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Abstract

Objective: This study was aimed to determine the in-
fluence of age on arsenic (As, 10mg/kg body weight given 
through oral gavage) induced mitochondrial oxidative stress 
in three different age groups of rats; young (PND21), adult (3 
months) and aged (18 months) animals at seven days post-
acute exposure. Further, we also evaluated the protective 
effect of chelating agent, monoisoamyl 2,3-dimercaptosuc-
cinic acid (MiADMSA, 50mg/kg body weight given through 
oral gavage, 2 h after As administration), against As-induced 
perturbations in brain regions (cerebral cortex, cerebellum 
and hippocampus). 

Results: Studies conducted at different age points showed 
significant increase in Malondialdehyde (MDA) and As lev-
els and Glutathione-S-Transferase activity, accompanied by 
a decrease in the levels of oxidative stress markers such as 
Superoxide Dismutase isoforms (Mn and Cu/Zn-SOD), Cata-
lase, Glutathione Peroxidase, Glutathione Reductase, Gluta-
thione (GSH) and total Free Sulfhydryl Groups (TSG). 

Conclusion: Among the three different age points, aged 
rats were found to be more vulnerable to the As-induced 
toxicity. Among the brain regions, As-induced effects were 
more pronounced in cerebral cortex followed by cerebellum 
and hippocampus. However, co-administration of MiADMSA 
along with As elicited significant protection in restoring the 
altered levels of antioxidant enzymes, towards the control 
levels. Conclusively, aged animals were found to be most 
sensitive to the As-induced toxicity as compared to young 
and adults.
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Introduction

The mechanism underlying aging, an unavoidable biologi-
cal process which affects most living organisms and age related 
diseases, such as Alzheimer’s, Parkinson’s, and diabetes is still 
an area of significant controversy. One of the most important 
factors responsible for these diseases includes heavy metals ac-
cumulation. Out of all environmental toxic metals, exposure to 
Arsenic (As) contaminated drinking water represents one of the 
largest public health poisonings in the history of human civiliza-
tion, affecting tens of millions of people worldwide [1,2].

As is known to be toxic to different organs, including hepatic, 
hematopoietic, renal, reproductive, nervous system, etc [3]. Sev-
eral recent reports worldwide suggest that children and elderly 
population are more susceptible to the toxic effects of As [4-6]. 
Differential toxicity of as could be due to differences in absorption, 
distribution, metabolism and elimination that varies with age [7].

As exposure is associated with risk of impaired cognitive 
development, subclinical brain dysfunction and behavioral 
anomalies [8]. The exact mechanisms by which as induces tox-
icity are still being elucidated [9]. One of the possible molecular 
mechanism involved in the As-induced neurotoxicity is the dis-
ruption of the prooxidant/antioxidant balance, associated with 
increased generation of Reactive Oxygen Species (ROS) and Re-
active Nitrogen Species (RNS) that impair cellular antioxidant 
defense system and simultaneously damage the critical biomol-
ecules, such as lipids, proteins and DNA [10,11].

Mitochondria have been a central focus of several theories 
of aging as a result of their critical role in bioenergetics, oxi-
dants generation, and regulation of cell death [12].Several stud-
ies have reported alterations in antioxidant enzyme activities 
such as Superoxide Dismutase (SOD), Catalase (CAT), Glutathi-
one Peroxidase (GPx) which can trigger apoptosis in as treated 
animals [13,14]. Hence, the present study was focused on mito-
chondrial oxidative stress marker enzymes. 

In spite of many years of research, an effective treatment 
for As toxicity is still far away. Many metal chelating agents in-
cluding British Anti-Lewisite (BAL), 2,3-Dimercaptosuccinic Acid 
(DMSA) and 2,3-Dimercaptopropane Sulfate (DMPS) are being 
used for treatment [15,16]. However, most of them are known 
for their limitations and side effects that include low therapeu-
tic index, non-specificity (essential metal loss such as copper 
and zinc), and inability to penetrate cellular membrane (extra-
cellular nature), metal redistribution, hepatic and renal toxicity 
[16,17]. In order to improve the efficacy of DMSA, different an-
alogs were synthesized against metal poisoning. Among these 
analogs, mono-isoamyl ester of DMSA (MiADMSA) was shown 
to remove heavy metals like As efficiently from acute as well as 
chronically exposed animals [2,10].

From the above studies, it is very clear that exposure to As 
induces oxidative stress and the series of tests to evaluate mito-
chondrial oxidative stress are the antioxidant enzymes. There-
fore, the present study was designed to examine the effect of As 
on the activity levels of antioxidant enzymes and non-enzymatic 
antioxidants in brain regions (cerebral cortex, cerebellum and 
hippocampus) at different age groups (young, adult and aged) 
of rats. Further, we also evaluated the protective effect of a 
chelating agent, monoisoamyl 2,3-dimercaptosuccinic acid (Mi-
ADMSA) against As-induced mitochondrial oxidative damage.

Materials and methods

Procurement and maintenance of animals

The study was conducted to evaluate the influence of age on 
As induced neurotoxicity at different age group rats. For this, 
3 months (adult) and 18 months (aged) old male albino rats 
(Wistar) were purchased from Sri Venkateswara Traders, Banga-
lore, whereas PND14 (young) rats were obtained from our labo-
ratory by maintaining pregnant rats. Animals of all age groups 
were maintained in the animal house of Sri Venkateswara Uni-
versity, Dept. of Zoology, Tirupati. All the rats were kept in well 
cleaned, sterilized polypropylene cages lined with paddy husk 
(18” x 10” x 8”). The animals were maintained under a regulated 
light: dark 12 hr (7:00–19:00) scheduled at 24 ±10C and relative 
humidity of 55 ± 15%. Rats were provided standard rat chow 
(Sai Durga Feeds and Foods, Bangalore, India) and water ad 
libitum. The experiments were carried out in accordance with 
the guidelines of the Committee for the Purpose of Control and 
Supervision on Experiments on Animals, Government of India 
(CPCSEA, 2003) and approved by the Institutional Animal Ethi-
cal Committee at Sri Venkateswara University, Tirupati, India.

Chemicals

The chemicals used in this study were purchased from Sigma 
Chemicals (St. Louis, MO, USA) and Merck, India. Sodium ar-
senite (NaAsO2, >99% purity) used in this study was purchased 
from Sigma–Aldrich (St Louis, MO, USA) and dissolved in sterile 
distilled water to the desired concentrations. MiADMSA (purity 
99.9%) was a gift from Dr. S.J.S. Flora, Division of Regulatory 
Toxicology, DRDE, Gwalior, India.

Animal exposure

After a week of acclimatization, rats of all age groups (PND21: 
young; 3 months: adult; 18 months: aged) were randomly di-
vided into 4 groups and were treated for a period of one week 
as follows:

Group II: MiADMSA (50 mg/kg, once daily, orally through 
gavage) (n=6)

Group III: Arsenic as sodium arsenite (10 mg/kg, once daily, 
orally through gavage) (n=6)

Group IV: As (10 mg/kg, once daily, orally) + MiADMSA, (50 
mg/kg, once daily, orally, 2 h after As administration) through 
gavage (n=6).

The control animals which served as group I (n=6), received 
equivalent volumes of deionized water through oral gavage. 
The dose of sodium arsenite used in this study was based upon 
the reports of Itoh et al., [18] and Rodriguez et al., (2001) in rats 
which represent ¼ of the LD50 dose for rats [19]. MiADMSA dose 
was selected on the basis of earlier published reports by Flora 
et al. [20,21] ,who reported that 50 mg/kg to be the optimal 
dose for most effective recoveries in clinical variables as well as 
reducing arsenic body burden. Hence, we selected this dose for 
our present study. MiADMSA was dissolved in 5% sodium bicar-
bonate solution and was prepared immediately before use. The 
dosing volume amounted to 4 ml/kg body weight. After com-
pletion of treatment, animals were sacrificed through cervical 
dislocation and the brain regions (cerebral cortex, hippocampus 
and cerebellum) were quickly isolated and stored at --80 ºC for 
biochemical analysis.

Superoxide Dismutase (SOD) activity
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Measurement of total SOD activity was performed according 
to Misra and Fridovich, [22] based on the inhibition of auto-
oxidation of epinephrine. The total reaction mixture contained 
of 880 μl of 0.05 M carbonate buffer (pH 10.2), 20 μl of 30 mM 
epinephrine and 100 μl of enzyme source and absorbance was 
recorded at 480 nm against reagent blank. The enzyme activity 
was expressed as micromoles of superoxide anion reduced/mg 
of protein. Mn–SOD activity was determined in the mitochon-
drial fractions by inhibiting the Cu/Zn–SOD with KCN and sub-
tracting the values from total SOD activity.

Catalase (CAT) activity

CAT activity was measured by following the method of 
Chance and Maehly [23]. The reaction mixture contained 1.9 
ml reagent grade water, 1.0 ml of 0.059 M hydrogen peroxide 
(H2O2) in buffer. The reaction mixture was incubated in spec-
trophotometer for 4–5 min to achieve temperature equilibra-
tion and to establish blank rate if any. 0.1 ml of mitochondrial 
fraction was added and decrease in absorbance was recorded 
at 240 nm for 2-3 min. ∆A240/min from the initial (45s) linear 
portion of the curve was calculated. The enzyme activity was 
expressed as µmoles of H2O2 decomposed/mg protein/min.

Glutathione Peroxidase (GPx) activity

GPx activity was determined by following the method of 
Rotruck et al., [24]. Briefly, the reaction mixture contained 0.5 
ml of 0.4 mol/l sodium phosphate buffer (pH 7.0), 0.1 ml so-
dium azide, 0.2 ml reduced glutathione, 0.1 ml H2O2, and 0.5 ml 
of 1:10 diluted aliquot of the mitochondrial fraction and the to-
tal volume was made up to 2 ml with distilled water. The tubes 
were incubated at 37 ºC for 3 min and the reaction was termi-
nated with 0.5 ml 10% TCA and centrifuged at 4 ºC for 10 min at 
1500 rpm. The supernatant was collected and to this 4 ml of 0.3 
mol/l disodium hydrogen phosphate and 1 ml DTNB (dithionitro 
benzoic acid; 0.004%) reagent were added. The color developed 
was read at 412 nm against the reagent blank containing only 
phosphate solution and DTNB reagent. The enzyme activity was 
expressed as μmoles of GSH oxidized/mg of protein/min.

Glutathione Reductase (GR) activity

GR activity in the mitochondrial fraction of brain regions was 
assayed as described by Staal et al., [25]. The reaction mixture 
in a final volume of 3.0 ml contained 1.0 ml of 0.3 M Sodium 
phosphate buffer (pH-6.8), 0.5 ml of 250 mM EDTA, 0.5 ml of 
12.5 mM GSSG, 0.7 ml of distilled water, 0.2 ml of 30 mM NA-
DPH and 0.1 ml of mitochondrial fraction. Changes in absor-
bance were recorded at 340 nm in a spectrophotometer. The 
enzyme activity was expressed as μmoles of NADPH oxidized/
mg protein/min.

Glutathione-S-Transferase (GST) activity

GST activity in the mitochondrial fraction of brain regions 
was assayed by using 1-chloro-2, 4-dinitro benzene (CDNB) (at 
340 nm) as described by Habig et al., [26]. The reaction mixture 
in a final volume of 3.0 ml contained; 150 mM phosphate buf-
fer (pH 7.5), 1 mM CDNB, 5 mM Glutathione (GSH) and an ap-
propriate amount of mitochondrial fraction. The reaction was 
initiated by the addition of GSH and incubated at 37 ºC. The 
formation of a thioether by the conjugation of CDNB to GSH was 
monitored at 340 nm in a spectrophotometer (Hitachi model, 
U-2001). Thioether concentration was determined from the 
slopes of initial reaction rates. The activity was expressed as 
μmoles of thioether formed/mg protein/min.

Glutathione (GSH) content

GSH content was determined according to the method of 
Ellman, [27]. Here, the mitochondrial fraction was doubled di-
luted and trichloroacetic acid (5%) was added to precipitate the 
protein content. After centrifugation at 10000 g for 5 min, the 
supernatant was collected. To the supernatant, 5,5-dithiobis 
[2-nitrobenzoic acid solution (Ellman’s reagent)] was added and 
the absorbance was measured at 412 nm. The values were ex-
pressed as millimoles/gm tissue.

Total Sulfhydryl Group (TSG) content

TSG content was determined by using the method of Sedlak 
and Lindsay, [28]. Briefly, to the mitochondrial fraction (100 µl), 
1 ml of tris-EDTA buffer (0.2 mol/L, pH 8.2) and 0.9 ml of EDTA 
solution (0.02 mol/L, pH 4.7) was added followed by the addi-
tion of 20 µl of Ellman’s reagent. After 30 min of incubation at 
room temperature, samples were centrifuged and the absor-
bance was read at 412 nm in spectrophotometer.

Lipid Peroxidation (LPx)

The lipid peroxides were determined by following the meth-
od of Ohkawa et al., [29]. The reaction mixture contained 0.1 ml 
of mitochondrial fraction, 0.2 ml of 8.1% Sodium Dodecyl Sul-
phate (SDS), 1.5 ml of 20% acetic acid and 1.5 ml of 0.8% aque-
ous solution of Thiobarbituric Acid (TBA). The pH was adjusted 
to 3.5. The mixture was finally made up to 4.0 ml with distilled 
water and heated at 95 ºC for 60 min. After cooling under tap 
water, 0.1 ml of distilled water and 5.0 ml of a mixture of n-
butanol and pyridine (15:1, V/V) were added and the mixture 
was shaken vigorously on a vortex mixture. After centrifugation 
at 2200 x g for 5 min the upper organic layer was separated and 
the absorbance was read at 532 nm in a spectrophotometer. 
The rate of lipid peroxidation was expressed as μ moles of ma-
londialdehyde formed/gm wet wt. of tissue/hr.

Evaluation of As concentration in brain regions

Brain regional As levels were estimated according to the 
method of Ballentine and Burford, [30]. To 100 mg of tissues, 
1 ml of concentrated nitric acid was added, followed by 1 ml of 
perchloric acid. The sample was then digested over a sand bath 
until the solution turns yellow in color. If the color of the digest 
was brown, 0.5 ml each of nitric acid and perchloric acid were 
added and the oxidation was repeated. The digest was made up 
to 2 ml volume with deionized water. Aliquots of this were used 
to estimate As by using atomic absorption spectrophotometer 
(AAS, Perkin Elmer model AAnalyst 100).

Statistical analysis of the data

Significance of each age group among different treatments 
was analyzed by one-way analysis of variance (ANOVA) followed 
by Bonferroni multiple comparisons test using GraphpadPrism 
3.11 program software to compare the effects among various 
groups. The 0.05 level of probability was used as the criterion 
for significance.

Results

Our results showed that mitochondrial antioxidant enzymatic 
activities such as SOD isoforms (Mn-SOD and Cu/Zn-SOD), Cata-
lase (CAT), Glutathione Reductase (GR), Glutathione peroxidase 
(GPx), non-enzymatic antioxidant levels of Glutathione (GSH) 
and total free sulfhydryl groups (TSG) were decreased with 
concomitant increase in lipid peroxidation and GST in different 
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brain regions (cerebral cortex, cerebellum and hippocampus) of 
As exposed rats of all the three different age groups (young: 
PND21; adult: 3 months; aged: 18 months).

Effect of As exposure on SOD isoforms

In control rats, the activities of Mn-SOD and Cu/Zn-SOD were 
found to be maximum in adults followed by young and aged 
rats. Maximum activities of Mn-SOD and Cu/Zn-SOD were ob-
served in cortex followed by cerebellum and hippocampus in 
adult rats. Exposure to As significantly decreased the Mn-SOD 
and Cu/Zn-SOD activities and the decrease in enzyme activities 
was found to be greater in aged rats followed by young rats and 
adult rats. Among all the brain regions studied maximum de-
crease was observed in cerebral cortex followed by cerebellum 
and hippocampus (Figures 1 and 2).

Effect of As exposure on CAT

Similar to SOD isoforms, the CAT activity in control rats was 
found to be maximum in adult rats compared to young and 
aged rats. Among brain regions, cortex showed maximum CAT 
activity followed by cerebellum and hippocampus (Figure 3) at 
all the age points studied. Exposure to As resulted in significant 
decrease in the specific activities of CAT in all the three brain 
regions and the decrease in activity was found to be greater in 
aged rats followed by young rats and adult rats. Cerebral cortex 
documented maximum decrease in enzyme activity than cer-
ebellum and hippocampus (Figure 3).

Effect of As exposure on GPx

In control rats, the GPx activity was found to be maximum in 
adults followed by young and aged rats. Among the three brain 
regions, cortex showed maximum GPx activity followed by cere-
bellum and hippocampus (Figure 4) at all the age points studied. 
Exposure to As exhibited significant decrease in the GPx activity 
and the decrease was found to be greater in aged rats followed 
by young rats and adult rats. From the data, it is evident that 
cerebral cortex exhibited maximum decrease in enzyme activity 
than cerebellum and hippocampus (Figure 4).

Effect of As exposure on GR

Similar to GPx, GR activity was found to be maximum in 
adults followed by young and aged control rats with cortex 
documenting maximum GR activity followed by cerebellum and 
hippocampus (Figure 5). Exposure to As exhibited significant 
decrease in the specific activity of brain regional GR and the de-
crease in activity was found to be greater in aged rats followed 
by young and adult rats. Cerebral cortex exhibited maximum 
decrease in enzyme activity than cerebellum and hippocampus 
following As exposure (Figure 5).

Effect of As exposure on GST

Exposure to As exhibited significant increase in the brain re-
gional GST activity levels and the increase in levels was found 
to be greater in aged rats followed by young rats and adult rats. 
From the results, it is clear that cerebral cortex exhibited maxi-
mum increase in GST activity than cerebellum and hippocam-
pus (Figure 6).

Effect of As exposure on GSH and TSG

Similar to enzymatic antioxidants; the non-enzymatic antiox-
idants, GSH and TSG levels in control rats were found to greater 
in adult rats followed by young and aged rats. Among the three 
brain regions, cortex showed maximum levels followed by cer-

ebellum and hippocampus (Table 1) at all the age points stud-
ied. Exposure to As exhibited significant decrease in the levels 
of brain regional GSH, TSG levels and the decrease was found to 
be maximum in aged rats followed by young rats and adult rats. 
Cerebral cortex exhibited maximum decrease in GSH and TSG 
levels than cerebellum and hippocampus (Table 1).

Effect of As exposure on LPx

In the present investigation, Malondialdehyde (MDA) forma-
tion was recorded as a measure of lipid peroxidation in both 
control and experimental rat brain regions. The MDA content 
increased with age in control brain regions with the cortex doc-
umenting the highest MDA levels followed by cerebellum and 
hippocampus in aged rats. Exposure to As exhibited significant 
increase in the brain regional MDA levels and the increase in 
levels was found to be greater in aged rats followed by young 
rats and adult rats. From the results, it was found that cerebral 
cortex exhibited maximum increase in MDA levels than cerebel-
lum and hippocampus (Table 2).

Brain regional As levels

Brain regional accumulation of As at different age points was 
shown in Table 2. As exposure produced a significant increase 
in As content in all the three brain regions at all age points. 
Maximum increase in As content was observed in young rats 
followed by aged and adult rats. Among the brain regions maxi-
mum increase in As levels was found in cerebral cortex com-
pared to cerebellum and hippocampus (Table 2).

Protective effect of MiADMSA

We also evaluated the protective effect of MiADMSA, new 
thiol-chelator against As-induced alterations in mitochondrial 
oxidative stress markers in the brain regions of different age 
groups of rats. Chelation with MiADMSA was able to elicit sig-
nificant protection to the As-induced alterations in all selected 
enzymatic antioxidant activities (Mn-SOD, Cu/Zn-SOD, Cat, GPx, 
GR, GST), non-enzymatic antioxidant levels (GSH and TSG), MDA 
and As levels in all brain regions (cerebral cortex hippocampus 
and cerebellum) of young, adult and aged rats (Figures 1 to 6 
and Tables 1 and 2). These observed reversal effects in the levels 
of enzymatic and non-enzymatic antioxidants and MDA levels 
were significant at P < 0.05 (Figures 1 to 6 and Tables 1 and 2).

Discussion

The current study was aimed to evaluate the influence of age 
on As-induced alterations in brain regional (cerebral cortex, hip-
pocampus, cerebellum) mitochondrial antioxidant system at dif-
ferent age group rats and further to evaluate the protective ef-
fect of MiADMSA against As-induced neurotoxicity. Increased As 
levels in rat brain regions exposed to As indicate that As and it’s 
metabolites are able to cross the Blood Brain Barrier (BBB), which 
was consistent with the results reported by Zheng et al. [31]. 

Among different antioxidative mechanisms in the body, SOD 
is found to be one of the major enzymes which protects against 
tissue damage caused by the potentially cytotoxic radicals 
[32,33]. In our study, As exposure lead to a significant decrease 
in the activity of SOD isoforms in the brain regions of all age 
groups compared to their respective controls. The decrease in 
SOD isoforms may be attributed to enhanced superoxide radical 
production during As metabolism [34,35]. The effect of As on 
SOD has also been attributed to the following three reasons; (i) 
altered SOD expression (ii) modification in cellular antioxidant 
uptake, GSH and vitamin depletion or (iii) alteration in antioxi-
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dant activities by affecting their structure (oxidation/reduction 
of thiol group and displacement of essential metals)

Among the three different age groups studied, the activity 
levels of SOD-isoforms were significantly decreased in aged rats 
as compared to young and adult rats. This age-related decrease 
in SOD-isoforms activity in brain specific regions observed in 
the present study was in corroboration with Carrillo et al., [33] 
investigations who reported that the activity levels of antioxi-
dant enzymes, total SOD, and Mn-SOD were decreased with 
age in the cerebral cortex followed by cerebellum. The possible 
mechanism suggested was that, an increase in arachidonic acid 
turnover (e.g. increase in prostaglandin synthase activity) may 
play a role in the increased oxygen radical load [37]. Sawada 
and Carlson, [38] reported that superoxide radical formation 
increases along with age, therefore a decreased protection 
against toxic radicals may have deleterious consequences for 
the aging brain. 

CAT has been shown to be responsible for the detoxification 
of significant amounts of hydrogen peroxide (H2O2). From the 
experimental results, it is evident that As exposure significantly 
decreased CAT activity at all age groups compared to their re-
spective controls. In general, CAT requires NADPH for its regener-
ation from its inactive form. The activity of glucose-6-phosphate 
dehydrogenase (G6PDH) decreases with advancing age. As the 
NADPH level depends on that of G6PDH, a decrease in the activ-
ity of latter affects the levels of former. The paucity in NADPH 
production along with increased superoxide radicals during As 
exposure also decreases catalase activity [39,40]. The gradual 
decrease in catalase with increasing age appears to be due to 
an age-dependent effect in the expression of their genes [41].

Glutathione-related enzymes, such as glutathione peroxidase 
(GPx) and glutathione reductase (GR), function either directly 
or indirectly as antioxidants, whereas glutathione S transferase 
(GST) plays a major role in metabolic detoxification. GPx metab-
olizes peroxides like H2O2 and protects cell membranes against 
lipid peroxidation. In the present study, a significant reduction 
in GPx activity has been observed upon exposure to As at all age 
groups studied. As may directly interacts with Se and form in-
soluble and inactive As–Se complex [42,43] rendering it unavail-
able and resulting in the inhibition of GPx activity or alter the 
expression and synthesis of selenoproteins such as GPx [44,45]. 

In the present study, in aged rats, the activity of GPx was 
lower in brain regions than young and adult controls. Our re-
sults are in agreement with Brannan et al. [46], who observed a 
similar decline in the activity of GPx as well as SOD during aging. 
In addition, on aging, considerable increase in the production 
of H2O2 and a decrease in the activity of GPx were reported. 
Decreased GPx activity with age may also be attributed due to 
the decline in GSH concentration.

GR is the key enzyme for maintaining the intracellular con-
centration of reduced glutathione. From the results, it is evident 
that, As exposure significantly decreased GR activity in all age 
groups compared to their respective controls. Arsenite and its 
methylated metabolites have been known to be potent inhibi-
tors of GR in vitro [47-49]; thus, exposure to arsenicals would 
compromise the antioxidant mechanisms by consuming GSH 
and inhibiting the enzyme responsible for its recycling eventu-
ally leading to cell death.

Our data on decreased GR gets further support from the fact 
that trivalent arsenicals are potent inhibitors of GR [48] which can 

cause inhibition by the interaction of As with critical thiol groups 
in these enzymes [50]. However, in the present study, a signifi-
cant decrease in GR activity was observed in the brain regions of 
aged rats compared to the young and adult rats. Thus the signif-
icant reduction observed in GR of aged rats may be associated 
with age-related decrease of GSH in different brain regions [51].

As exposure increased GST activity in all the brain regions 
of all the age groups studied. Increased GST activity following 
As exposure suggests a counteracting mechanism adopted by 
system to eliminate As and its metabolites. Kim et al., (2003), 
reported that the GST activity was increased by 1.7 fold in the 
brains of 9-month-old rats compared to those of 5-week-old 
rats. In our current study, GST was increased significantly in all 
the three brain regions of aged animals. Enhanced GST activity 
is assumed to respond to aging as an adaptive mechanism sec-
ondary to increases in oxidative stress [10].

Reduced glutathione (GSH), a non-protein thiol, plays an 
important role in the detoxification via facilitating As removal 
from the cellular sites and stimulating excretion of methylated 
As [52], which is responsible for As-induced cytotoxicity. From 
our experimental results, it is evident that As exposure signifi-
cantly depleted GSH levels at all age groups compared with 
their respective controls. Among the different age groups, As 
exposure lead to a significant GSH levels reduction in aged rats, 
followed by young and adult rats. As-induced GSH depletion 
may be attributed due to its direct binding with GSH due to its 
high binding affinity towards thiol groups and also electrophillic 
nature of GSH. Indirect depletion of GSH by As may also due to 
its utilization in scavenging of As-induced free radicals genera-
tion. This could be attributed due to the utilization of GSH as 
electron donor for As metabolism or direct binding due to thiol 
preference. An age-associated decline in GSH level has been re-
ported in the brain tissue of various species [53,54], which are 
consistent with the present findings. Maiti and Chatterjee, [55] 
also reported that depletion of GSH may also be caused due to 
the GPx mediated excess utilization of GSH. 

Glutathione and total thiols (sulfhydryl groups) non-enzy-
matically reduce peroxides and/or prevent occurrence of per-
oxidation. In the present study, a significant decrease in these 
sulfhydryl groups was observed in aged rats. The recycling of 
GSH from GSSG (oxidized glutathione) is catalyzed by glutathi-
one reductase using NADPH as a cofactor. NADPH is generated 
in a pathway involving G6PDH. Age-related decline in the activ-
ity of G6PDH leading to diminished production of NADPH may 
be the cause for the observed decrease in sulfhydryl groups. 

LPx measured as MDA levels in the present study forms the 
most common indices to assess mitochondrial oxidative stress. 
The peroxidation products of lipids, usually Polyunsaturated 
Fatty Acids (PUFA) are susceptible to the attack of free radicals 
forming an important biomarker [56]. In the current study, a 
significant increase in LPx was observed in young and aged rats, 
compared to the adult rats. Increased lipid peroxidation in re-
sponse to As is thought to be the consequences of oxidative 
stress, which occurs when the dynamic balance between pro-
oxidant and antioxidant mechanism is altered. The present re-
sults also support the correlation of increased MDA levels with 
the decreased antioxidant defense system due to As toxicity.

In this study the basal control levels were increased with age 
from young to adult and decreased in aged animals. The average 
increase was 29.2%, 28.45% and 26.42% in cerebral cortex, cer-
ebellum and hippocampus respectively from young to adult and 
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the average decrease was 40.76%, 42.82% and 42.56% in cerebral 
cortex, cerebellum and hippocampus respectively from adult to 
aged animals. As treated groups showed significant decrease in 
all ages. However, the young and aged showed greater decrease 
compared to adults. This could be due to the fact that develop-
ing and differentiating brain with under-developed blood-brain 
barrier is more vulnerable to toxic insult than fully developed 
adult brain [1,57,58]. Similarly aged brain is more vulnerable to 
toxic insult because of increased reactive oxygen species and the 
primary mechanism of As toxicity is mediated by oxidative dam-
age [1]. The brain regions also respond differently to As due to 
the differences in their formation and transmitter synthesizing 
neuronal system and also due to differences in absorption, dis-
tribution, metabolism and elimination that varies with age [7].

Among the brain regions studied, the activity levels of ox-
idative stress marker enzymes were found to be altered to a 
greater extent in cortex, followed by cerebellum and hippocam-
pus, indicating that these regions are highly sensitive to oxida-
tive stress. Certain brain regions such as cortex and striatum 
are highly enriched with non-heme iron, which is catalytically 
involved in free radicals generation [59]. The relative sensitivity 
of cortex when compared to cerebellum and hippocampus may 
be attributed to the differences in the iron content which influ-
ence the ROS generation [10,60].

One of the primary factors determining the effectiveness of 
chelation therapy against metal induced toxicity is the ability of 
chelating agents to reach the intracellular site. Moreover, for 
chelation therapy, it is mandatory to know whether the chela-
tor has any toxicity, prooxidant, or antioxidant effect that could 
supplement its chelating properties. It is hypothesized that the 

protective efficacy and toxicity may be different in different age 
groups of subjects. Hence, the present study was designed to 
evaluate the protective effect of MiADMSA against As-induced 
oxidative stress in young, adult and aged animals.

The co-administration of MiADMSA along with As proved 
significantly effective in restoring the altered activities of brain 
regional antioxidant enzymes towards its normal values in all 
the ages studied. However, co-administration of MiADMSA was 
found to produce greater protective changes in young animals 
compared to the adult and aged animals. This could be attrib-
uted due to its lipophilic nature, which allows to cross cell mem-
branes more effectively and to chelate intracellular As from its 
storage sites by forming an adduct utilizing the sulfhydryl and 
carboxyl groups in its structure. It would be interesting to spec-
ulate that, apart from the ability of MiADMSA to remove As 
from the brain, presence of two vicinal thiol (sulfhydryl) groups 
in the structure may also be responsible for these reversals. Mi-
ADMSA, an ester derivative of DMSA, might be more lipophilic 
in nature than its parent compound but still retains antioxidant 
properties of the parent compound, DMSA [61]. However, we, 
in this current study, were not able to provide enough experi-
mental evidence to prove this hypothesis and hence recom-
mend future studies in the area.

 These results are in agreement with Flora et al., (2007) who 
reported similar observations during aging upon administration 
with MiADMSA. Our results with MiADMSA are consistent with 
our previously published reports [10]. Based on the findings of 
the present study, it is suggested that MiADMSA has the best 
reversal effect among the current available choices of drugs for 
As poisoning.

Figures

Figure 1: Influence of age on arsenic-induced alterations in Mn-SOD activity in three different brain regions [(a) 
cerebral cortex, (b) cerebellum and (c) hippocampus] and its reversal by MiADMSA. Rats were treated with normal 
saline, arsenic (10 mg/kg orally), chelated with MiADMSA (50 mg/kg orally) for a period of 1 week. Each bar repre-
sents mean ± SD (n = 6). The values marked with asterisk (*) are significant at P < 0.001 with their respective control 
groups, whereas the non-significant values are designated as ns (P > 0.05).
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Figure 2: Influence of age on arsenic-induced alterations in Cu/Zn-SOD activity in three different brain regions [(a) 
cerebral cortex, (b) cerebellum and (c) hippocampus] and its reversal by MiADMSA. Rats were treated with normal 
saline, arsenic (10 mg/kg orally), chelated with MiADMSA (50 mg/kg orally) for a period of 1 week. Each bar represents 
mean ± SD (n = 6). The values marked with asterisk (*) are significant at P < 0.001 with their respective control groups, 
whereas the non-significant values are designated as ns (P > 0.05).

Figure 3: Influence of age on arsenic-induced alterations in CAT activity in three different brain regions [(a) 
cerebral cortex, (b) cerebellum and (c) hippocampus] and its reversal by MiADMSA. Rats were treated with normal 
saline, arsenic (10 mg/kg orally), chelated with MiADMSA (50 mg/kg orally) for a period of 1 week. Each bar represents 
mean ± SD (n = 6). The values marked with asterisk (*) are significant at P < 0.001 with their respective control groups, 
whereas the non-significant values are designated as ns (P > 0.05).
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Figure 4: Influence of age on arsenic-induced alterations in GPx activity in three different brain regions [(a) ce-
rebral cortex, (b) cerebellum and (c) hippocampus] and its reversal by MiADMSA. Rats were treated with normal 
saline, arsenic (10 mg/kg orally), chelated with MiADMSA (50 mg/kg orally) for a period of 1 week. Each bar repre-
sents mean ± SD (n = 6). The values marked with asterisk (*) are significant at P < 0.001 with their respective control 
groups, whereas the non-significant values are designated as ns (P > 0.05).

Figure 5: Influence of age on arsenic-induced alterations in GR activity in three different brain regions [(a) ce-
rebral cortex, (b) cerebellum and (c) hippocampus] and its reversal by MiADMSA. Rats were treated with normal 
saline, arsenic (10 mg/kg orally), chelated with MiADMSA (50 mg/kg orally) for a period of 1 week. Each bar repre-
sents mean ± SD (n = 6). The values marked with asterisk (*) are significant at P < 0.001 with their respective control 
groups, whereas the non-significant values are designated as ns (P > 0.05).
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GSH Content TSG Content

Control MiADMSA As As+MiADMSA Control MiADMSA As As+MiADMSA

Young

CC 0.879±0.0473 0.866±0.0481ns 0.367±0.0196* 0.671±0.0460* 1.574±0.0860 1.543±0.0796ns 0.701±0.0383* 1.118±0.0583*

CBM 0.856±0.0550 0.844±0.0501ns 0.381±0.0265* 0.681±0.0396* 1.428±0.0828 1.411±0.0749ns 0.667±0.0335* 1.032±0.0587*

Hippo 0.832±0.0430 0.820±0.0464ns 0.382±0.0196* 0.672±0.0490* 1.231±0.0660 1.221±0.0682ns 0.588±0.0322* 0.911±0.0613*

Adult

CC 0.927±0.0677 0.914±0.0514ns 0.532±0.0367* 0.701±0.0377* 1.986±0.1215 1.966±0.1384ns 1.125±0.0693* 1.424±0.0865*

CBM 0.917±0.0503 0.904±0.0508ns 0.536±0.0348* 0.704±0.0393* 1.857±0.1064 1.841±0.1494ns 1.074±0.0783* 1.359±0.0825*

Hippo 0.915±0.0496 0.903±0.0571ns 0.539±0.0280* 0.709±0.0522* 1.811±0.1354 1.792±0.1063ns 1.069±0.0747* 1.355±0.0758*

Aged

CC 0.734±0.0408 0.727±0.0385ns 0.286±0.0168* 0.469±0.0256* 1.325±0.0748 1.307±0.0887ns 0.509±0.0304* 0.776±0.0502*

CBM 0.722±0.0368 0.715±0.0383ns 0.290±0.0146* 0.478±0.0255* 1.246±0.0946 1.231±0.0620ns 0.507±0.0295* 0.769±0.0395*

Hippo 0.710±0.0409 0.703±0.0382ns 0.302±0.0157* 0.480±0.0271* 1.183±0.0668 1.159±0.0617ns 0.496±0.0300* 0.744±0.0386*

Tables

Lipid Peroxidation Tissue As Levels

Control MiADMSA As As+MiADMSA Control MiADMSA As As+MiADMSA

Young

CC 0.970±0.0623 0.985±0.0605ns 1.688±0.1174* 1.270±0.0739* 0.015±0.005 0.019±0.002ns 0.248±0.0133* 0.143±0.0082*

CBM 0.810±0.0418 0.821±0.0486ns 1.395±0.0716* 1.072±0.0781* 0.013±0.001 0.015±0.006ns 0.208±0.0125* 0.119±0.0077*

Hippo 0.620±0.0334 0.628±0.0349ns 1.067±0.0569* 0.810±0.0555* 0.014±0.003 0.016±0.004ns 0.218±0.0113* 0.126±0.0079*

Adult

CC 1.316±0.0667 1.334±0.0693ns 1.989±0.1196* 1.652±0.0853* 0.017±0.0015 0.019±0.0014ns 0.169±0.0125* 0.103±0.0065*

CBM 1.253±0.0636 1.268±0.0751ns 1.881±0.1298* 1.541±0.0838* 0.015±0.004 0.016±0.003ns 0.145±0.0078* 0.088±0.0072*

Hippo 1.17±0.0815 1.130±0.0635ns 1.684±0.1162* 1.360±0.0732* 0.012±0.003 0.015±0.004ns 0.113±0.0083* 0.069±0.0048*

Aged

CC 2.575±0.1619 2.615±0.1732ns 4.594±0.287* 3.653±0.2407* 0.015±0.002 0.018±0.0014ns 0.189±0.0151* 0.116±0.0067*

CBM 2.309±0.1693 2.339±0.1643ns 4.112±0.3141* 3.239±0.2271* 0.014±0.0013 0.017±0.0014ns 0.170±0.0093* 0.103±0.0071*

Hippo 2.198±0.1679 2.227±0.1620ns 3.888±0.314* 3.067±0.2303* 0.013±0.006 0.015±0.011ns 0.153±0.0088* 0.098±0.0064*

Table 1: Influence of age on arsenic-induced alterations in GSH and TSG content in three different brain regions [CC (cerebral cor-
tex), CBM (cerebellum) and Hippo (hippocampus)] and its reversal by MiADMSA. Rats were treated with normal saline, arsenic (10 mg/kg 
orally), chelated with MiADMSA (50 mg/kg orally) for a period of 1 week. Each value represents mean ± SD (n = 6). The values marked with as-
terisk (*) are significant at P < 0.001 with their respective control groups, whereas the non-significant values are designated as ns (P > 0.05).

Table 2: Influence of age on arsenic-induced alterations in lipid peroxidation and tissue As levels in three different brain regions [CC 
(cerebral cortex), CBM (cerebellum) and Hippo (hippocampus)] and its reversal by MiADMSA. Rats were treated with normal saline, arsenic 
(10 mg/kg orally), chelated with MiADMSA (50 mg/kg orally) for a period of 1 week. Each value represents mean ± SD (n = 6). The values 
marked with asterisk (*) are significant at P < 0.001 with their respective control groups, whereas the non-significant values are designated 
as ns (P > 0.05).
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