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A B S T R A C T

Monocrotophos (MCP) is an organophosphate mainly used as insecticides in agriculture, and veterinary practice
to control pests. Exposure to MCP is known to induce significant systemic toxicity in animals and humans. Short
term exposure to a high dose of MCP has been reported to cause systemic toxicity, however limited information
is available regarding low dose long term exposure in rats. We studied the effects of low dose long term exposure
to MCP on oxidative/nitrosative stress, cholinesterase activity and neuronal loss in rat. Male rats were exposed to
MCP (0.1 μg or 1 μg/ml) via drinking water for 8 weeks. The pro-oxidant markers such as reactive oxygen species
(ROS), lipid peroxidation (MDA), nitrite level and antioxidant markers such as reduced glutathione (GSH), su-
peroxide dismutase (SOD), catalase (CAT) and inhibition of cholinesterase activities were measured to evaluate
the effects of MCP on brain along with plasma cholinesterase activity. Neuronal loss was analyzed in cortical
region using H&E stained slices. The results suggested that exposure to MC even at the low dose, increased
reactive oxygen species, thiobarbituric acid reactive substance levels and decreased glutathione, superoxide
dismutase, catalase and cholinesterase activities in brain. No significant effect however, was observed on nitrite
levels. Histological analysis revealed that low dose MCP exposure lead to structural changes in the cortical
neurons in rats. It can be concluded from the study that low dose long term exposure (lower than No Observed
Effect Level) of MCP may lead to the generation of oxidative stress by elevation of pro-oxidants markers and
depletion of antioxidant enzymes markers along with inhibition of cholinesterase activity. These changes might
thus be considered as the possible mechanism of cortical neuronal loss in these animals.

1. Introduction

Organophosphates (OP) are the organic molecules containing one or
more phosphate ester groups. It has been extensively used to control
pests in agriculture, veterinary practice and home garden [1]. Delib-
erate self-poisoning with OP has been a major concern worldwide,
especially in the developing countries [2]. Acute OP poisoning has been
reported to cause more than 0.2 million death per year, worldwide.
However, long term exposure to OP may lead to acute neuro-, delayed
and developmental neurotoxicity, contributing thus to the pathogenesis
of progressive neurodegenerative diseases viz. Alzheimer's disease,
Parkinson's disease and amyotrophic lateral sclerosis [3,4].The

potential toxicological mechanism of OP has not been fully explored,
which undermines the development of specific approaches for the
management of OP poisoning.

Acetylcholinesterase (AChE) inhibition may be considered as one of
the primary modes of action for OP induced neurotoxicity [5,6]. AChE
is an important enzyme which regulates the cholinergic innervations by
facilitating degradation of acetylcholine into choline and acetate
through hydrolysis [6]. OP binds to the estratic site of AChE irreversibly
leading to the inhibition of its activity which further leads to choli-
nergic crisis in the central nervous system [7].

The redox imbalance has also been reported in OP induced neuro-
toxicity [8]. Inhibition of AChE with OP may cause hyperactivity of
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cholinergic innervations which in turn facilitate the production of re-
active oxygen species [9]. Brain is known to be highly susceptible to
oxidative stress mediated cellular damage due to its high oxygen con-
sumption and high lipid content and low antioxidant defense enzymes
[10].

Monocrotophos (MCP), a water soluble OP, has been reported to
cause systemic and dermal toxicity. MCP has been reported to cause
functional and developmental neurotoxicity, possibly via inhibiting
AChE, and impairing cholinergic, dopaminergic, serotonergic innerva-
tions, oxidative stress and mitochondrial dysfunction in central nervous
system [2].

The LD50 (lethal dose on 50 % population) of MCP has been re-
ported to be 18 mg/kg (orally) in rats [11]. Most of the earlier reported
toxicity studies have been carried out using a relatively higher dose of
MCP, which simulates the acute OP poisoning. However, the presence
of varied amount of these OPs has been noticed in ground water, which
may expect its low dose chronic exposure induced neurotoxicity. The
NOEL of MCP in rats has been reported to be 0.025 mg/kg daily
through diet [12].This study thus was envisaged to investigate low dose
prolonged exposure of MCP induced biochemical and structural
changes in rat brain below the NOEL range of MCP dose.

2. Materials and Methods

2.1. Chemicals

Monocrotophos, Acetylthiocholine iodide, 5, 5 o-Dithiobis (2-ni-
trobenzoic acid) (DTNB), were procured from Sigma–Aldrich Chemicals
Co., St. Louis (USA).

2.2. Animals

Male Sprague Dawley rats (10–12 weeks old) were procured from
the animal facility of CSIR-Central Drug Research Institute, Lucknow,
India. The animals were housed (3 rats/cage) in controlled environment
on a 12-h light/dark cycle, with free access to standard laboratory food
and distilled water. The experimental protocol and animal handling
were in accordance with the guidelines of the Committee for the
Purpose of Control and Supervision on Experiments on Animals
(CPCSEA, Government of India). The study was approved by the
Institutional Review Board and Animal Ethics Committee of the
National Institute of Pharmaceutical Education and Research (NIPER).

2.3. Experimental protocol

All the animals were randomly divided into 3 groups of 9 rats each.
Group I served as vehicle control and received normal drinking water,
while Group II and group III were administered two doses of MCP (0.1
and 1 μg/ml) through drinking water for 8 weeks (Fig. 1).

After 8 weeks of exposure, all the animals were sacrificed under
anesthesia (urethane 1.5 g/kg). Blood was collected by cardiac punc-
ture and cardiac perfusion was done with ice-cold normal saline. After
the perfusion, brains were removed for following biochemical and
histological analysis.

3. Biochemical Parameters

3.1. Cholinesterase activity in plasma and brain

Determination of cholinesterase (ChE) activity was carried out using
the method described by Ellman et al. [14]. Brain homogenate (25 %,
w/v) was prepared in 100 mM phosphate buffer (pH 7.4), and cen-
trifuged at 10,000 rpm for 10 min at 4 °C. 10 μl of sample (plasma/
brain homogenate of supernatant) was mixed with 272 μl of mixture
containing (10 mM DTNB, 75 mM ATCI and 50 mM phosphate buffer
pH 7.4) in micro plate. The absorbance of the reaction mixture was read

at 412 nm on kinetic loop using Multimode plate Reader (SynergyH1M,
Biotech). The results were expressed as units/mg protein [14]. Standard
plot of AChE activity was recorded with different concentrations of
AChE (2 fold of 35 nM). The straight line equation of AChE activity
comes out to be Y = 1.4286x, Y is change in optical density/min; x is
concentration of AChE (units/mg protein).

3.2. Reactive oxygen species levels

The level of reactive oxygen species (ROS) was determined fol-
lowing the protocol described by Socci et al. [15]. The reaction mixture
was prepared with 5 μl supernatant of tissue homogenate which was
mixed with 5 μl of 5 μM DCFDA (2, 7-dichlrofluorescein diacetate) and
990 μL of water. After 30 min, the fluorescence was measured at 485/
525 nm. Results were expressed as fluorescence units per milligram of
protein [15].

3.3. Thiobarbituric acid reactive substance (TBARS)

Malondialdehyde (MDA) is the end product of lipid per oxidation
and could be measured in brain tissues by using thiobarbituric acid
reactive substance (TBARS) method [16] with some modifications. In
brief, the brain tissues were collected and rinsed with ice-cold PBS,
minced and homogenates were prepared in phosphate buffer (pH 7.4)
containing EDTA (1 mM). The samples were centrifuged and the su-
pernatants were used for the determination of TBARS (MDA) levels. The
absorbance was measured at 532 nm. MDA levels were calculated from
the standard curve using the 1, 1, 3, 3-tetramethoxy propane (TMP) the
straight line equation was Y = 0.0023x + 0.0004 where Y is change in
optical density at 532 nm; x is concentration TMP per mg of protein.
The results were expressed as μM MDA/mg protein [16].

3.4. Nitrite level

The Nitrite contents were determined in the tissue homogenate
according to the method described by Giustarini et al., [17] with some
modifications. Briefly, equal volumes of Griess reagent and supernatant
were added in a 96- well plate and incubated for 10 min in dark con-
dition with shaking, and final absorbance was measured at 540 nm.
Nitrite levels were calculated using a standard curve of sodium nitrite
as a standard at different concentrations and straight line equation was
comes to be Y = 0.0086x + 0.1852, where Y is the change in optical
density of nitrite at 540 nm; x is concentration of nitrite per mg of
protein. The results were expressed as μM/mg protein [17].

3.5. Superoxide dismutase (SOD) activity

Superoxide dismutase (SOD) activity was determined according to
the method of Flora et al. [18]. The reaction mixture was prepared
which contained 1.2 ml of sodium pyrophosphate, 0.3 ml of PMS, 0.3
ml of NBT, 0.2 ml of supernatant, 0.8 ml of distilled water and 0.2 ml of
NADH. The control reaction mixture was prepared and contained 1.2
ml of sodium pyrophosphate, 0.3 ml of PMS, 0.3 ml of NBT, 1 ml of
distilled water and 0.2 ml of NADH. Both mixtures were incubated at 37
°C for 90 s and then reaction was stopped by adding 1 ml of acetic acid
and the mixture was allowed to stand for 10 min. The absorbance was
measured at 560 nm.

Measurement of protein level: Supernatants (5 μL) of the brain tissue
homogenate were incubated with solution D (2 % sod. carbonate, 0.4 %
sod. hydroxide, 2 % sod. tartrate, and 1 % copper sulphate) for 10 min
at 37 °C. Resulting solution was treated with Folin’s reagent in 1:1 ratio
for 30 min at 37 °C. Blue colour was developed. The absorbance was
measured at 660 nm along with standard prepared with known con-
centration of BSA.
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3.6. Catalase activity

The catalase activity was estimated by the method described by
Goth et al., [19]. Ammonium molybdate forms a yellow complex with
H2O2 and is suitable for measuring serum and tissue catalase activity.
To analyze the catalase activity, 0.2 ml of tissue homogenate was in-
cubated with 1 ml 65 μM H2O2 in 6.0 mM sodium potassium phosphate
buffer, pH 7.4 for 60 s (sample 1). Control reactions were done with 1
ml H2O2 plus 0.2 ml buffer (no enzyme control; blank 2) and 1.2 ml
buffer (no enzyme/no substrate, blank 3). The reaction was stopped by
adding 1.0 ml of 32.4 mM ammonium molybdate to the sample and
control reactions and the absorbance was determined at 405 nm [19].

3.7. Reduced glutathione level

Reduced glutathione GSH(r) was estimated by the method of Gupta
and Flora [20] with some modification. The tissue homogenate was
prepared as indicated above and equal volume of 5 % sulfosalicylic acid
was added and vortexed. The mixture was kept for 30 min in ice bath.
After centrifugation, the supernatant was collected. GSH content was
measured using Ellman’s reagent 5, 5-dithiobis (2-nitrobenzoic acid)
(DTNB) solution. GSH levels were calculated using a standard reference
curve of reduced glutathione as a standard and straight line equation
cpmes to be Y = 0.002x - 0.0015, where Y is change in optical density
of r GSH at 412 nm; x is concentration of r GSH per mg of protein. The
results were expressed in μM GSH/mg protein [20].

4. Histological analysis

The structural changes in brain were determined using normal he-
matoxylin and eosin (H&E) staining procedure. The brain parts were
fixed in Bouin’s fluid, embedded in paraffin, sectioned at 5 μm thick-
nesses by using the microtome (York scientific, India) and stained with
H&E. Brain sections were analyzed for neuronal loss in cortical region
of rat brain. The brain sections were analyzed at 100 and 400 magni-
fications using optical microscope (DM11, Leica).The neuronal density
was quantified using image J software.

5. Statistical analyses

All the results were expressed as the mean± standard error (SEM).
Graph Pad (Prism 6.1) software was used for the statistical analysis.
Statistical differences between the groups were analyzed by one-way
analysis of variance (ANOVA) followed by multiple comparisons with
Tukey’s test and regression analysis was performed along with corre-
lation. The level of statistical significance was set at *p<0.05.
**p< 0.01, ***p<0.001, and ****p< 0.0001.

6. Results

6.1. Cholinesterase activity

The changes in plasma ChE activity are depicted in Fig. 2(A). There
was a significant change in plasma ChE activity after 8 weeks of ex-
posure to monocrotophos (F (2, 15) = 19.99, p< 0.0001). Exposure to
monocrotophos (0.1 and 1 μg/ml) resulted in a significant decrease in
plasma ChE activity (p<0.0001, 0.01 respectively) compared to con-
trol animals.

The change in brain ChE activity is depicted in Fig. 2(B). A sig-
nificant change in brain ChE activity was noted after 8 weeks exposure
to monocrotophos (F (2, 15) = 17.76, P = 0.0001). Both the doses (1 μg/
ml and 0.1 μg/ml) of MCP exposure resulted in a significant decrease in
plasma ChE activity (p<0.0001, 0.05 respectively) compared to con-
trol animals.

6.2. ROS and TBARS levels in rat brain

The changes in brain ROS level are shown in Fig. 3(A). Brain ROS
level increased significantly after 8 week exposure to monocrotophos (F
(2, 12) = 11.43, p = 0.0017). A 1 μg/ml dose of monocrotophos ex-
posure resulted in a significant increase (p<0.01) in brain ROS level
compared to controls while, a dose of 0.1μ/ml dose of monocrotophos
exposure had no appreciable change in ROS compared to control ani-
mals.

The changes in brain TBARS level are depicted in Fig. 3(B). A sig-
nificant change in brain TBARS level (F (2, 15) = 16.90, P = 0.0001)
was noted on monocrotophos administration on administration of 1 μg/

Fig. 1. Experimental study design.
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ml dose (p<0.001) while, 0.1 μg/ml dose of monocrotophos exposure
had no effect on TBARS level compared to control animals.

6.3. Nitrite and anti-oxidant enzymes level

The change in brain Nitrite level has been depicted in Fig. 4(A).
There was no change in brain nitrite level after 8 week exposure to
monocrotophos (F (2, 15) = 1.903, P = 0.1834). Monocrotophos ex-
posure at various doses did not alter nitrite level significantly
(p<0.05) compared to control animals.

The change in brain SOD activity has been depicted in Fig. 4(B).
There was significant change in brain SOD activity after 8 week ex-
posure to monocrotophos (F (2, 15) = 10.26, p = 0.0016). At 1 μg/ml
and 0.1 μg/ml doses of monocrotophos exposure resulted in a sig-
nificant (p< 0.001, 0.05 respectively) inhibition of brain SOD activity
compared to control animals.

The changes in brain Catalase activity are shown in Fig. 4(C). There
was significant change in brain catalase activity after 8 week exposure
to monocrotophos (F (2, 15) = 10.58, p = 0.0014). At 1 μg/ml dose of
monocrotophos exposure resulted in a significant (p<0.01) decrease
in brain catalase activity compared to control animals. However 0.1 μg/
ml dose of monocrotophos exposure did not produce any significant
(p<0.05) change in catalase activity compared to control animals.

The change in brain rGSH level has been shown in Fig. 4(D). A
significant change in brain rGSH level after 8 week exposure to
monocrotophos (F (2, 15) = 14.06, P = 0.0004) was observed at both
the dose level (1 μg/ml and 0.1 μg/ml) of monocrotophos exposure
(p<0.001, 0.05 respectively) compared to control animals.

6.4. Correlation of analysis

The effect of MCP on AChE activity was negatively correlated with
the level of level of ROS (r2 = 0.9914 and p = 0.0592) and is depicted

in Fig. 5A, TBARS level (r2 = 0.8460 and p = 0.2567) depicted in
Fig. 5B, while Nitrite level (r2 = 0.9283 and p = 0.1726) is shown in
Fig. 5C.

On the other hand, the effect of MCP on AChE activity was sig-
nificantly and positively correlated with SOD activity (r2 = 0.9836 and
p = 0.0818) (Fig. 6A), catalase activity (r2 = 0.9944 and p = 0.0475)
(Fig. 6B) and reduced glutathione level (r2 = 0.9790 and p = 0.0926)
(Fig. 6C).

7. Effect of MCP on structural changes in cortical neurons of rat
brain

H&E stained brain cortical sections are shown in Fig. 7. While Fig. 7
(A) reflects control group cortical sections of rat brain, Fig (B) shows
MCP low dose (0.1 μg/ml) treated group and Fig. 7 (C) depicts MCP
high dose(1 μg/ml) treated groups.

Control section has the healthy and high density neurons with shape
of spherical or slightly oval nucleus. Neurodegeneration are considered
as the form of sequential specialized changes in morphology of neu-
ronal cells. In the present study, row (B) shows that the low dose of
MCP (0.1 μg/ml) treated brain cortical neurons led to a decreased
neuronal density along with pyknotic neuronal cells. These stained
were dark with fragmented or no nucleus, few of the cells were
shrunken and sickle shaped while some cells were clumped together
compared to control. Similar observations were found in the high dose
(1 μg/ml) of MCP treated groups in (C) as compared to control group.

7.1. Effect of MCP on neuronal density of rat cortex

The loss of neuronal density in cortical regions of rat brain is de-
picted in Fig. 8. There was a significant decreased neuronal density in
cortical regions after 8 week exposure to monocrotophos (F (2, 6) =
58.93, P = 0.0001). At 0.1 μg/ml and 1 μg/ml doses of MCP exposure a

Fig. 2. Effect of monocrotophos on ChE activity
in plasma (A), and brain (B). All values were
expressed as Mean±SEM of six animals.
Statistical analysis was done using one way
ANOVA followed by Tukey’s multiple compar-
ison test and statistical significance was con-
sidered at p< 0.05. *p< 0.05, and
****p< 0.0001 as compared to control ani-
mals.

Fig. 3. (A) Effect of monocrotophos on brain
ROS level, (B) Effect of monocrotophos on
brain TBARS level, All values were expressed as
Mean±SEM; n = 6. Statistical analysis was
done using one way ANOVA followed by
Tukey’s multiple comparison tests and statis-
tical significance was considered at P< 0.05.
*p<0.05, and ****p<0.0001 as compared to
control animals.
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decreased neuronal density in rat cortex was noted (p<0.001,
0.0001respectively) as compared to control animals.

8. Discussion

Extensive use of pesticides, especially monocrotophos (MCP) has
been reported especially from the developing countries, which might be
resulting in ground water contamination. MCP is known to cause

neurotoxicity in humans and animals. Most of the studies pertaining to
MCP neurotoxicity have been carried out at relatively higher doses. It is
however expected that people gets exposed to a low dose and for a long
time. As varied amounts of MCP may be observed in the ground water,
thus long term low dose exposure to MCP may be expected. Limited
information is available for the neurotoxic potential of MCP at the
lower doses. This study was thus envisaged to determine the neurotoxic
effect of low dose MCP exposure in rats.

Fig. 4. (A) Effect of monocrotophos on brain
Nitrite level, (B) Effect of monocrotophos on
brain SOD level, (C) Effect of monocrotophos
on brain Catalase level, (D) Effect of mono-
crotophos on brain rGSH level. All values were
expressed as Mean±SEM; n = 6, Statistical
analysis was done using one way ANOVA fol-
lowed by Tukey’s multiple comparison test and
statistical significance was considered at
P<0.05. *p<0.05, **p< 0.01 and
***p< 0.001 as compared to control animals.

Fig. 5. Correlation of analysis of linear regression showing the correlation between inhibition of Acetyl cholinesterase activity and pro-oxidant markers level rats
were treated with monocrotophos at the doses of (0.1, 1 μg/ml) for a period 8 weeks. All the values are expressed as mean±SD; n = 6.
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We noted a significant inhibition of acetylcholineesterase activity
following exposure to MCP accompanied by oxidative stress and neu-
ronal loss. AChE is an important enzyme involved in the maintenance of
cholinergic neurotransmission in the brain, and serves as an important
target for organophosphates. Most of the organophosphates binds to the
esteratic site of AChE leading to the irreversible loss of AChE activity
[21]. Irreversible binding of organophosphates with AChE may lead to
the inhibition of AChE activity and converse to augment ACh level at
synaptic junctions [22,23]. The over-activity of cholinergic at synapses
may lead to the desensitization of cholinergic receptors and may cul-
minate to neuronal death [24]. MCP has also been reported to cause
neurotoxicity by inducing cholinergic over activity [21]. Twenty five
and 40 % reduction in plasma cholinesterase activity has been reported
in animals exposed to MCP at 0.1 and 1.0 μg/ml, respectively. Decrease
in plasma cholinesterase activity is reported to be the early marker of
OP poisoning in humans as well as in animals [24]. Similar reduction in
AChE activity has been recorded with high dose of MCP exposure in
humans [25] and other species [26]. More than 20 % reduction in AChE
activity has been reported to be linked with developmental neurotoxi-
city, while more than 70 % inhibition of AChE activity has been con-
versed to cause cholinergic over activation [27]. Thus, in the present
study, low dose of MCP appears to be capable of inhibiting plasma ChE
activity and might be responsible for reported neurotoxic effects.

Long term exposure to MCP, may lead to the inhibition of brain
AChE activity. In the present study, inhibition of brain AChE activity
was noted with low doses of MCP exposure. However, the degree of
reduction in brain AChE was found to be 10 and 27 % with 0.1 and 1.0
μg/ml of MCP exposure, respectively. It may be concluded that even at
the low dose, MCP exposure may lead to cholinergic over activation and
enhances risk of neurotoxicity in exposed individuals. In the present
study, change in brain AChE activity has been found to be negatively
correlated with pro-oxidant markers and positively correlated with

antioxidant defense system, in MCP exposed animals. Monocrotophos is
an AChE inhibitor and produced major inhibitory effect in plasma.
Monocrotophos and its metabolites being lipophilic in nature were
expected to result in more toxicity in brain compared to plasma.
However, comparative less inhibitory effect were noted in brain. This
might be due to the fact that in our study animals were exposed to
monocrotophos through oral route. After oral exposure, Monocrotophos
and its metabolites gets readily absorbed through intestine and dis-
tributed evenly in different organs and tissues [28,29]. Higher con-
centration of monocrotophos in liver and kidney is reported though no
organ specific retention of monocrotophos is known [30].Thus the ef-
fects of Monocrotophos and its metabolites on brain/ central nervous
are generally delayed. Log P value of monocrotophos is -0.2, however
the Log P value of their metabolites is lower than the parent molecule.

The change in redox balance has been linked to various neurological
diseases and neurodegenerative diseases. A balance in pro and anti-
oxidant status generally maintains normal cellular homeostasis.
Oxidative stress has been considered as one of the toxicological me-
chanism of MCP induced neurotoxicity. The central nervous system is
known to be more susceptible to oxidative stress, thus in the present
study, MCP even at the low dose is eliciting oxidative stress in the brain.

Oxidative stress is the imbalance between biochemical processes
leading to the production of reactive oxygen species (ROS) and anti-
oxidant defense. ROS are known to damage all cellular bio-macro-
molecules (lipids, sugars, proteins, and polynucleotides), and these
damage may lead to the secondary products that can be just as dama-
ging as the initial ROS. Mitochondrial production of ROS initially arises
as superoxide anion radical from the side reaction of oxygen intercept
single electrons from the electron transport chain. In mitochondria,
these ROS are neutralized with superoxide dismutase and get further
converted to hydrogen peroxide (which is detoxified by catalase into
water and oxygen). Mitochondria play a vital role in apoptotic

Fig. 6. Correlation of Analysis of linear regression showing the correlation between inhibition of Acetyl cholinesterase activity and anti-oxidant markers level rats
were treated with monocrotophos at the doses of (0.1, 1 μg/ml) for a period 8 weeks. All the values are expressed as mean±SD, n = 6.
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pathways, and possess decisive apoptotic factors, including cytochrome
C in their inter-membranous space [31]. Once cytochrome C is released
into cytosol, it initiates caspase mediated apoptosis [32,33]. If the level
of ROS supersedes, it may cause mitochondrial dysfunction and may
lead to apoptosis mediated neuronal death [34].

The generation of most reactive substances exerts their effect on the

endogenous antioxidants activity system, antioxidants of biological
system have the capacity to fend off this unlimited generation of singlet
oxygen molecules as well as avoid the harmful reaction with biological
molecules, both enzymatic and non-enzymatic antioxidant pathways
work together to secure the oxidative damage of the cells [35]. Orga-
nophosphate pesticides affect the redox condition of the tissues by in-
duction of the oxidative stress [36]. Following increased ROS produc-
tion; TBARS may cause an alteration of antioxidant enzyme activities.
Superoxide dismutase is an antioxidant enzyme which protects the
tissue oxidative injury caused by the formation of superoxide radicals
by conversion of superoxide radicals into hydrogen peroxides. The SOD
converts the superoxide radicals to hydrogen peroxide to provide the
protective role against the oxidative damage. Hydrogen peroxide mo-
lecules also have the highly reactive nature so these molecules can
convert into water and oxygen molecules. Catalase is an enzyme which
helps the conversion of hydrogen peroxide molecules into water and
oxygen molecules.

In the present study, MCP at a dose of 1 μg/ml, caused a significant
elevation of ROS and TBARS levels in brain tissues, while at the lower
dose of MCP (at 0.1 μg/ml) did not shown any appreciable change in
brain ROS and TBARS levels. ROS are very reactive molecules which
may easily interact with lipid membrane and cause membrane damage.
The degree of lipid peroxidation in tissues is assessed by measuring
TBARS. Production of brain ROS level with MCP exposure may thus be
responsible for the elevated levels of TBARS. These findings indicate
elevation in pro-oxidant levels in brain on low dose of MCP. On the
other hand, reduction in antioxidant defense system has been recorded

Fig. 7. (A) The cortical regions of control group animals; Figure (B) Figure and (C) represent the (0.1, 1 μg/ml) of monocrotophos exposed cortical regions of treated
group animals. Magnification x100 and x400.

Fig. 8. Effect of monocrotophos exposure on neuronal density in cortical region
of rat brain. ***p< 0.001, ****p< 0.0001compared to control animals.
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with low dose of MCP as evident from reduced activities of brain SOD
and catalase and the decreased level of GSH. The reduction in anti-
oxidant defense system suggests reduced free radicals scavenging.
Overall, MCP exposure at low dose leads to redox imbalance in brain.
Similar observations were reported with comparative high doses of
MCP in different experimental models [37]. MCP is lipophilic in nature,
thus it has the tendency to accumulate in brain which might be re-
sponsible for increased pro-oxidant markers in brain. Oxidative stress
and mitochondrial dysfunction are considered to be the key mechanism
for organophosphates induced apoptosis [38] which share a similar
pathology with Alzheimer's disease.

This redox imbalance has been reported to be associated with mi-
tochondrial dysfunction which may lead to oxidative damage to neu-
rons. Similar redox imbalance has been observed in MCP induced
neurotoxicity possibly via induction of oxidative stress and severe in-
hibition of AChE activity in brain [11].

As discussed earlier MCP has been reported to cause oxidative stress
mediated mitochondrial dysfunction leading to apoptosis dependent
neuronal death [39]. Similar observations were reported suggesting
that exposure to MCP might cause the expression of apoptotic proteins
of Bax, caspase-3 and leading to neuronal cell death [40].

Nitric Oxide (NO), in low concentrations, exerts beneficial effect on
neuronal cells. However its augmented levels may elicit damaging ef-
fects on the neurons. In the presence of superoxides the nitric oxide gets
converted into peroxynitriles, which may lead to more pronounced
nitrosative damage to cells. In the present study, we did not observe any
significant changes in brain NO level with low dose MCP exposure. In
contrast, MCP at a comparatively higher dose showed an elevation in
the brain NO level possibly via elevating inducible nitric oxide synthase
expression [41]. The principle component analysis suggested the ne-
gative correlation between AChE activity and the oxidative stress level.
Reduction in AChE activity and elevation in oxidative stress is linked
with neuronal damage. Thus might be the cause of observed neuronal
density in cortical neurons.

9. Conclusion

We conclude from the current study that exposure to MCP exposure,
even at a lower dose than NOEL is capable of inhibiting AChE activity
and induction of oxidative stress in the brain. The changes in brain
AChE activity and oxidative stress may be the causative factor for the
neuronal damage in cortical region of the brain. However, nitrosative
stress was not found to be involved in the low dose MCP induced cor-
tical damage in rats. These findings thus suggest the revision of
minimum permissible limits of MCP in drinking water and food.
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