psychiatric disturbance may persist 

The importance of the roles of tryptophan and nicotir 

mide in producing clinical features observed in patient ~ 

with Hartnup's disease has suggested the appropriatE 

treatment. Firstly, the large losses of essential amine 

acids has been felt to be in part responsible for th t 

stunted growth of the patients. Therefore, a diet rich i r 

protein is the first modality of recommended theory . 

Secondly, the photos ens it i vi ty of the rash demands tha t 

sun exposure be 1 imited. Host importantly, the admini

stration of nicotinamide {250 mg/d) has cleared the ras~ 

and lessened the neurologic defecits (46). Unfortunately , 

all of the psychiatric manifestations are not as success

fully managed. If a child is recognized and treated ir 

infancy, prognosis for a relatively normal 1 ife is gooc 

(43). 
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3. Familial Iminoglycinuria 

a. Introduction 

CLINICAL FEATURES OF IMINOGLYCINURIA 

1. autosomal recessive inheritance 

2. absolutely benign 

3. transport defect always found in the kidney and 
sometimes also in the gut 

4. 1 case per 20,000 - rare 

5. defect is proximal tubular reabsorption of proline, 
hydroxyproline, and glycine 

6. these peptides are in excess in the urine and low 
or normal in the blood 

The last of the aminoaciduria to be discussed 

involves a defect in the third representative of the broad 

amino acid transport carrier systems, that for the imino 

acids . and glycine. Clinical features of this entity are 

displayed in the above table. This autosomal recessive 

disorder, in contrast to cystinuria and to Hartnup's 

disease, causes no clinical illness in adults or children 

thus is absolutely benign. Interest remains high in this 

entity because of the lessons it teaches about renal 

transport physiology, genetics of human disease, and renal 

ontogeny. 

-38-



The chemical structures for the two imino acids, 

proline and hydroxyproline, and glycine are shown in 

Figure 12. 

IMINO ACIDS & GLYCINE 

H H 

PROLINE HYDROXYPROLINE GLYCINE 

FIGURE 12 

The transport defect in this entity is always mani

fest in the kidney, and in some kindreds, in the jejunum 

as well. The case frequency is said to be 1:20,000 but 

this is probably an over estimate of this rare entity. 
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b. Pathophysiology 

Features of the transport of these materials appear 

below. 

TRANSPORT OF IIHNO ACIDS AND GLYCINE 

1. glycine constitutes 1/3 total urinary AA nitrogen 

2. glycine clearance 1.5-8 ml/min 

3. glycine reabsorption is inefficient; 2-7% rejection 

4. reabsorption for proline and hydroxyproline very 
efficient and approaches 100% 

5. neonatal ontogeny of glycine transport - requires 
6 months before adult transport capacity reached 

6. a separate carrier system(s) exist for these peptides 

7. the pumps taken together exhibit {T ) saturation for 
Pro and OH Pro but not for glym 

8. 3 separate pumps identified - one high capacity and 
shared by Pro, OH Pro, and Gly with different 
affinities and two low capacity sites with 
preference for Pro or OH Pro 

Glycine normally constitutes more than 1/3 of total 

urinary amino acid and has the largest clearance of any 

single amino acid, ranging between 1.5-8 ml/mn (47). 

While reabsorptive efficiency is high for most amino acids 

in general and for proline and hydroxy proline in particu

lar, efficiency for glycine, at best, is low so that, in 

the adult, as much as 7% of the filtered load of glycine 

is rejected and appears . in the final urine (48). The 

carrier handling glycine is unique in that there is pro-
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1 onged maturation so that 6 months of 1 ife is frequentl ~ 

required prior to attainment of the adult capacity . 

inefficient as that is. 

PATHOGENESIS OF IrUNOACIDURIAS 

1. lumenal carrier defect - Michael is-f1enten saturation 
kinetics described for renal slice uptake of AA 
(Scriver et al . , 1964) 

2. increased back diffusion not supported by data 

3. a mouse model of renal intracellular proline oxidase 
deficiency argues back diffusion problem may be 
seen in some families (Scriver et al., PNAS, 1975) 

4. heterogenous disorder - some variants have only 
partial pump defect on basis of altered carrier 
affinity for one of the three peptides 
(altered Km) type 

Transport utilizing the carrier systems for the imine 

acids proceeds in a manner describable by i4ichael is-f4ente r 

saturation kinetics. The defect in familial iminoglycin

uria (see above table) appears to be entirely of thE 

transport of the index amino acia across the lumena i 

membrane. There is no evidence for increased back diffu

sion, as there is in cystinuria, to explain the exces ~ 

urinary excretion (50). A mouse model, in which rena l 

intracellular proline oxidase deficiency led to bac ~ 

diffusion has been described by Scriver and coworker~ 

which suggests that one might be able to find a kindrec 

different from those described to date (51) . 
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FAMILIAL IMINOGLYCINURIA 

3 Pumps Transport Proline, Hydroxyproline and Glycine 

1. shared carrier- low affinity, high capacity; defective 
in the disorder 

2. imino acids alone - with high affinity, low capacity 10% 

3. glycine alone 

Careful analysis has demonstrated the existance of at 

least three distinct carrier systems within the broad 

based system for these amino acids. Suggestive evidence 

for several pumps was found in the observation that 

affected individuals lose only 10% of filtered proline and 

hydroxyproline but the bulk of the filtered glycine. 

During loading one can achieve an increased imino acid 

clearance with no alteration in glycine handling - which 

presupposes the presence of at least one shared pump and 

one which recognizes glycine only (52,53). In fact three 

specific pumps are known to exist (54). One is a low 

affinity, high capacity carrier shared by all three 

materials and in the carrier most frequently defective. A 

second pump recognizes imino acids alone, has a high 

affinity but a low capacity corresponding to 10% of the 

load. The last is a poorly efficient glycine pump. 
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c. Genetics 

II 

III 

FANILIAL IMINOGLYCINURIA 

PHENOTYPES OF AUTOSOMAL RECESSIVE DISORDER 

Decreased transport 

Norma 1 

Norma 1 

Heterzygotes 

Normal glycine 

Normal glycine 

Slight elevation 
of glycine 

As mentioned , careful analysis of kindreds, especi

ally those displaying high degrees of cosanguinity, has 

provided evidence for autosomal recessive inheritance of 

the transport defect (55). Three phenotypes have beer 

described based on abnormalities in an intestinal com

ponent of the transport defect and on phenotypic expres

sion in heterozygotes. 
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Complex patterns of proline and glycine 
excretion in various genetic types of 
familial iminoglycinuria. 

In type I disordered jejunal transport is part of the 

picture. In types II and III instestinal transport is 

normal Type III is distinguished from type I by the 

presence of glycine in the urine of heterozygotes (45). 

To further compound the genetic hetereogeneity, it is 

clear from the work of Green and colleagues that the 

carrier defect itself may be of two kinds. As shown in 

Figure 11 of proline titration curves, the majority of 

patients exhibit a defect in the Tm, or the total capacity 

of the pump with the heterozygote 1 ess affected than the 

homozygote. This defect is found in all three phenotypes. 

A rare mutant has been found in which the shared carrier 

has a normal Tm but a depressed affinity or Km (56). From 
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all these data has arisen the concept that four mutant 
alleles at a single gene locus gives rise to the familial 
iminoglycinurias. 

d. Treatment 

No therapy need be direct to these patients in whom 
the transport defect causes no illness. 
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III. Renal Glycosuria 

A. Introduction 

The excretion into the urine of glucose in an isolated fashion 
in the face of normal blood glucose concentrations constitutes the 
tubular disorder renal glycosuria. This entity although totally 
benign has pennitted explication of the nonnal physiologic ;Jrin
ciples which govern renal glucose transport in the same fashion as 
did study of the aminoaciduris for renal transport of the amino 
acids. 

B. Nonnal Transport 

Indeed those principles of renal glucose handling closely 
resemble those reviewed in great detail above and summarized in the 
table below. 

NORMAL GLUCOSE TRANSPORT 

1. concentration in glomerular filtrate in Bowman's space 
equal to plasma (Walker et al., Am J Physiol 1941) 

2. active reabsorption in the proximal tubule against 
concentration gradient; blocked by phlorizin 

3. reabsorption approaches a tubular maximum (T ) sug
gesting a membrane carrier in finite, satu~able 
concentration 

4. splay in the curve relating glucose load to reabsorp
tion thought to represent nephron heterogeneity 

5. glucose reabsorption under the constraints of Na+ and 
volume status (Robson, Kurtzma~, Higgins and Meinders) 
carrier mechanism must take Na into account 

-46-



Glucose is freely filtered so that the concentration in Bowman 's 

space is equivalent to that in plasma (57). The site of the bulk o 

glucose transport is the proximal tubule (although the short limb o 

Henle retains transport capabilities) (58). Since glucose disap 

pears from the tubular fluid against a concentration gradient in a 

energy dependent process, transport is felt to be active (59-61 ) 

E ... 
1.0 ~~----~--

~ .5 / ~OSE TRANSPORT 
,1" during recovery from 

// Mercury Poisoning 
0 

.5 1.0 2.0 3.0 
FILTERED LOAO/Tm 

FIGURE 14 

Typical glucose saturation curve. Transport 
as a fraction of maximum is graphed as a 
function of load. Note the saturation of 
the function and the splay or rounding of 
the curve away from the ideal represented 
by the hatched line. 

Again Michael is-Menten reabsorptive kinetics obtain so that reab 

sorption approaches a tubular maximum suggesting the presence of 

discrete membrane carrier substrate(s) with finite concentratio 

(62). The saturation uptake curve has a wide splay (see Figure 14 

which reflects either slight differences in total carriers fro1 

nephron to nephron or, more likely varied characteristics in prox · 

imal tubules in the superficial and deeper nephrons as pointed ou 

by Jacobson of Dallas ( 63). Glucose transport is constrained b: 
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similar factors as that of the aminoacids so that any model of 

transport must take volume and sodium into account (64-68). 

C. Clinical Features 

RENAL GLYCOSURIA 

CLINICAL FEATURES 

1. generally totally benign 

2. only during fasting can problems arise 

3. patients need be followed for later development of 
diabetes mellitus (Ackennan et al.,1958, found 
17/27 pts. later became diabetic) 

4. normal GFR; PAH extraction; AA and phosphate 
handling 

The clinical features of renal glycosuria are summarized above. 

If true renal glycosuria exists then no clinical disease ensues. 

This entity is, generally speaking, totally benign. Only during 

periods of total starvation or during pregnancy does the obligate 

urine loss of sugar and volume cause clinical problems. These 

patients usually come to the attention of the physician in the 

second decade of 1 ife when a routine screening urinalysis reveals 

glucose and the patient is referred to the internist for confirma

tion of a diagnosis of diabetes mellitus. Indeed the two disorders 

may not be quite distinct. Some studies have shown pure renal 

glycosuria occurring in the same family setting as diabetes mellitus 

or developing later in life (69) . Ackerman's findings of a frequent 

transition of benign glycosuria into diabetes in 17 of 27 patients 

followed for as many as 13 years {70) has not been confirmed by 

McKiddie and coworkers (71). These studies at least suggest that 

the patient with benign glycosuria bears close follow. 

-48-



The criteria for diagnosis of renal glycosuria remains that o· 

Marble (72) and appears in the next table. 

RENAL GLYCOSURIA 

CRITERIA FOR DIAGNOSIS 

1. glycosuria without hyperglycemia 

2. glycosuria independent of diet 

3. nonnal oral glucose tolerance test 

4. only glucose in urine, other melliturias 
excluded 

5. normal cellular handling of glucose 

The hallmark in the presence of glucose in the urine without hyper· 

glycemia. The transport defect is relatively stable; althoug l 

modulated by volume status, it does not vary with nonnal filtere{ 

1 oads to that it is independent of the diet. The patients rna.; 

exhibit abnormal perfonnance on none of the diagnostic tests fo 1 

diabetes mellitus. There are a wide spectrum of melliturias whic t 

can give positive urine dip stick color changes but for renal glyco

suria to be diagnosed, only the hexose glucose can be in the urine . 

Lastly, this disorder is not one in which there are various defect ~ 

of the enzymes which participate in the pathways of glucose oxida

tion or storage so that cellular disposition of glucose remain ~ 

nonnal. 

D. Genetics 

Although · unusual, this entity of disordered renal transport i ~ 

not exceedingly rare. A number of kindreds have been available for 

study. From the large family published by Hjarne has come th E 
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concept that glycosuria is autosomal dominant {73). More careful 
attention to pedigrees has proven the autosomal nature of inherit
ance with partial allelic expression so that heterozygotes may 
express mild degrees of the disorders (74). As is the rule with the 
aminoacidurias, genetic heterogeneity exists and this very _hetero
geneity has enhanced our understanding of the pathophysiology of the 
transport disorder {77). 

Nor mol 
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FIGURE 15 

Two types of glycosuria depicted; one (A) 
with normal affinity but diminished maximal 
capacity, the other with normal capacity but 
reduced affinity. 

RENAL GLYCOSURIA - GENETICS 

Type A - low T type, preserved Km with reduced 
amoun~ of carrier 

Type B - wide splay type, exaggerated or pathologic 
heterogeneity or altered Km of same number 
of carriers for substrate 
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Examining Figure 15 for reference , one kindred exhibited < 

normal saturation curve with a depressed Vmax or Tm. This Type A i ~ 

presumably the result of normal function of a reduced number Oi 

glucose carrier molecules. A second family exhibited a markedl ) 

widened splay in the titration curve. This Type B defect has bee1 

ascribed by Elsas and Rosenberg to a diminished Km' or affinity fo 1 

substrate, in some nephrons (74). One could also interpret thi ~ 

data as exaggerated heterogeneity or more likely a Km defect in on< 
sub-population of nephrons following the logic of Jacobson (63) 

E. Treatment 

As this disorder is on the whole benign, no major treatmen · 

regimen is required. Patients should be instructed to avoid pro

longed fasts, diet fads are to be discouraged, pregnant women an 

specifically instructed to eat daily. These individuals are to bt 

followed yearly for the development of diabetes mellitus. 
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IV. Disorders of Phosphate Transport 

A. Introduction 

It is not the purpose of this review to dwell on the detailed 

modulation of body calcium and phosphate or to discuss the controls 

of parathyroid hormone se~retion or vitamin D metabolism. The 

remarks here will be confined to the intrinsic defect in phosphate 

handling by the renal tubule. 

B. Physiology of Renal Phosphate Transport 

RENAL PHOSPHATE TRANSPORT 

1. Transport in proximal and distal tubules as well as in 
the cortical collecting duct. 

2. Saturation kinetics. 

3. Active process but concentrat i on in urine dependent on 
passive back diffusion. 

4. Affected by volume; transport of glucose, amino acids, 
HCOj. 

5. Under hormonal control - PTH, Vitamin D. 

In contrast to transport of amino acids and glucose, which 

seems confined to the proximal tubule, phosphate transport is more 

complex and has been found in the proximal and distal tubules and 

cortical collecting ducts . {75,76). Reabsorption of phosphate dis

plays the now familiar saturation kinetics. Uptake is an active 

process, but net removal of the anion depends on passive back dif

fusion which is influenced considerably by volume homeostasis and 

the transport of sodium, glucose, bicarbonate, and amino acids. The 

comp 1 ex i ty of phosphate transport is fostered by the primary con

trolling influence of hormones. Parathormone governs the Vmax or Tm 
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achievable by the proximal tubule in particular with respt!ct t o 

phosphate such that in its presence Tm is reduced, a classic 

response which has been the bas i s for detection of primary hyper

parathyroidism. The findings with respect to the PTH effect on the 

adenylate cyclase system vis a vis phosphate transport by the kidney 

(77,78) has permitted Rasmussen to create the following model (79) : 

1. PTH leads to activation of membrane adenylate cyclase. 

2. Activation of cyclase enhances condensation of ATP to 3' ,5'
cyclic adenosine monophosphate. 

3. cAMP binds to and activates a cytosol ic protein kinase (PK) . 

4. The active PK .Phosphorylates the membrane carrier responsible 
for phosphate transport. 

5. The phosphate moiety added to lumenal carrier from the cell 
side of the membrane renders the molecule incapable of trans
port with a resultant reduced Km. 

This scheme is graphically displayed in Figure 16. 

PTH DIRECTED TUBULAR REJECTION 
OF PHOSPHATE 

LUMEN MEMBRANE CYTOSOL 

iT" ATP 

FIGURE 16 
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Calcium ion also modulates tubular transport of phosphate expecial l 

in the presence of PTH such that the notion has arisen that Pn 

directed, intracellular calcium accumulation can also enhanc 
further cAHP activated kinase function to lower phosphate Trr 
Active vitamin D (1,25 dihydroxy cholecalciferol) may play a srnal 

role in enhancing phosphate transport in the proximal tubule 

C. Clinical Aspects 

The most important disorder of phosphate handling intrinsic t 

the renal tubule is called familial hypophosphatemic rickets (vitc 
min D resistant). A second entity, vitamin D dependent rickets i 

predominantly a defect in calcium absorption of the gut secondary t 

an enzyme deficiency in the pathway of vitamin D activation. In U 

latter disorder, the response to hypocalcemia by the parathyro i 
gland and the renal tubule is part of a normal physiologic feedba c 

loop but which causes the clinical disease. In contrast vi timan 

resistant rickets is a defect in the renal tubular capacity t 

transport phosphate and as such will be the subject of more careft 

scrutiny here. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

CLINICAL AND LABORATORY FINDINGS IN 

FAMILIAL HYPOPHOSPHAT81IA 

phosphatemia and dec. renal handling P. are only 
abnormalities found in ill patients 1 

PTH generally normal 

25(0H) 03 in blood is normal 

dec Ca absorption by gut; enhanced by Vit D 

defect in P. gut absorption; only partially corrected 
by D o~ Ca infusion 

bone abnormalities are not invariant and are mild 

active Vit D does not correct hypophosphatemia 

PTH is permissive in expression of the leak 
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FIGURE 17 

for N 

' ' 

' ' 

Differential clinical and laborabory 
features of the three major defects 
in P04 metabolism. 

In contrast to both dietary vitamin D deficiency and the enzymt 

defect leading to failure to make fully active forms of vitamin D 

disease in the tubular leak syndrome is relatively mild. Sinct 

calcium is almost always normal, no hypocalcemic symptoms such a ~ 

tetany or weakness are present (83). All children, then, hav • 

normal serum calciums, presistently low serum phosphates and growti 

retardation (84). Rickets may occur in some but always is mild an• 

confined to the lower extremities (85,86). Attack on bony develop· 

ment occurs during growth so that adults can do well with little o 

no treatment once the long bone epiphyses have closed (87). Labor 

atory investigation usually reveals normal serum calcium, low urin 
calcium, low serum phosphate, high urine phosphate, normal vitamin i 

metabolism, and elevated PTA (85,88,89). 
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0. Pathophysiology 

Clearance studies have all s.hown that there is a tubular le< 

of phosphate in this disorder with Tm reduced to below 2 standat 

deviations from normal to 50-87 ~mol/100 ml GFR (79,83). The defec 

in phosphate handling is an isolated one as the handling of glucose 

sodium, and amino acids, and PAH clearance are generally norma 

(83,87). Infusion or treatment 1~ith large amount of vitamin 0 ha 

not altered the tubular leak, hence the appellation vitamin 0 resi s 
tant in contrast to depend~nt (90). 

Final dissection of the pathophysiology of the renal defect i 

familial hypophostamenia has not been accomplished. Any model mus 

account for the rarely elevated PTH which by itself canna 

explain the present tubular leak and the vitamin 0 resistanc 

observed. The best approach is that promulgated again by Rosmas se 
(79) which is depicted in Figure 18. 

?liTHOGENESIS OF HYPOPHOSPHATEMIC RICKETS 

FIGURE 18 
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The primary defect exists in the renal tubule. Rasmussen feels tha 

the distal tubule is the most 1 ikely culprit in that transJ.lort o· 

other materials by the proximal tubule is unaffected and test infu· 

s ions of those materia 1 s do not alter the pattern of phosphat( 

transport. More recent observations in a homologous model of : 

linked disease in an inbred mouse strain (Hyr/Y) points to defectiv . 

brush borders of the proximal tubule as the site of the defec ·. 

rather than the distal tubule (82,91). Two consequences flow fro1 

the tubular defect whether distal or proximal defect. First an( 

foremost there is an obl i9ate loss of phosphate into the urin ( 

leading to hypophostemia, the diagnostic hallmark, reduced bon.: 

mineralization and growth. The reduced plasma phosphate waul ( 

nonnally raise the 1-hydroxlation of 25-0H-cholecalciferol by th L 

kidney. Rasmussen must posit a second consequence of the primar.J 

tubular defect, the failure to respond nonnally to the hypophospha

temic stimulus and further activate vitamin D. Vitamin D levels arE 

so-called nonnal but truly relatively depressed as shown recently b_y 

direct measurements (93). This leads to slight depression of th E 

plasma calcium which may or may not be offset by the extra calciun 

from bony demineralization. The net plasma calcium may activate PH 

which would lead to accentuation of the phosphate leak with phos 

phate from the proximal tubule rejected as well. Thus, calciun 

infusion or excess vitamin D can slightly raise plasma calcium anG 

reduce PTH which ameliorates in a small part bony disease but will 

not reverse the renal leak. 

E. Genetics 

The inheritance pattern in as many as 21 carefully studied 

families clearly displays a sex linked dominant disorder which is an 

interesting contrast to those tubular defects predominantly of the 

proximal tubule we have previously discussed (83,84). 
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F. Treatment 

The older therapy for familial (X linked) hypophosphatemia was 

massive doses of vitamin D with no advantage gained by using more 

active species (85,94). Despite some healing of rickets when bony 

disease was present, perhaps by overcoming the diminished gut 

absorption and secondary hyperparathyroidism, neither the tubular 

leak (therefore the hypophosphatemia) nor the growth retardation 

were ameliorated (85,94,95) . 11oreover, long term use of this 

modality led frequently to vitamin D toxicity, hypercalcemia, and, 

when oral phosphates were added, severe nephrocalcinosis (95 ~96.97} . 

It is now clear that restitution of the serum phosphate will 

adequately reverse most all aspects of this disorder (98). Glorieux 

and Scriver demonstrated that neutral phosphates (available as 

"Neutraphos") 1 to 4 gin divided doses with very small doses of 

vitamin D maintains serum phosphate in the normal range, heals 

rickets, and permits growth ·~ith virtually no hypercalcemic catas

trophies (99). Rarely will the lower extremity rickets be severe 

enough to require surgical correction especially if male children 

are examined early after birth in families at risk so that medical 

therapy can be rapidly instituted. 

-58-



V. _iummary 

An understanding of the several disorders of intrinsic renal tubular 

function discussed in this review has expanded our knowledge and appreci

ation for human genetics in general and nonnal renal physiology in par

ticular. Several of the diseases described cause devastating clinical 

illness, each one of which can be prevented or successfully treated v1ith 

therapeutic modalities scientifically designed and applied based on our 

deeper understanding of the genetics and physiology. 
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