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Abstract—Rat renal function was evaluated during acute depletion of glutathione (GSH) produced by
different doses of diethyl-maleate (DEM). Significant alterations in renal function were observed when
the GSH level diminished. The replenishment of GSH and the restoration of renal function were also
investigated at various times after the injection. Similar time courses were observed of both the GSH
level and renal functions, but the former was shortest. This suggests that the restoration to normal of
GSH renal content was necessary in order to regain appropriate kidney function. Furthermore, the fact
that impairment of sodium excretion occurred simultaneously with GSH depletion may be considered
as evidence of the first event in GSH protective action. It may be hypothetized that the thick ascending

limb is the principal renal target for this deficiency.

Glutathione (GSH) is a tripeptide present at high
concentration in mammalian cells essentially in its
reduced form. This molecule is the most abundant
cellular peptide and a major nonprotein thiol of most
cells.

GSH plays an important role in several biological
phenomena, such as detoxification of electrophilic
metabolites of xenobiotics [1] and protection against
oxidative damage to membrane proteins and lipids
resulting from the formation of hydrogen peroxide,
superoxides and other free radicals [2]. As an exam-
ple, a decreased GSH pool has been associated with
decreased cell viability and increased sensitivity of
cells to the effects of irradiation [3].

In this connection, GSH may have a special role
in maintaining renal function and structure [4], and
GSH depletion caused by acetaminophen and phen-
acetin overdosage has been invoked in the patho-
genesis of chronic analgesic nephropathy [5]. Such
studies, however, do not establish whether the func-
tional defects observed in association with low levels
of GSH in the kidney are specific consequences of
GSH depletion.

In the present investigation the rat renal content
of GSH was modified using diethyl-maleate (DEM),
a potent GSH depletor with no intrinsic toxic effects,
at least on liver [6, 7] and kidney cells [8]. The effects
of different renal GSH levels on renal function were
evaluated by administering different doses of DEM.
The time courses of restoration of both the renal
GSH pool and renal function were also analyzed.
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Bioquimicas y Farmacéuticas, Universidad Nacional de
Rosario, Suipacha 531, 2000 Rosario, Argentina.

MATERIALS AND METHODS

Animals and treatment. Male Wistar rats weighing
300-350 g were used. They were housed two per cage
and maintained on a standard diet and water ad lib.
until the experiment. Room temperature was kept
at 21-24° with a 12-hr cycle of light and dark. All
experiments were concluded between 1:00 and 2:00
p.m. in order to minimize the influence of circadian
variations.

Four experimental groups were studied: (i) Rats
(N =10) injected with a single dose of DEM
(4.0 mmoles/kg body wt, i.p.) which was reported
to be effective in depleting liver GSH levels [9]; (ii)
Animals that received decreasing single doses of
DEM as follows: 2.0 mmoles/kg body wt, i.p. (N =
4), 0.75 mmole/kg body wt, i.p. (N = 10), and
0.25 mmole/kg body wt, i.p. (N = 7). After the injec-
tion, the animals of groups (i) and (ii) were kept in
cages and used 1 hr later for renal clearance studies;
(iii) Animals injected with the single maximal dose
of DEM used in this study (4.0 mmoles/kg body
wt, i.p.) that were prepared for clearance studies
lhr(N=4),6hr (N=4),24 hr N =6),48hr (N =
5), and 72 hr (N = 6) post-injection; (iv) Control rats
(N = 8) that received sunflower oil alone, the solvent
of DEM used in all the other experimental groups.
These rats were also used for renal clearance studies
1 hr after the injection.

At the end of the experiments, the kidneys were
removed promptly, and the GSH content was
assayed in whole renal tissue homogenates. In a
group of rats, GSH levels were measured in both
cortical and medullary sections.

Experimental procedures. The animals were anes-
thetized with sodium pentobarbital (50 mg/kg body
wt, i.p.). The femoral vein and femoral artery were
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cannulated (P.E.-50, Intramedic, U.S.A.), and a
bladder catheter (3-mm i.d.) was inserted through a
suprapubic incision. Animals were maintained in
restraining cages throughout the experiment to facili-
tate collection of urine.

A solution containing inulin (0.96 g/100 ml), p-
aminohippuric acid (PAH) (0.3g/100ml) and b-
mannitol (5.0 g/100 ml) was infused through the
venous catheter employing a constant infusion pump
(Unita Braun Melsungen. F.R.G.) at arate of 4.5 ml/
hr. After equilibration for 30 min, urine was col-
lected during two 30-min periods. Blood from the
femoral artery was obtained at the midpoint of each
clearance period. Arterial blood pressure was esti-
mated throughout the experiments with a man-
ometer inserted in the femoral artery.

The glomerular filtration rate (GFR) was cal-
culated from the clearance of inulin. Renal plasma
flow was estimated by the clearance of PAH (CL
PAH). The fractional excretion of water (FE %
H,0). sodium (FE % Na™) and potassium (FE %
K*) were also calculated by conventional formulae
for each animal.

Analytical methods. PAH concentrations in serum
and urine were determined by Brun’s method as
modified by Waugh and Beall [10]. Inulin con-
centrations in the same samples were determined
by the procedure of Roe et al. [11]. Sodium and
potassium were measured by flame photometry and
the volume of urine by gravimetry. Osmolality was
determined in a vapor pressure osmometer (Wescor
5100 C, U.S.A.). Determination of renal GSH (non-
protein sulfydryls) was carried out in homogenates
prepared in cold 5% trichloroacetic acid in 0.01 M
HCI and measured as described by Ellman [12].

Statistical analysis. Statistical analyses were per-
formed using an unpaired #-test, and multiple com-
parisons were made by analysis of variance and
Scheffe’ test; P values less than or equal to 0.05
were considered significant. Values are expressed as
mean + standard error.

Chemicals. All chemicals were of the highest grade
commercially available. Inulin, PAH, D-mannitol,
5,5'-dithiobis-nitrobenzoic acid and DEM were pur-
chased from the Sigma Chemical Co. (U.S.A.).

RESULTS

Effect of a single maximal dose of DEM on renal
function and the GSH pool 1 hr after the injection.
The results are shown in Table 1. Blood pressure
did not change during the experiments, and there
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were no differences between groups. When the
GSH content was assayed separately in each zone
of the renal tissue, the values were 3.31 +0.33
umoles/g in control cortical tissue (N =35) and
2.09 = 0.10 ymoles/g in control medullary tissue
(N =15) versus 1.44 = 0.22 ymoles/g (N =35) and
0.70 = 0.16 umole/g (N = 5), respectively, in kid-
neys from DEM-treated rats.

Relationship between GSH renal content and renal
function impairment. As presented in Table 2, dif-
ferent degrees of GSH depletion were obtained fol-
lowing the injection of different doses of DEM. The
measured parameters of renal function are presented
in Fig. 1. It can be seen (Fig. 1A) that the GFR
and the CL PAH decreased in parallel with the
impairment of GSH renal content.

Both the electrolyte and water excretion were
also impaired, as indicated by their increase with an
increase in the administered dose of DEM (Fig. 1B).
The ratio of the osmolality of urine to plasma (Uosm/
Posm) was also impaired with the reduction of renal
GSH levels (Fig. 1C).

Time course variations of renal GSH pool and
function after a single dose of DEM (4 mmoles/kg
body wt, i.p.). As shown in Fig. 2, a marked and
rapid depletion of GSH was observed after the injec-
tion of DEM. GSH levels 1hr after treatment
reached 24.5% of control values. Six hours after
DEM injection, however, recovery was initiated,
and renal GSH levels reached approximately 85%
of control, and at 72 hr they were almost normal.
Figure 2 shows the sharp depression in GFR and in
CL PAH 1 hr after the injection of DEM (panel A)
and the simultaneous increase in sodium and water
excretion (panel B). At 48 hr after DEM injection,
the parameters of renal function were no different
from controls.

DISCUSSION

There is considerable information regarding GSH
metabolism in the kidney. Although the plasma con-
centration of GSH is only about 5 uM, its turnover
is rapid, and more than 80% of plasma GSH is
removed by the kidney in a single pass [13, 14].
Intracellular GSH is not distributed homogeneously
in kidney tissue; the highest levels are found in the
glomeruli and in the proximal convoluted tubules,
but considerable amounts of GSH are normally pre-
sent throughout the renal structure, including the
cells of the thick ascending limb [15].

In the mammalian kidney GSH turnover is

Table 1. Effect of a single maximal dose of DEM (4.0 mmoles/kg body wt i.p.) on renal GSH levels and renal function
1 hr after the injection

GFR CL PAH
(ml/min/ (ml/min/ [GSH],
Rats 100 g) 100 g) Uosm/Posm FE % Na* FE % K* FE % H,0 (umoles/g)
Control
(N=28) 0.70 £0.02 447 +0.54 2.82+0.11 0.71 £ 0.10 22=x8 257032 2.01+0.05
DEM-treated
(N = 10) 0.40 £0.03 1.60x0.21 1.86 =0.11 1.91+0.24 776 464+0.32 0.49=x0.02

Data are mean values = S.E.M. All the differences between groups are statistically significant.

(P <0.05).
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Fig. 1. Effect of renal glutathione levels on rat renal func-

tions. All the parameters are plotted against GSH kidney

content expressed as a percentage of control levels. Results

are given as the mean * S.E.M. Key: (*) P <0.05, com-

pared with control; FE % Na*, sodium fractional excretion;
and FE % H,0, water fractional excretion.

extremely rapid with a half-life of only 30 min [14].
This rapid turnover implies not only GSH breakdown
but also considerable and continuous GSH synthesis
within the kidney. Therefore, GSH turnover could
be considered as a special function of the kidney
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Fig. 2. Time course changes of renal GSH concentration

(GSH,) and rat renal functions after a single dose of DEM.

Values are plotted against time course after i.p. adminis-

tration of a single dose of DEM (4.00 mmoles/kg body wt).

Results are given as the mean * S.E.M. Key: (*) P < 0.05,
compared with control.

In this connection, the present experiments were
carried out to study the effects of GSH depletion on
renal function, and the ability of the kidney to restore
GSH levels and the related renal functions. DEM
was used to modify renal GSH levels; it has been
described as a potent GSH depletor [1]. This com-
pound, due to the fact that it conjugates only with
GSH, has a short duration effect, since GSH syn-
thesis increases rapidly after acute depletion [16].
On the other hand, it has also been described as
lacking other toxic effects, at least in liver [6, 7] and
kidney [8].

When renal GSH concentration diminished, the
renal parameters measured suffered deleterious
modification, whereas blood pressure remained
unchanged, eliminating general effects on the cir-

related to protection against foreign compounds.

culation. The fall

in GSH tissue

Table 2. GSH levels in renal tissue 1 hr after the injection of various doses of DEM

DEM [GSH],
(mmoles/kg body wt i.p.) (umoles/g tissue) N % of Control value
None 2.01 £0.05 8 100
0.25 1.83 £ 0.09 7 91+4
0.75 1.28 = 0.03 10 64 1
2.00 0.91 = 0.06 4 45+3
4.00 0.50 = 0.02 10 25+ 1

Data are mean values = S.E.M.; N = number of experiments.

levels was
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accompanied by parallel reductions of GFR and CL
PAH. If we were to assume that CL PAH can be
used to estimate renal plasma flow, it would suggest
that the filtration fraction remained constant in all
experimental groups. These data together favour an
increased resistance of the afferent arterioles. When
the results on tubular functions were analyzed, an
increased FE % Na* and FE % H,O also were seen,
and the ratio Uosm/Posm diminished simultaneously
with the reduction in renal GSH level.

After a single dose of DEM, the patterns of GSH
and the renal function parameters changing over
time were strongly related. It was noted, however,
that restoration of renal functions with time was not
as rapid as the repletion of renal GSH levels. This
might indicate that restoration of the renal GSH pool
is necessary prior to restoration of renal function. It
was also noticed that the peak of sodium excretion
impairment was most coincident with the GSH mini-
mum level obtained after injection of DEM. This
suggests that a primary defect of the sodium
excretion mechanism was induced by GSH
depletion.

All these data together reinforce the idea that
the thick ascending-limb cells may have a special
sensitivity to the effects of GSH depletion, as
described by others [4, 17]. Thus, defective distal
sodium reabsorption by this segment would be
responsible for an augmented delivered load of
sodium and water to the distal portions, causing
increased potassium secretion. Simultaneously, a
diminution in the medullar interstitial osmolality
could be expected as shown by the alteration in
Uosm/Posm ratio. Moreover, defective distal
sodium reabsorption might conceivably cause
reduced GFR and CL PAH by negative tubulo-
glomerular feedback [18].

Nevertheless, a direct effect of GSH depletion in
each zone of the nephron could not be discarded. In
this sense, the GSH levels measured in cortical and
medullary slices reveal a marked diminution, prob-
ably higher in the medulla, but significant in both
zones.

The results of the present study suggest a close
relationship between renal GSH levels and renal
function and, also, a marked ability of renal tissue
to replenish its GSH content after a maneuver that
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decreases GSH concentration without altering its
metabolic pathways, such as the presence of DEM.

Acknowledgements—We thank Dr. Emilio A. Rodriguez
Garay for stimulating discussions and for critical review
of the manuscript. This work was supported by Consejo
Nacional de Investigaciones Cientificas y Técnicas (CON-
ICET), Repiiblica Argentina.

REFERENCES

1. L. F. Chasseaud, in Glutathione: Metabolism and Func-
tion (Eds. I. M. Arias and W. B. Jacoby), p. 77. Raven
Press, New York (1976).

2. B. Chance, A. Boveris, Y. Nakase and H. Sies, in
Functions of Glutathione in Liver and Kidney (Eds.
H. Sies and A. Wendel), p. 95. Springer, New York
(1978).

3. J. K. Dethmers and A. Meister, Proc. natn. Acad. Sci.
U.S.A. 78, 7492 (1981).

4. M. Brezis, S. Rosen, P. Silva and F. H. Epstein, Kidney
Int. 24, 178 (1983).

5. G. G. Duggin, Kidney Int. 18, 553 (1980).

6. E. Boyland and L. F. Chasseaud, Biochem. Pharmac.
19, 1526 (1970).

7. J. R. Mitchell, D. J. Jollon, W. Z. Potter, J. R. Gillette
and B. B. Brodie, J. Pharmac. exp. Ther. 187, 211
(1973).

8. K. Ormstad, D. P. Jones and S. Orrenius, J. biol.
Chem. 255, 175 (1980).

9. B. H. Lauterberg, Y. Vaishmav, W. G. Stillwell and
J. R. Mitchell, J. Pharmac. exp. Ther. 283, 54 (1980).

10. W. H. Waugh and P. T. Beall, Kidney Int. 5, 429
(1974).

11. H. H. Roe, J. H. Epstein and N. P. Goldstein, J. biol.
Chem. 178, 839 (1949).

12. G. L. Ellman, Archs. Biochem. Biophys. 82,70 (1959).

13. G. M. Bartolli, D. Haberle and H. Sies, in Functions
of Glutathione in Liver and Kidney (Eds. H. Sies and
A. Wendel), p. 27. Springer, New York (1978).

14. R. Sekura and A. Meister, Proc. natn. Acad. Sci.
U.S.A. 71, 1969 (1974).

15. J. E. Brehe, A. W. K. Chan, T. R. Alvey and H. B.
Burch, Am. J. Physiol. 231, 1536 (1976).

16. A. Meister and M. E. Anderson, A. Rev. Biochem. 52,
711 (1983).

17. F. H. Epstein, J. T. Brosnan, J. D. Tange and B. D,
Ross, Am. J. Physiol. 243, F284 (1982).

18. F. S. Wright and J. P. Briggs, Am. J. Physiol. 233, F1
(1977).



