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The Debre-de Toni-Fanconi syndrome, 
in its full expression, is a proximal tubular 
defect consisting of hyperaminoaciduria, 
renal glycosuria, hyperphosphaturia and 
acidosis due to excessive bicarbonaturia ( 1 ) .  
These manifestations are secondary to de- 
creased renal reabsorption by the proximal 
tubule. 

Substances that cause proximal tubular 
damage produce a condition comparable 
to the Fanconi syndrome, e.g. heavy metals 
(2, 3) or phosphorylated sugars (4, 5). 
Berliner et al. ( 6 )  and later Harrison and 
Harrison (7) produced a comparable condi- 
tion in experimental animals by iv or ip in- 
jections of sodium maleate. In further studies 
in rats, Kramer and Gonick (8) showed an 
inhibition of renal cortical (Na+-K+)-ATPase 
and a reduction of endogenous kidney 
ATP in addition to renal glycosuria, phos- 
phaturia and aminoaciduria. The transport 
defect induced by maleate, has served to 
demonstrate the correlation between the 
resorptive renal mechanisms of sodium, 
calcium, magnesium, and urate (9) and the 
reabsorption of bicarbonate (10, 11). 

The genetically determined human dis- 
orders cystinuria, Hartnup disease and 
Lowe's syndrome (12) demonstrate amino 
acid reabsorption defects in both the proxi- 
mal tubule and the jejunum. In order to in- 
vestigate if a comparable damage to that of 
the kidney could be demonstrated in the 
intestinal mucosa we studied the intestinal 
transport in vivo of electrolytes, glucose and 
amino acids and (Na+-K+)-ATPase follow- 
ing injections of sodium maleate in rats. 

1 A portion of this material was presented at the 
XIV International Congress of Pediatrics, Buenos 
Aires, 1974. 

Present address: Hospital de Niiios, San Justo, 
B.A., Argentina. 

These experiments indicated that the induc- 
tion of a Fanconi-like syndrome produced 
sharp changes in sodium and potassium 
transport and (Na+-K+)-ATPase without 
affecting the intestinal absorption of glucose 
and amino acids. 

Materials and methods. Male Wistar rats 
weighing approximately 150 g were given 
ip doses of either 1.5 or 9.0 mmoles/kg of 
0.15 M maleic acid solutions adjusted to 
pH 7.0 with NaOH (8). Control animals 
received a comparable volume of saline. 
Following a 30 min induction period, after 
which all experimental animals developed 
glycosuria and proteinuria, the rats were 
anesthetized with 1.2 g/kg of urethane, the 
abdominal cavity opened and a 20 cm jejunal 
segment was perfused for 2 hr with Krebs- 
Henseleit bicarbonate isotonic buffers, with 
20 or 40 m M  glucose and 1 m M  of either 
L-phenylalanine, L-lysine, glycine or a- 
aminoisobutyric acid (a-AIB). Tracer 
amounts of I4C or 3H-labeled glucose or 
amino acids were included, as well as 600 
mg/100 ml of polyethylene glycol, m.w. 
3000-3700 (PEG), as a nonabsorbable 
marker. Amino acids and glucose were 
purchased from Sigma Chem. Co., St. Louis, 
Mo. ; salts and chemicals from Mallinckrodt 
Chem. Works, St. Louis, Mo.; PEG from 
J. T. Baker & Co., Phillipsburgh, N. J., and 
radiolabeled substances from New England 
Nuclear, Boston, Mass. Full details of the 
perfusion technique and the analytical pro- 
cedures have been described previously (13, 
14). In some experiments, the concentration 
of sodium in the buffers was decreased and 
the tonicity maintained by the addition of 
mannitol to the solutions. Jejunal mucosa 
was scraped from an area contiguous to the 
perfused segment and homogenized with 
4 vol of ice-cold 0.15 M NaCl for the deter- 
mination of (Na+-K+)-ATPase (15). 

517 
Copyright @ 1975 by the Society for Experimental Biology and Medicine 
All rights reserved. 



518 EXPERIMENTAL FANCONI SYNDROME 

420- 

TABLE I. INTESTINAL TRANSPORT OF SODIUM AND INTESTINAL MUCOSA (Na+-K+)-ATPase I N  

MALEATE-TREATED RATS. 
~~~~ 

Treat men t Sodiuma (Na+-K+) -ATPaseh 
_________ ~ - .  _ _  . _ _ _ ~  _ _ _ _  ~- - __ _ _ _ _ _ _ ~  

1.5 mmoles/kg sodium maleate 94.0 f 53.6' (34)d* 218.5 f 75.OC ( 6 ) d v f  

9.0 mmoles/kg sodium maleate 51.7 f 22.3 (lop 185.7 f 76.1 (6)f 
Saline 165.8 f 39.5 (18) 317.2 f 9.9 (12) 

Values expressed in pequiv/min/cm. 
Enzyme activity expressed in nmoles P hydrolyzed/min/mg of protein. 
Mean f SEM. 
Number of determinations. 
P < .001. 

f P < .05. 

Results. The intestinal sodium absorption 
in maleate-treated rats was markedly im- 
paired. However, there were no differences 
between animals injected with either 1.5 or 
9.0 mmoles/kg of maleate (Table I). When 
the concentration of sodium in the perfused 
buffers was reduced from 140 mequiv/liter 
to 78 mequiv/liter, the absorption of this ion 
ceased, and a net efflux, that is, a blood-to- 
lumen secretion, occurred, at equal rates in 
animals given maleate or in controls given 
saline (Fig. 1).  However, when sodium con- 
centration in the buffers was further de- 
creased to 26 mequiv/liter, the secretion of 
sodium intensified in control rats but was 
not further modified in maleate-treated 
ones. 

Potassium secretion was lower in maleate- 
treated animals than in control rats in all 
three levels of sodium employed. However, 
the control rats exhibited a marked transfer 
of potassium from the circulation to the 
intestinal lumen during perfusions with solu- 
tions combining intermediate or low sodium 
levels. In contrast, experimental animals had 
a modest secretion of potassium when the 
medium had 78 mequiv/liter of sodium and 
demonstrated a net absorption of potassium 
when the sodium perfusate concentration 
was reduced to 26 mequiv/liter (Fig. 2). 

The sodium transport alterations cor- 
related with changes occurring in (Na+-K+)- 
ATPase activity of the intestinal mucosa. 
Experimental animals developed a marked 
inhibition of this enzyme with no differences 
to be found between the two dosages of 
maleate given to the rats (Table I). In con- 
trast, the intestinal transport rates of either 
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FIG. 1. Intestinal transport of sodium in rats in- 

jected with 9.0 mmoles/kg of maleate (Fanconi) and 
their controls. Measurements in vivo as described in 
the text were conducted when the concentration of 
sodium in the perfusing medium was either 140, 78 
or 26 mequiv/liter. There was absorption of sodium 
at the highest concentration of this ion in the medium, 
but a reverse flux when sodium ionic strength was 
reduced. Tonicity was maintained with mannitol. 
Six rats were used in each group. 

L-lysine, glycine, L-phenylalanine or a- AIB, 
when perfused separately at 1 m M  concen- 
tration, were identical in maleate-treated 
and in controls. Similarly, the absorption 
rates for glucose in buffers, either at 20 or 
40 m M  levels, was the same as in control 
animals (Table 11). 

Discussion. Our experiments indicate that 
the same effects on (Na+-K+)-ATPase can 
be observed in the intestinal mucosa than 
those reported for the kidney, after injec- 
tions of maleate. It has been well established 
that (Na+-K+)-ATPase is the enzyme con- 
sidered to represent the biochemical vehicle 
for the active transport of sodium and potas- 
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sium across cell membranes (16). Its inhibi- 
tion by maleate has been accepted as the 
explanation for the renal derangements ob- 
served in rats (6-11), 

The renal effects of maleate injections in 
rats are of short duration and reversible, 
since the most easily observed abnormalities, 
such as glycosuria and alkaline pH subside 
in a few hours. They are also dose-related, 
at  least up to 9.0 mmoles/kg (6, 8, 9, 10, 17). 
In spite of the transient nature of this 
damage, the disruption of intestinal mucosa 
(Na+-K+)-ATPase was sufficient to impair 
the sodium pump operating across this mem- 
brane and substantially reduce the transport 
of this ion to the serosal side. When the 

Y 1 

FIG. 2. Transport of potassium across the small 
intestinal mucosa under conditions described in Fig. 1. 
The potassium absorption was higher in the maleate- 
injected animals (Fanconi) than in those receiving 
saline when the medium had 140 or 26 mequiv/liter 
of sodium. When sodium was 78 mequiv/liter there 
was flux of potassium into the intestinal lumen in both 
groups of rats, but it was far less marked in the 
maleate-treated group. 

sodium concentration of the perfusates was 
reduced to 78 and 26 mequiv/liter, the 
transport capacity of the maleate-treated 
rats mucosa for sodium and potassium con- 
tinued to be different to that of the non- 
treated animals. The divergent behavior ex- 
hibited by potassium transport at high and 
low concentrations of sodium is in agree- 
ment with earlier observations in the kidney 
where the potassium/sodium ratio of frac- 
tional secretions exceeded unity, suggesting 
independent reabsorptive mechanisms for 
these two ions. This is in contrast to an 
interrelated functional identity of sodium 
reabsorption with that of calcium, magne- 
sium and urate (9). 

The lack of any differences in the intestinal 
transport of glucose and amino acids, using 
selected representatives of diamino di- 
carboxylic, neutral, and the glycine-amino 
acid groups, has at  least two possible ex- 
planations. The first is an insensitivity of the 
intestinal transport mechanisms per se to 
maleate. The second is that an impairment 
of sodium transport and of (Na+-K+)- 
ATPase is the sole effect of maleate and that 
no demonstrable action could be detected 
on the translocation of glucose and amino 
acids. A suggestion supporting the first of 
these hypotheses was offered by Rosenberg 
and Segal (16) who found that maleate can 
penetrate intestinal cells at  a rate only 15 70 
that observed in the kidney and that the 
renal aminoaciduria evident in animals 
treated with maleate is not due to a competi- 
tive type of inhibition with the transport 

TABLE 11. EFFECT OF 1.5 mmoles/kg OF MALEATE ON THE SMALL INTESTINAL ABSORPTION 
OF AMINO ACIDS AND GLUCOSE. 

Perfused metabolite 1.5 mmoles/kg of sodium maleate Saline 

L-lysine (1 mM) 
L-phenylalanine (1 mM) 
Glycine (1 mM) 
a-AIB (1 mM) 
Glucose (20 mM) 
Glucose (40 mM) 

3.77 f 0.14u (16)b 3.08 f 0.32 (15) 
3.08 f 0.11 (67) 
4.32 f 0.28 (16) 
3.80 f 0.17 (32) 

61.38 f 3 -56 (30) 
109.78 f 8.25 (30) 

3.00 f 0.10 (53) 
4.06 f 0.28 (15) 
3.47 f 0.16 (30) 

62.58 f 2.38 (26) 
109.13 f 5.39 (27) 

a Mean f SEM. 
Number of perfusate fractions analyzed. There were no significant differences between treated and 

control animals. 
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sites for amino acids, but to energy-yielding 
intracellular processes required to achieve 
active amino acid transport. Therefore, even 
although the intestinal mucosa may be less 
permeable to maleate, injections of 1.5 or 
9.0 mmoles/kg are sufficient to inhibit 
(Na+-K+)-ATPase of the intestinal mucosa 
and to produce concomitant alterations in 
electrolyte transport. However, since so- 
dium has been shown to be involved in 
glucose and amino acid transport (18, 19), 
the metabolic disruption produced is insuffi- 
cient to alter glucose or amino acid intestinal 
transport in vivo during the period of maxi- 
mum effects of maleate. 

Moreover, Curran et al. (20) have shown 
that the entry of amino acids into the in- 
testinal cells is not an energy-dependent 
process. Our failure to find an effect of 
maleate on the intestinal absorption of glu- 
cose and amino acids is consistent with these 
observations, since our experiments indicate 
that only the translocation of electrolytes, 
mediated by (Na+-K+)-ATPase is altered. 

Summary. The administration of 1.5 or 
9.0 mmoles/kg ip of maleate to rats in- 
duced, in addition to renal alterations similar 
to those occurring in the Fanconi syndrome, 
a decline in the intestinal mucosa (Na+-K+)- 
ATPase with a simultaneous decrease in 
sodium intestinal transport and an increase 
in potassium absorption. Further differences 
in the behavior of the two electrolytes were 
observed when the concentration of sodium 
in the perfusates was altered. No changes 
occurred in amino acid or glucose transport 
in experimental animals. 

We thank Miss Susan Moak for technical as- 
sistance. 

1. Schneider, J. A., and Seegmiller, J. E., in “The 
Metabolic Basis of Inherited Disease” (J. B. 
Stanbury, J. B. Wyngaarden and D. S. Fredrick- 
son, eds.) p. 1581. McGraw Hill, N.Y. (1972). 

2. Clarkson, T. W., and Kench, J. E., Biochem. J. 
62, 361 (1956). 

3. Chisolm, J. J., Jr., Harrison, H. C., Eberlein, 
W. R., and Harrison, H. E., Amer. J. Dis. Child. 
89, 159 (1955). 

4. Morris, R. C., Jr., J. Clin. Invest. 47, 1389 
(1 968). 

5. Cusworth, D. C., Dent, C. E., and Flynn, F. V., 
Arch. Dis. Child. 30, 150 (1955). 

6. Berliner, R. W., Kennedy, T. J., and Hilton, J. G., 
Proc. Soc. Exp. Biol. Med. 75, 791 (1950). 

7. Harrison, H. E., and Harrison, H. C., Science 
120, 606 (1954). 

8. Kramer, H. J., and Gonick, H. C., J. Lab. Clin. 
Med. 76, 799 (1970). 

9. Kramer, H. J., and Gonick, H. C., Nephron 
10, 306 (1973). 

10. Gmaj, P., Hoppe, A., Angielski, S., and Rogulski, 
J., Amer. J. Physiol. 222, 1182 (1972). 

11. Gmaj, P. Hoppe, A. Angielski, S., and Rogulski, 
J., Amer. J. Physiol. 225, 90 (1973). 

12. Thier, S. O., and Alpers, D. H., Amer. J. Dis. 
Child. 117, 13 (1969). 

13. Wapnir, R. A., Hawkins, R. L., and Lifshitz, F., 
Amer. J. Physiol. 223, 788 (1972). 

14. Wapnir, R. A., and Lifshitz, F., J. Nutr. 104, 843 
(1 974). 

15. Kramer, H. J., Backer, A., and Kriick, F., Clin. 
Chim. Acta 50, 13 (1974). 

16. Skou, J. C., Physiol. Rev. 45, 595 (1965). 
17. Rosenberg, L. E., and Segal, S., Biochem. J. 92, 

345 (1964). 
18. Schultz, S. G. in “The Molecular Basis of Mem- 

brane Function” (D. C. Testeson, ed.) p. 401. 
Prentice-Hall, Englewood Cliffs, (1969). 

19. Alvarado, F,, Amer, J. Clin. Nutr. 23, 824 (1970). 
20. Curran, P. F., Schultz, S. G., Chez, R. A., and 

Fuisz, R. E., J. Gen. Physiol. 50, 1261 (1967). 

Received May 12, 1975. P.S.E.B.M. 1975, Vol. 150. 


