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Abstract

Penconazole (PEN) is a widely used systemic fungicide to treat various fungal dis-

eases in plants but it leaves residues in crops and food products causing serious

environmental and health problems. N‐acetylcysteine (NAC) is a precursor of the

antioxidant glutathione in the body and exerts prominent antioxidant and anti‐

inflammatory effects. The present study aimed to explore the mechanistic way of

NAC to ameliorate the PEN neurotoxicity in male rats. Twenty‐eight male rats were

randomly divided into four groups (n = 7) and given the treated material via oral

gavage for 10 days as the following: Group I (distilled water), Group II (50mg/kg

body weight [bwt] PEN), Group III (200mg/kg bwt NAC), and Group IV (NAC + PEN).

After 10 days all rats were subjected to behavioral assessment and then euthanized

to collect brain tissues to perform oxidative stress, molecular studies, and patholo-

gical examination. Our results revealed that PEN exhibits neurobehavioral toxicity

manifested by alteration in the forced swim test, elevated plus maze test, and

Y‐maze test. There were marked elevations in malondialdehyde levels with reduction

in total antioxidant capacity levels, upregulation of messenger RNA levels of bax,

caspase 3, and caspase 9 genes with downregulation of bcl2 genes. In addition, brain

sections showed marked histopathological alteration in the cerebrum and cere-

bellum with strong bax and inducible nitric oxide synthetase protein expression. On

the contrary, cotreatment of rats with NAC had the ability to improve all the

abovementioned neurotoxic parameters. The present study can conclude that NAC

has a neuroprotective effect against PEN‐induced neurotoxicity via its antioxidant,

anti‐inflammatory, and antiapoptotic effect. We recommend using NAC as a

preventive and therapeutic agent for a wide variety of neurodegenerative and

neuroinflammatory disorders.
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1 | INTRODUCTION

Penconazole (PEN) (1‐(2‐(2,4‐dichlorophenyl)‐pentyl)‐1H‐1,2,4‐

triazole) is a fundamental triazole fungicide used all over the world to

fight and control the different plant pathogens. PEN is splashed di-

rectly on the plants, and at that point, it leaves[1] residues in different

agricultural products, such as leaves, grass, soil, surface waters, and

some food products for human consumption.[2,3] PEN residues can

stay on treated crops after collection and actuate some hazardous

effects in humans and livestock, including hepatorenal toxicity, car-

diotoxicity, neurotoxicity, testicular dysfunction, antiandrogenic ac-

tivity, and disruption of the endocrine system.[4,5]

Indeed, it is well known that triazole fungicides may create poi-

sonous impacts on the mammalian nervous system, such as neuro-

behavioral shortfalls and neuropathological alterations.[6] One of the

potential mechanisms intervening in the neurotoxic impacts of PEN is

the changes of the dopaminergic neurotransmission, by means of

hindering the depolarization evoked Ca2+ influx.[7] Apart from that,

several studies confirmed that pesticide‐prompted neurotoxicity at-

tributed to their capacity to produce oxidative stress damage through

reactive oxygen species (ROS) overproduction.[8] The brain is pre-

dominantly exposed to free radical injury due to its high content of

polyunsaturated fatty acids, moderately low degree of antioxidant

defenses,[9] and its expanded oxygen consumption.[10]

N‐acetylcysteine (NAC) is the N‐acetyl derivative of the amino

acid L‐cysteine and is a precursor of the antioxidant glutathione (GSH)

in the body. It has the ability to scavenge free radicals, replenish the

diminished GSH, and prevent lipid peroxidation (LPO).[11] NAC has a

neuroprotective activity and shows a constructive outcome in the

recovery of neurological diseases via its capacity to ameliorate in-

flammation and oxidative stress.[12] Moreover, NAC has the ability to

cross the blood–brain barrier and improve brain alterations.[13] In

addition, it elevates the level of brain‐derived neurotrophic factors,

which reinforces the survival of present neurons and can enhance the

process of neurogenesis.[14] Various advancements have been ac-

counted for the administration of NAC in laboratory animals, for

example, increasing GSH levels, diminishing the oxidative stress‐

markers, improving the brain synaptic and nonsynaptic mitochondrial

complex I activities, and suppressing the dopamine‐prompted apop-

tosis and necrosis.[15]

To the best of our knowledge, there are insufficient data re-

garding the potential neurotoxic impact of PEN fungicides. In addi-

tion, the possible capacity of NAC to constrict the neurotoxicity of

this fungicide has not been recently elucidated. Hence, the present

study aimed to explore the possible mechanism of PEN‐induced

neurotoxicity in adult rats with comprehensive insight into the mo-

lecular mechanism as well as to investigate whether its toxicity could

be attenuated by NAC supplementation.

2 | MATERIALS AND METHODS

2.1 | Chemicals

All chemicals used in this study were analytically pure.

2.2 | Penconazole (agrozole) 10%

It is an aqueous solution easily dispersed in water. It is purchased

from the Advanced Co. for Agricultural Pesticides industrial produc-

tion, Jordan. The chemical composition of PEN (1‐2‐(2,4‐

dichlorophenyl)‐pentyl)‐1H‐1,2,4‐triazole), a systemic triazole fungi-

cide is C13H15Cl2N3.

2.3 | N‐acetyl‐L‐cysteine (NAC)

Its chemical formula is C5‐H9‐N‐O3‐S with a molecular weight of

163.20 Dalton (Sigma‐Aldrich). It is a metallic compound soluble in

water, alcohol, hot isopropyl alcohol, methyl acetate, and ethyl

acetate. Formulation: White effervescent powder soluble in water. It

TABLE 1 Primers sequences used for quantitative real‐time polymerase chain reaction

Gene symbol Gene description Accession number Primer Sequence

bcl2 B‐cell lymphoma 2 NM_016993.2 F:‐ 5′‐GGGGATGACTTCTCTCGTCG‐3′

R:‐ 5′‐GACATCTCCCTGTTGACGCT‐3′

Bax BCL2‐associated X NM_017059.2 F:‐ 5′‐TCATGAAGACAGGGGCCTTT‐3′

R:‐ 5′‐CTGCAGCTCCATGTTGTTGT‐3′

Casp3 Caspase 3 NM_012922.2 F:‐ 5′‐CATGCACATCCTCACTCGTG‐3′

R:‐ 5'‐CCCACTCCCAGTCATTCCTT‐3′

Casp9 Caspase 9 NM_031632.2 F:‐ 5′‐AACAACGTGAACTTCTGCCC‐3′

R:‐ 5′‐CCATCTCCATCAAAGCCGTG‐3′

GAPDH Glyceraldehyde 3‐phosphate dehydrogenase NC_005103.4 F:‐ 5′‐ACCACAGTCCATGCCATCAC‐3′

R:‐ 5′‐TCCACCACCCTGTTGCTGTA‐3′
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is a mucolytic drug used in respiratory disorders, secretory otitis

media, and chronic sinusitis.

2.4 | Animals and experimental design

Twenty‐eight adult male Sprague–Dawley rats (150–200 g) supplied

from the Faculty of Veterinary Medicine, Cairo University, Egypt

were used in this study. They were kept under good ventilation and

standard hygienic conditions with free access to food and drinking

water ad libitum. Rats were treated in accordance with the guidelines

of the animal bioethics committee from the faculty of Veterinary

Medicine, Cairo University.

They were randomly divided into four equal groups (n = 7) as the

following: Group I (Control): received distilled water, Group II (PEN):

received PEN by oral gavage every 2 days for 10 days at 50mg/kg

body weight (1/40 LD50),[16,17] Group III (NAC): orally administered

NAC in distilled water at a daily dose of 200mg/kg [18] for 10 days.

Group IV (NAC + PEN): orally administered both NAC (at a daily dose

of 200mg/kg for 10 days) and PEN (at 50mg/kg body weight every

2 days, by oral gavage for 10 days). All groups had free access to

distilled water and a standard diet all over the experimental period.

2.5 | Neurobehavioral investigation

At the end of the experiment (10 days), animals were subjected to the

following neurobehavioral tests:

2.5.1 | Elevated plus maze test

The maze apparatus is composed of two open and two closed arms

(50 cm length, 10 cm width, and 30 cm height). It was elevated 65 cm

above the floor. Rats were placed in the center of the maze and

allowed to move freely for 5 min. The number of entries and the time

spent in the open and closed arms of the maze were recorded.[19]

2.5.2 | Forced swim test

A glass cylinder of 20 cm diameter and 50 cm height was used. It was

filled with warm water (22°C) up to a height of 30 cm. This water

level does not allow the rat to rest on its tail or escape the container

by climbing out. Animals were placed in this glass cylinder for 6min

and the time spent floating (immobile) during the last 3min was

recorded.[20]

2.5.3 | Y‐maze test

The maze device consisted of three arms labeled from A to C (40 cm

length, 15 cm width, and 30 cm height). Each rat was randomly placed

at the end of one arm and allowed for free movement through the

maze for 8min. The sequence of arm entries was recorded. Spon-

taneous alternation behavior percent was calculated as the ratio of

actual to possible alternations according to Rasoolijazi et al.[21] as

follow: Spontaneous alternation behavior (%) = (Total no. of arms

entries − 2) × 100.

2.6 | Sampling

After a behavioral assessment, all rats were weighed and then

euthanized by cervical dislocation followed by decapitation to

avoid the stress induced by anesthesia. The whole brain was

immediately dissected out of the body; wiped off the blood and

divided into two hemispheres. The first part was kept at −80°C

TABLE 2 Effects of penconazole (PEN) and/or N‐acetyl‐L‐cysteine (NAC) on the different neurobehavioral parameters

Control PEN NAC PEN +NAC

Elevated plus maze test

Number of entries in open arms 4.48 ± 0.552 2.12 ± 0.397* 4.67 ± 0.571** 3.47 ± 0.490**

Number of entries in closed arms 5.62 ± 0.499 6.55 ± 0.622 5.82 ± 0.522 6.22 ± 0.516

Time spent in open arms (s) 85.41 ± 11.88 26.98 ± 7.79* 92.20 ± 11.57** 65.80 ± 10.96**

Time spent in closed arms (s) 126.05 ± 11.85 194.91 ± 11.72* 117.90 ± 12.35** 151.38 ± 10.48**

Forced swim test

Immobility time (s) 43.85 ± 4.99 70.18 ± 6.61* 46.38 ± 4.90** 56.65 ± 5.96**

Y‐maze test

Spontaneous alternation behavior (%) = (Total no. of arms
entries − 2) × 100

70.94 ± 5.22 47.95 ± 6.40* 72.99 ± 4.31** 62.00 ± 6.07**

Note: Values are presented as mean ± SEM (n = 7 rats/group).

*Statistically significant difference compared to control group at p < 0.05.

**Statistically significant difference compared to the PEN‐alone exposed group at p < 0.05.
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until used for assessment of oxidative stress and real‐time poly-

merase chain reaction (RT‐PCR) analysis, while the second part

was kept in 10% neutral‐buffered formalin and subjected to his-

topathological and immunohistochemical examination.

2.7 | Oxidative stress evaluations

The brain tissues were homogenized using the cold buffer and then

the homogenates were exposed to the thiobarbituric acid reactive

substances technique for evaluation of malondialdehyde (MDA),[22]

and the total antioxidant capacity (TAC).[23]

2.8 | RT‐PCR analysis of different genes

Total RNA was isolated from 100 mg of the brain samples using

the easy‐spin Total RNA Extraction Kit (Cat. No.17221; iNtRON

Biotechnology DR) according to the manufacturer's instructions.

RNA quality and quantity were assessed using a Nanodrop

ND‐1000 spectrophotometer (Nanodrop Technologies). The

complementary DNA was generated using M‐MuLV Reverse

Transcriptase (NEB#M0253) according to the provided protocol.

RT‐PCR was used to analyze the expression of different genes;

bcl2, bax, caspase 3, and caspase 9 at the messenger RNA (mRNA)

level in the brain of rats, and the mRNA levels were detected

using qRT‐PCR, performed with the HERAPLUS SYBR Green qPCR

kit (# WF10308002). The qRT‐PCR primers were designed using

the Primer 3 program (http://frodo.wi.mit.edu/cgi-bin/primer3/

primer3_www.cgi) and their sequences were demonstrated in

Table 1. The cycle conditions were as follows: 95°C for 2 min. and

40 cycles of 95°C for 10 s, 60°C for 30 s. Each RT‐PCR was

conducted in triplicate. The GAPDH gene was used as an internal

control (ref.). The data obtained from the qRT‐ PCR were ana-

lyzed using CT, ΔCT, ΔΔCT, and 2−ΔΔCT.[24]

2.9 | Histopathological examinations

Formalin‐fixed brain tissue specimens processed by the conventional

method using an ascending grade of alcohol and xylol, embedded in

paraffin wax and sliced by ordinary microtome into 4‐μm sections,

and then stained by hematoxylin and eosin stain to be examined

under light Olympus microscope.

An ordinal scoring system was used for multiparametric, semi-

quantitative scoring of the observed histopathological alterations in

different parts of brain tissue sections according to the method de-

scribed by Hassanen et al.[25] Brain sections were examined and

scored by the parameters of neuronal degeneration, chromatolysis,

neuronophagia, gliosis, vascular congestion, neuropil vacuolations,

axonal degeneration, inflammation, and hemorrhage. All parameters

were graded and scored as normal, slight, mild, moderate, and severe

alterations as the following: (−) = normal, (+) < 25%, (++) = 25%:50%,

(+++) = 50%:75%, and (++++) > 75% tissue damage.[26]

2.10 | Immunohistochemical staining

Bax (marker for apoptosis), glial fibrillary acidic protein (GFAP; marker

for astrocytosis), and inducible nitric oxide synthetase (iNOS; marker

for inflammation and oxidative stress damage) were performed on

paraffin‐embedded formalin‐fixed tissue sections. Briefly, the slides

were incubated with primary antibodies against each immune stain-

ing marker (Abcam, Ltd.) at 1/200 dilutions, then washed and in-

cubated with Peroxidase Block (Sakura BIO) and reagent required for

the detection of the antigen‐antibody complex (Power‐Stain 1.0 Poly

HRP DAP Kit; Sakura). The sections were treated with 3,3′‐

diaminobenzidine chromogen substrate for 10min, counterstained by

hematoxylin, and examined under Olympus light microscope.

ImageJ software was used to evaluate the mean percentage area

of various immunostaining reactivity in different groups. Morpho-

metric results were determined as the percentage of specific positive

F IGURE 1 Bar chart representing the levels of (A) malondialdehyde (MDA) and (B) Total antioxidant capacity (TAC) in brain tissue
homogenates of different groups. Values are presented as mean ± SEM (n = 7 rats/group). Different superscript letters indicate a statistically
significant difference at p < 0.05
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area in relation to the total counted area and expressed as

mean ± SD.

2.11 | Statistical analysis

The obtained data are presented as mean ± SE. Statistical significance

between the different groups was analyzed using the analysis of

variance test (SPSS: Statistical Package for Social Sciences 10.0 for

Windows) followed by Duncan's Multiple Range Test.

3 | RESULTS

3.1 | Behavioral assessment

3.1.1 | Elevated plus maze test

PEN exposure resulted in a significant decrease in the number of

entries and time spent in open arms as well as a significant increase in

the time spent in closed arms compared to control. However, coad-

ministration of NAC with PEN resulted in a significant increase in the

number of entries and time spent in open arms as well as a significant

decrease in the time spent in closed arms when compared with the

PEN‐alone exposed group (Table 2).

3.1.2 | Forced swim test

PEN treatment induced a significant increase in the immobility time

compared to control. On the other hand, co‐exposure of NAC with

PEN caused a significant decrease in the immobility time compared to

PEN‐alone exposure (Table 2).

3.1.3 | Y‐maze test

PEN administration resulted in a significant decrease in the sponta-

neous alternation behavior percent when compared to control,

whereas coadministration of PEN with NAC resulted in a significant

increase in the spontaneous alternation behavior percent compared

to the PEN‐alone‐exposed group (Table 2).

3.2 | Oxidative stress evaluation

The highest levels of MDA and lowest levels of TAC were ob-

served in groups receiving PEN compared with other groups. On

the contrary, the co‐treatment of NAC with PEN markedly im-

proved the oxidant/antioxidant balance by restoring the levels of

MDA and TAC compared with the PEN receiving group, al-

though the levels of MDA was still high and the levels of

F IGURE 2 Bar chart representing the transcript level of (A) bcl‐2, (B) bax, (C) caspase 3 (CAS‐3), and (D) CAS‐9 genes in brain tissue
homogenates of different groups. Values are presented as mean ± SEM (n = 7 rats/group). Different superscript letters indicate a statistically
significant difference at p < 0.05
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TAC were still low when compared with the control group

(Figure 1).

3.3 | RT‐PCR analysis

There was a significant downregulation of bcl‐2 mRNA gene level

in the PEN group compared to the control group. However, the

NAC cotreatment upregulated the mRNA level when compared to

the control and PEN groups. On the contrary, the mRNA levels of

bax, caspase 3, and caspase 9 genes showed a significant upre-

gulation in the PEN intoxicated group compared to the control

group. Whereas, the cotreatment of NAC with PEN significantly

modulated the expression levels of these genes when compared

to the PEN group but still remained high when compared with the

control group (Figure 2).

3.4 | Histopathological examinations

Microscopic examination of different brain regions obtained from

control rats and those receiving NAC were similar and showing

normal histological structure (Figures 3A,B). On the contrary, the

groups receiving PEN showed severe pathological alterations in

the cerebrum and cerebellum areas but not in the hippocampus

and other areas. The cerebrum cortex showed neuronal degen-

eration with or without neuronophagia (Figure 3C), focal to diffuse

gliosis (Figure 3D), and pericellular vacuolations. There was swel-

ling and chromatolysis in some neurons (Figure 3E), whereas oth-

ers appeared surrounded with a long pink filament of

neurofibrillary tangles (Figure 3F). Brain neuropil showed different

shapes of myelin degenerations as wavy, swollen myelin, and

Wallerian degeneration with few numbers of the axonal spheroid

(Figure 4A). Large blood vessels showed thickening in its wall with

F IGURE 3 Photomicrograph of brain sections stained by hematoxylin and eosin representing rat in the control group (A,B) and penconazole
receiving group (C–F). (A) Normal cerebrum histology, (B) normal cerebellum histology, (C) cerebrum showing neuronal degeneration with
neuronophagias (arrows). (D) Cerebrum showing diffuse gliosis with vacuolations in gray matter. (E) Cerebrum showing central chromatolysis,
typical red neuron (arrows) with eosinophilic cytoplasm and peripheral pyknotic nuclei. (F) Cerebrum showing degenerated neuron surrounded
with neurofibrillary tangles (arrows), neuropil vacuolation, microgliosis, and extravasated erythrocytes (triangle)
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perivascular gliosis and lymphocytic cuffing (Figure 4B). The cer-

ebellum showed a thin granular layer, depletion in most Purkinje

cells, and vacuolization and hemorrhage in the molecular layer

(Figures 4C,D). There were marked improvements in the micro-

scopic pictures of the brain of the group treated with NAC and the

tissue nearly appeared like those of the control group. The cere-

brum showed mild small basophilic neurons and neuropil vacuo-

lation (Figure 4E), whereas the cerebellum showed normal granular

and molecular layers with intact Purkinje cells (Figure 4F).

Results of microscopic lesion scoring were summarized in

Table 3. The highest lesion scoring was observed in the brain sections

obtained from the PEN group all over the observed pathological

parameters compared with other groups. Cotreatment of rats with

NAC significantly improved all the pathological alterations observed

in brain sections and showed a moderate lesion score.

3.5 | Immunohistochemical staining

There were strong immunostaining reactions for bax, GFAP, and

iNOS protein expression in the cytoplasm of neurons and other

nerve cells in cerebrum and cerebellum areas of brain sections

obtained from the PEN group compared with the control one. On

the contrary, the group treated with NAC showed mild to mod-

erate protein expression for the abovementioned immune mar-

kers compared with the PEN group (Figure 5 and 6). In addition,

image analysis of immune staining expression showed the highest

percentage area of bax, GFAP, and iNOS protein expression in the

PEN receiving group compared with other groups. Cotreatment

of NAC with PEN markedly diminished the percentage area of

expression of the above‐mentioned immune staining results

(Table 4).

F IGURE 4 Photomicrograph of brain sections stained by hematoxylin and eosin representing rat in penconazole receiving group (A–D) and
those cotreated with N‐acetyl‐L‐cysteine (E–F). (A) Cerebrum gray matter showing Wallerian degeneration (star), neuropil vacuolation, and
reactive gliosis. (B) Cerebrum cortex showing perivascular gliosis and lymphocytic cuffing. (C) Cerebellum showing neuronal degeneration and
necrosis in Purkinje cells (arrows) and granular cells (triangle). (D) Cerebellum showing necrosis in granular cells (arrows) with hemorrhage (star)
and vacuolation (triangle) in white matter. (E) Cerebrum showing mild neuronal degeneration and neuronophagia (arrows). (F) Cerebellum
showing mild degeneration and necrosis in Purkinje cells (arrows)
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4 | DISCUSSION

With increasing the use of PEN, a triazole fungicide, to fight crop pests

all over the world, it has become a major risk factor for human health

as it leaves residues in the water and soil due to its low degradation.[27]

Hence, the current study aimed to explore the possible mechanism of

PEN‐induced neurotoxicity in adult rats and to investigate whether its

toxicity could be attenuated by NAC supplementation.

The present study showed marked alterations in the neurobehavioral

patterns of rats in the PEN receiving group manifested by elevation of

immobility, reduction of the number of entrances and time spent in open

arms, as well as diminished spatial memory of rats. The entire behavioral

patterns were assessed using the forced swim test, elevated plus maze

test, and Y‐maze test. In agreement with other studies, PEN‐exposed rats

showed signs of depression, anxiety, loss of memory, and panic.[17] Our

results showed a significant increase in MDA levels and a decrease inTAC

levels in PEN receiving rats. This may be attributed to the ROS generated

by PEN and the subsequent consumption of the antioxidative agents.[28]

Measuring the MDA and TAC are important biochemical indices used for

the investigation of harmful effects of some toxic materials.[29,30] PEN

might induce intraneuronal oxidative stress through the promotion of

LPO resulting in neuronal damage.[31] It also induces ROS overproduction

manifested by decreased GSH, catalase, and glutathione peroxidase ac-

tivities in neurons.[32]

TABLE 3 Semiquantitative multiparametric brain lesion scoring
in different groups

Control PEN NAC PEN +NAC

Cerebrum

Neuronal degenerations − ++++ − ++

Chromatolysis − +++ − −

Glia cell reaction − ++++ − ++

Congestion − +++ − +

Vacuolation − ++++ − +

Inflammation − +++ − −

Hemorrhage − ++ − −

Axonal degenerations − ++ − −

Cerebellum

Purkinje cell necrosis − +++ − +

Granular cell necrosis − ++++ − −

Vacuolation − +++ − +

Note: (−) Non, (+) slight, (++) mild, (+++) moderate, and (++++) severe
tissue damage. n = 7 rats/group.

Abbreviations: NAC, N‐acetyl‐L‐cysteine; PEN, penconazole.

F IGURE 5 Photomicrograph representing BCL2‐associated X (bax), glial fibrillary acidic protein (GFAP), and inducible nitric oxide synthetase
(iNOS) protein expression in cerebrum sections of rats in different groups. (A–C) Control rats showing a normal slight reaction. (D–F)
Penconazole (PEN)‐receiving rats showing a strong positive reaction to the previous immune markers. The reaction is localized in neurons (N),
astrocytes (A), glia cells (G), and blood vessels (bl. vs). (G–I) N‐acetyl‐L‐cysteine (NAC)‐treated rats showing mild to moderate positive expressions
of the above immune markers
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It is well decided that the enhanced oxidative stress in the brain

plays a pivotal role in the activation of a cascade of events, leading

eventually to apoptosis and inflammation. In the present study, the

histopathological findings of neurodegeneration in rats exposed to

PEN were reflected by the presence of dark pyknotic neurons, chro-

matolysis, neuronophagia, and apoptotic Purkinje cells. Although, the

pathological features of neuroinflammation were manifested by gliosis,

congestion, neuropil vacuolation, and hemorrhage. All of the above-

mentioned neuropathological alterations may relate to PEN‐enhanced

ROS overproductions that result in ATP depletion, mitochondrial

dysfunction, increased intracellular Na and Ca levels, and finally acti-

vated lysosomal and other enzymes leading to cell death.[33]

Regarding the apoptotic and antiapoptotic markers, our study

uncovered that PEN upregulated the mRNA levels of bax, caspase 3,

caspase 9, and downregulated the bcl‐2 gene in brain tissue homo-

genates. In addition, IHC results showed marked bax, GFAP, and iNOS

expression in the PEN receiving group. Apoptosis is a programmed

process of cell death that plays a critical role in normal development

and also in the pathophysiology of several diseases.[34] It can be acti-

vated through ROS‐mediated damage to mitochondria, opening mi-

tochondrial permeability transition pores, and provoking cytochrome C

release, which initiates caspases and proapoptotic factors activa-

tion.[35] In this way, it is proposed that PEN (lipophilic molecule) could

easily pass through the neuronal membrane to reach the mitochondria

and initiate ROS creation causing subsequent apoptosis.[36] Moreover,

ROS overproduction triggered by PEN mediated functional changes in

the cerebrum and cerebellum of adult rats, leading to alteration in the

activity of membrane‐bound enzymes and Na+/K+‐ATPase that caused

neuronal and neuropil vacuolation.[37]

Regarding iNOS immunostaining, our IHC results showed strong

positive iNOS protein expression in the PEN receiving group. The

F IGURE 6 Photomicrograph of cerebellum sections representing BCL2‐associated X (bax), glial fibrillary acidic protein (GFAP), and inducible
nitric oxide synthetase (iNOS) protein expression in different groups. (A–C) Control rats showing a normal slight reaction. (D–F) Penconazole
(PEN)‐receiving rats showing a strong positive reaction to the previous immune markers. (G–I) N‐acetyl‐L‐cysteine (NAC)‐treated rats showing
mild positive expressions of the above immune markers

TABLE 4 Mean percentage area of bax, GFAP, and iNOS protein
expression in cerebrum and cerebellum of rats in different groups

Control PEN NAC PEN +NAC

Cerebrum

Bax 0.5 ± 0.3* 60 ± 5.3** 0.6 ± 0.2* 20 ± 1.3c

GFAP 0* 68 ± 7.2** 0* 36 ± 0.5c

iNOS 0* 70 ± 5.1** 0* 20 ± 3.8c

Cerebellum

Bax 0.5 ± 0.2* 45 ± 2.3** 0.4 ± 0.3* 5.5 ± 0.5*

GFAP 1.5 ± 0.5* 78 ± 6.7** 1.1 ± 0.2* 7.1 ± 0.1*

iNOS 0* 79 ± 0.5** 0* 5.6 ± 0.3c

Note: Values represented as mean ± SD (n = 7 rats/group).

Abbreviations: Bax, BCL2‐associated X; GFAP, glial fibrillary acidic
protein; iNOS, inducible nitric oxide synthetase; NAC, N‐acetyl‐L‐cysteine;
PEN, penconazole.

*Significant difference from corresponding PEN intoxicated group
at p ≤ 0.05.

**Significant difference from the corresponding control group at p ≤ 0.05.
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reaction is localized in neurons, activated astrocytes, and blood vessels.

Several data confirmed that the strong reaction of iNOS was significantly

correlated with inflammatory diseases, leading to further oxidative stress

damage via NO generation.[38,39] In agreement with this study, some re-

searchers have already reported that iNOS activity is confined in astro-

cytes, particularly reactive astrocytes.[40] Another study depicted that NO

attenuates astrocytic glutamate uptake and initiates cerebrum degenera-

tions by means of consequence for astrocyte function.[41] This may be the

reason that we found positive correlations between iNOS and GFAP

protein expressions in different brain regions. Astrocytes are neuro-

competent cells that respond to several neurodegenerative and in-

flammatory diseases results in reactive astrogliosis.[42] In spite of various

neurotrophic factors released from activated astrocytes for neuronal

survival, it is believed that severe activation initiates an inflammatory re-

sponse, leading to neuronal death and brain injury.[43] After severe acti-

vation, astrocytes secrete various neurotoxic substances and express an

enhanced level of GFAP, which is considered a marker protein for

astrogliosis.[44]

The results of the present study showed that NAC modulated all of

the abovementioned deleterious effects of PEN in the different brain

regions of rats. In addition, there was remarkable improvement in be-

havioral parameters, redux status, histopathological pictures, and dif-

ferent gene and protein expressions. NAC serves as a prodrug to L‐

cysteine, which is a precursor to the natural antioxidant glutathione.[45]

GSH, alongside oxidized glutathione and S‐nitroso glutathione, had the

ability to bind to and modulate the N‐methyl‐D‐aspartate receptor and

α‐amino‐3‐hydroxy‐5‐methyl‐4‐isoxazolepropionic acid receptor re-

ceptors.[46] Likewise, GSH can bind to and activate ionotropic receptors

that are unique in relation to some other excitatory amino acid re-

ceptor, and which may establish glutathione receptors, conceivably

making it a neurotransmitter.[47] As such, as NAC is a prodrug of GSH, it

may modulate all of the previously mentioned receptors too. L‐Cysteine

also serves as a precursor to cysteine, which, in turn, serves as a sub-

strate for the cystine‐glutamate antiporter on astrocytes hence in-

creasing glutamate release into the extracellular space. This glutamate

in turn acts on mGluR2/3 receptors that exert some anti‐inflammatory

effects via inhibiting nuclear factor‐κB and modulating cytokine

synthesis.[48] The current study explored that NAC is a potent neuro-

protective medication that is used for the treatment of neurodegen-

erative and neuroinflammatory diseases accompanied by depletion of

the neuronal GSH. Furthermore, oral administration of NAC was re-

ported to be more effective than L‐cysteine in the recovery of GSH in

the brain.[49] We confirmed that the unconventionality of the NAC as

therapy in neurological disorders may be due to its effectiveness in

crossing the BBB and restoring GSH levels. Indeed, NAC, as a potent

antioxidant, counteracts the effect of the ROS and repairs the anti-

oxidant capacity by replenishing the exhausted GSH.

5 | CONCLUSIONS

The results of the present study confirmed that PEN can in-

duce neurotoxicity via ROS overproduction that causes an imbalance

between cellular pro‐oxidants and antioxidants causing cellular damage. In

addition, PEN had the ability to upregulate apoptotic genes, such as cas-

pase 3, caspase 9, and bax, and downregulate pre‐apoptotic genes, such

as bcl2, which initiate the intrinsic apoptotic pathway leading to neuro-

degeneration. Furthermore, PEN induced neuroinflammation via activa-

tion of iNOS causing astrogliosis and microgliosis trigger the inflammatory

reactions. On the contrary, NAC reduced the PEN‐induced neurotoxicity

via its antioxidant, anti‐inflammatory, and antiapoptotic properties. Further

studies are required to investigate the neuroprotective effect of NAC with

other neurodegenerative disorders.
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