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Abstract
The association between gestational exposure to organophosphate and neurodevelopmental deficits is an area of particular
interest, since the developing brain is sensitively susceptible to this neurotoxic pesticide. Instead, the neuroprotective role of
quercetin has been suggested, but its exact protective mechanism against the developmental neurotoxicity of organophosphate
did not previously notify. In this study, we have evaluated the anti-apoptotic role of quercetin against the developmental
neurotoxicity of fenitrothion. Forty timed pregnant rats (from the 5th to the 19th day) were divided into four groups: control,
quercetin (100 mg/kg/day), fenitrothion (2.31 mg/kg/day), and quercetin-fenitrothion co-treated groups where all animals re-
ceived the corresponding doses by gavage. The embryotoxicity and many symptoms of the fetal growth retardation were
recorded in the fenitrothion-intoxicated group. As compared with the control, fenitrothion brought significant (p < 0.05) elevation
in the fetal brain dopamine, serotonin, and malondialdehyde levels as well as the activities of superoxide dismutase and catalase.
However, fenitrothion decreased the glutathione concentration together with the activities of acetylcholinesterase, glutathione-S-
transferase, and glutathione reductase. Moreover, fenitrothion induced some of the histopathological alterations in fetal brain and
remarkably (p < 0.05) upregulated the mRNA gene expression of Bax and caspase-3 plus their protein immunoreactivity. It is
worth mentioning that quercetin co-treatment alleviated (p ˂ 0.05) the fetal growth shortfalls, neurotransmission disturbances,
lipid peroxidation, antioxidant disorders, and apoptosis evoked by fenitrothion with frequent repair to the control range. These
results revealed that the downregulation of apoptosis-related genes and catecholamines is an acceptable indicator for the neuro-
protective efficiency of quercetin especially during gestational exposure to organophosphate.
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Introduction

The mammalian gestation process contains two main critical
periods. The implementation and formation of the organs,

organogenesis, occurs through the embryonic period, while,
in the second period (fetal), the organs amerce their growth
and structure-function (Ouardi et al. 2019). Furthermore,
mammals undergo the process of “brain growth spurt” in
which brain development begins early in the fetal period with
rapid growth (Walker 2000).

Consequently, a neurotoxic pesticide like organophosphate
may interfere with the most favorable fetal growth and differ-
entiation of many tissues, particularly the brain, that can affect
cell proliferation and lead to brain dysfunctions. Also, a ges-
tation exposure to organophosphates even at low dose level
results in the biochemical and neurobehavioral abnormalities
which indicated that the developing brain is delicately suscep-
tible to this kind of pesticides (Ouardi et al. 2019) as they can
cross the placental and blood-brain barriers (Bradman et al.

* Khairy A. Ibrahim
Khairy_moneim@yahoo.com; drkhairyibrahim@gmail.com

1 Mammalian Toxicology Department, Central Agricultural Pesticides
Laboratory, Agricultural Research Center, Dokki, Giza 12618, Egypt

2 BiotechnologyDepartment, Faculty of Science, Islamic University of
Gaza, Gaza, Palestine

3 Department of Zoology, Faculty of Science, Cairo University,
Giza 12613, Egypt

Neurotoxicity Research
https://doi.org/10.1007/s12640-020-00172-6

http://crossmark.crossref.org/dialog/?doi=10.1007/s12640-020-00172-6&domain=pdf
https://orcid.org/0000-0002-6437-8809
mailto:Khairy_moneim@yahoo.com
mailto:drkhairyibrahim@gmail.com


2003). Therefore, the association between organophosphate
exposure and its developmental neurotoxicity is an area of
increasing concern.

Fenitrothion (FNT) [O,O-dimethyl-O-(3-methyl-4-nitro-
phenyl) phosphorothioate] is an organophosphate pesticide
largely utilized in the agriculture to improve the food quality
and control vector illnesses (Villaverde et al. 2008). FNT is
quickly absorbed, broadly assimilated from the mammalian
intestinal tract, and mostly disbursed to different organs espe-
cially the nervous system (Afshar et al. 2008).

FNT has negative effects on the brain, such as cerebral
pain, perspiring, Parkinson’s, adjustments in memory, and
mental or neuropsychological syndromes by blocking the ace-
tylcholinesterase (AChE) activity (Sarikaya et al. 2004).
When AChE has been inactivated, acetylcholine amasses all
through the nervous system, bringing about overstimulation of
muscarinic and nicotinic receptors. Also, the neuronal necro-
sis has been seen in different cortical and subcortical districts
in exploratory rodents after being exposed to FNT (Alam et al.
2019).

The placental transfer of FNT led to disturbances in the
development of the reproductive system (Struve et al. 2007)
and induced the fetal growth retardation, external abnormali-
ties, and death (Fahmi et al. 2018). These hazardous effects
occur via the formation of reactive oxygen species (ROS)
through maternal exposure to FNT. The irregularity between
the progress of ROS and redox homeostasis can prompt oxi-
dative stress (Alam et al. 2019) which could be the essential
mechanism for the developmental neurotoxicity of FNT. This
disorder is stimulated by variations in the enzymatic antioxi-
dants such as glutathione-S-transferase (GST), glutathione re-
ductase (GR), superoxide dismutase (SOD), and catalase
(CAT). Furthermore, the reduced glutathione (GSH), non-
enzymatic antioxidants, reflects on the probable mechanism
of FNT toxicity.

Progress of functional variations associated with the level
of oxidative anxiety is evident in the disturbance of neuro-
transmitter systems. In this regard, the effects of oxidative
damage depend on the site of redox alteration on susceptible
molecules which leads to a speedy reversible feedback mech-
anism on the release of neurotransmitters and their receptor
functions (Kumar et al. 2018). This leads to mitochondrial
dysfunction, oxidative phosphorylation in the inner mitochon-
drial membrane, and upregulation of apoptosis-related genes,
resulting in cytotoxicity associated with neurodegenerative
diseases.

The propensity of prenatal antioxidant usage especially fla-
vonoid to protect against the fetal oxidative damage has re-
cently developed as an essential way to inhibit the creation of
free radicals and achieve the developmental safety (Eleyan
et al. 2018). Quercetin (QUE) is a basic flavonoid that is
available in grains, vegetables, and other plant products. The
strongest antioxidant properties of QUE are its ability of direct

radical scavenging, induction of antioxidative proteins, chela-
tion of transition metal, and hindrance of lipid peroxidation
(Ghahremani et al. 2018). Thus, QUE has numerous pharma-
cological applications and plays a unique role in the protection
against several diseases.

There is an increasing interest in the probable neuroprotec-
tive roles of QUE as it has the facility to pass the blood-brain
barrier and causes several effects on the central nervous sys-
tem (Costa et al. 2016).Moreover, QUE has several regulatory
effects on the serotonergic and cholinergic neurotransmis-
sions, enhances memory, and reduces anxiety and
depression-like behavior (Samad et al. 2018). QUE also dis-
plays neuromodulatory influence, can regulate the system of
the cell cycle by targeting kinases and topoisomerase II pro-
teins (Cao et al. 2016). The attractiveness of QUE as the neu-
roprotective mediator has been proposed in numerous studies,
but its exact effect on the neuronal apoptosis was not planned
in detail (Haq and AlAmro 2019).

Accordingly, our target is to evaluate the possible neuro-
protective effect of QUE against the FNT-induced develop-
mental neurotoxicity in albino rats with mechanistic focus on
the role of oxidative stress-mediated upregulation of apoptotic
gene expression and catecholamine levels.

Materials and Methods

Chemicals Used

A commercial formulation, Sumithion 50, of FNT (denoting
50% of technical grade w/v in emulsifiable concentrate) was
purchased from Kafr El-Zayat Pesticides and Chemicals
Company, which produced by Sumitomo Chemical
Company (Ehime, Japan). QUE (CAS number 204-187-1;
molecular weight 302.24 g/mol; purity ≥ 95%), substrates,
and other chemicals of analytical grade were purchased from
Sigma Chemical Company (USA).

Animal Procurement

Forty timed pregnant albino rats (Rattus norvegicus)
weighting 180 ± 10 g were obtained from the Animal House
at Mammalian Toxicology Department, Central Agricultural
Pesticides Laboratory, Agricultural Research, Giza, Egypt.
The animals were arbitrarily housed in wire mesh cages at
well-ordered temperature (23 ± 2 °C), 50–60% relative hu-
midity, and a 12-h light/dark cycle. Rats had free access to
well-balanced rat chow and fresh tap water, and they were also
observed on a daily basis for any irregular sign. Handling of
animals was achieved according to the guidelines for care and
use of laboratory animals, and this protocol was approved by
Institutional Animal Care and Use Committee, Cairo
University (CU/I/F/23/19).
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Experimental Design

Animals were randomly divided into 4 groups, 10 animals per
each, as follows: the first was kept as a normal control group,
where animals orally received distilled water (1 ml/kg). In the
second group (QUE), freshly prepared quercetin was
intubated to the rats at a dose of 100 mg/kg body weight
(Karampour et al. 2014). The rats of the intoxicated group
(FNT) were administrated 2.31 mg/kg fenitrothion by gavage.
The last group was served as a co-treated (QUE + FNT),
where the pregnant dams received 100 mg/kg of quercetin
2 h before FNT administration. The dose level of FNT was
chosen to demonstrate no maternal death or at least no clinical
signs of toxicity. The selected dose of FNT was based on a
report of Turner et al. (2002) in which the lowest observed
adverse effect level (LOAEL) was 20 mg/kg/day in a rat de-
velopmental toxicity study. Hence, the selected dose of FNT
(≈ 11% LOAEL) was equivalent to 1/200 of the acute oral
median lethal dose obtained from a pilot study of our labora-
tory. All rats have received the corresponding doses by gastric
intubation on a daily basis during the gestational period (from
the 5th to the 19th day).

Collection of Biological Samples

By the end of the study course (on the 20th day of pregnancy),
the animals were anesthetized and the anterior wall of the
abdomen was removed with a transverse incision. The uteri
together with the fetuses were dissected and morphologically
examined. The fetal body weight was estimated, and the fetal
body length was measured. Samples of the brain were re-
moved immediately from the fetus, washed with saline, dried,
and fixed in neutral-buffered formalin pending for histopath-
ological and immunohistochemically examinations. Other
brain tissues were kept frozen at − 80 °C for biochemical
parameter assay and real-time polymerase chain reaction.

Tissue Preparation

The brain tissues were weighed and homogenized (1:10 w/v)
in 50 mM potassium phosphate buffer, pH 7.5 containing
1 mM ethylene diamine tetra-acetic acid. Then, the homoge-
nate was centrifuged at 10,000×g for 15 min at 4 °C, and the
supernatant was collected and then stored at − 80 °C. The
concentration of protein was measured colorimetrically by
the method of Bradford (1976).

Neurochemical Analysis

Serotonin (OKEH02558) and dopamine (OKEH02560) levels
were measured in the brain tissue by enzyme-linked immuno-
sorbent assay kits (Aviva Systems Biology, San Diego, USA)
according to manufacturer’s protocols. The activity of AChE

was determined according to a rapid colorimetric method
(Ellman et al. 1961) and acetylthiocholine iodide as substrate.

Lipid Peroxidation and Antioxidant Assays

The level of brain malondialdehyde (MDA) of each fetus was
measured according to the method of Wills (1966), and con-
tent of reduced glutathione (GSH) spectrophotometrically
assayed following a previously published method (Ellman
1959). The enzymatic activities of GST, GR, SOD, and CAT
were estimated by the method of Habig et al. (1974), Carlberg
and Mannervik (1975), Marklund and Marklund (1974), and
Aebi (1984), respectively.

Histological and Immunohistochemical Examinations

Paraffin-embedded brain tissue for each fetus was cut into 3–
5-μm sections and subjected to hematoxylin and eosin (H&E)
stain for histological study (Downie 1990). The immunohis-
tochemical investigations for the vital apoptosis proteins were
performed by the technique of Gosselin et al. (1986) where the
primary antibodies of rabbit anti-caspase-3 and anti-Bax
(Abcam, Ltd.) were used. The brown color appeared after
the addition of biotinylated secondary antibody and then
horseradish peroxidase conjugated (HRP) with streptavidin.
A light microscopewith a digital camera was used for imaging
and investigation. The integrated intensity of immunostaining
protein expressions in the brain was evaluated by imaging
software (ImagePro Plus 5.1, Media Cybernetics, USA).

Estimation of Apoptotic Gene Expression

Total RNA was extracted by RNeasy Mini Kit (catalog no.
74104, Qiagen, Germany), and the corresponding cDNA
was synthesized by Revert Aid Reverse Transcriptase (catalog
no. K1622, Thermo Fisher) according to the manufacturer’s
instructions. Highly purified salt-free primers for target and
internal reference genes (Table 1) were obtained from
Metabion (Germany). Real-time polymerase chain reaction
was performed by using the Quantitect SYBR Green PCR
kit (catalog no. 204141, Qiagen, Germany), with a total reac-
tion volume of 25 μl (12.5 μl 2× SYBR Green PCR Master
Mix, 1 μl from each primer direction, 2 μl cDNA, and 8.5 μl
of RNase-free water).

The primary denaturation has started the reaction at 95 °C
for 5 min. The amplification was done by 40 cycles where
each one consisted of denaturing for 5 min at 94 °C, 30 s at
62 °C (appropriate annealing) for Bax (Kinouchi 2003), 53 °C
for caspase-3 (Yang et al. 2009), 60 °C forβ-actin (Banni et al.
2010), and extension for 30 s at 72 °C. The threshold cycle
(Ct) of each sample was obtained by Stratagene MX3005P
software (Agilent Technologies, GmbH), and the verification
of product specificity was performed by the dissociation
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phase. Relative levels of the target mRNA genes were calcu-
lated using the “ΔΔCt” method (Yuan et al. 2006).

Statistical Analysis

Data are presented asmean ± standard error of themean (SEM).
Statistical analysis was performed using the analysis of variance
(ANOVA) followed by Tukey’s multiple comparison post hoc
analysis to determine the differences between groups.
Significance was set at probability p < 0.05 using IBM SPSS
version 23 software package (SPSS, IBM, Chicago, IL, USA).

Results

Pregnancy Outcomes

Pregnant rats of the control and QUE groups displayed a reg-
ular uterine shape with the symmetrical distribution of implan-
tation sites, and there were no resorbed sites or stillbirth
among these groups. On the contrary, the uteri with empty
spaces, dark bulges, and fetal death were detected in the
FNT-intoxicated group where the percentage of fetal resorp-
tion (6.3%) and stillbirth (10.96%) was recorded as compared
with the control group (Table 2). QUE co-treatment decreased
the resorption of FNT-intoxicated rats to 2.2% and 3.7% still-
birth (Table 2). Consequently, there were non-significant
changes in the total implantation sites per dam among the
control, QUE, and co-treated groups. However, the total

implantation sites per rat of the FNT group showed a signifi-
cant decrease (p ˂ 0.05) as compared with the control group
(Table 2).

Compared with the control group, maternal body weight
gains significantly lessened (p ˂ 0.05) by 55.98 and 24.29% in
the groups of FNT and QUE + FNT, respectively.
Interestingly, significant increases in the maternal bodyweight
gains were noticed in the QUE + FNT group by 71.99% in
comparison with the FNT group (Table 2).

Compared with the control group, the placental weight,
fetal weight, and fetal length were significantly (p ˂ 0.05)
decreased by 18.48, 62.77, and 27.23%, respectively, after
the administration of FNT during the gestation period.
Moreover, the co-treatment of mothers with QUE before
FNT intoxication revealed a non-significant decrease (p ≥
0.05) in the fetal weight (10.53%) and fetal length (6.6%) as
compared with the control group, and they scored a significant
increase (140.3 and 28.4%, respectively) in comparison with
the FNT group. Furthermore, the placental weight of the QUE
co-administrated group showed a non-significant decrease
(p ≥ 0.05) by 10.35% in comparison with the control and a
non-significant increase (p ≥ 0.05) by 9.98% in a comparison
with the FNT group (Table 2).

Neurotransmitter Levels and AChE Activity

The fetal brain levels of dopamine and serotonin were signif-
icantly evoked (p ˂ 0.05) by 58.06 and 35.79%, respectively,
while the activity of AChE was remarkably declined

Table 2 Quercetin modulated the
alterations of pregnancy
outcomes induced by fenitrothion
insecticide

Condition Control QUE FNT QUE + FNT

Dams (No) 10 10 10 10

Pregnant (%) 100 100 100 100

Maternal weight gain 73.01 ± 2.18a 74.9 ± 2.56a 32.14 ± 2.84b 55.28 ± 2.49c

Total implants 10.22 ± 0.52a 10.4 ± 0.48a 6.2 ± 0.76b 8.5 ± 0.62a,c

Fetal resorption (%) 0.00 0.00 6.3 2.2

Fetal death (%) 0.00 0.00 10.96 3.7

Placenta weight 0.58 ± 0.04a 0.56 ± 0.028a 0.47 ± 0.025b,c 0.52 ± 0.014a,b,c

Fetal weight 4.13 ± 0.093a 5.16 ± 0.48a 1.54 ± 0.11b 3.7 ± 0.23a

Fetal length 5.22 ± 0.04a 5.1 ± 0.3a 3.8 ± 0.09b 4.9 ± 0.18a

Each value represented the means ± SME.Means with different letters indicated the variations between the groups
within the same row using Turkey’s honestly significant difference (p < 0.05) test

Table 1 Oligonucleotide primers
used in SYBR Green RT-PCR Gene Primer sequence (5′-3′) Accession number

ß-Actin F-TCCTCCTGAGCGCAAGTACTCT V01217
R-GCTCAGTAACAGTCCGCCTAGAA

Bax F-CACCAGCTCTGAACAGATCATGA RRU49729
R-TCAGCCCATCTTCTTCCAGATGGT

Caspase-3 F-AGTTGGACCCACCTTGTGAG NM_012922.2.298
R-AGTCTGCAGCTCCTCCACAT
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(p ˂ 0.05) by 38.76%, after the maternal intoxication with
FNT as compared with the control. As compared with the
FNT group, concomitant administration with QUE signifi-
cantly decreased (p ˂ 0.05) the concentrations of dopamine
by 15.25% and serotonin by 9.63%.Meanwhile, the enzymat-
ic activity of AChE was increased by 38.72%. Co-treatment
with QUE nearly normalized the FNT-induced disturbances in
the catecholamine levels and the activity of AChE (Table 3).

Redox Status

Compared with the control group, the level of MDA in the
fetal brain tissues was noticeably increased (p ˂ 0.05) by
58.29%, while GSH was remarkably dropped (p ˂ 0.05) by
34.13 after maternal intoxication with FNT. Co-treatment of
the FNT-intoxicated rats with QUE revealed a significant re-
duction (p ˂ 0.05) in the level of MDA by 26.46%, whereas
there was a significant elevation (p ˂ 0.05) in the level of GSH
by 29.01% as compared with the FNT group. Noticeably, the
concentrations of MDA and GSH were normalized after co-
treatment of the FNT-intoxicated rats with QUE (Table 3).

Compared with the control, the activities of fetal brain GST
and GR (p ˂ 0.05) were significantly decreased in the FNT-
intoxicated group by 33.88 and 28.42%, respectively, while
SOD and CATwere remarkably elevated (p ˂ 0.05) by 87.35
and 241.35%, respectively. As compared with the FNT group,
co-treatment with QUE significantly decreased (p ˂ 0.05) the
enzymatic activities of SOD by 21.91% and CAT by 42.72%.
Noticeably, QUE co-treatment could nearly normalize the
FNT-prompted disturbance in the redox status of the fetal
brain (Table 3).

Histopathological Observations

The fetal brain tissues of the control (Fig. 1a) and QUE (Fig. 1b)
groups displayed the normal features with the characteristic ap-
pearances of marginal zone (MZ), cortical plate (CP), subplate

(SP), and intermediate zone (IZ). In contrast, the fetal brain
sections of the FNT group (Fig. 1c) demonstrated some degen-
erative changes as disorganization of the cerebral cortex struc-
ture, vacuolization (star), and hemorrhage in meninges above
the surface (arrow). The histopathological alterations were
markedly attenuated in the QUE + FNT group which showed
the classic monomorphic pattern of neurons with regularly ar-
ranged layers (Fig. 1d), as compared with the FNT group.

Bax and Caspase-3 mRNA Gene Expression

Compared with the control group, the maternal intoxication
with FNT during the gestation revealed significant upregula-
tion (p < 0.05) in the mRNA gene expression of the fetal brain
Bax and caspase-3 by 20.7 and 33.3-fold, respectively.
However, co-treatment with QUE significantly downregulat-
ed (p ˂ 0.05) the expression levels of Bax and caspase-3 by
13.4 and 23.7-fold, respectively, as compared with the FNT
group; QUE did not succeed in normalizing these elevations
(Fig. 2).

Bax and Caspase-3 Protein Expression

The scores of immunohistochemical stain for the active Bax
and caspase-3 protein expression in the fetal brain of all the
experimental groups are presented in Figs. 3, 4, and 5. Bax
and caspase-3 showed a negative reaction in the control
(Figs. 3a and 4a) and QUE (Figs. 3b and 4b) groups.
Nevertheless, the immunostained cells of the active Bax
(Fig. 3c) and caspase-3 (Fig. 4c) with mean intensities of
18.86 ± 1.52 and 20.75 ± 1.599 (Fig. 5), respectively, were
recorded in the fetal brain of the FNT-intoxicated group.
Although the expression intensities of Bax (Fig. 3d) and
caspase-3 (Fig. 4d) protein expression were significantly re-
duced (6.81 ± 0.65 and 7.261 ± 0.649, respectively) in the
QUE co-treated group as compared with the FNT one, QUE
did not regularize these raises (Fig. 5).

Table 3 Alleviation efficiency of
quercetin against fenitrothion-
induced alterations in the
biomarkers of neurochemical and
redox status of fetal brain tissue

Control QUE FNT QUE + FNT

AchE (μM/min/mg protein) 191.55 ± 2.59a 183.22 ± 1.24a 117.30 ± 2.56b 162.7 ± 3.91c

Dopamine (ng/g tissue) 156.60 ± 4.41a 164.534 ± 4.85a 247.53 ± 4.05b 209.78 ± 8.34c

Serotonin (ng/g tissue) 211.42 ± 4.24a 213.24 ± 4.09a 287.07 ± 6.06b 259.43 ± 10.11c

MDA (nmol/g tissue) 21.74 ± 1.06a,c 19.652 ± 0.73a 34.405 ± 1.42b 25.30 ± 1.21a,c

GSH (mg/g tissue) 24.35 ± 1.36a,c 28.47 ± 1.61a 16.04 ± 0.5b 20.69 ± 0.76a,c

GST (μM/min/mg protein) 141.04 ± 5.11a 145.53 ± 3.15a 93.26 ± 3.67b 110.87 ± 4.86c

GR (μM/min/mg protein) 119.83 ± 1.51a 121.44 ± 2.08a 85.78 ± 2.06b 103.64 ± 2.31c

SOD (μM/min/mg protein) 21.48 ± 0.99a 20.72 ± 1.09a 40.24 ± 1.99b 31.42 ± 0.86c

CAT (μM/min/mg protein) 4.82 ± 0.44a 5.61 ± 0.74a 16.46 ± 0.86b 9.43 ± 0.29c

Each value represented the means ± SME.Means with different letters indicated the variations between the groups
within the same row using Turkey’s honestly significant difference (p < 0.05) test
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Discussion

Prenatal exposure to organophosphates may be associated
with an increased risk of the common developmental syn-
dromes as the brain is quickly developing during this critical
period with low capacity for xenobiotic detoxification. Thus,

the present work was conducted to assess the possible neuro-
protective role of QUE against the neurotoxic effects of FNT
with a mechanistic focus on the fetal brain neurotransmis-
sions, oxidative injury, and apoptosis.

Our results revealed that the administration of FNT
during the gestation period displayed significant losses

a b

c d

Fig. 1 Photomicrographs of H&E-stained fetal brain sections of the a control group, b quercetin group, c fenitrothion group, and d quercetin +
fenitrothion group. Scale bar 75 μm

Fig. 2 The neuroprotective effect of quercetin against fenitrothion-induced upregulation in the fetal brain Bax and caspase-3 mRNA gene expression

Neurotox Res



in the maternal body weight gains and placental weight.
Besides, there were many symptoms of the fetal growth
retardation. These effects may occur after the pass of

FNT through the placental barrier which can induce
some changes in the development of placental
structures.

a b

c d

Fig. 3 Photomicrographs of immunohistochemical-stained fetal brain sections for Bax protein expression of the a control group, b quercetin group, c
fenitrothion group, and d quercetin + fenitrothion group. Scale bar 10 μm

a

c d

b

Fig. 4 Photomicrographs of immunohistochemical-stained fetal brain sections for caspase-3 protein expression of the a control group, b quercetin group,
c fenitrothion group, and d quercetin + fenitrothion group. Scale bar 10 μm
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Essentially, the placenta has a transient structure with high-
ly specific trophoblastic cells that create a serviceable connec-
tion barrier between the mother and their fetuses. The required
nutrients for fetal development and elimination of its metabol-
ic waste are transferred through this unique structure
(Desforges and Sibley 2010). In mammals, cell proliferation
and differentiation during the specific time of intrauterine de-
velopment are extremely susceptible to chemical insults espe-
cially organophosphate pesticides as they interfere with the
optimum fetal growth after passing the placenta and blood-
brain barrier (Bradman et al. 2003). In this respect, the losses
of weight in the FNT-intoxicated dams may be attributed to
the uterine structure and intrauterine growth alterations rather
than on the maternal weight (Gabr et al. 2015). Consequently,
change in the uterine structure is associated with decreases in
the placental weight, fetal body weight, and length.
Furthermore, a smaller placenta has a poorer blood flow,
which may lead to significant fetal hypoxia and finally deficits
within intrauterine growth (Houghton et al. 2000). Hence, the
noticeable reduction in the placental weight of the FNT-
exposed animals may result from insufficiency of nutritive
and metabolic roles, which lead to an increase in the fetal
mortality rate, resorption, and/or at least growth retardation
as a reduction in a litter weight and length. Also, the transmis-
sion probability of organophosphate to the fetus during prena-
tal exposure (Mulder et al. 2019) may lead to lower mitotic
growth rate and induce malformations which had been scored
as a fetal of small gestational age with a decline in the placen-
tal weight, fetal weight, and fetal length.

Obviously, co-treatment of the FNT-intoxicated rats with
QUE nearly normalized the maternal body weight gains and
fetal-placental weight which may result from its phytoestro-
gen and anti-teratogenic properties. The ability of phytoestro-
gen quercetin to bind estrogen receptor can trigger the

transcription of several estrogen-responsive genes and stimu-
late the steroid hormone synthesis (Chen et al. 2007) that have
a key role in the possibility of embryo implantation. Hence,
QUE can regularize the decline in the maternal and placental-
fetal weights as well as fetal length through uterine structure
and intrauterine growth improvements. Moreover, QUE can
cross the placental barrier to control the fetal osteogenesis
(Prater et al. 2008) by modulation of numerous placental
genes and protect against the fetal and placental pathologies.

The catecholamine neurotransmitters, dopamine and sero-
tonin, play fundamental roles in the establishment of the cen-
tral nervous system function, especially during development.
The formation of the telencephalic vesicle is a specific time for
catecholaminergic neuron generation which has a key role in
early brain development. In particular, dopaminergic neurons
are primarily established during the development, and wealthy
content of dopamine within the prefrontal cortex has an im-
portant role in cognitive control and directing performance
(Diamond 2007). Additionally, serotonin (Gaspar et al.
2003) and AChE (Landgraf et al. 2010) are known to moder-
ate the neuronal cell differentiation, proliferation, synaptogen-
esis, and migration.

Recently, dopaminergic and serotonergic neurotransmis-
sions are vulnerable to environmental toxins as organophos-
phates, especially during brain development (Chen et al.
2011), and disturbance in their levels might result in neurode-
generative syndromes. Our results showed that the maternal
intoxication with FNT during the gestation period revealed a
significant increase in the fetal brain dopamine and serotonin
levels, while AChE remarkably dropped and these influences
might reflect the neurotoxic effects of FNT.

Actually, organophosphate pesticides as FNT are potent
AChE inhibitors. For this object, it is challenging to define
whether the variations in neurotransmitter levels represent the

Fig. 5 The neuroprotective effect of quercetin against fenitrothion-induced elevation in the fetal brain Bax and caspase-3 protein expression
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key scale of altered cholinergic function or not. In mammals,
organophosphates are quickly absorbed and broadly distribut-
ed with low accumulation (Arnold et al. 2015). The liver is the
main organ for the metabolism of an organophosphate to oxon
form which irreversibly inhibited the enzymatic activity of
AChE via formation of a covalent bond after phosphorylation
of the enzyme serine residue. Thus, FNT deactivates AChE by
phosphorylating the serine hydroxyl group set at the active site
via loss of an organophosphate leaving group and creation of a
covalent bond with AChE (Alam et al. 2019). This blockage
leads to continuous stimulation of the parasympathetic system
and accumulation of acetylcholine in the synaptic cleft with
subsequent activation of cholinergic muscarinic and nicotinic
receptors (Mehta et al. 2009).

Consequently, the release of acetylcholine from striatal
cholinergic interneurons leads to the activation of acetylcho-
line receptor and elevation of the brain dopamine via the in-
teraction with dopamine signaling at several planes enclosing
the pre-synaptic regulation of neurotransmitter release and
postsynaptic effects (Torres-Altoro et al. 2011). Further, ele-
vation in brain dopamine levels was previously reported after
organophosphate intoxication (Ahmed et al. 2013) which may
be attributed to the rise in the gene coding for monoamine
synthesis and/or storage. Instead, the increase in serotonin
level after FNT intoxication may result in a comeback to its
impact on the uptake of serotonin via calcium channel inhibi-
tion (Meijer et al. 2015). Furthermore, the level of serotonin in
the brain is mediated by the cholinergic system, whereas ex-
citation of the cholinergic system after acetylcholine accumu-
lation due to organophosphorus intoxication may affect sero-
tonin level, in order to repair the increase in acetylcholine
(Ahmed et al. 2013).

It was also noticed that the beneficial improvements of
AChE activity and neurotransmitter levels were recorded in
fetuses maternally co-treated with QUE. The mechanisms by
which QUE prevents this inhibition may occur via the upregu-
lation of cholinergic neuron activity and numbers by containing
organophosphorus-induced free radicals. Those mechanisms
prevented the cholinergic system disruption (Kaur et al.
2019). In this respect, the observed increase in the activity of
AChE by co-treatment with QUE may probably occur via the
modulation of choline acetyltransferase, and therefore, normal-
ize the acetylcholine levels. The regulation of AChE activity to
normality may show that the acetylcholine levels may return to
baseline levels in the QUE co-treated group which revise the
deficits of cholinergic neurotransmission (Braun et al. 2017)
induced by FNT. Additionally, dopaminergic and serotonergic
functionsmay be improved byQUE via its monoamine oxidase
inhibitory action. Moreover, it has been shown that the catabo-
lism of neurotransmitters by monoamine oxidase is involved in
the production of free radicals and associated with behavioral
deficits. Consequently, the inhibition of monoamine oxidase by
QUE may be involved in the decrease of neurotransmitter

catabolism which could reduce the free radical generation
(Samad et al. 2018). Thus, QUE does not directly modify the
level of neurotransmitters in the brain, but it inhibits the degen-
eration of dopaminergic and serotonergic neurons and restores
their levels via its inhibitory effects on the enzymatic activity of
monoamine oxidase.

These grades suggested that the impairment of dopaminer-
gic and serotonergic neurotransmissions could be one of the
underlying biochemical mechanisms that lead to brain dys-
function as a consequence of the FNT-induced oxidative inju-
ry. This suggestion is linear with Alam et al. (2019) who
reported that the neurotoxicity of FNT caused a noticeable
elevation in brain neurotransmitters with the initiation of ox-
idative damage. Further, the marked elevation in the concen-
tration of catecholamines is linked with the FNT-induced neu-
rotoxicity via alterations in redox homeostasis (Kumar et al.
2018). Particularly, the elevation of dopamine content may
increase the cellular susceptibility to oxidative damage as its
catabolism by monoamine oxidase shifts the redox status to
oxidative stress through the production of superoxide, hydro-
gen peroxide, quinones, and quinoprotein adducts. The me-
tabolites of dopamine also interact with cellular trace metals to
induce the redox imbalance (Zucca et al. 2017) via the pro-
duction of additional ROS.

In the current study, oxidative injury is scored in the fetal
brain after maternal intoxication with FNT as the level of
MDA and enzymatic activities of SOD and CAT remarkably
elevated, while a severe reduction in GSH content and activ-
ities of GST and GR were noticed. These results showed that
disorders in the oxidant-antioxidant systemmay be considered
an essential mechanism by which FNTencourages the cellular
damage, and histopathological results have confirmed these
effects. Recently, FNT is an oxidative stress inducer (Alam
et al. 2019) which might be attributed to the creation of ROS
by its reactive toxic metabolites, oxons, after the metabolic
activation by CYP450. The oxygen, hydroxyl, and
hydroperoxyl radicals are the primary sources of ROS, which
interact with biological molecules and subsequently lead to
loss of the cellular membranes. ROS also react with lipids to
form lipid peroxyl and hydroperoxide radicals that are the
main products of lipid peroxidation and MDA is a secondary
one (Yin et al. 2011).

GSH is the main component of non-enzymatic antioxidants
and acts as a substrate and co-substrate for many vital antioxi-
dant enzymes. Glutathione-associated enzymes like GST and
GR also play vital roles in the detoxification of xenobiotics
(Schuliga et al. 2002) as pesticides. Hence, the depletion of
GSH concentration which is maintained intracellularly through
the dependent action of its related enzymes causes reserve in the
activity of antioxidant enzymes. Furthermore, the utilization of
GSH may be considered the primary cause of its depletion as it
has free radical scavenger properties to protect the cell from the
FNT-induced oxidative stress (Alam et al. 2019). Consequently,
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the decrease in the activity of GST may be due, initially, to the
depletion in GSH level, and, secondly, because of direct bind-
ing between GST and FNT or its metabolites (Milošević et al.
2018). Furthermore, the depletion in GR activity may be attrib-
uted to the compensatory mechanism to replace GSH inside the
cell (Schuliga et al. 2002) as it has a vital role in the
reinforcement of GSH from the oxidized form.

The elevation of SOD and CAT in the fetal brain may result
as an adaptive response after the maternal intoxication with
FNT as these enzymes are the most central constituents of the
enzymatic antioxidants system. FNT and/or its metabolites
may be attracted to the mitochondria that lead to oxidative
phosphorylation with a severe depletion of ATP and over-
accumulation of superoxide ions (Alam et al. 2019). This
over-accumulation can evoke the activity of SOD as an adap-
tive response to remove these ions by dismutation catalyzed
by SOD and subsequent removal of H2O2 via CAT. However,
the post-translational regulation is responsible for upregula-
tion of SOD and CATafter organophosphorus-induced oxida-
tive injury (Hassani et al. 2018).

Remarkably, the oxidative injury of FNT-intoxicated rats is
associated with moderate to severe pathological impacts that
included the disorganization of the cerebral cortex, degenera-
tion, vacuolation, and hemorrhage in meninges above the sur-
face. Our results suggested that this pesticide has a lipophilic
nature which simplifies its absorption, passage through the
placenta, and blood-brain barrier (Bradman et al. 2003) into
the neural cell that lead to the deficiency of neural conduction
followed by degeneration, inflammation, and damage of the
neurocytes via ROS creation.

The mechanisms by which ROS-prompted apoptosis have
included the receptor stimulation, caspase activation, Bcl-2
family proteins, and mitochondrial dysfunction (Ryter et al.
2007). To explore the implied molecular mechanism by which
FNT-induced apoptosis in the fetal brain, the expression of
Bax and caspase-3 mRNAgenes and their immunohistochem-
istry were estimated. Our results anticipated that FNT may
tempt ROS generation which leads to disturbance in the redox
status and induces the mitochondrial pathway of apoptosis
through the upregulation of the apoptotic mRNA gene expres-
sion (Bax and caspase-3) and the elevation in the intensities of
their immunoreactivity.

The procedures of the intrinsic apoptotic pathway aremainly
regulated by the family of Bcl-2 proteins that act as either pro-
apoptotic or anti-apoptotic. Bax, pro-apoptotic Bcl-2, is the
main controller in the mitochondrial pathway, and it was pro-
posed that its activation is facilitated by ROS creations (Quast
et al. 2013). The interaction of an active Bax with other Bcl-2
could trigger apoptosis via the release of cytochrome-c from
mitochondria to the cytoplasm after disruption of the mitochon-
drial outer membrane (Chipuk and Green 2008). The cytoplas-
mic cytochrome-c can activate caspase-9 through apoptosome
formation which leads to the activation of the effector caspase-3

(Shawn et al. 2001). The active caspase-3 is a key apoptotic
protein that can initiate a signal transduction pathway of apo-
ptosis (Alam et al. 2019) and trigger DNA damage by enhance-
ment of caspase-activated deoxyribonuclease.

Extraordinarily, the co-treatment of FNT-intoxicated rats
with QUE reduced the oxidative stress via enhancing the cel-
lular redox status and subsequently repressed the apoptosis by
dropping the expressions of Bax and caspase-3. Actually,
QUE has direct and indirect mechanisms to improve the cel-
lular antioxidant status. The direct antioxidant effect of QUE
could result from its optimal configuration for a straight rad-
ical scavenger action that has been attributed to the presence
of two pharmacophore, catechol and hydroxyl, groups (Costa
et al. 2016). Thus, QUE can prevent the progression of the free
radical chain reaction through a trapping mechanism which
leads to a decrease in the level of MDA and restores the ac-
tivity of antioxidant enzymes including GST, GR. SOD, and
CAT. The regulation of cellular antioxidant through nuclear
factor pathway, Nrf2 (nuclear factor [erythroid-derived 2]-like
2), is considered an indirect antioxidant action of QUE. In this
regard, the neuroprotective role of QUE against oxidative
damage provided through the formation of heterodimer binds
between Nrf2 and the antioxidant response elements that reg-
ulate the gene expression of antioxidant enzymes (Granado-
Serrano et al. 2012). Furthermore, the increase in the level of
GSH may be attributed to the rise of α-tocopherol after the
QUE supplementation which restores the homeostasis of GSH
via the upregulation of gamma-glutamylcysteine synthetase
gene expression (Masaki et al. 2002). Another neuroprotective
effect of QUE against organophosphate is the upregulation of
the paraoxonase2 pathway which reduces the cellular oxida-
tive injury as QUE has antioxidant and anti-inflammatory
properties (Ghahremani et al. 2018).

Our results suggested that the enhancement of the cellular
antioxidant system by QUE in the FNT-intoxicated animals
may prevent the oxidative injury which subsequently blocks
the release of cytochrome-c from mitochondria, and finally
reduces the expression of apoptosis-related genes (Bax and
caspase-3) and finally protects against apoptosis and histo-
pathological alterations. Therefore, the upregulation of Bcl-2
and subsequently downregulation of Bax and caspase-3 gene
expression are the first possible neuroprotective mechanism
by which QUE hinders apoptosis (Gao et al. 2017). Another
possible neuroprotective mechanism of QUE is provided by
the activation of sirtuins which would lead to the destruction
of Bax-dependent apoptosis and suppression of multiple pro-
apoptotic transcription factors (Costa et al. 2016).

Conclusions

Gestational exposure to fenitrothion, even at a low dose,
brought embryotoxicity and fetal growth deficits. Moreover,
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fenitrothion remarkably induced oxidative injury, the eleva-
tion of catecholamine levels, and the upregulation of
apoptosis-related gene expression (Bax and caspase-3) in the
fetal brain, which activates the intrinsic pathway of apoptosis.
However, co-treatment with quercetin ameliorated the
fenitrothion-induced developmental neurotoxicity through
the suppression of neurotransmission disturbances and oxida-
tive stress-promoted apoptosis by enhancing the cellular redox
status. Based on these records, supplementation of flavonoids
as quercetin before the exposure and/or contact to pesticides is
recommended, especially during pregnancy.
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