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Abstract The deleterious effect of lead has been attrib-
uted to lead-inducedoxidative stresswith the consequence
of lipid peroxidation. The present study was designed to
investigate the combined effect of DL-a-lipoic acid (LA)
and meso-2,3-dimercaptosuccinic acid (DMSA) on lead-
induced peroxidative damages in rat kidney. The increase
in peroxidated lipids in lead-poisoned rats was accom-
panied by alterations in antioxidant defence systems.
Lead acetate (Pb, 0.2%) was administered in drinking
water for 5 weeks to induce lead toxicity. LA (25 mg/kg
body weight per day i.p) and DMSA (20 mg/kg body
weight per day i.p) were administered individually and
also in combination during the sixth week. Nephrotoxic
damage was evident from decreases in the activities of
c-glutamyl transferase andN-acetylb-D-glucosaminidase,
which were reversed upon combined treatment with LA
andDMSA. Rats subjected to lead intoxication showed a
decline in the thiol capacity of the cell, accompanied by
high malondialdehyde levels along with lowered activities
of catalase, superoxide dismutase, glutathione peroxidase
and glutathione metabolizing enzymes (glutathione re-
ductase, glucose-6-phosphate dehydrogenase, glutathi-
one-S-transferase). Supplementation with LA as a sole
agent showed considerable changes over oxidative stress
parameters. The studyhas highlighted the combined effect
of both drugs as being more effective in reversing oxida-
tive damage by bringing about an improvement in the
reductive status of the cell.

Keywords Lead acetate Æ DL-a-Lipoic acid, Meso-2,3-
dimercaptosuccinic acid Æ Lipid peroxidation Æ
Antioxidants

Introduction

Occupational and environmental exposure to lead has
been associated with significant impairment in the renal
function (Payton et al. 1994). Several researchers have
reported nephrotoxic effects in animals fed various doses
of lead (Vyskocil et al. 1989), and studies conducted in
humans (Bennet 1985) and children (Hu 1991) have in-
dicated that high levels of lead exposure may impair renal
function. The renal toxicity of lead is closely related to its
selective accumulation in the kidneys (Choie and Richter
1980). Some of the deleterious effects of lead have been
attributed to induction of oxidative stress (Soliway et al.
1996), and lead is known to disrupt the prooxidant/
antioxidant balance of tissues that leads to biochemical
and physiological dysfunction (Neal et al. 1998). Peroxi-
dation of lipids, implicated in a wide variety of physio-
logical events, is a complex process that occurs during
innumerable pathological conditions (Kornbrust and
Mavis 1979). Peroxide formation in vivo may produce
serious consequences in the tissues such as oxidative de-
struction of thiol groups of amino acids and proteins
(Lewis and Wills 1962). Lipids, particularly unsaturated
fatty acids, are damaged directly by free radical oxidation
(Mill 1980). Lead-induced enhancement of lipid peroxi-
dation has been suggested as a possible mechanism for
some of its toxic effects (Villeda-Hernández et al. 2001).
Peroxidation of lipids due to elevated production of re-
active oxygen species (ROS) has been implicated in many
cases of lead poisoning both in vitro (Ribarov andBochev
1982) and in vivo (Sandhir et al. 1994). Evidence for the
involvement of free radicals in lead poisoning has also
been reported (Jendryczko 1998).

Peroxidative damage induced in the cell are encoun-
tered by the elaborate defence mechanisms including en-
zymic and non-enzymic antioxidants (Jansen et al. 1993).

Lipoic acid (LA), a potent antioxidant (Kagan et al.
1990), has been identified as an effective antidote in
mitigating heavy metal-induced toxicities (Sumathi et al.
1994; Anuradha and Varalakshmi 1999; Gurer et al.
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1999) and meso-2,3 dimercaptosuccinic acid (DMSA)
has been identified as a potentially useful drug for the
treatment of lead poisoning (Friedheim et al. 1976). The
antioxidant potentials of LA and DMSA prompted us
to study the combined effects of both the drugs in lead-
intoxicated conditions.

The present study was designed with the objective of
investigating the combined effect of LA and DMSA on
lead-induced lipid peroxidative damage and on the re-
duced antioxidant status of the cell.

Materials and methods

Chemicals

DL-a-Lipoic acid and meso-2,3-dimercaptosuccinic acid were pro-
cured from Sigma Chemicals (St. Louis, Mo., USA). DMSA was
prepared immediately before use to a concentration of 57 mM in
5% w/v NaHCO3. All other chemicals were of analytical grade,
procured from local commercial sources.

Animal model

Male albino rats (Wistar strain, 10–12 weeks old), weighing
120±20 g, were used throughout the study. The rats were fed with
a standard rat pelleted diet (M/s. Hindustan Lever Ltd., India) and
drinking water was available ad libitum. The rats were maintained
in well-ventilated animal quarters with 12-h light and 12-h dark
exposure.

Experimental conditions

The animals were assigned into eight groups of six animals each.
Group I served as control receiving saline during week 6 only
(0.5 ml/day per rat i.p.). Group II received lead acetate (Pb 0.2%)
in drinking water for 5 weeks and distilled water during week 6.
Group III received LA (25 mg/kg body weight per day per rat i.p.)
during week 6 only. Group IV received DMSA (20 mg/kg body
weight per day per rat i.p.) during week 6 only. Group V received
LA plus DMSA at the same dose levels during week 6 only. Group
VI received Pb (0.2%) in drinking water for 5 weeks and LA during
week 6. Group VII received Pb (0.2%) in drinking water for 5 weeks
and DMSA during week 6. Group VIII received Pb for 5 weeks;
LA plus DMSA was administered during week 6.

After week 6, the animals were killed by cervical decapitation
and the kidneys were excised immediately and washed in ice-cold
saline. The tissues (whole kidney) were then homogenized in ice-
cold Tris-HCl buffer (0.1 M, pH 7.4) to give a 10% homogenate.

Analyses

Lipid peroxidation (LPO) was assayed by the method of Deva-
sagayam (1986), in which the malondialdehyde (MDA) released
served as the index of LPO. The activity of catalase (CAT) was
assayed by the method of Sinha (1972). In this method, dichromate
in acetic acid was reduced to chromic acetate when heated in the
presence of hydrogen peroxide (H2O2), with the formation of
perchloric acid as an unstable intermediate. The chromic acetate
thus produced was measured colourimetrically at 610 nm.

Superoxide dismutase (SOD) was assayed according to the
method of Marklund and Marklund (1974). The unit of enzyme
activity is defined as the enzyme required to give 50% inhibition of
pyrogallol auto-oxidation. Glutathione peroxidase (GPx) was as-
sayed by the method of Rotruck et al. (1973), which is based on the
reaction between glutathione remaining after the action of GPx and
5,5’-dithio-bis(2-nitro benzoic acid) to form a complex that absorbs

maximally at 412 nm. Total glutathione (GSH) was determined by
the method of Moron et al. (1979).

Glutathione reductase (GR), which utilizes NADPH to convert
oxidized glutathione (GSSG) to the reduced form, was assayed by
the method of Staal et al. (1969). The estimation of glucose
6-phosphate dehydrogenase (G6PD) was assayed by the method of
Beutler (1983), whereby the increase in absorbance was measured
when the reaction was started by the addition of glucose-6-phos-
phate. Glutathione-S-transferase (GST) was assayed by the method
of Habig et al. (1973).

c-Glutamyl transferase (c-GT) was estimated according to the
method of Orlowski and Meister (1965), and N-acetyl-b-D-glucosa-
minidase (NAG) was assayed by the method of Marhun (1976).

Protein content in the rat renal tissue was determined by the
method of Lowry et al. (1951).

Statistical analysis

The values are expressed as means ±SD. The results were com-
puted statistically (SPSS software package) using one-way Analysis
of Variance. Post hoc testing was performed for inter-group com-
parisons using the Least Significance Difference (LSD) test; A
P-value <0.05 was considered significant.

Results

Lead administration induced extensive damage to the
proximal tubule. As a result there was a decline in the
activities of brush border enzyme c-GT (P<0.05) and
lysosomal enzyme NAG (P<0.05) (Table 1). Among
the treatment groups, LA in combination with DMSA
restored the activities of kidney marker enzymes close to
control values, indicating nephroprotection.

Table 2 shows the effects of LA and DMSA on lead-
induced LPO and antioxidant status. Significant
(P<0.05) increase in lipid peroxides with a concomitant
falls in CAT, SOD and GPx activities are notable
manifestations of lead poisoning. Co-administration of
LA plus DMSA (Group VIII) had an additive effect in
reducing MDA formation by significantly increasing
CAT, SOD and GPx activities, whereas LA alone
(Group VI) and DMSA alone (Group VII) showed a
moderate effect over LPO and enzymic antioxidants.

GSH was markedly depleted in the kidney of lead-
intoxicated rats as shown in Table 3. Evaluation of the
GSH metabolizing enzymes namely GR, G6PD and
GST also showed depressed activities in the kidneys of
lead-poisoned rats. Administration of DMSA showed
only a marginal increase in the activities of GSH and
GSH metabolizing enzymes when compared with com-
bined treatment with LA and DMSA (Group VIII).

The combined effect of LA along with DMSA paved
the way for an improved reductive status of the cell by
significantly (P<0.05) increasing the GSH levels and the
activities of GR, G6PD and GST in the rat kidney
(Table 3).

Discussion

Lead, a ubiquitous metal, is known to have toxic effects
on several biological systems with the kidneys as one of
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its main targets. Quantifying the excretion of the lyso-
somal enzyme NAG may provide a sensitive and specific
index of renal damage. Apostolov et al. (1976) appar-
ently reported the damage of the lysosomal membrane
during lead poisoning. The decrease in NAG activity in
the tissue could be a result of lead-induced damage to
the lysosomal membrane and a possible leakage of the
enzyme leading to its excretion in the urine.

Renal c-GT is an extrinsic brush border membrane
protein. The decrease in c-GT activity might be due to
increased tubular lesion since the brush borders of
proximal tubule remain the toxic target of lead. A sim-
ilar decrease in the activity of the brush border enzyme

c-GT has been reported following oral exposure to lead
(Teichert-Kuliszewska and Nicholls 1985).

Lead-induced oxidative stress has been referred to
as a possible contributor to the pathogenesis of lead
poisoning. The elevated levels of lipid peroxides, re-
sulting from an increase in ROS, have been implicated
in various cases of lead poisoning (Yiin and Lin 1995).
Peroxidation of membrane phospholipids eventually
leads to loss of membrane integrity and finally to cell
death. The increase in lipid peroxides in the lead-
intoxicated group might result from increased pro-
duction of free radicals and a decrease in antioxidant
status.

Table 1. Effects of lipoic acid (LA), meso-2,3-dimercaptosuccinic
acid (DMSA) and lead (Pb) on the activities of kidney enzymes,
Values represent the mean ±SD for six rats. NAG N-acetyl-b-D-
glucosaminidase activity (as nmoles of p-nitrophenol released per

min at 37�C), c-GT c-glutamyl transferase activity (as nmoles of
p-nitroaniline released per min at 37�C). Enzyme activities are
expressed in terms of units/mg protein

Table 2. Effects of lipoic acid (LA) and meso-2,3-dim-
ercaptosuccinic acid (DMSA) on lead (Pb) -induced lipid peroxi-
dation and antioxidant status of rat kidney. Values represent the
mean ±SD for six rats, LPO lipid peroxidation (as nmoles of
malodialdehyde released per mg protein per incubation period),
CAT catalase activity (as lmoles of H2O2 consumed per min per

mg protein), SOD superoxide dismutase activity (as units per min,
where one unit is equal to the amount of enzyme required to inhibit
auto-oxidation of pyrogallol by 50%); GPx glutathione peroxidase
activity (as lg of reduced glutathione utilized per min per mg
protein)

Parameter Group I Group II Group III Group IV Group V Group VI Group VII Group VIII
(Control) (Pb) (LA) (DMSA) (LA +

DMSA)
(Pb + LA) (Pb + DMSA) (Pb + LA +

DMSA)

LPO 1.27±0.11 1.89±0.19* 1.30±0.12 1.29±0.13 1.29±0.09 1.46±0.12� 1.48±0.14� 1.30±0.10�,�,§

CAT 121.10±10.89 75.57±8.31* 123.25±13.55 123.96±9.92 122.30±9.78 112.17±11.65� 110.89±10.67� 125.55±8.78�,�,§

SOD 4.58±0.46 2.97 ±0.29* 4.63±0.42 4.60±0.51 4.61±0.37 4.00±0.36� 3.87±0.46� 4.60±0.32�,�,§

GPx 4.12±0.37 2.66±0.21* 4.10±0.45 4.14±0.49 4.15±0.37 3.63±0.29� 3.49±0.31� 4.09±0.32�,�,§

*P<0.05, for comparisons between groups I and II
�P<0.05, for comparisons of group II with groups VI, VII, VIII

�P<0.05, for comparisons of group VI with group VIII
§P<0.05, for comparisons of group VII with group VIII

Parameter Group I Group II Group III Group IV Group V Group VI Group VII Group VIII
(Control) (Pb) (LA) (DMSA) (LA + DMSA) (Pb + LA) (Pb + DMSA) (Pb + LA +

DMSA)

NAG 0.45±0.04 0.21±0.02* 0.47±0.04 0.46±0.03 0.46±0.04 0.38±0.03� 0.32±0.04� 0.43±0.03�,�,§

c-GT 1.54±0.15 0.73±0.09* 1.57±0.14 1.59±0.13 1.55±0.14 1.35±0.16� 1.33±0.11� 1.53±0.11�,�,§

Table 3. Effects of lipoic acid (LA), meso-2,3-dimercaptosuccinic
acid (DMSA) and lead (Pb) on glutathione and glutathione me-
tabolizing enzymes. Values represent the mean ±SD for six rats.
GSH glutathione activity (as lg per min per mg protein), GR
glutathione reductase activity (as nmoles NADPH oxidized per min

per mg protein), G6PD glucose 6-phosphate dehydrogenase activity
(as nmoles NADPH formed per min per mg protein), GST gluta-
thione-S-transferase activity (as nmoles 1-chloro-2,4-dinitrobe-
zene–GSH conjugate formed per min per mg protein)

Parameter Group I Group II Group III Group IV Group V Group VI Group VII Group VIII
(Control) (Pb) (LA) (DMSA) (LA +

DMSA)
(Pb + LA) (Pb + DMSA) (Pb + LA +

DMSA)

GSH 2.46±0.25 1.57±0.14* 2.44±0.26 2.49±0.19 2.47±0.19 1.88±0.13� 1.79±0.14� 2.41±0.23�,�,§

GR 0.25±0.02 0.10±0.01* 0.24±0.02 0.25±0.03 0.27±0.03 0.22±0.02� 0.20±0.02� 0.28±0.03�,�,§

G6PD 1.75±0.15 1.24±0.12* 1.76±0.15 1.74±0.19 1.78±0.16 1.46±0.13� 1.47±0.14� 1.70±0.16�,�,§

GST 0.75±0.06 0.54±0.04* 0.75±0.05 0.73±0.06 0.74±0.07 0.63±0.08� 0.60±0.03� 0.72±0.06�,�,§

*P<0.05, for comparisons between groups I and II
�P<0.05, for comparisons of group II with groups VI, VII, VIII

�P<0.05, for comparisons of group VI with group VIII
§P<0.05, for comparisons of group VII with group VIII

*P<0.05, for comparisons between groups I and II
�P<0.05, for comparisons of group II with groups VI, VII, VIII

�P<0.05, for comparisons of group VI with group VIII
§P<0.05, for comparisons of group VII with group VIII
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Analogous to the lead-induced oxidative stress ob-
served in our study, the transition metal has been shown
to be implicated in tissue LPO activity, as evidenced by
many reports (Sandhir et al. 1994; Villeda Hernández
et al. 2001). The combined effect of both the drugs, LA
and DMSA, significantly reversed the effects of lead on
oxidative parameters, suggesting ROS as a possible
contributor to the damage that occurred. Several studies
have shown that both LA (Sumathi et al. 1994) and
DMSA (Neal et al. 1998) chelate transition metals, and
therefore it is plausible to assume that they inhibit LPO
that is triggered by the production of ROS.

GSH is an important oxidant defence, which exhibits
its antioxidant effect by reacting with superoxide, hy-
droxyl radical and singlet oxygen following the forma-
tion of GSSG and other disulphides. It provides the cells
with their reducing milieu and deficiency of GSH results
in tissue damage. Increased oxidative stress increases the
formation and efflux of GSSG (Eklow et al. 1984).

As the first enzyme of the pentose phosphate path-
way, G6PD supplies cells with most of the extra
mitochondrial NADPH through the oxidation of glu-
cose-6-phosphate to 6-phosphogluconate. This NADPH
maintains GSH at a constant level by providing re-
ducing equivalents for GR, which mediates reduction of
GSSG to GSH. G6PD is known to contain many SH-
groups, which play a crucial role in maintaining its
tertiary structure (Yoshida and Huang 1986). In some
in vitro studies, G6PD was reported to be inhibited by
lead (Lachant et al. 1984). Therefore, a decrease in
NADPH production due to G6PD inhibition, and
hence a decrease in GSH, may be responsible for the
impaired functioning of GPx in the tissues of lead-
treated rats.

NADPH serves to prevent and partially reverse the
inactivation of CAT by its toxic substrate, H2O2

(Nicholls and Schonbaum 1963). Hence, the observed
decrease in G6PD activity might have been the ultimate
cause for the inactivation of CAT recorded in our study.

Detoxification of electrophilic species is mediated via
a spontaneous enzyme catalysed conjugation reaction by
GST. Inhibition of GST observed in the present study
may partly be due to lack of substrate (GSH) and also
because of inhibition of their protein structures.

SOD constitutes an important link in the biological
defence mechanism through disposition of endogenous
cytotoxic superoxide radicals that are deleterious to
polyunsaturated fatty acids (PUFA) and structural
proteins of plasma membrane (Fridovich 1975). The
inhibition of CAT and GPx results in excessive accu-
mulation of H2O2 in the mitochondria and peroxisomes/
cystosol or both. The excessive accumulation of H2O2

might subsequently decrease the activity of SOD as in
the case of lead intoxication. Minami et al. (1982)
showed decreases of 15–40% in the activity of SOD in
erythrocytes of rats exposed to fumes of heavy metals
such as lead, cadmium and antimony.

H2O2 formed by SOD and flavin-linked oxidases is
acted upon by CAT. Rister and Bachner (1976) specu-

lated that during oxidative stress CAT activity decreases,
H2O2 accumulates and, thereby, more peroxidation of
lipids is favoured. This could be the mechanism for de-
creased CAT activity and increased LPO in lead-intox-
icated rats.

The ‘‘universal antioxidant’’ LA and its reduced form
dihydrolipoic acid (DHLA) have the ability to scavenge
ROS. They regenerate other antioxidants (i.e. vitamin E,
vitamin C and GSH) from their radical or inactive forms
and also havemetal chelating activity (Devasagayamet al.
1993; Müller and Menzel 1990). On the other hand, the
dithiol DMSA has specific affinity for lead as a chelator
with antioxidative properties (Gurer and Ercal 2000).

In the event that oxidative stress can be partially
implicated in lead toxicity, a therapeutic strategy to in-
crease the antioxidant capacity of the cells may benefit
the long-term effective treatment of lead poisoning. Both
LA and DMSA, when administered individually, re-
sulted in significant improvement of the oxidative stress
parameters, but the combined treatment elicits an ad-
ditive response in restoring altered lead-sensitive bio-
chemical variables. The therapeutic efficacy of both the
drugs in mitigating lead-induced toxic damage has thus
been highlighted.
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