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SUMMARY 

:~-Methyl-D-glucoside has been used to study the in vitro mechanism of the 
effect of  maleic acid on sugar transport, using isolated rat renal tubule fragments. 
6 mM maleate maximally inhibits the ability of  the tubule to establish a concentra- 
tion gradient for this model sugar with no evidence of ultrastructural changes. This 
inhibition is due to a 100 ~ increase in efflux, as well as to a 50 ~ decrease in influx 
with more prolonged incubation. The data presented here are consistent with those 
of  other workers, but their work does not explain our results, which therefore deserve 
further investigation by other techniques. 

INTRODUCTION 

The renal cortical transport of  c~-methyl-D-glucoside has been previously 
characterized in rat [l] and in human [2]. c~-Methyl-o-glucoside appears to share 
many of the transport characteristics, in both species, of the dietary hexoses o-galac- 
tose and D-glucose; it is competitively inhibited by both these sugars, its transport 
is active against a concentration gradient, and it is both Na + and energy dependent. 
Because of  all of  these features, in addition to which it is non-metabolizable, ~- 
methyl-o-glucoside appeared to be an excellent choice of substrate, in an attempt to 
study the in vitro effect of the transport inhibitor, maleic acid, on sugar transport. 
It has been previously reported that upon injection of maleic acid into experimental 
animals there arises a glycosuria and aminoaciduria of  large proportion, which is 
renal in origin [3, 4]. The latter workers examined the kinetic effects of maleic acid 
on transport of ~-aminoisobutyric acid by rat kidney cortex slices. Their results 
suggested that, for this model amino acid, maleic acid impaired the ability to form 
a concentration gradient by affecting efltux out of proportion to influx and, further, 
that this effect was reversible. In this paper we report a study of the kinetic alterations 
induced by maleic acid in the sugar transport by the isolated kidney tubule. 
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EXPERI  M E N T A L  

Sprague-Dawley rats were obtained from Charles River, Wilmington, Mass. 
Adult males weighing 150-200 g were fed ad libitum on Purina Chow. a-Methyl-D- 
[U-~4C]glucoside (52.2 Ci/mol) was obtained from Calbiochem, Los Angeles, Calif. 
Purity was assessed at 100 ~ .  [earboxy- ~4C]lnulin was obtained from New England 
Nuclear, Boston, Mass. Unlabeled ~-methyl-D-glucoside was obtained from Pfan- 
stiehl Co., Waukegan, Ill., with purity assessed at 100 ~ by gas-liquid chromato- 
graphy. Maleic acid was obtained from Eastman, 98 ~ pure, made to 6 mM and 
neutralized before use. Collagenase, grade II, was obtained from Worthington Bio- 
chemical Corp., with a specific activity of 161 units/mg. Fetal calf serum, obtained 
from Flow Labs, was divided into 10-ml aliquots and stored frozen until used, to 
prevent bacterial growth. 

Determination of  sugar accumulation 
The preparation of the isolated renal tubules was performed with modifica- 

tions of the technique of Burg and Orloff [5]. Rats were stunned and decapitated. 
Injection of  collagenase solution into the intact kidney via the renal artery as an initial 
preparative step was omitted, since we were repeatedly unable to demonstrate a 
difference in ~-methyl-D-glucoside uptake between tubules prepared from a pre- 
injected and a non-preinjected kidney from the same animal. The kidneys were quickly 
removed and the capsule stripped and placed in cold Krebs-Ringer-bicarbonate 
buffer containing 10 mM sodium acetate*. Using a Stadie-Riggs microtome, two 
slices of  cortex were taken from each of the lateral aspects of the kidney; the remain- 
der of the cortex was then dissected free. The tissue was then finely minced, and placed 
in a 0.375 ~ collagenase solution (w/v) of Krebs-Ringer-bicarbonate buffer, 0.5 ml 
per kidney. The digestion mixture was gassed with 95 ~O2/5 ~CO2 for 60 s, capped 
and gently agitated for 45 min, using a small stirring bar, at room temperature. 
Iced buffer was then added to prevent further digestion which may lead to metabolic 
alterations [7], and the mixture was spun at 40 ×9 in an International model UV 
centrifuge for 1.5 min, following which the supernatant was discarded. The pellet 
was washed three times with iced buffer, spinning at 40 ×9 for 1.5 rain. The final 
pellet was resuspended in Krebs-Ringer-bicarbonate buffer and filtered through 
three layers of surgical gauze. Final vclumes of suspension were between 20 and 
40 ml, with 1 ml of fetal calf serum added per 20 ml of suspension. Each ml of final 
suspension contained 15-20 mg of tissue obtained from a total of six kidneys. 

All experiments were carried out at 37 °C with continuous gassing with either 
95 ~O2/5 ~oCO2 or 95 ~oN2/5 ~oCO2, in tubes identical to those described by Burg 
and Orloff [5]. Each ml of the incubation mixture contained 0.1 pCi of ct-methyl-D- 
glucoside, with the unlabeled sugar added to give the desired concentrations. 

At various times, l-ml aliquots were removed from the incubation mixture in 
duplicate, added to tared tubes, cooled rapidly to 0 ° C, and centrifuged at 33 000 ×g 
for 10 min in a Sorvall model RC2B centrifuge at 4 °C. The supernatants were 

* 118.5 mM NaCI; 4.75 mM KCI; 2.53 mM CaCI2 • 2H20;  1.2 mM KHzPO4; 1.2 mM MgSO,~ • 
7H20; 130.8 ml glass distilled H20;  25 mM N aH C O a;  l0 mM sodium acetate; total volume 195 
ml (pH 7.4). 
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removed for subsequent counting, and the pellet surfaces washed twice with iced 
buffer, removed with suction, and the tubes weighed to obtain the wet weight of the 
pellet. The cells were lysed by the addition of 1 ml distilled water and resuspended, 
followed by boiling for 3 min. The lysate was again centrifuged at 33 000 × 9 in the 
Sorvall. Aliquots (0.2 ml) of  each cell lysate and its corresponding supernate were 
added to 10 ml phosphor/ethanol and counted in a Packard liquid scintillation spec- 
trometer. 

The volume of "trapped medium" in the pellet was established by the method 
of Burg and Orloff [5], adding [carboxy-14C]inulin to the suspension immediately 
before sampling. The volume of intracellular fluid was taken as the difference between 
total tissue water, determined by overnight dessication, and the volume of "trapped 
medium". Tissue ~-methyl-D-glucoside concentration and the distribution ratio 
(cpm/ml intracellular fluid to cpm/ml medium) were determined as previously de- 
scribed [7, 8]. 

Steady-state kinetic 
In order to determine the amount of ~-methyl-D-glucoside entering the cell per 

unit time, the suspension was preincubated with and without 6 mM maleate in the 
presence of 2 mM unlabeled sugar for sufficient time for the cells to achieve a steady- 
state distribution ratio. After 15 or 30 min of preincubation, tracer was added and 
samples were taken and treated in a manner identical to that described for uptake 
studies. Fractional rate constants were calculated by the method of Rosenberg et al. 
[9] for a two-compartmental system, as employed by McNamara et al. [8]. 

Direct measurement of efflux of sugar 
The tubules were preincubated with and without 6 mM maleate for 30 min 

at 37 °C, as described earlier. Because the steady-state distribution ratio of  maleate- 
treated tubules was shown in uptake experiments to be approximately 20 ~o of  the 
control value at 30 min, it was necessary to preincubate the maleate-treated tubules 
at 5 times the ~-methyl-D-glucoside concentration of the control (10 mM and 2 mM, 
respectively). 

At the end of the 30 min period, aliquots were removed from each flask and 
the pellets counted to determine the maximum tissue concentration of the substrate. 
The remainder of the tissue from each flask was centrifuged at 10000×9 at 4 °C 
for 2 min. Next, 2 ml of fresh buffer from two new incubation flasks containing 2 mM 
~-methyl-D-glucoside with and without maleate at 37 °C and continously gassed were 
added to the centrifuge tubes. Immediately on contact of buffer with the pellets, 
timing of efflux was begun. The pellets were rapidly resuspended in the 2 ml of their 
respective buffers and transferred immediately to the incubation flasks. 

Aliquots were removed immediately for counting, and at regular intervals 
thereafter. Results were expressed as the percentage of the original isotope remaining 
in the pellet per unit time elapsed. Efflux rate constants were calculated from a semi- 
log plot of  the data using a K curve. 

Concentration dependence of uptake 
The tissue was preincubated with or without 6 mM maleate for 30 min in 

Krebs-Ringer-bicarbonate buffer, at which time 0.1 llCi/ml of labeled a-methyl-D- 
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glucoside and sufficient unlabeled sugar to give the desired concentrations was added. 
Samples were taken from each incubation mixture at 5 min and treated as described 
above. A Lineweaver-Burk plot was made to determine the value of K m with and 
without maleate, and the lines drawn using a Monroe 1775 model computer to obtain 
the best fit. All data was analyzed by Student's t-test, for statistical significance. 

RESULTS 

Concentrative uptake of ~-methyl-o-glucoside 
This sugar is accumulated by renal cortical tubule fragments in concentrations 

much greater than that in the incubation medium. Fig. 1 demonstrates the increase 
in distribution ratio plotted against time, and shows the effect of  anoxia on the ability 
of  the tubules to accumulate 7-methyl-D-glucoside. The characteristics of the control 
curve in this system are significantly different from those reported previously for 
slices [1, 10]. While rat cortex slices achieve a steady-state distribution ratio over a 
time period of 3 0 4 5  min, it can be seen f rom Fig. 1 that this point is reached in 
15-17 rain by the tubules, and that the concentrative effect exerted by the tubules 
is greater than that shown by slices. Anoxia abolishes this concentrative ability of  
the tubule, as it does in the slice. Fig. 1 also shows the effect of  6 mM maleic acid 
on the accumulation of ~-methyl-o-glucoside, clearly demonstrating a very different 
effect f rom that obtained in the anoxic preparation. 

The results of  varying concentrations of maleate on ~-methyl-D-glucoside trans- 
port are shown in Fig. 2. While 3 mM maleate was found to exert only a minimal 
effect on the accumulation of ~-methyl-D-glucoside by renal tubules, 3 mM maleate 
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Fig. 1. Uptake of 0c-methyl-D-glucoside by isolated rat renal tubules. Tubules were incubated in 
20 ml Krebs-Ringer-bicarbonate buffer with 10 mM sodium acetate (pH 7.4) containing 2 mM un- 
labeled sugar and 0.1/~Ci/ml of label at 37 °C in special flasks (see text) which permitted continuous 
gassing. Uptake is designated by the distribution ratio, the ratio of cpm/ml intracellular fluid to 
cpm/ml medium. The 6 mM maleate curve ( 0 )  was obtained by addit ion of inhibitor (pH %0) to the 
above system, at 0 time. Preincubation curves were obtained by adding 6 mM maleate to the system 
15 ( J )  and 30 (4,) rain before adding labeled and unlabeled sugar. Anoxic conditions ( A )  were 
maintained by continuous gassing with 95 ~o N2/5 ~ C/Oz. Each point is an average of 3-5 incubations, 
the tissues representing 9-15 animals. "Trapped medium" and total water were ] 5.2 ~o and 80 ~,  
respectively. 
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Fig. 2. Effect of  varying concentrations of  maleate on ~-methyl-D-glucoside uptake. 

has been shown to exert a marked effect on amino acid accumulation by the cortical 
slice [4]. 

The effect of  addition of  this concentration of  maleic acid on the integrity 
of  the cells was examined by three independent means. A determination of  "trapped 
medium" space and total tissue water showed no differences attributable to maleate. 
Since Rosenberg and Segal [4] reported reversibility of  the effect of  maleate on 
cortical slice transport of  amino acids, we tested our tubule preparation by a similar 
experiment. The results, shown in Fig. 3, demonstrate that the effect o f  6 mM maleic 
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Fig. 3. Reversibility of the effect of 6 m M  maleic acid on the uptake of 2 m M  0~-methyl-D-glucoside. 
Tubules were incubated as previously described with ( A ,  O )  and without ( A ,  0 )  6 raM maleate. 
Alter 30 rain preincubation, the tissue in one control ( A )  and one experimental flask ( A )  was 
centrifuged and resuspended in fresh Krebs-Ringer-bicarbonate buffer, with subsequent addition 
of labeled and unlabeled sugar to all flasks, and the performance of a regular uptake study. 
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acid on c~-methyl-D-glucoside accumulation by the tubules is reversible. Finally, 
electron microscopy was used to assess ultrastructural changes attributable to maleate. 
For this study we used tubules which had been incubated for 30 min with and without 
maleic acid, since this time interval is required to demonstrate the maximal effect of 
maleate on e-methyl-D-glucoside transport  in our system. Figs. 4A and 4B demon- 
strate the fact that no ultrastructural changes take place in the tubules during this 
period of time. 

Kinetic effects of  maleie acid 
Since the uptake curve demonstrated a decrease in net uptake of c~-methyl-D- 

glucoside with time in the presence of 6 mM maleic acid, we examined the influx and 
efflux components separately, in order to determine the effect of  maleate on each. 
By using steady-state kinetic technique, we were able to measure influx directly, 
although we could not do so earlier than 15 rain after beginning the incubation, 
since this is the time at which the steady state is achieved. These results are shown 
in Fig. 5. The fractional rate constants calculated from these data are presented in 
Table I. At 15 min, in the presence of 6 mM maleate, the steady-state distribution 
ratio is reduced f rom 7.07 to 2.7, with no measurable change in the influx rate constant. 
Hence, this decrease in net uptake is a result of  an increase in the rate of  loss from 
the cells, represented in Table I by a 100 ~ increase in the efflux rate constant within 
15 min. Significantly, however, the distribution ratio in the maleate-treated cells is 
further reduced to 1.83 within 30 rain, with no change in the efflux rate constant, 
but a 50 ~ fall in the influx rate constant. Hence, we must conclude that the ir~itial 
effect of  maleate is to increase efflux of accumulated substrate within the first 15 rain, 
while any change occurring in the distribution ratio after this time is attributable 
to a decrease in the rate of  influx to the cell f rom the medium. 

Direct measurement of  the efflux rate constants with and without maleate 
after 30 min of preincubation gave results (Fig. 6) that are compatible with those 
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Fig. 5. Steady-state kinetic analysis of  c~-methyl-D-glucoside transport.  Tubules were incubated a s  
previously described for 15 or 30 min with ( O )  and without ( 0 )  6 mM maleate in the presence o f  
2 m M  unlabeled sugar. Labeled sugar was added (0.1 /~Ci/ml) after preincubation, and an uptake 
study performed. Data are plotted as the mean ~ standard error of  the mean for each point. AlL 
points represent triplicate experiments. 
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derived from the steady-state method, although the absolute values from each method 
cannot be compared. Control studies showed an efflux rate constant of 0.93(min-]), 
and maleate-treated tubules gave a value of 2.73(min-t). 

T A B L E  I 

S T E A D Y - S T A T E  K I N E T I C  P A R A M E T E R S  OF  c t - M E T H Y L - D - G L U C O S I D E  T R A N S P O R T  

Triplicate exper iments  were carried out  at 37 °C as described in text. All calculat ions are based on 
100 m g  of  tissue. Statistical analysis  was per formed us ing Student ' s  t-test. Fract ional  rate cons tan ts  
are expressed as the m e a n  values ± s t andard  error. 

~'IM 
Medium "- Intracel lular  pool  

Condi t ions  Time preincu-  Steady-state  
ba t ion  (min) dis t r ibut ion ratio 

Fract ional  turnover  
rate ( ra in-  1 

Steady-state 
intracellular pool 
(t~mol) 

0.9615 

0.8840 

0.3672 

0.3060 

AIM ~MI 

Control  15 7.07 0.014 0.616 
±0 .000  ±0 .0109  

30 6.55 0.013 0.663 
--0.0003 ±0.0243 

M aleate 15 2.70 0.011 1.125** 
±0 .0009  ±0.0675 

30 1.83 0.006* 1.027** 
±0.0000 ~0 .0843  

* Differs f rom control  value and  f rom the 15 mi n  maleate  value, P < 0.02. 
** Differs f rom control  values,  P < 0.02. 
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Fig.  6. Effect o f  6 m M  maleic  acid on  efftux o f  ~-methyl-D-glucoside.  Tubules  were pre incubated  for 
30 min  with ((3) and  wi thou t  ( 0 )  6 m M  maleate  and  sufficient labeled and  unlabeled sugar  to achieve 
approximate ly  equal  intracellular  concent ra t ions  in bo th  flasks, as described in text. The  tubules  
f rom each flask were then  separa ted  f rom the media  by 2-rain total centr i fugat ion t ime and  the tissue 
t ransferred to fresh buffer conta in ing  2 m M  unlabeled  sugar  with ((3) and  wi thout  ( 0 )  6 m M  
maleate .  Appearance  o f  isotope in the  m e d i u m  was measu red  with respect to t ime, a semilogar i thmic  
plot made  o f  the data,  and  efflux rate cons tan ts  calculated by K-curve analysis.  
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Concentration dependence of uptake 
As reported by Segal [1 ] for rat cortical slices, saturability of the uptake of 

~-methyl-D-glucoside by rat renal tubules occurred at concentrations above 1.5 mM. 
The effect of  maleic acid on this parameter of  uptake is shown in Fig. 7. A sig- 
nificant decrease in V was observed (Table II). The apparent transport K m was 
unchanged by maleic acid during the time period studied. No  evidence was obtained 
for more than one K m over a wide range of substrate concentrations. 
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Fig. 7. Effect of  6 m M  malea te  on the concent ra t ion  dependence o f  uptake  o f  ~-methyl-D-glucoside. 
Tubules  were pre incubated  with ( © )  or  wi thout  ( O )  6 m M  maleate  for 30 rain, as described in text. 
After  pre incubat ion ,  0.1 ttCi/ml o f  labeled glucoside and  sufficient unlabeled sugar  was added  to 
give the desired concent ra t ions .  Incuba t ion  was carried ou t  for 5 min  with substrate ,  at which t ime 
samples  were r emoved  and  treated as previously described. Points  represent  the means  o f  triplicate 
exper iments ,  and the line was fitted by computer .  

T A B L E  II 

E F F E C T  O F  M A L E A T E  O N  P A R A M E T E R S  OF  C O N C E N T R A T I O N - D E P E N D E N T  UP- 
T A K E  O F  ~ - M E T H Y L - D - G L U C O S I D E  

Triplicate exper iments  were carried out  at 37 cC as described in text, over a range o f  subst ra te  con- 
centra t ions  including 0.1, 0.2, 0.3, 0.4, 0.5, 1.0, 2.0, 4.0 and  6.0 m M .  Preincubat ion with maleate  was 
pe r fo rmed  for 30 min ,  and  al iquots  were removed for count ing  5 min  after addit ion o f  the glucoside. 
Da t a  were analyzed us ing  Student ' s  t-test. 

Condi t ions  K,, (~-S. E.) V ( ± S .  E.) 
( m M )  (mmol/I  per 5 rain) 

Cont ro l  5 . 2 2 7 i  1.064 24.983 ~ 6.9876 
M aleate 7.667-}-2.564 4.198-k2.1131 

P >  0.3 P < 0.05 
n - - 3  n - - 3  
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DISCUSSION 

The problem of the biochemical origin of the aminoaciduria and glucosuria 
of  Fanconrs syndrome remains unresolved. The pathological evidence of involve- 
ment of the proximal tubule in patients with this syndrome [11 ], as well as the fact 
that glucose and amino acid reabsorption are usually considered to occur primarily 
in the proximal segment of the nephron have tended to focus the attention of in- 
vestigators on this region of the renal tubule. Harrison [3] and others have indicated 
the renal origin of the glucosuria and aminoaciduria, while classical concepts of 
renal physiology have dictated acceptance of the theory that this renal origin lay 
in failure of the brush border surface of the proximal tubule to reabsorb filtered sub- 
stances contained in the tubular lumen. 

Early experimental in vitro evidence with kidney slices [4, 9], however, sug- 
gested the hypothesis that the aminoaciduria produced in vivo by maleic acid resulted 
primarily from an increase in outward movement of amino acid from the cell, rather 
than from a failure of uptake of the substance presented to the cell surface. Subse- 
quent experimental data [12, 13] obtained by the micropuncture technique as well 
as by in vivo injection of labeled isotope and maleate have tended to support the 
hypothesis that the aminoaciduria is a result of increased rate of loss of accumulated 
substances from the cell induced by maleic acid. 

Our results indicate that maleic acid induces a 100 ~ increase in the rate of 
loss of ~-methyl-o-glucoside from the cell water, suggesting that the origin of the 
glucosuria in the maleate-treated rat follows the same general mechanism as that 
which has been demonstrated for the amino acids. Preliminary work by Silverman 
and Huang [14], using the multiple indicator dilution technique in dogs, tends to 
support our findings, since their results suggest that maleate produces glucosuria 
by increasing effiux of o-glucose across the brush border surface. The major difficulty 
in conceptualizing this mechanism for glucosuria lies in the fact that it is not easily 
possible to explain the existence of a free glucose pool intracellularly from which 
the glucose found in the urine derives. Although the 100 ~o increase in the rate of 
effiux which we have demonstrated is consistent with the large amount of glucose 
in the urine, it may be that the later and smaller (50 ~ )  change in influx which we 
also demonstrated with maleate is the crucial event occurring in vivo in the rat to 
account for the glucosuria. If  this were the case, it would not necessitate a hypothesis 
for the mechanism of flux through an intracellular pool of free glucose. 

Studies of the influx effect of 6 mM maleate show a dramatic decrease in V 
to about 16 ~ of control values, with no change in the apparent transport K m. This 
finding implies a decrease in the number of available sites for transport or in the 
efficiency of  the transport system for entry. The decrease in entry rate, accompanied 
by effiux being affected earlier and to a greater degree is consistent with earlier work 
[4, 9, 15] with metabolic inhibitors such as 2,4-dinitrophenol, which suggested that 
efflux phenomena are energy linked. A metabolic effect of  maleic acid is also consistent 
with the work of several authors [16-18] who have demonstrated effects of maleic 
acid on the energy-related processes by which active transport is thought to occur. 
These studies indicated effects of  maleic acid on renal membrane (Na + + K +)-ATPase, 
on renal gluconeogenesis from precursors requiring coenzyme A in this synthetic 
process, and on substrate-level phosphorylation and/or other mitochondrial reac- 



686 

tions involving succinyl-CoA. The concentrations of maleate required to produce 
these effects have caused marked mitochondrial damage, thus making predictable 
the demonstrated effects on energy-related processes. However, we have demonstrated 
a significant perturbation of sugar transport without any evidence of damage to 
either brush border or mitochondria. In addition, we have shown that this is a rever- 
sible phenomenon which suggests that any theory which postulates the establishment 
of a covalent bond between maleate and sulfhydryl groups may not be applicable 
here. 

Tate and Meister [19] have shown that maleate increases the rate of hydrolysis 
of 7-glutamyl donors in the cell, thus interfering with the cycle, which Meister has 
proposed to be involved with amino acid transport [20, 21]. However, arty unifying 
hypothesis for the nature of the maleic acid effect on tubular transport should ac- 
count for the aminoaciduria and glucosuria in similar ways, since the evidence now 
points to similar transport effects in vitro for both types of compound. If, in Tare 
and Meister's view, amino acid transport is slowed due to lack of donors in the 
7-glutamyl cycle, then it would follow that influx should be slowed as the primary 
phenomenon. The bulk of evidence points to the contrary, that efflux is affected to a 
much greater degree. Perhaps the most reasonable way to reconcile these difficulties 
with the established fact is to speculate that there is a combined effect of maleate 
on the cell membrane-glutathione stability relationship [22] and its known meta- 
bolic inhibitor effects, the former accounting for decreased entry of sugars, the latter 
for the tremendous increase in efflux of sugars and amino acids. 
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