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Carbon tetrachloride (CCly), a hepatotoxic agent is widely used to study the toxic mechanisms in exper-
imental animals. We have investigated whether oxidative stress is induced in the brain at a single
hepatotoxic dosage (1 ml/kg bw) of CCly. Increased lipid peroxidation (LPO), protein carbonyls (PC) con-
tent and glutathione (GSH) depletion were observed in the brain regions of rats treated with CCl; which
was higher than that of liver. A drastic reduction in the activity of glutathione-S-transferase (GST) was
seenin the brain regions which was higher than that of liver. Similarly, activities of glutathione peroxidase

IC(ZJr/I‘JA:)Or:CiSe:trachloride (GPx), glutathione reductase (GR), superoxide dismutase (SOD), catalase (CAT), NADH- and NADPH-
GSH dehydrogenase were reduced in the brain regions similar to that of liver. Higher induction of oxidative
ROS stress in the brain compared to that of liver implies vulnerability of the brain for CCl4 neurotoxicity. Our

Neurotoxicity
Oxidative stress
Antioxidant enzymes

study shows that a single hepatotoxic dose of CCly is equally neurotoxic to rats.
© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Oxidative stress (OS) results as a consequence of imbalance
between ROS and cellular antioxidant defenses. ROS is implicated
in the etiology of many disease conditions including cardiovascu-
lar diseases, neurodegenerative disorders, cancer and aging [1-3].
Major source of free radicals in vivo is autoxidation of flavin thiols,
activity of electron transport chain, oxidases, cyclooxygenases, per-
oxidases etc. [4]. Environmental sources of OS include xenobiotics,
organic solvents, pesticides, tobacco smoke, anesthetics, drugs and
radiation [5].

Carbon tetrachloride (CCly) is widely used to induce hepatotox-
icity in experimental animals. CCl4 hepatotoxicity is characterized
by hepatocellular necrosis with fat deposition. At acute toxic doses
of CCl4, when hepatocellular necrosis exceeds the regenerative
capacity of the liver, fatal liver failure often ensues. High doses of
CCly4 results in nonspecific toxicity, including central nervous sys-
tem depression and respiratory failure resulting in death [6]. The
free radicals generated from CCl4 and the parent molecule by itself,
damage endoplasmic reticulum (ER), which leads to accumulation
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of lipids, reduced protein synthesis and mixed function oxidases
activity [7]. CCl4 belongs to the class of hepatotoxins, which act after
metabolic activation. It is metabolized in the endoplasmic reticu-
lum by cytochrome p#°° enzymes (mostly CYP2E1) to the highly
reactive trichloromethyl radical (CCl3*). CCl3*® rapidly reacts with
oxygen to form the highly reactive trichloromethylperoxyl radical
(CCI300°), which rapidly reacts with lipids to form lipid peroxi-
dation products [8]. Polyunsaturated fatty acids or PUFA of the ER
and mitochondria are more susceptible to oxidation by the free rad-
icals. The free radical mediated lipid peroxidation is one of the main
mechanisms of hepatic injury by CCly [7].

The brain is highly vulnerable to OS than other organs of the
body in view of the unusually high rate of oxygen consumption,
being rich in PUFA, and low levels of antioxidant enzymes coupled
with high amount of non-haem iron [9,10]. Neurotoxic compounds
induce OS by inducing lipid peroxidation and altering the antioxi-
dant defenses in the brain [11-13].In view of this, we hypothesized
that brain could be a vulnerable target organ for the action of CCly.
Although the hepatotoxicity of CCl is well understood, reports on
the effects of CCly, on the brain are sketchy [14]. In this study, we
have investigated whether a single sublethal, hepatotoxic dose of
CCly causes OS in the brain of the laboratory rat.
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2. Material and methods
2.1. Chemicals

Nicotinamide adenine dinucleotide phosphate reduced
(NADPH), nicotinamide adenine dinucleotide reduced (NADH),
1-chloro-2,4-dinitrobenzene (CDNB), thiobarbituric acid (TBA),
glutathione reduced (GSH), oxidised glutathione (GSSG), 2,4-
dinitrophenylhydrazine (DNPH), and pyrogallol were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). 5,5dithiobis (2-
nitrobenzoic acid) (DTNB), nitrobluetetrazolium (NBT), Triton-X,
Tris base and other reagents were purchased from Sisco Research
Laboratories, Mumbai, India

2.2. Animals and treatment

Ninety days old adult male Wistar rats (200-230 g) were divided
into two groups of four each. CCl4 was dissolved in sunflower oil.
To the control group, only the vehicle (sunflower oil) was admin-
istered. A single dose of CCl; (1 ml/kg bw), the dose at which
hepatotoxicity occurs [15] was administered by oral gavage and,
animals were sacrificed by ether anesthesia after 24 h. Liver and
brain were removed and the brain dissected on ice to get the dif-
ferent regions, viz, forebrain, midbrain, and hindbrain, which were
processed immediately for biochemical assays. The institute animal
ethical guidelines were followed for the animal experiments.

2.3. Lipid peroxidation

Lipid peroxidation (LPO) in tissue homogenate was measured
by estimating the formation of thiobarbituric acid reactive sub-
stances (TBARS) [16]. Tissue homogenate (10% w/v in 1.15% KCl)
was mixed with 1.5ml 20% TCA and 1.5 ml 1.34% TBA and, boiled
for 30 min, cooled, which was followed by the addition of 2.5 ml
butanol and centrifuged at 2000 rpm for 5min. The upper layer
was read at 535 nm. TBARS as malondialdehyde (MDA) content of
the sample was calculated using the molar extinction coefficient
143 x 103 M~1cm~! and expressed as nmol of MDA formed/mg
protein.

2.4. Protein carbonyls

Protein carbonyls were estimated by preparing 10% w/v tissue
homogenates in 20mM Tris-HCl buffer (pH 7.4), centrifuged at
3000 rpm for 20 min at 4°C and 1 ml of the supernatant was pre-
cipitated with an equal volume of 20% TCA and centrifuged. The
pellet was suspended in 10 mM DNPH and allowed to stand at room
temperature for 60 min with occasional vertexing. This was fol-
lowed by adding 0.5 ml 20% TCA to the mixture and centrifuged, the
pellet obtained was washed three times with ethanol:ethylacetate
(1:1) and solubilized in 2% SDS (in 20 mM Tris-HCl, 0.1 M NacCl, pH
7.4). Protein carbonyl (PC) content was measured by the method
of Levine et al. [17]. The absorbance was read at 360 nm in UV-vis
spectrophotometer and the carbonyl content was calculated using
a molar extinction coefficient of 22,000 M~1CM~1 and expressed
as g/mg protein.

2.5. Glutathione

Glutathione (GSH) content was estimated by the method of Ell-
man et al. [18], 10% tissue homogenates were prepared in 5% w/|v
TCA, centrifuged at 2000 rpm for 10 min and supernatant (GSH) was
mixed with 10 mM DTNB in 0.1 M phosphate buffer (pH 8.0). The
mixture was incubated for 10 min at room temperature and the

color was read at 412 nm. Glutathione content was calculated by a
standard curve and expressed as j.g/mg protein.

2.6. Antioxidant enzymes

Tissues were homogenized (10% w/v) in ice cold Tris buffer
(50mM, pH 7.4) and centrifuged at 3000 rpm for 20 min at 4°C.
The supernatant was used for biochemical assays.

Glutathione-S-transferase (GST) activity was assayed by the
method of Warholm et al. [19] with CDNB as the substrate. The
reaction mixture contained 20 mM GSH and the enzyme (super-
natant)in 0.1 M phosphate buffer (pH 7.4). The reaction was started
by adding 30 mM CDNB and change in the absorbance at 344 nm
was monitored in spectrophotometer. The enzyme activity was
expressed as nmol CDNB conjugate/min/mg protein.

Glutathione peroxidase (GPx) activity was assayed by the indi-
rectcoupled oxidation method using glutathione reductase [20].
Cumenehydroperoxide (1 mM) and glutathione (0.25mM) were
used as substrates and coupled oxidation of NADPH by glutathione
reductase (0.25U) in Tris buffer (50 mM, pH 7.6) was monitored at
340 nm.

Glutathione reductase (GR) activity was measured by the
method of Calberg and Mannervick [21]. The reaction mixture con-
tained 20 mM GSSG and 2 mM NADPH in 100 mM phosphate buffer
(pH 7.4). The reaction was started by adding the enzyme and the
absorbance change was measured at 340 nm for 3 min.

Superoxide dismutase (SOD) activity was measured using
pyrogallol (2 mM) autooxidation as described by Marklund and
Marklund [23]. The reaction mixture contained pyrogallol in 0.1 M
Tris buffer (pH 8.2) and the enzyme. The reaction was started by
adding the substrate and the absorbance was read at 420 nm for
3 min at an interval of 1 min.

Catalase (CAT) activity was assayed by the method of Aebi [22].
The reaction mixture contained 3% H, O, in 0.05 M phosphate buffer
(pH 7.0). The reaction was started by the addition of 100 wl of
enzyme and the change in absorbance was read at 240 nm for 3 min
and activity was expressed as n mole H,O,/min/mg protein.

NADH-dehydrogenase activity was assayed in a reaction mix-
ture containing 1 mM NADH, 1 mM NBT and enzyme supernatant
in 0.02 M Tris buffer (pH 7.4) for 20 min at 37 °C, followed by the
addition of 1% Triton X-100. The color developed due to reduction
of tetrazolium (formazan) was read at 560 nm.

NADPH-dehydrogenase activity was assayed by the method of
Dawson et al. [24]. The reaction mixture containing the enzyme,
NADPH (0.5 mM), EDTA (5 mM), NBT (0.5 mM), in 50 mM Tris buffer
(pH 7.4) was incubated for 15 min at 37 °C and the color was read
at 560 nm as described above.

2.7. Protein estimation

Protein estimation was determined by the method of Lowry et al.
[25] using bovine serum albumin as the standard.

2.8. Statistics

The data were expressed as mean + standard error (S.E) (n=4)
and significance was evaluated by Independent sample “T” test
using SPSS version 14 (*p <0.05, **p<0.01, ***p <0.005).
3. Results
3.1. Oxidative stress markers

Marked increase in lipid peroxidation was seen in all the brain

regions of CCly treated rats, being highest in the forebrain (159%)
followed by hindbrain (105%) and midbrain (62%), whereas liver
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Fig. 1. CCly-induced oxidative stress in the rat brain in comparison with the liver.
LPO: Lipid peroxidation; PC: Protein carbonyls; GSH: Glutathione. Each bar repre-
sents the mean + S.E, (n=4). Data were analyzed by Independent Sample T test using
SPSS version 14, (*p <0.05, ** p<0.01, ***p <0.005). The numbers above the dark bar
represent the percentage difference between control and treated groups.

showed 63% increase (Fig. 1). Significant increase in protein car-
bonyl content was observed in the brain regions of CCl4 treated rats
which was higher than that of liver. Reduction of GSH content was
seen in the brain regions of CCl, treated rats which was highest
in the hindbrain (58%) followed by midbrain (46%) and forebrain
(40%). GSH depletion in the liver was 31% which was lower than
that of brain. Overall, brain showed higher oxidative stress than
liver (Fig. 1).

3.2. Antioxidant enzymes

Effect of CCly on the antioxidant enzymes was marked and
showed distinct regional variation in the brain. A marked reduc-
tion in the activity of GST was observed in all the brain regions
compared to that of liver in CCly treated rats (Fig. 2). Forebrain
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Fig. 2. CCly-induced oxidative stress in the rat brain in comparison with the
liver. GST: Glutathione-S-transferase; GPx: Glutathione peroxidase; GR: Glutathione
reductase. Each bar represents the mean + S.E, (n=4). Data were analyzed by Inde-
pendent Sample T test using SPSS version 14, (*p <0.05, ** p<0.01, ***p <0.005). The
numbers above the dark bar represent the percentage difference between control
and treated groups.

and midbrain showed almost 90% reductions in the enzyme activ-
ity while hindbrain showed 80% reduction, whereas, in the liver,
it was 45% reduction. GPx and GR activity were reduced by about
50% in all the brain regions, which was comparable to that of liver
(Fig. 2).

SOD activity in the liver was decreased by 75%, while in the brain
regions, it ranged from 50% to 67%. (Fig. 3). Catalase activity was also
markedly decreased from 60% (midbrain) to 42% (forebrain), in the
brain of CClstreated rats, whereas, in the liver, the reduction was
54% (Fig. 3). NADH-dehydrogenase showed significant reduction in
the activity in hindbrain (67%) followed by forebrain (45%) of CCly
treated rats whereas, liver showed 52% reduction (Fig. 3). NADPH-
dehydrogenase, on the other hand, was not significantly affected in
the brain in contrast to that of liver which showed 42% reduction
in CCly treated rats (Fig. 3).
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4. Discussion

CCly, being lipophilic, easily crosses cell membranes and gets
distributed in tissues. CCly is rapidly taken up by both liver and
brain, but its toxic effects on the brain are poorly understood com-
pared to that of liver [14]. CCl4 exerts its toxic effects by generation
of free radical CCl3* which leads to membrane lipid peroxidation
[6]. Hepatic injury by a single dose of CCl4 (1 ml/kg bw) has been
reported by us and others which involves induction of OS (15).
In this study, we have shown that the dose at which CCl4 causes
hepatotoxicity causes OS in the brain. Our results show a marked
increase in TBARS, an index of LPO, in the brain of treated rats which
was higher than that of liver. Free radical mediated LPO is one of
the main pathogenic mechanisms of hepatic injury by CCly, and
therefore, a similar mechanism could cause neurotoxic injury to
the brain. Higher LPO in the brain could be attributed to higher
lipid content especially in the white matter which is rich in myelin
with lower PUFA than grey matter [26]. The midbrain is relatively
heavily myelinated, and therefore, is expected to be more resilient
to OS [27].

Reactive oxygen species is constantly produced in cells which
is scavenged by cellular the antioxidant enzyme defenses during
normal cell metabolism [28]. A delicate balance exists between the
rate of formation of H,0, via dismutation of superoxide by SOD
activity and the rate of its removal by catalase and GPx. Any impair-
ment in this pathway will affect the activities of other enzymes
in the cascade [29,30]. Induction of antioxidant enzyme activities
enhances metabolic detoxification and antioxidant defenses of the
tissue, while their reduction results in OS [31,32]. In our study, CCly
administration to rats led to reduced antioxidant capacity of the

brain as evident from the decreased activity of all the antioxidant
enzymes. Many neurotoxic chemicals including ethanol cause OS
in the brain [33].

LPO is often the consequence of lowered antioxidant defenses.
Our results show increased PC content in the brain which indicates
oxidative modifications of proteins, with functional consequences
including loss of enzyme activity [34,35]. Oxidative modifications
to proteins such as glutathione synthetase and mitochondrial
aconitase in the brain, resulting in the loss of enzymatic activ-
ity have been reported in ischemia-induced brain damage and
Alzheimer's disease [36].

Glutathione, a cytosolic tripeptide, ubiquitously present in all
cell types at millimolar concentration is the major non-enzymatic
regulator of intracellular redox homeostasis [37]. Our result shows
that CCl4 administration led to marked depletion of GSH level in
the brain which was higher than that of liver. GSH depletion pre-
disposes the brain to OS due to compromised redox balance. GSH
also serves as a substrate for GPx and GST, primarily involved in
the detoxification of toxic electrophilic metabolites via formation
of GSH-conjugate [38]. During the enzymatic reaction catalyzed by
GPx, GSH is oxidized to GSSG which is reduced back to GSH by
GR. GR, therefore plays a central role in maintaining the cellular
GSH level. Reduction in GR activity by CCly in the brain, as seen
in our results, affects the regeneration of GSH, thus accentuating
the effects of GSH depletion [28]. GST plays an important role in
protecting cells against ROS mediated injury by detoxification of
lipid hydro peroxides formed due to oxidative damage [39]. Our
results show drastic reduction in the activity of GST in all the brain
regions by CCl4 which could compromise the biochemical antiox-
idant defenses of the brain. This is significant particularly since
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the effect of CCl4 on the hepatic GST is relatively lessmarked com-
pared to that of brain. Marked depletion of GSH and its dependent
enzymes in the brain regions by CCl, indicates a major deleterious
effect on the brain. NAD(P)H dehydrogenases belongs to a class of
enzymes that transfer electrons from NAD(P)H to small acceptor
molecules such as quinines. NAD(P)H dehydrogenases are impor-
tant in the redox balance but their precise role in cell injury and
tissue damage is not clear. However, these dehydrogenases may be
involved in the antioxidant defense system in relation to protection
of cells against electrophilic toxicity [40]. Our results show that CCly
administration decreased the activity of NADH dehydrogenase in
the brain suggesting altered redox status of the cells.

Our results are consistent with earlier observations on the
regional differences in the antioxidant enzymes in the brain regions
and add to the evidence that the vulnerability to OS of the brain is
region-specific [10,13,41]. Regional variation in the response, the
brain regions to CCl, implies its differential distribution in the brain
and/or its metabolism. Another contributing factor for the regional
differences in the OS could also involve differences in the neuro-
transmitter profile [42,43]. Our study has demonstrated that CCly
induces OS in the brain regions by marked alteration of antioxidant
balance in both enzymatic and non-enzymatic status. Significant
reduction of antioxidant enzymes, along with increased LPO and
PC content by a single dose of CCl4 could be considered a deleteri-
ous effect of CCl4 on the brain. The overall OS response to CCly in the
brain was higher than that of liver. Although CCl, is well known as
a hepatotoxic agent, our results show that it is equally a neurotoxic
chemical that causes oxidative damage to the brain. Further stud-
ies are needed to ascertain the consequences of CCl4 action on the
brain with regard to cellular damage and neurotoxic consequences.
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