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Abstract

Chlorpyrifos (CPF) is a widely used organophosphate insecticide with several harmful effects. N-acetylcysteine (NAC) repre-
sents an ideal antixenobiotic; it can directly enter endogenous biochemical processes and is used as adjunctive treatment for
psychiatric disorders. We aimed to evaluate the neuroprotective effect of NAC as an antioxidant drug against CPF-induced
neurotoxicity in adult male albino rat brains. Twenty-eight male Wister rats were allocated into four groups (» = 7) and were
administered the following for 28 days: group I (control group), physiological saline (0.9% NaCl); group II (CPF group), 10
mg/kg body weight (BW) CPF; group III (NAC group), 100 mg/kg BW NAC; and group VI (CPF+NAC group), NAC 1 h before
CPF. CPF intoxication resulted in acetylcholinesterase inhibition, reduced glutathione content, and elevated levels of
malondialdehyde and nitric oxide, which are oxidative stress biomarkers. CPF also depleted the activity of antioxidant enzymes,
superoxide dismutase and catalase, and levels of inflammatory mediators, tumor necrosis factor-«, interleukin (IL)-6, and IL-1[3.
Levels of vascular endothelial growth factor, Bax, and the proapoptotic caspases-3 also increased, while brain-derived neuro-
trophic factor level decreased. Additionally, CPF significantly diminished Bcl-2 (an antiapoptotic protein) in rat brain cortical
tissue. NAC treatment was found to protect brain tissue by reversing the CPF-induced neurotoxicity. Our results show the
antioxidant, antiinflammatory, and antiapoptotic effects of NAC on CPF-induced neurotoxicity in rat brain tissue.
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Introduction

The wide and indiscriminate use of pesticides for agricultural,
industrial, and public health purposes has caused serious envi-
ronmental and health problems worldwide (Ross et al. 2013).
Organophosphate pesticides (OPs) are a group of synthetic
chemical compounds used in pesticides, and their toxicity to
humans and other nontarget species has caused increasing con-
cern (Maroni et al. 2000). OPs were found to have several harm-
ful effects, including hepatic dysfunction, genotoxicity, teratoge-
nicity, neurotoxicity, and neurobehavioral changes (Lassiter et al.
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2010; Ncibi et al. 2008). Studies have indicated that OP toxicity
signs are associated with the enhanced production of reactive
oxygen species (ROS) (Ogut et al. 2011; Slotkin 2011).
Chlorpyrifos (O, O-diethyl-O-3,5, 6-trichloro-2-pyridyl
phosphorothioate; CPF) is a lipophilic, broad-spectrum organ-
ophosphate insecticide, and is commercially used to control
the foliar insects that affect crops and underground termites
(Shou et al. 2019). The neuropsychological and psychiatric
impairments in occupational workers exposed chronically to
OPs have recently gained attention (Kaur et al. 2019). During
occupational and residential exposure, pesticides are preva-
lently absorbed through the airways, and neurons are one of
the targets of these compounds. In humans, several reports
have suggested the involvement of the cholinergic pathway
during acute or chronic exposure to OPs, which were accom-
panied by alterations in neuropsychological performance.
This affected cognition and other correlated processes, such
as processing speed, visuo-perceptual abilities, visual atten-
tion, memory impairment, and problem solving (Basaure
et al. 2019). CPF poisoning inhibited acetylcholinesterase
(AChE) activity, resulting in the accumulation of
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acetylcholine and neurochemical alternation, leading to death
in severe cases (Al Omairi et al. 2019).

For several decades, NAC was available clinically as a
mucolytic and antidote for acetaminophen poisoning. It has
also been used for its clinically useful effects in treating nu-
merous psychiatric disorders and neurological diseases
(Finamor et al. 2014). NAC, a precursor of the amino acid
L-cysteine, is a widely available and inexpensive drug
(Mokhtari et al. 2017). In rats, oral NAC treatment has signif-
icantly ameliorated oxidative stress in phosphamidon, an or-
ganophosphate insecticide (Suke et al. 2008). Additionally,
NAC has been shown to provide hepatorenal protection
against Fipronil-induced toxicity in rats, via modulation of
oxidative stress and apoptosis (Abdel-Daim et al. 2019).
Moreover, NAC is now emerging as a treatment for vascular
and nonvascular neurological disorders (Bhatti et al. 2017).
Animal-based experiments have focused on the effects of
NAC on several oxidative stress biomarkers and glutathione
(GSH) levels (Pandya et al. 2014).

Studies investigating the effects of NAC on the dis-
turbed antioxidant immune defense system in rat brains
after chronic CPF treatment are scarce. Therefore, this
study was conducted to evaluate the possible ameliorative
effect of NAC as a precursor of intracellular GSH, and
whether CPF induces neurotoxic effects. This was done
by examining the biomarkers of oxidant/antioxidant sta-
tus, in addition to levels of the preselected proinflamma-
tory cytokines interleukin (IL)-1f3, IL-6, and tumor necro-
sis factor (TNF)-o.. Histopathological investigation and
immunohistochemical analysis of B-cell lymphoma 2
(Bcl-2), Bcl-2-like protein 4 (Bax), and caspase-3 (Cas-
3) as antiapoptotic/apoptotic markers were also carried out
on the brain tissue of all treated rat groups. Furthermore,
brain-derived neurotrophic factor (BDNF) as a marker for
neurogenesis and vascular endothelial growth factors
(VEGF) as a marker for vasculogenesis were estimated
in the brains of rats that received long-term CPF treat-
ment. This was done to monitor whether NAC potentiated
neurogenesis and recovered damaged blood vessels, lead-
ing to amelioration and protection of rat brain tissue
against CPF-induced neurotoxicity.

Materials and methods

CPF was obtained from Egyptian Company for Pesticides
and Chemicals (EPIC), Cairo, Egypt. Prior to administra-
tion, CPF was diluted with distilled water. NAC was pur-
chased from SEDICO Pharmaceutical Co. as effervescent
instant sachets with a concentration of 600 mg, which
dissolved in distilled water. A dosage of 100 mg/kg body
weight (BW) was freshly prepared.
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Experimental design

Twenty-eight adult male albino rats weighing 150-200 g (av-
erage 10 weeks old) were purchased from VACSERA (Cairo,
Egypt). Animals were housed in polypropylene cages with
controlled conditions (22 + 2 °C and with a 12/12 h light/
dark cycle). The study was approved, and all experimental
procedures were performed by and according to the guidelines
of the Committee of Research Ethics for Laboratory Animal
Care, Department of Zoology and Entomology, Faculty of
Science, Helwan University (Cairo, Egypt; approval no.
HU2017/Z/05).

Animals were randomly divided into four experimental
groups as follows: group I, serving as the control, received
10 ml/kg physiological saline (0.9% NaCl); group II, serving
as the CPF-treated group, received 10 mg/kg of CPF; group
III, serving as the NAC-administered group, received 100
mg/kg NAC solution; and group IV received a dose of
NAC, followed by a dose of CPF after 1 h. Administration
of either CPF and/or NAC was carried out daily for 28 con-
secutive days in each treated group. The animals of all groups
were euthanized 24 h after the last administration, and blood
was collected for further investigation. The brains were dis-
sected, and half of each rat brain cortex in each group was
used for biochemical investigations. The other half was pre-
pared for histopathological and immunohistochemical
investigation.

Biochemical analysis
Tissue homogenate preparation

Rat brain cortical tissue was homogenized in 50 mM Tris-HCI
(pH 7.4) 10% (w/v), then centrifuged at 3000xg for 10 min at
4 °C. The obtained supernatants were used for all biochemical
analyses. Total protein content in the supernatants was
assessed according to the Lowry method [22].

Determination of acetylcholinesterase (AChE) activity

AChE activity was assayed as described by Ellman et al.
(1961). Ellman’s colorimetric procedure was based on the
reaction of thiocholine with 5,5-dithiobis-2-nitrobenzoic acid
(DTNB, Ellman’s reagent), forming a yellow product (5-
mercapto-2-nitrobenzoic acid and its dissociated forms) which
was then measured at 412 nm.

Determination of oxidative stress markers

GSH content was determined using Ellman reagent, and the
yellow chromagen formed was measured at 412 nm (Ellman
1959). Malondialdehyde (MDA), a marker for lipid peroxida-
tion, was assayed using thiobarbituric acid, and the
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thiobarbituric acid-reactive substances formed were measured
at 535 nm. These were then expressed in terms of MDA
formed (Ohkawa et al. 1979). For estimating the amount of
nitric oxide (NO), Griess’s reagent (sulfanilic acid and N-(1-
naphthyl) ethylenediamine) was used, and the formed azo dye
was measured at 540 nm (Green et al. 1982).

Determination of antioxidant enzyme activities

The activity of superoxide dismutase (SOD) was measured in
terms of the capability of SOD to suppress the reduction of
nitroblue tetrazolium (NBT) (Sun et al. 1988). Catalase (CAT)
activity was assayed following the procedures described by
Acbi (1984).

Determination of proinflammation markers

Pro-inflammatory cytokines (IL-1f3, IL-6, and TNF-x) were
measured using enzyme-linked immunosorbent assay
(ELISA) kits purchased from ThermoFisher Scientific (IL-
1,6; catalog number ERIL1B) and R&D Systems (TNF-«;
catalog number RTA00), and levels were determined accord-
ing to the manufacturers’ instructions. BDNF was estimated
by ELISA using a kit purchased from RayBiotech Co., USA.
VEGF was estimated by ELISA using a kit purchased from
Invitrogen Co., CA, USA.

Histopathological examination

Tissue samples were fixed in 10% neutral-buffered formalin
for 24 h at room temperature. They were dehydrated, embed-
ded in Paraffin, sectioned (4—5 pm), and stained regularly
with hematoxylin and eosin for light microscopy. A Nikon
microscope (Eclipse E200-LED, Tokyo, Japan) was used for
taking images, with an original magnification of x 400.

Immunohistochemical analysis

To investigate apoptosis-related proteins, the prepared brain
samples were sectioned (4 pm thickness) and stained via im-
munohistochemistry with a rat polyclonal Bcl-2, Bax, and
caspase-3 antibody. Images were taken with an original mag-
nification of x 400 (Nikon Eclipse E200-LED, Tokyo, Japan).

Statistical analysis

Data are expressed as means + standard deviation (SD). Data
from various evaluations were examined by one-way analysis
of variance and Duncan’s post hoc test, using a statistical
package program (SPSS version 20.0).

Results

The present study aimed to explore the use of NAC as a strong
antioxidant prodrug in protecting rat brains against CPF-
induced neurotoxicity. As depicted in Fig. 1, treatment of adult
male rats with CPF for 28 consecutive days induced an overtly
sharp and significant (p < 0.05) increase in AChE activity.
This indicated the strong neurotoxic effect of CPF as an OP,
as previously documented. Meanwhile, NAC treatment ele-
vated AChE activity nonsignificantly in the NAC-treated
group of rats. The administration of NAC to rats 1 h prior to
CPF treatment for 28 consecutive days led to partial AChE
activity elevation in the brain tissue of NAC+CPF-treated rats.
However, there was a significant decrease in AChE (p < 0.05)
compared to the control value.

Oxidative stress in the brain tissue was determined in terms
of MDA (end product of lipid peroxidation), NO, and enzy-
matic (SOD and CAT), and nonenzymatic (GSH) antioxi-
dants. CPF induced oxidative stress, as evidenced by a signif-
icant (p < 0.05) elevation in MDA and NO levels, and a sig-
nificant decrease (p < 0.05) in both GSH content and SOD and
CAT activity (Figs. 2 and 3). These changes were observed in
the brain tissue of CPF-treated rats, as compared to the control
group values. Meanwhile, NAC-treated rat brains showed de-
creased MDA and NO levels, though this decrease was only
significant (p < 0.05) for MDA. There was a nonsignificant
increase in GSH content, and a significant (p < 0.05) decrease
in SOD and CAT activity compared to the control group. On
the other hand, the NAC+CPF-treated group indicated the
strong antioxidant effect of NAC, as revealed in Fig. 2, with
levels of MDA and NO levels changing significantly (p <
0.05). Meanwhile, a significant increase (p < 0.05) was evi-
dent in SOD activity, while CAT had a slight activity improve-
ment when compared to the CPF-treated group. However,
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Fig. 1 The effect of N-acetylcysteine (NAC) on AChE activity in rat
brain cortical tissue after oral administration of chlorpyrifos (CPF).
Data are presented as mean = SD (n = 7); a, p < 0.05 vs. control rats; b,
p < 0.05 vs. NAC-treated rats using Duncan’s post hoc test
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both enzymes significantly decreased (p < 0.05) when com-
pared to the control values. The present results clearly dem-
onstrate the effectiveness of NAC in protecting rat brains
against oxidative stress resulting from CPF intoxication.
This occurred by increasing GSH content and SOD activity
and decreasing MDA and NO levels.

Investigation of the antiinflammatory effect of NAC on
CPF-induced neurotoxicity was undertaken by measuring
TNF-«, IL-1f3, and IL-6 levels in rat brain tissue. The present
results revealed that CPF treatment caused marked significant
increases (p < 0.05) in TNF-c, IL-1f3, and IL-6 levels (Fig. 4)
in the brain tissue of the CPF-treated rats compared to control
group values. However, NAC treatment did not lead to any
changes in proinflammatory cytokine expression compared to
control values. Data from the NAC+CPF-treated group indi-
cated that NAC administration controlled the elevation of
TNF-«, IL-1§3, and IL-6 levels. There was a significant de-
crease (p < 0.05) in TNF-«, IL-1[3, and IL-6 compared to the
CPF-treated group, demonstrating the antiinflammatory activ-
ity of NAC against CPF neurotoxicity.

To elucidate the effect of CPF-neurotoxicity on BDNF
levels in rat brain tissue after 28 consecutive days of admin-
istration, an alteration in BDNF levels in the brain was detect-
ed in the CPF-treated group. This is illustrated in Fig. 5, with a
significant decrease (p < 0.05) in BDNF compared to control
values. NAC administration led to a significant increase (p <
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Fig. 3 The effect of N-acetylcysteine (NAC) on enzymatic (SOD and
CAT) and nonenzymatic (GSH) antioxidants in rat brain cortical tissue
after oral administration of chlorpyrifos (CPF). Data are presented as
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0.05) in BDNF levels in the brain tissue of the NAC-treated
group in comparison to the control values. Meanwhile, the
NAC+CPF-treated group had significantly decreased (p <
0.05) brain BDNF levels, and showed an increase in the same
parameter level being of nonsignificant change, if compared
to CPF treated group.

In addition to BDNF, VEGF levels were also deter-
mined in the brain tissue of all groups. The collected data
is illustrated in Fig. 5, with a significant increase (p <
0.05) in VEGF levels observed in the brain tissue of
CPF-treated rats compared to control group values.
Meanwhile, VEGF elevated sharply and markedly, with
a significant increase (p < 0.05) in NAC+CPF-treated rats
compared to both control and CPF-treated group values.
The NAC-treated group showed a slight nonsignificant
increase in VEGF levels after 28 consecutive days of
NAC administration.

The cortical tissue of the control and NAC-treated rats
showed a normal characteristic structure (Fig. 6a, b,
respectively). However, CPF-treated rats exhibited notice-
able pyknotic and degenerated neurons, associated with
the presence of many apoptotic neurons. A noteworthy
finding was that inflammatory cell infiltration was also
observed in the CPF-treated rats (Fig. 6b). NAC pretreat-
ment improved the cortical deformations induced by CPF,
though some neurons remained damaged (Fig. 6d).
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mean + SD (n = 7); a, p < 0.05 vs. control rats; b, p < 0.05 vs. NAC-
treated rats using Duncan’s post hoc test
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Fig. 4 The effect of N-acetylcysteine (NAC) on proinflammatory cyto-
kines (TNF-«, IL-1f3, and IL-6) levels in rat brain cortical tissue after oral
administration of chlorpyrifos (CPF). Data are presented as mean + SD (n

We examined Bcl-2, an antiapoptotic protein, and Bax, a
proapoptotic protein, using immunohistochemistry to exam-
ine brain sections. The present results showed decreased in-
tensity of immunoreactivity to Bcl-2. However, immunoreac-
tivity to Bax was increased in CPF-treated rats (Figs. 7b and
8b, respectively). Conversely, preadministration with NAC
greatly alleviated these conditions in the tested apoptotic bio-
markers compared to CPF-treated rats. Thus, the results dem-
onstrated that NAC has antiapoptotic action (Figs. 7d and 8d,
respectively).

Discussion

The widespread use of different pesticides in agriculture and
for purposes of public health has led to severe effects on
humans. One of these pesticides is the OP insecticide CPF,
which is used for controlling different types of insects. It is
also used on many types of crops and plants (Ross et al. 2013).
Environmental, occupational, and food exposure have been
associated with health risks, as multi-residues of pesticides
has been found in nonorganic fruit, vegetables, and honey
(Garcia-Garcia et al. 2016). Growing evidence has indicated
the involvement of environmental chemicals in toxicity during
brain development, leading to neurobehavioral changes such
as learning disabilities, attention deficit hyperactivity disorder,
cognitive impairment, spatial memory damage, autism, and
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=7); a, p < 0.05 vs. control rats; b, p < 0.05 vs. NAC-treated rats using
Duncan’s post hoc test

neurodegenerative diseases (Abdel Moneim 2013;
Landrigan et al. 2012).

The present study aimed to evaluate the role of NAC on
CPF-induced neurotoxicity in the brain tissue of adult
male rats. This was done by investigating oxidant/
antioxidant status, inflammatory status, apoptotic/
antiapoptotic markers, and factors responsible for
neurogenesis. This was intended to minimize the oxidative
stress of CPF, therefore minimizing brain damage. In this
study, CPF decreased AChE activity and GSH content,
and elevated the levels of oxidative stress markers MDA
and NO in the brains of CPF-treated rats. However, SOD
and CAT activity significantly decreased after CPF treat-
ment compared with the control values. Previous studies
showed that CPF treatment generates oxidative stress in
rats and different cell models, as it easily diffuses through
the cell membrane (Basha and Poojary 2011). CPF was
documented to enhance cholinergic activity by AChE in-
hibition. It therefore has an anticholinesterase effect, lead-
ing to the inhibition of brain AChE at synapses, acetylcho-
line accumulation, and overactivation of the acetylcholine
receptor at the neuromuscular junction and in the auto-
nomic and central nervous system. In addition, previous
studies have indicated that cognitive and emotional disor-
ders are mediated by AChE inhibition. AChE is an enzyme
that degrades acetylcholine in laboratory animals after
CPF exposure (Cardona et al. 2011; Cardona et al. 2013).
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Fig. 6 Histopathological alternations in cortical tissue following
treatment with N-acetylcysteine (NAC) and chlorpyrifos (CPF). a
Photomicrograph of the cortical tissue of the control group showing nor-
mal cortical structure. b Photomicrograph of the cortical tissue of rats
intoxicated with CPF showing degenerative neurons and leukocyte infil-
tration between neurons and apoptotic neurons. ¢ Photomicrograph of the

Any sudden or chronic overconsumption of oxygen leads
to ROS production, which may occur either in the mitochon-
dria or inside the capillary system. It occurs as an oxidative
burst induced by inflammatory cells. About 2-5% of oxygen
in the mitochondrial electron transport system results in su-
peroxide production, which is the most known of the free

Fig.7 Cortical expression of Bcl-
2 following the treatment with N-
acetylcysteine (NAC) and/or
chlorpyrifos (CPF) was evaluated
using immunohistochemical
staining. a represents the control
group; b represents the CPF-
treated group; ¢ represents the
NAC-treated group; and d repre-
sents the NAC+CPF-treated
group (x 400)
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cortical tissue of rats treated with NAC alone showing a normal histolog-
ical structure. d Photomicrograph of the cortical tissue of rats treated with
NAC and CPF showing recovery of cortical tissue. However, some neu-
rons show a degree of degeneration and less apoptotic neurons. Sections
were stained with hematoxylin and eosin (x 400)

radicals. It is commonly produced during oxidative phosphor-
ylation (Kerksick and Willoughby 2005). ROS are produced
primarily by the mitochondria as a by-product of normal cell
metabolism during the conversion of molecular oxygen (O,)
to water (H,O). These include superoxide radical (0*), hy-
drogen peroxide (H,0,), and hydroxyl radical (-OH).
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Fig. 8 Cortical expression of Bax
following treatment with N-
acetylcysteine (NAC) and/or
chlorpyrifos (CPF) was evaluated
using immunohistochemical
staining. a represents the control
group; b represents the CPF-
treated group; ¢ represents the
NAC-treated group; and d repre-
sents the NAC+CPF-treated
group (x 400)

Peroxisomes produce H,O, during fatty acid degradation.
H,0, is mostly degraded into water by catalase, but some
molecules may also escape into the cell (Abdel Moneim
2016). When ROS production overwhelms antioxidant status,
oxidative stress occurs, leading to lipid peroxidation and de-
struction of the macromolecules of cells and tissues (Nita and
Grzybowski 2016).

In the present study, increased MDA and NO content in the
brains of CPF-treated rats agree with previously documented
results, demonstrating that this leads to apoptotic cell death in
neuronal cells, thus causing neuronal injury (Almeer et al.
2018). It has been proposed that oxidative stress induction
may also be involved in NO-induced apoptosis (Troy et al.
1996). The antioxidant defense system protects cells from
attack by ROS. There are several antioxidant defense mecha-
nisms; however, both oxidants and antioxidants have a pro-
found effect on gene expression. Cells are equipped with sev-
eral antioxidant agents, including enzymes such as SOD,
CAT, and glutathione peroxidase (Yu et al. 2000) as well as
endogenous thiols, or sulthydryl containing compounds, such
as GSH. GSH is the unique source of the thiol pool in the
body, preventing damage to biological macromolecules
caused by ROS. It plays many roles in the body, such as
antioxidant defense, detoxification of electrophilic xenobi-
otics, regulating signal transduction antioxidant defense, neu-
rotransmitter signaling, cysteine storage and transport, cell
proliferation regulation, deoxyribonucleotide synthesis, im-
mune response regulation, and leukotriene and prostaglandin
metabolism. In addition, GSH has an important role in main-
taining the redox state of the cell (Almeer et al. 2018), thereby
exerting a profound protective effect on cells. Of the three
amino acids (glutamate, glycine, and cysteine) in the GSH

structure, cysteine has the lowest intracellular concentration
(Aruoma et al. 1989).

In the present study, GSH levels were significantly de-
creased by CPF treatment and lipid peroxidation resulting
from CPF neurotoxicity, and was associated with decreased
cellular antioxidants, such as SOD and CAT (Astiz et al.
2012). Recently, CPF was found to modify the oxidative sta-
tus in vitro by increasing ROS levels (Quintana et al. 2018),
while at higher concentrations, it only decreased CAT and did
not modify SOD activity. CPF decreased Krebs cycle enzyme
activity levels (Basha and Poojary 2014) and severely deplet-
ed manganese levels, which is associated with Mn-SOD sup-
pression and mitochondrial dysfunction (Samsel and Seneff
2015). In response to the cellular antioxidant systems of CPF,
Lee etal. (2012) found that CPF treatment reduced the expres-
sion of CuZn-SOD and Mn-SOD.

The ability of a compound to cross the blood—brain barrier
(BBB) is thought to be critical in targeting brain dysfunction
for treatment. Despite NAC’s poor penetration into the CNS
and GSH deficiency, earlier reports have supported the role of
GSH in the effects exerted by NAC. As GSH levels in the
brain subjected to oxidative stress were elevated after NAC
treatment, this was considered to be the key to NAC action
(das Neves Duarte et al. 2012). Cysteine was found to limit the
rate of GSH synthesis during oxidative stress, as the liver of
mammals tightly regulates free cysteine. Repeated doses of
NAC were needed to affect its circulating free level and to
be the most effective (Stipanuk et al. 2006). The uniqueness
of NAC owes to the fact that this drug is an excellent source of
sulthydryl groups, and is thus an acetylated cysteine precursor
of the amino acid L-cysteine. This sustains GSH synthesis by
serving as an L-cysteine residue, and is converted in vivo into
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metabolites that stimulate glutathione production. It thereby
maintains intracellular GSH levels, enhances detoxification,
and acts directly as a free-radical scavenger. This is because
it interacts with ROS such as OH- and H,0,, thereby increas-
ing cell protection against oxidative stress (Almeer et al.
2018). The present study indicated that NAC treatment of
CPF-treated rats increased GSH levels and SOD activity.
NAC effectively ameliorated GSH reduction in the brains of
CPF-treated rats and increased the activity of SOD. However,
it did not restore CAT activity to the control value. The present
study documents the protective role of NAC in the brains of
CPF-treated rats. This protective effect occurs through GSH
production and establishing SOD activity. NAC administra-
tion during CPF intoxication showed its direct reaction with
ROS, causing an increase in SOD activity and lowering the
brain’s susceptibility to these oxidants (Farbiszewski et al.
2000).

CPF also inhibited mitochondrial oxidative phosphoryla-
tion and induced apoptosis in human neuroblastoma SH-
SYSY cells, or human neural precursor cells (Lee et al.
2014). Moreover, some endogenous compounds, including
reactive oxygen species, lipid metabolites such as sphingosine
and phosphatidic acid, and some endogenous cell death effec-
tors such as Bax, can also cause lysosomal membrane perme-
abilization (LMP). This was reported to occur as a result of
osmotic lysis or detergent activity of the compounds that ac-
cumulate in the lumen of lysosomes. LMP can either initiate
or amplify different types of lysosomal cell death, including
nonprogrammed (accidental) necrosis, lysosomal apoptosis,
or cell death with apoptosis-like features. This can be initiated
by the release of cathepsins and other hydrolases to the cytosol
(Repnik et al. 2014).

In the present study, an increase in the levels of proinflam-
matory cytokines TNF-«, IL-1f3, and IL-6 in the rat brains
was recorded in the CPF-treated group. These increments in
TNF-«, IL-1f3, and IL-6 levels after CPF exposure were due
to the activation of acute phase inflammatory responses, lead-
ing to release of these cytokines involved in the generation of
ROS via mitochondrial respiratory chain reaction (Duramad
et al. 2007). Due to the production of ROS, which damage
lipids, proteins, and DNA, these mediators were also involved
in various biological and cellular responses. These include
tumor progression, transcription factor production, growth
factor production, and activation of proapoptotic proteins
(Abdel Moneim 2016). Moreover, astrocyte impairment was
reported to be accompanied by increased TNF-c, IL-1[3, and
IL-6 secretion, which was associated with brain inflammation
development (Wang et al. 2015).

ROS induction by pesticides occurs mainly through mito-
chondrial destabilization, accompanied by paralleled DNA
damage. Many pathways, such as interaction with excitatory
amino acid receptors, depletion of cellular NAD*, and activa-
tion of caspases, were involved in a cascade of events leading
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to NO-induced apoptosis (Abdel Moneim 2013). Bcl-2 is
widely recognized as an antiapoptotic and antioxidant com-
pound, and has an impact on the mitochondria. This is because
binding of Bcl-2 and its antiapoptotic relatives to Bax blocks
its oligomerization, thus conserving mitochondrial membrane
integrity and cell survival. On the other hand, Bax pierces the
outer mitochondrial membrane, mediating cell death by apo-
ptosis by releasing apoptogenic proteins into the cytoplasm
(Abdel Moneim 2016). Cas-3 is a frequently enhanced death
protease, catalyzing the specific cleavage of many key cellular
proteins (Moneim 2015). In the present study, CPF-induced
apoptotic neuronal cell death occurred by elevating Bax and
Cas-3-mRNA levels and diminishing Bcl-2 levels. However,
pretreatment with NAC led to reduced Bax and Cas-3 and
aggregated Bcl-2, indicating neuroprotection. Hence, NAC
protected rats against neuronal injury by modulating apoptotic
regulatory proteins and Cas-3 in CPF-induced neuronal
apoptosis.

Earlier studies have indicated that NAC treatment is asso-
ciated with decreased levels of IL-13, TNF-«, IL-6, NF-kB,
astrocyte injury marker, beta-amyloid precursor protein, and
neurofilament light (a marker of axonal injury) (Chen et al.
2008). Due to the reaction of NAC with ROS and formalde-
hyde, their toxicity is diminished. NAC also acts as a donor of
sulfhydryl groups, stabilizing the membrane lipid-protein
structure, as previously reported by Farbiszewski et al.
(2000), and NAC treatment thus decreases TNF-«, IL-1f3,
and IL-6. Moreover, NAC improved markers which modulate
oxidative stress, such as apoptosis-related proteins Bcl-2 and
Bax proteins, and the protein involved in the oxidative stress
cascade (hemeoxygenase-1). NAC also increased the levels of
membrane proteins involved in neurotransmission
(Complexin I and II) (Yi et al. 2006).

NAC was found to reduce B cell lymphoma apoptosis by
increasing concanavalin A-induced mitogenesis, blocking the
lipopolysaccharide-induced apoptosis of endothelial cells. It
also blocked LDL-induced superoxide production and the ap-
optosis of human umbilical vein endothelial cells (Sun et al.
2012). Through ROS inhibition, NAC inhibited in vitro apo-
ptosis of Arabinoside neurotoxicity (Geller et al. 2001),
supporting neuronal survival. According to Lee et al. (2012),
NAC treatment attenuated mitochondrial inhibition and
blocked apoptosis via the caspase-9 and caspase-3 pathways.

NAC was reported to be used as a treatment of vascular and
nonvascular neurological disorders, also modulating gluta-
matergic, neurotrophic, and inflammatory pathways, thus
healing brain dysfunctions and neuropathies (Bavarsad
Shahripour et al. 2014). The results of the present study dem-
onstrated a significant increase in VEGF levels in CPF-treated
rat brains compared to the normal control group. This could be
attributed to the toxicant-evoked hypoxia-like responses,
followed by VEGF expression and activation, as documented
earlier by Kim et al. (2012). VEGF is an angiogenic factor
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required for vasculature development and is a potent inducer
of vascular permeability, a survival factor for newly formed
blood vessels, and an inducer of pathologic angiogenesis (Yao
et al. 2010). In the present study, it was demonstrated that
NAC did not affect angiogenesis on its own. The results of
the present study revealed that NAC administration to CPF-
treated rats led to increased levels of VEGF in rat brain tissue
compared with the control group or CPF-treated animals.
Histological examination indicated greater levels of angiogen-
esis in the brains of both CPF and NAC+CPF-treated rats,
which could be attributed to increased blood flow to the target
inflamed cells for catching ROS. Recently, Zhang et al. (2018)
suggested the antagonism of NAC on inflammation-induced
pathological angiogenesis in a lipopolysaccharide-induced
model of angiogenesis in chick chorioallantoic membranes.
This study led to upregulation of the genes involved in tight-
junction adhesion molecules, and also modulation of the sub-
cellular distribution of junction and cell polarity proteins. This
resulted in junction formation and epithelial polarization. The
expression of these genes was raised following LPS exposure,
and most of these genes’ expression dropped with the addition
of NAC. Moreover, the authors also suggested that NAC, as
an antioxidant, was able to restore pathological angiogenesis
at least partially by the modulation of genes involved in oxi-
dative stress.

The results of the present study demonstrated a significant
decrease in BDNF levels in the brains of CPF group rats in
comparison to the control group. This decrease in BDNF was
suggested to be due to the injury of nerves and glial cells in the
rat brain because of increased ROS production (Blanco et al.
2011). BDNF is a dimeric protein belonging to the
neurotrophin family of survival-promoting molecules. It is
found throughout the brain, with particular abundance in the
hippocampus and cerebral cortex. BDNF was suggested to
play an important role in neuronal survival, regeneration fol-
lowing injury, regulation of transmitter systems, and in the
attenuation of neural immune responses. BDNF modulates
synaptic plasticity and neurotransmitters, intracellular signal-
transduction pathways, and regulates axonal and dendritic
branching. It regulates re-modeling synaptogenesis in axon
terminals, synaptic transmission, and is involved in the func-
tional maturation of excitatory and inhibitory synapses. It was
evidenced that BDNF may play important roles in mood dis-
order pathogenesis and in the action of therapeutic agents
concerning mood and antidepressants. BDNF may also be
involved in the pathophysiology of anxiety disorders (Liu
et al. 2019).

NAC was found to improve cognitive deficits and
neurogenesis. This is consistent with the hypothesis of
NAC’s facilitated selective delivery to affected sites due to
vascular effects, as reported in traumatic brain injury
(Karalija et al. 2012). Roth et al. (2014) reported glutathione
entrance into the brain from the periphery, exerting

neuroprotective activity. The observed alterations in BDNF
expression in different brain areas at different time points
may represent normal stress responses aimed at restoring ho-
meostasis. The present study attributes BDNF increase to the
ability of NAC as free radical scavenger and antioxidant, used
in inhibiting the progression of neurodegenerative disorders
(Karalija et al. 2012). This assists with eliminating free radi-
cals, which are the first cause for the ROS liberation causing
apoptosis and rat brain injury due to CPF treatment. NAC
showed an ability to play a neuroprotective role against neural
damage and as an antioxidant to reduce brain tissue inflam-
mation, contributing positively to the high increase in brain
levels of BDNF (Hicdonmez et al. 2006).

Conclusions

The long-term treatment of rats with CPF induced oxidative
stress and decreased GSH content in the brain. These changes
were ameliorated by NAC, as evidenced by the observed de-
creases in MDA and NO levels, improved SOD activity and
GSH content, the modulation of the inflammatory response,
and the resulting antiapoptotic effects. The present findings
demonstrate the neuroprotective and neurogenesis-
promoting effects of NAC in the brain tissue of rats exposed
to CPF-induced neurotoxicity.
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