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Abstract 

Background Autism spectrum disorder (ASD) is a complex neurodevelopmental condition that is significantly 
increasing, resulting in severe distress. The approved treatment for ASD only partially improves the sympoms, but it 
does not entirely reverse the symptoms. Developing novel disease-modifying drugs is essential for the continuous 
improvement of ASD. Because of its pleiotropic effect, atorvastatin has been garnered attention for treating neuronal 
degeneration. The present study aimed to investigate the therapeutic effects of atorvastatin in autism and compare it 
with an approved autism drug (risperidone) through the impact of these drugs on TLR4/NF-κB/NOX-2 and the apop-
totic pathway in a valproic acid (VPA) induced rat model of autism.

Methods On gestational day 12.5, pregnant rats received a single IP injection of VPA (500 mg/kg), for VPA induced 
autism, risperidone and atorvastatin groups, or saline for control normal group. At postnatal day 21, male offsprings 
were randomly divided into four groups (n = 6): control, VPA induced autism, risperidone, and atorvastatin. Risperi-
done and atorvastatin were administered from postnatal day 21 to day 51. The study evaluated autism-like behaviors 
using the three-chamber test, the dark light test, and the open field test at the end of the study. Biochemical analy-
sis of TLR4, NF-κB, NOX-2, and ROS using ELISA, RT-PCR, WB, histological examination with hematoxylin and eosin 
and immunohistochemical study of CAS-3 were performed.

Results Male offspring of prenatal VPA-exposed female rats exhibited significant autism-like behaviors and elevated 
TLR4, NF-κB, NOX-2, ROS, and caspase-3 expression. Histological analysis revealed structural alterations. Both risperi-
done and atorvastatin effectively mitigated the behavioral, biochemical, and structural changes associated with VPA-
induced rat model of autism. Notably, atorvastatin group showed a more significant improvement than risperidone 
group.

Conclusions The research results unequivocally demonstrated that atorvastatin can modulate VPA-induced autism 
by suppressing inflammation, oxidative stress, and apoptosis through TLR4/NF-κB/NOX-2 signaling pathway. Atorvas-
tatin could be a potential treatment for ASD.
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Graphical Abstract

Introduction
Autism spectrum disorder (ASD) is a complicated neu-
rodevelopmental disease that manifests as altrered social 
interaction, behaviors, and limited interests [1]. SD is 
usually noticeable in the first three years of life and con-
tinues into adulthood in most cases [2]. According to 
Ebrahimi et al., the prevalence of ASD is 1 in 54 individu-
als. In males, the prevalence is four times greater [3].

Despite all efforts to clarify ASD, its pathological 
mechanisms are still unidentified, and the disease has 
reached epidemic levels, making it a vastly distressing 
disease [4]. Altered immune function and regulation have 
been emphasized in the pathogenesis of ASD [3]. Toll-
like receptor (TLR) signaling significantly controls both 
innate and adaptive immunity [5], and plays a signifi-
cant role in the neuroinflammatory progression in ASD 
mouse models [6]. TLR-4 is the leading cause of ASD 
because it activates inflammatory cytokines and reactive 
oxygen species (ROS) [7, 8].

The nuclear factor kappa-light-chain enhancer of acti-
vated B cells (NF-κB) pathway is activated by TLR-4 sign-
aling [8, 9]. Children with autism have higher levels of 

TLR-4 and NF-κB, accompanied by increased nicotina-
mide adenine dinucleotide phosphate (NADPH) oxidase 
2 (NOX2) and ROS signaling [2]. Extra ROS at the cel-
lular level damages nucleic acids, proteins, lipids, mem-
branes, and organelles, resulting in apoptosis [10]. ROS 
signals stimulate the production of inflammatory genes 
and prompt apoptosis [11]. An external or internal path-
way that triggers apoptosis eventually activates caspase-3 
(CAS-3), a crucial factor in programmed cell death [12, 
13].

As a result, the pathogenesis of ASD remains a sub-
ject of speculation; effective treatments for ASD are 
unattainable to date [14]. Risperidone, a second-gen-
eration antipsychotic, alleviates anxity and rapid mood 
swings. Studies have reported a significant alleviation 
in symptoms linked to autism [15]. Only risperidone 
and aripiprazole have been appoved by Food and Drug 
Administration (FDA) for disruptive ASD treatment; 
however, these drugs only recover some sympotoms and 
do not fully reverse ASD features. The lifelong social 
and economic burdens of ASD necessitate continuous, 
active study for effective treatment [16]. Developing 
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novel autism disease-modifying neuroprotective drugs 
is essential for the continuous improvement of ASD fea-
tures [17]. Neuroprotection preventing cell death, restor-
ing neuronal numbers and behavioral output [18].

Our study, a continuation of research on the devel-
opment of effective neuroprotective drugs for autism, 
focused on the role of atorvastatin in the VPA-induced 
autism rat model. Statins are 3-hydroxy-3-methylglutaryl 
coenzyme A (HMG-CoA) reductase inhibitors. In addi-
tion to their primarily defined lipid-depressing effects, 
they have pleiotropic effects, including anti-inflamma-
tory, antioxidant, and other effects [19]. Statins may have 
therapeutic uses against numerous diseases, including 
autoimmune disorders, dementia, multiple sclerosis, 
arthritis, and some types of cancer [20].

Atorvastatin is a widely used lipid-lowering medication 
among statins, and we selected it as a sample statin. Fur-
thermore, multiple previous experimental studies have 
assessed the neuroprotective efficacy of atorvastatin in 
an experimental nerve crush injury model [21], against 
subarachnoid hemorrhage [22]. Additionally, atorvastatin 
has been shown to aid in the recovery of cognitive func-
tion after global cerebral ischemia in rats [23] and inhibit 
neuronal apoptosis in hypoxic-ischemic neonatal rats 
[24]. Atorvastatin has anti-inflammatory and antioxidant 
properties. It suppresses TLR4 gene transcription and 
protein levels, and reduces inflammatory and oxidative 
mediators [25]. TLR functions in the neuroinflammatory 
response in mouse models of ASD [6]. Thus, the current 
study aimed to estimate the therapeutic effects of ator-
vastatin and compare them with those in risperidone by 
examining the role of both drugs in the TLR4/ NF-κB/
NOX2 molecular pathway and apoptosis in a rat model of 
VPA-induced autism.

Results
Effect of postnatal risperidone/atorvastatin treatment 
on ASD behavioral changes of prenatally VPA exposed 
male offspring
Three chamber test
VPA-induced autism offspring exhibited significantly 
decreased latency compared with the control group. Ris-
peridone- and atorvastatin-treated groups showed a sig-
nificant increase in latency compared with the untreated 
VPA-induced autism group. There was a notable escala-
tion in the latency in the atorvastatin group compared 
with the risperidone-treated group. F value: 54 (Fig.  1, 
Table 1).

Rat sociability was assessed using three chamber tests. 
Regarding the time spent in the non-social stimulus 
(wooden block) zone and the number of entries, the VPA-
induced autism group showed significantly increased 
time and number of entries to this zone compared with 

the control group. The risperidone and atorvastatin-
treated groups showed considerably decreased time 
and number of entries compared with the VPA-induced 
autism group. There was a significant decline in the time 
and number of wooden block zone entries in the atorvas-
tatin group compared with the risperidone group. F val-
ues: 26.249 and 48.970 for the time spent in the wooden 
block zone and the number of entries, respectively.

The VPA-induced autism group showed a significant 
decrease in the time spent with social stimuli; novel-
matched rat, and the number of entries in this zone 
compared with the control group. The risperidone- and 
atorvastatin-treated groups showed significant recov-
ery and increased duration spent in the stranger zone 
compared with the VPA-induced autism group. F val-
ues: 24.506 and 29.493 for the time spent in the novel-
matched rat zone and the number of entries, respectively 
(Fig. 1, Table 1).

Dark light test
The light/dark test was reliable for anxiety detection, 
where VPA-induced autism offspring showed obvious 
distress in the illuminated area and spent considerably 
less time in light than normal rats.

Improvement in anxiety in the risperidone- and atorv-
astatin-treated groups was observed with higher duration 
spent in the bright partition. Concerning the number of 
transitions between the light and dark compartments, 
VPA-induced autism offspring showed significantly 
increased transitions between the dark and light cham-
bers, which recovered to control levels in both the ator-
vastatin and risperidone groups. More transitions also 
confirmed a high level of anxiety, which was detected in 
prenatal VPA induced autism, and a significant decrease 
in both risperidone- and atorvastatin-treated groups. F 
values: 56.241 and 28.302 for duration in the light cham-
ber and the number of transitions, respectively (Fig.  2, 
Table 1).

Open field test
Motor performance and hyperactivity were evaluated by 
the distance traveled and the number of attempts to go 
to the center in the open field test. In addition, anxiety 
was determined in this test by evaluating the stretched 
attended posture. There was an increase in hyperactivity 
and stress in the VPA-induced autism group, which were 
alleviated by risperidone and atorvastatin treatment; 
there were statistically significant increases in the dis-
tance moved, number of attempts to go to the center, and 
stretched attended posture in the VPA-induced autism 
group compared with the control group. Both risperi-
done and atorvastatin-treated groups showed significant 
decreases in distance moved, the number of times they 
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went to the center, and stretched attended posture com-
pared with the untreated VPA-induced autism group. F 
value: 33.428, 14.959,32.604 for the distance moved, the 
number went to the center and stretched attended pos-
ture respectively (Fig. 2, Table 1).

Effect of postnatal risperidone/atorvastatin treatment 
on TLR4 levels in the hippocampi of prenatally 
VPA‑exposed male offspring
To elucidate the role of the TLR4 molecular pathway in 
the pathogenesis of ASD and the effects of risperidone 

and atorvastatin treatment, TLR4 gene expression, 
reverse transcription polymerase chain reaction (RT-
PCR), protein expression (Western blot) were assessed. 
The VPA-induced autism group exhibited a notable 
increases in TLR4 gene expression and protein level. 
Treatment with risperidone or atorvastatin significantly 
reduced TLR4 gene expression and protein level com-
pared with the VPA-induced autism group. Atorvastatin 
distinctly reduces TLR4 expression compared with risp-
eridone administration. F values: 81.882 and 144.050 for 
RT-PCR and western blot, respectively (Fig. 3).

Fig. 1 Effect of risperidone/atorvastatin treatment on the three-chamber test (time spent in non-social and social stimulus A, B number 
of enteries to non-social and social stimulus C, D) in prenatally VPA-exposed male offspring. Data are expressed as mean ± SD. One-way ANOVA 
and the post-hoc Tukey’s tests were used to compare between groups. P value ≤ 0.05 is significant. A, B, and C represent significance for the control, 
VPA, and VPA + risperidone groups, respectively. (P value < 0.001). VPA: valproic acid
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Effect of postnatal risperidone/atorvastatin treatment 
on NF‑κB level in the hippocampi of prenatally 
VPA‑exposed male offspring
The VPA-induced autism group showed increased NF-κB 
expression by RT-PCR, and protein level by Enzyme-
Linked Immunosorbent Assay (ELISA), compared with 
the control group. Treatment with either risperidone 
or atorvastatin remarkably declined NF-κB levels com-
pared with the VPA-induced autism group. The atorvas-
tatin-treated group showed significantly reduced NF-κB 
levels in the hippocampus compared with the risperi-
done-treated group. F values: 110.652 and 171. 820 for 
RT-PCR and ELISA, respectively (Fig. 4).

Effect of postnatal risperidone/atorvastatin treatment 
on NOX2/total ROS markers in the hippocampi 
of prenatally VPA exposed male offspring
The VPA-induced autism group showed a notable esca-
lation in NOX2 expression and protein levels compared 
with the control group. Treatment with either risperi-
done or atorvastatin markedly reduced this level com-
pared with that in the VPA-induced autism group. 
Furthermore, the atorvastatin-treated group showed 

significantly reduced NOX2 levels in the hippocampus 
compared with the risperidone group F values: 110. 652, 
157. 995 for RT-PCR and ELISA, respectively (Fig. 5).

Regarding total ROS, VPA induced autism group 
exhibited a highly significant increase in ROS levels com-
pared with the control group. Treatment with risperi-
done or atorvastatin appreciably decreased the total ROS 
level compared with the VPA-induced autism group. In 
addition, total ROS levels were significantly decreased in 
atorvastatin group compared with the risperidone group. 
F value: 115. 578 (Fig. 5).

Effect of postnatal risperidone/atorvastatin treatment 
on the hippocampal histopathology of prenatally VPA 
exposed male offsprings
Hematoxylin and eosin (H&E) stain
The hippocampal formation mainly comprises the hip-
pocampus proper and dentate gyrus (Fig. 6A). The Cornu 
Ammonis 3 (CA3) area of the hippocampus of the con-
trol rats contains large pyramidal cells with large vesicu-
lar nuclei in the pyramidal layer. Both the molecular and 
polymorphic layers contained few glial cells, neuronal 
processes, and scattered nerve cells (Fig.  6B). The CA3 

Table 1 Data are expressed as mean ± SD

VPA, valproic acid

One-way ANOVA test and post hoc Tukey’s test were used to compare the groups

⃰significance with the control group,
& significance with VPA induced autism group
# significance with risperidone treated group

P value ≤ 0.05 is significant

Parameters Study groups F value P value

Control group (n = 6) VPA‑induced 
autism group 
(n = 6)

VPA + risperidone 
group (n = 6)

VPA + atorvastatin 
group (n = 6)

Three chamber test

 Latency 12.50 ± 1.87 3.50 ± 1.05 ⃰ 8.17 ± .98 ⃰ & 10.50 ± 1.05&# 54  < 0.001

 Time spent in Non-Social stimulus zone 
(wooden block) (sec)

102.33 ± 29.30 268.50 ± 50.41⃰ 205.67 ± 36.86⃰ & 123 ± 25.03&# 26.249  < 0.001

 Number of entry to the Non-Social 
stimulus zone (wooden block)

4.17 ± 1.02 13.33 ± 1.75 ⃰ 10.67 ± 0.82 ⃰ & 8 ± 1.26&# 48.970  < 0.001

 Time spent with Social- stimulus (novel 
matched rat) (sec)

382.67 ± 35.52 223.17 ± 34.49⃰ 287.50 ± 23.86⃰ & 345.83 ± 41.82&# 24.506  < 0.001

 Number of entry to Social stimulus 
(novel-matched rat)

13.33 ± 2.88 4.17 ± 0.75 ⃰ 8.67 ± 0.52 ⃰ & 10.67 ± 1.75& 29.493  < 0.001

Dark light test

 The duration in the light chamber (Sec) 485.83 ± 33.90 240.83 ± 50.25⃰ 389.50 ± 33.82⃰ & 464.83 ± 20.85&# 56.241  < 0.001

 Number of transitions 13.67 ± 3.27 31.50 ± 4.93⃰ 22.50 ± 3.2 7⃰ & 17.50 ± 2.17& 28.302  < 0.001

Open field test

 Distance moved (No. of squares) 57.50 ± 18.23 183.33 ± 36.65⃰ 110.67 ± 21.86 ⃰ & 73.67 ± 9.79& 33.428  < 0.001

 Number of goes to
center

4.60 ± 1.52 12.83 ± 2.79⃰ 9.67 ± 2.66 ⃰ & 6.50 ± 2.07& 14.959  < 0.001

 Stretched attended posture 19.33 ± 2.88 37 ± 3.58⃰ 27.67 ± 2.42 ⃰& 23 ±  4& 32.604  < 0.001
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region of the VPA-induced autism group revealed small 
shrunken pyramidal cells with darkly stained cytoplasm 
and pyknotic nuclei. Areas devoid of cells can be seen 
leaving wide intercellular spaces (Fig. 6C).

The CA3 region of the risperidone-treated group 
showed that most of pyramidal cells appeared normal 
with large vesicular nuclei, apart from some shrunken 
cells with darkly stained cytoplasm and pyknotic nuclei. 
Blood vessels were seen (Fig. 6D). The CA3 region of the 
atorvastatin-treated group showed that most pyramidal 
cells were normal with large vesicular nuclei, and only a 

limited number of shrunken cells appeared with darkly 
stained cytoplasm and pyknotic nuclei (Fig. 6E).

Immunohistochemical
TLR4 immunostaining Immunostaining with anti-TLR4 
antibody in the hippocampus of the control group exhib-
ited an adverse immune reaction (Fig.  7A). In contrast, 
the VPA-induced autism group exhibited numerous cells 
with a solid positive immune reaction as a brown cyto-
plasmic color (Fig.  7B). The risperidone- and atorvasta-
tin-treated groups showed only a few cells with positive 

Fig. 2 Effect of risperidone/ atorvastatin treatment on the dark light test; duration in the light chamber and number of transitions (A, B) and open 
field tests; distance traveled and stretched attended posture (C, D) tests in prenatally VPA-exposed male offspring. Data are expressed as mean ± SD. 
One-way ANOVA test and the post hoc Tukey’s tests were used to compare groups and P value ≤ 0.05 is significant. A, B, and C represent 
significance for the control, VPA, and risperidone groups, respectively. (P value < 0.001). VPA: valproic acid
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immune responses, whereas most had an adverse immune 
reaction (Fig. 7C, D).

Statistical analysis of the number of TLR4-positive 
immune cells in the CA3 region denoted a highly signifi-
cant increase in the number of positive cells in the VPA-
induced autism group compared with the control group. 
In the risperidone-treated group, the number of positive 
cells exhibited a notable decline compared with the VPA-
induced autism group and a remarkable rise compared 
with the control group. Likewise, positive cell numbers 
in the atorvastatin-treated group revealed a significant 

reduction compared with the VPA-induced autism group 
but without significant change compared with the control 
and risperidone-treated groups. F value: 37.615 (Fig. 7E).

Caspase 3 (CAS‑3) immunostaining Immunostaining 
with anti-caspase 3 antibodies of the hippocampus of 
the control group exhibited a negative immune reaction 
(Fig.  8A), whereas, in the VPA-induced autism group, a 
solid positive immune reaction was identified as a brown 
color in the cytoplasm of most pyramidal cells (Fig. 8B). 
The risperidone and atorvastatin-treated groups exhib-

Fig. 3 Effect of risperidone/atorvastatin treatment on the TLR4 marker in the hippocampi of prenatally VPA-exposed male offspring. A TLR4 
mRNA expression as detected by RT-PCR. B TLR4 protein relative quantitation by WB. C Representative picture for uncropped blot (whole ladder) 
including TLR4, β actin protein expression by western blot. D Cropped blot of TLR4, β-actin protein bands with their molecular weight (molecular 
weight: 95, 43 kDa, respectively). β-actin is selected as an endogenous control. Data are expressed as mean ± SD. One-way ANOVA test and the post 
hoc Tukey’s tests were used to compare groups, A, B, and C represent significance for the control, VPA, and risperidone groups, respectively. P 
value ≤ 0.05 is significant (P values significance with control, VPA, VPA + risperidone group respectively are: RT-PCR; 0.001, 0.001, 0.019. WB; 0.001, 
0.001, 0.027). VPA: valproic acid. TLR4, toll-like receptor 4
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ited only a few cells with positive immune reactions, 
whereas most cells exhibited a negative immune reaction 
(Fig. 8C, D).

Statistical analysis of the number of CAS-3-posi-
tive immune cells in the CA3 region showed a nota-
ble increase in the number of positive cells in the 
VPA-exposed group compared with the control group. 
In the risperidone-treated group, the number of positive 
cells exhibited a noteworthy reduction compared with 
the VPA-induced autism group and a significant increase 
compared with the control group. Also, the number of 
positive cells in the atorvastatin-treated group was sig-
nificantly lower than in the VPA-induced autism group. 
However, there was no significant change in the num-
ber of positive cells in the control or risperidone-treated 
groups. F value: 84.244 (Fig. 8E).

Discussion
With the increasing incidence of ASD, care costs are 
expected to increase reliably over the next decade. The 
approved ASD treatment remains focused on symptom 
alleviation. Therefore, neuroprotective agents should be 
considered a priority for treating ASD through its patho-
genic mechanisms [26]. Neuroprotective agents should 
be able to restore neural regeneration and maintain nor-
mal cellular function and behavior [18]. Atorvastatin has 
gained increasing attention because of its anti-inflamma-
tory, anti-oxidative, anti-apoptotic, and lipid-lowering 

effects [27]. Thus, this study demonstrated the impact of 
atorvastatin on ASD compared with risperidone.

Rats exposed to VPA prenatally have been shown to 
exhibit behavioral changes related to human ASD [28–
31]. GD 12.5 is the acclaimed period for the VPA induced 
autism in rats [32]. The 12th to 13th days of GD are criti-
cal periods for neuronal development. Therefore, male 
offspring exposed to VPA on GD 12.5 showed behaviors, 
biochemical profiles, and neuroanatomical traits similar 
to those observed in autism-induced patients [33]. In our 
study, VPA neurotoxic exposure at a dose of (500 mg/
kg) in GD 12.5 provoked ASD behavioral defects in male 
offspring. VPA-exposed rats showed reduced sociabil-
ity (a lower favorite for novel rats), raised anxiety levels 
(increased escaping of the illuminated compartment and 
stretched attended posture), and hyperactivity (increased 
distance traveled and the number of times they went to 
the center in the open field test). Decreased sociability, 
anxiety, and hyperactivity in rats matched with autism 
patients [34, 35].

The three-chamber social test was used to evaluate 
impaired sociability. VPA exposure prenatally revealed a 
significant reduction in sociability. Social dysfunction in 
a rat model of VPA-induced autism is expected to result 
from impairmed cognitive functions [36]. Compared 
with the VPA-induced autism group, the risperidone- 
and atorvastatin-treated groups showed significant social 
improvement, whereas the significance was higher in the 

Fig. 4 Effect of risperidone/atorvastatin treatment on NFKβ marker in the hippocampi of prenatally VPA-exposed male offspring. A NFκB mRNA 
expression as detected by RT-PCR. B NFκB protein level as detected by ELISA. Data are expressed as mean ± SD. One-way ANOVA and post hoc 
Tukey’s tests were used to compare the groups. A, B, and C represent significance for the control, VPA, and risperidone groups, respectively. P 
value ≤ 0.05 is significant (P values significance with control, VPA, VPA + risperidone group respectively are: RT-qPCR; 0.001, 0.001, 0.049. ELISA; 0.001, 
0.001, 0.042). VPA: valproic acid. NFκβ; nuclear factor kappa
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atorvastatin-treated group. The enhanced sociability of 
rats treated with either risperidone or atorvastatin was 
reported in previous studies [37–39].

Anxiety is considered a vital comorbidity in ASD, and 
approximately 40% of autistic children have standards 
for an anxiety diagnosis [40]. The light-dark switch test is 

Fig. 5 Effect of risperidone/atorvastatin treatment on NOX2/ ROS markers in the hippocampi of prenatally VPA-exposed male offspring. A NOX2 
mRNA expression as detected by RT-qPCR. B NOX2 protein level determined by ELISA. C Total ROS as determined by ELISA. Data are expressed 
as mean ± SD. One-way ANOVA and post hoc Tukey’s tests were used to compare the groups. A, B, and C represent significance for the control, VPA, 
and risperidone groups, respectively. P value ≤ 0.05 is significant (P values significance with control, VPA, VPA + risperidone group respectively are: 
NOX2 RT-qPCR; 0.001, 0.001, 0.007. NOX2 ELISA; 0.001, 0.001, 0.028. total ROS ELISA; 0.001, 0.001, 0.046)VPA; valproic acid. NOX2; NADPH oxidase. 
ROS, reactive oxygen species
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Fig. 6 photomicrographs of H&E stained sections of rat hippocampi of prenatally VPA-exposed male offspring.: A, B of the control group. A The 
Hippocampus comprises cornu ammonis regions: CA1, CA2, CA3, CA4. Each region is arranged into 3 layers: polymorphic (Po), pyramidal (Py), 
and molecular (Mo). The dentate gyrus (DG) appears enclosing CA4 (H& E × 40). B The pyramidal layer of the CA3 region contains large pyramidal 
cells with vesicular nuclei (arrows). Glial cells are also evident in molecular and polymorphic layers (arrowheads). C VPA-induced autism group: 
most of the pyramidal cells appear shrunken with darkly stained cytoplasm and pyknotic nuclei (zigzag arrows). Wide intercellular spaces can 
be observed (*). Few cells appeared normal (arrow). D Risperidone-treated group: most pyramidal cells appear normal with vesicular nuclei 
(arrows) except for some shrunken cells with darkly stained cytoplasm and pyknotic nuclei (zigzag arrows). Blood vessels can be seen (Bv). E 
Atorvastatin-treated group: numerous pyramidal cells are normal with vesicular nuclei (arrows), and only little shrunken cells appeared with darkly 
stained cytoplasm and pyknotic nuclei (zigzag arrows). (H& E × 400)
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one of the best broadly used tests to assess anxiety behav-
ior in rodents. The most consistent measure of anxiety is 
the time spent in the light chamber [41]. In the current 
study, prenatal VPA exposure revealed a notable escala-
tion in anxiety (decreased duration in the light cham-
ber) compared with the control. In addition, the number 
of transitions between compartments was significantly 
higher in the VPA group, which may be related to anxiety 
or increased locomotion. Consistent with our findings, 
former studies have similarly shown anxiogenic effects 
in prenatal VPA-exposed rats [36, 42, 43], and they agree 
with clinical surveillance in which children and adults 
with ASD reveal apparent anxiety and socio-communi-
cative impairment [44, 45]. Both risperidone and atorv-
astatin had an anxiolytic effect, which was significantly 
higher in the atorvastatin-treated group.

Finally, the open field test was conducted to evalu-
ate anxiety and locomotor activity in patients with 
VPA-induced ASD. This test was used in several stud-
ies with variable outcomes. Some studies have stated 
that prenatally VPA-exposed rats exhibited reduced 

whole motor activity, while others demonstrated ampli-
fied motor activity [46]. In the current study, the VPA-
exposed group exhibeted the hyperactive phenotype as 
evidenced by the increased total distance moved and the 
number of times they went to the centers. On the other 
hand, anxiety was shown in the VPA-exposed group by 
a significant increase in the stretched attended posture. 
Both risperidone and atorvastatin decreased hyperactiv-
ity and anxiety compared with VPA-induced autism. The 
crucial point is that atorvastatin reversed the hyperactive 
phenotype induced by VPA, and this inhibitory effect on 
hyperactivity isn’t related to the inhibitory nature of ator-
vastatin, as it has shown increased locomotor activity in 
propionic acid-induced autism in rats in a previous study 
[39]. Mechanisms by which atorvastatin improves ASD 
behavioral disturbance remain unclear, but as reported 
in our research, this may be through the downregulation 
of TLR-4 expression with subsequent modulation of the 
disease.

TLRs are related to both innate and adaptive immu-
nity and are crucial mediators of inflammatory responses 

Fig. 7 Photomicrographs of TLR4-immunostained hippocampus sections in all study groups of prenatally VPA-exposed male offspring. A control 
group: pyramidal cells of CA3 region show negative immune reactions (arrows). B VPA induced autism group: pyramidal cells show strong positive 
immune reactions (arrowheads). C VPA-risperidone treated group, and D VPA-atorvastatin treated group: most pyramidal cells show negative 
immune reaction (arrows) except for a few cells with positive immune reaction (arrowheads) (immunostaining for TLR4 × 400). E Number of TLR4 
positive cells of the CA3 region of the hippocampus in the study groups. Data are expressed as mean ± SD. One-way ANOVA and the post 
hoc Tukey’s tests were used to compare the groups. A and B represent significance for the control and VPA groups, respectively. P value ≤ 0.05 
is significant (P values significance of number of TLR4 positive cells with control, VPA, VPA + risperidone group respectively are: 0.001, 0.001, 0.079). 
VPA: valproic acid. TLR4; Toll-like receptor 4
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[47]. Impaired TLR function leads to an immune imbal-
ance and further neuroinflammation [48]. In the CNS, 
TLR4 expression is augmented in the T cells of patients 
with ASD, and it mediates inflammatory activation in 
several neurodegenerative diseases [2, 48]. TLR-4 sign-
aling activates the NFκB pathway which leads to the 
transcription of pro-inflammatory cytokines and ROS 
generation [8]. NFκB expression has also been shown to 
be increased both in peripheral blood and central nerv-
ous system in ASD patients [49]. Expression of TLR-4 
with NFκB in autistic children may be a key mechanism 
for neuroinflammation in patients with ASD [2]. TLR4 
stimulation activates microglia and leads to microglia-
mediated inflammatory responses and cytokine creation 
and secretion by stimulating NF-κB through later gene 
transcription and protein synthesis [50, 51]. Microglial 
activation with the release of inflammatory mediators 
and ROS, further exacerbate microglial activation and 
recruit activated leukocytes and platelets, releasing gran-
ule content with more inflammatory markers. Endothe-
lial injury and platelet adhesion contribute to blood-brain 
barrier (BBB) distraction with leak of endothelial content 

and increased infiltration of peripheral material, more 
aggravating neuroinflammation and glial activation [52].

Our study determines the role of TLR-4 signaling in the 
regulation of NFκB/NOX-2 derived ROS generation via 
the NFκB pathway in a rat model of VPA-induced autism 
through evaluation of TLR-4 gene expression by RT-PCR 
and its protein level via western blot, NFκB and NOX2 
expression via RT-PCR and their protein level via ELISA, 
and finally detection of total ROS via ELISA.

Our study demonstrated that the VPA-induced autism 
group up-regulated TLR-4/NF-κB expression compared 
with the control group. Lamparter et  al. demonstrated 
that VPA exposure amplified NF-κB transcriptional activ-
ity and can facilitate VPA-induced teratogenesis [53]. 
NF-κB is a transcription factor that alters the expression 
of several genes involved in immune and inflammatory 
responses [54].

Risperidone and atorvastatin administration to off-
spring exhibited a significant decline in TLR-4 and NF-κB 
compared with the VPA-induced autism group. Yousefi-
Manesh et  al. confirmed the ameliorating effect of risp-
eridone on acetic acid-induced colitis in rats through 

Fig. 8 Photomicrographs of Caspase-3 immunohistochemically stained hippocampus sections in all study group in prenatally VPA-exposed male 
offsprings. A Control group: pyramidal cells of the CA3 region show negative immune reaction (arrows). B VPA-treated group: pyramidal cells show 
strong positive immune reactions (arrowheads). C VPA-risperidone treated group, and D VPA-atorvastatin treated group: most of the pyramidal 
cells show negative immune reactions (arrows) except for a few cells with positive immune reactions (arrowheads). (Immunostaining 
for Caspase- 3 × 400). E Caspase- 3 positive cells number of CA3 region of the hippocampus in the study groups. Data are expressed as mean ± SD. 
One-way ANOVA and the post-hoc Tukey’s tests were used to compare the groups; P value ≤ 0.05 is significant. (P values significance of number 
of caspase3 positive cells with control, VPA, VPA + risperidone group respectively are: 0.001, 0.001, 0.389). VPA: valproic acid
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suppression of the TLR4 and NF-κB signaling pathways 
[55]. Risperidone can adjust the cell-mediated immune 
responses, chemokine, and lymphocytes to correct its 
effects on autoimmune and inflammatory status [56]. 
Statins also efficiently depress TLR4 activity and conse-
quently downregulate inflammatory pathways to decline 
inflammation in vascular and nonvascular systems [57]. 
Amassing evidence suggests that the beneficial effects 
of statins may depend on targeting TLR4. The impact of 
statins on the central receptors in the inherent immunity 
system and regulation of the TLR4 signaling pathway 
can be attributed to their beneficial effects in numer-
ous disorders, including colitis, renal tubular injury, CV, 
arthritis, and brain injury [58]. Yang et  al. showed that 
atorvastatin inhibits TLR4 gene transcription TLR4 and 
inhibits its protein level, resulting in decreased tumor 
necrosis factor-alpha (TNF-α), interleukin 6 (IL-6), and 
IL-1β levels [25].

As previously described by Nadeem et  al., increased 
TLR-4 expression and NF-κβ activation in autistic chil-
dren are linked with enhanced NOX2/ROS signaling [2]. 
In our study, animals in the VPA-treated group showed a 
significant increase in NOX2/ROS levels compared with 
the control group. Azirak et al., reported elevated NOX2 
levels following VPA treatment [59]. NOX2 enzymes are 
concerned with oxidative stress increase, which is recog-
nized in various brain illnesses, from psychiatric to neu-
rodegenerative diseases [60].

NOX facilitates electron transmission across plasma 
membranes to O2 and produces superoxide and other 
ROS downstream [61]. In addition, extreme NOX activity 
leads to apoptotic cell death and participates in neurode-
generation [62]. Risperidone and atorvastatin administra-
tion significantly decreased NOX2/ROS levels compared 
with the untreated group, and atorvastatin significantly 
reduced NOX2 levels compared with the risperidone 
group. This result in concomitates with other previous 
studies [63, 64]. Statins lower NOX2 and superoxide pro-
duction and reduce inflammatory cell infiltration [65].

ROS signals stimulate the assembly of inflammatory 
genes and induce apoptosis through CAS-3 upregula-
tion [11, 66]. CAS-3 is a protease with a well-known 
role in apoptosis [67]. Neurodegenerative diseases have 
high CAS-3 levels, which are determined in postmor-
tem brain tissue [68, 69]. It has been established that 
CAS-3 expression is high in the cerebellum of indi-
viduals with autism[70]. Moreover, previous studies in 
mice have proposed that VPA exposure causes higher 
expression of apoptotic markers and is assumed to be 
a grave cause of neural tube defects and altered embry-
onic signaling pathways [71]. Thus, in the existing 
study, immunostaining for CAS-3 in the hippocampus 
of the VPA group showed a strong positive reaction, 

which is consistent with the study by Azirak et al. [58]. 
Both risperidone and atorvastatin treatment resulted 
in a remarkable reduction of CAS-3, suggesting their 
anti-apoptotic effects. Abekawa et al. reported that ris-
peridone has an anti-apoptotic effects [72]. Moreover, 
atorvastatin has an antiapoptotic and mitigating effects 
on CAS-3 [24, 73].

Finally, histological analysis of the hippocampus 
revealed CA regions that were alleviated in the treated 
groups. The atorvastatin-treated group showed more 
improvement than the risperidone group, in which 
numerous pyramidal cells were normal with vesicu-
lar nuclei and only little shrunken cells; neuronal sur-
vival is noticeably better in the atorvastatin group. 
Piermartiri et  al. [74] reported the neuroprotective 
effect of atorvastatin and its ability to prevent hip-
pocampal cell death and structural alteration follow-
ing amyloid-β1–40 administration in mice. Moreover, 
Durankuş et al. [39] demonstrated the protective effects 
of atorvastatin on neurons subjected to PPA-induced 
damage in the rat cerebellum. Atorvastatin is a rela-
tively small compound that can cross BBB. Once it 
penetrates the brain parenchyma, it not only affects 
cholesterol biosynthesis but also affects neuronal and 
glial cells, neurotransmitter levels, synapse receptors, 
cellular viability, neuronal dendrites and oligoden-
drocyte-mediated myelination [75]. Thus, it is evident 
that atorvastatin has a remarkable neuroprotective 
effect against neurological diseases through its pleio-
tropic effects and could be a potential therapeutic agent 
against such diseases, including autism, which requires 
further research. Our results suggest that atorvasta-
tin targeting of TLR-4/NF-κB/NOX2 and the apopto-
sis signaling pathway could alleviate and modify ASD, 
which requires further confirmation.

Conclusion
This study revealed that prenatally VPA-exposed male 
offspring showed several autism features including 
behavioral, biochemical, and hippocampal histological 
alterations, which could be related to the activation of 
the TLR4/ NF-κB/NOX2 molecular pathway with sub-
sequent neuronal apoptosis. Both risperidone and ator-
vastatin treatment significantly decreased VPA-induced 
behavioral impairment, neuroinflammation, oxidative 
dysfunction, and apoptosis, presumably by downregu-
lating TLR-4/NF-κB/NOX2 and apoptotic pathway. The 
improvement was more significant in the atorvastatin-
treated group than in the risperidone-treated group. 
Atorvastatin could be a prospective drug that alleviates 
ASD through its effects on the TLR4/ NF-κB/NOX2 
pathway.
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Limitations of the study
The findings of this study have a few limitations. First, we 
determined the VPA induced autism model only in male 
rats; since ASD is more prevalent in males, the extrap-
olation of our results in females had to be explored and 
compared with the results in males. Furthermore, to con-
firm the hypothesis that TLR4/ NF-κB signaling pathway 
participates in prenatally VPA-induced autism, TLR 4 
and NF-κB antibodies evaluation in brain different sites 
as in the striatum and prefrontal cortex, would be a great 
tool. Furthermore, the autism cell lines and culture can 
be used to evaluate the TLR4/ NF-κB signaling pathway 
and effect of atorvastatin and risperidone.

Materials and methods
Drugs
Drugs were obtained from Sigma-Aldrich Co. (St. Louis, 
MO, USA) in the following powder form: sodium val-
proate (VPA. CAS Number 1069-66-5); risperidone (CAS 
Number 106266-06-2); and atorvastatin (CAS 134523-
03-8). Atorvastatin was chosen among statins because it 
is lipophilic and can cross the blood-brain barrier [76].

Animals
Twenty adult Sprague-Dawley pairs (200–250g) were 
acquired from the Medical Experimental Research 
Center (MERC), Faculty of Medicine, Mansoura Uni-
versity. Fifty offspring rats were obtained from male and 
female mating rats. Male offspring (about twenty-four) 
were taken for this study. Rats were housed in plastic 
cages with sawdust bedding (40 × 26 × 20 cm; l × w × h). 
Rats were fed a clean, wholesome, fresh, and nutritious 
pelleted diet and were watered from water bottles with 
sipper tubes. Rats were maintained on a 12h:12h circa-
dian cycle with lights on at 06:00 and a constant tempera-
ture (22 ± 2°C) and humidity (55 ± 5%). Animal treatment 
and maintenance were carried out following the “Guide 
for the Care and Use of Laboratory Animals” conveyed 
via the Institution of Laboratory Animal Research and 
available by the National Research Council, USA, 2010. 
The research protocol was approved by the Institutional 
Review Board (IRB) of Mansoura Faculty of Medicine. 
Ethical code: R.21.11.1506. All exertions were performed 
to reduce animal numbers and distress.

Experimental design
Prenatal induction of autism: According to Kumar and 
Sharma, mature female rats were coupled overnight, 
and the following morning, a vaginal smear using light 
microscopy was performed [77]. Rats with vaginal lumps 
or sperm within the vaginal swap were confirmed on-ges-
tational day (GD) 1 when the vaginal plug was detected. 

Two pregnant females received saline in GD 12.5; the 
male offsprings (n  =  6) born from these were used in 
the control normal group, and eight pregnant females 
in GD 12.5  were administered a solitary intraperitoneal 
(IP) injection of VPA (500 mg/kg, melted in 2 ml of nor-
mal saline); the male offsprings (n = 18)born from these 
were used for experimental groups; VPA induced autism, 
VPA+ risperidone, and VPA+ atorvastatin groups). Preg-
nant Females were housed individually until delivery, and 
the assumed day was zero postnatal day (PND 0). The 
average number of pups from single mothers varied from 
7 to 9 with male pups from 5 to 6. They were permitted 
to raise their offspring until weaning, PND 21. Only male 
offspring were used in this study to eliminate the effects 
of altered gender on outcomes. This selection aligns with 
previous research reporting that prenatally VPA-treated 
male descendants reliably displayed marked diminution 
in social interaction compared with female offspring [36, 
78, 79].

Twenty-four male offspring (48-50 gm) were divided 
at PND 21 into four equal groups as follows (Fig.  9): 
1‑Control group (n = 6) male offsprings born to females 
received saline in GD 12.5 treated with vehicle (0.5% v/v 
methylcellulose from PND21to PND51 ); 2‑VPA‑induced 
autism group (n  =  6) male offsprings born to female 
received VPA in GD 12.5 (500 mg/kg melted in 2 ml of 
normal saline) [31, 77, 79], treated with vehicle (0.5% v/v 
methylcellulose from PND21to PND51); 3‑VPA+ ris‑
peridone group (n =  6), male offsprings born to female 
received VPA in GD 12.5 (500 mg/kg melted in 2 ml of 
normal saline) [31, 77, 79], treated with oral risperidone 
(1 mg/kg/day suspended in 0.5% v/v methylcellulose from 
PND21to PND51) [80–82] and 4‑VPA+ atorvastatin 
group (n=6) male offspring born to the female received 
VPA in GD 12.5 (500  mg/kg melted in 2  ml of normal 
saline) [31, 77, 79], and were treated with oral atorvas-
tatin (20  mg/kg daily suspended in 0.5% v/v methylcel-
lulose from PND21to PND51) [83, 84]. Vehicle and drug 
suspensions were administered via gavage 5 ml/kg once 
daily.

All rats received vehicles or drugs from PND21 to 
PND51, and no deaths were recorded. It has been estab-
lished that initial interferences directing ASD social 
deficits are essential to improve the long-standing con-
sequences of the disease. The period from PND21 to 
PND51 targets a perilous period of neurodevelopment 
when regulating neuronal activity; strength repairs neu-
rodevelopmental plasticity to manage autism-like behav-
iors [31].

Behavioral tests
The rats were trained for two sequential days. Two days 
before sacrifice, the tests were completed. The tools 
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were thoroughly cleaned with 70% ethanol and water for 
each test and were left to dry. All trials were conducted 
between 10:00 am and 2:00 pm. The tests and behaviors 
of the rats were documented using a video camera and 
analyzed using two blinders.

Three chamber test
The three-chamber test was used to assess rodent socia-
bility. The apparatus is a rectangular, 3-chambered box 
prepared from translucent Plexiglas with a detachable 
floor and barriers. Every chamber measured 30  cm L× 
60 cm W×35 cm H. This test evaluates the preference for 
interacting with a social (S) stimulus versus a non-social 
(NS) stimulus. The trial was conducted in three phases. 
In the 1st phase (habituation), the test rat was habituated 
in the middle of a three-chamber apparatus containing 
two empty cups to reduce the salience of these objects. 
Next, two identical objects (paper balls) were placed 
within the cups to familiarize the animal with the objects 
contained within the cups (pre-test phase). Finally, a 
social stimulus (an age- and sex-matched rat) is intro-
duced under one cup, and a novel non-social stimulus 
(wooden block) is placed under the other cup (test phase) 
[1]. Then, the 2 entries were opened to permit the test 
rat in the middle to freely discover each of the 3 cham-
bers for 10 mins. Processes were recorded to determine 
the latency, the duration consumed in each chamber, the 
number of entries into each chamber, and the time con-
sumed in direct contact with the novel rat [85].

Dark‑light box test
Anxiety behavior was estimated using dark-light box 
tests as described by Castelhano-Carlos et al. [86]. The 

test was based on the native affinity of rats to the illu-
minated area and their impulsive exploratory behav-
ior. Anxiety is understood when rats tend to remain in 
dim regions for a prolonged duration. The dark-bright 
box was executed in a box with 2 parts (MazeEngi-
neers, USA). The test box (51 length × 51 width × 40 
cm height) contained one more significant bright part 
(51 × 34.5 × 40 cm) lit up by a white fluorescent lamp 
(400 lux at the box floor) and a smaller dark compart-
ment (51 × 16.5 × 40 cm). The 2 parts were linked by a 
slit opening (7.5 cm × 8.5 cm). The rats were positioned 
in the middle of the illuminated area at the start of the 
test, and the test was conducted for 5 minutes. Two 
parameters were assessed: the time spent in the bright 
vs. the dark compartment, calculated in seconds, and 
the number of transitions between the 2 chambers.

Open field test
Motor performance and anxiety levels in rats were esti-
mated using an open-field test [87, 88]. The apparatus 
was prepared of white plywood with 72 × 72-cm floor 
measurements and 36-cm high walls. One of the walls 
and floor were made of transparent Plexiglas; thus, rats 
could be followed inside the apparatus. The blue lines 
separate the floor into 16 squares (18 × 18 cm). On the 
test day, the rats were transported to the test room and 
allowed to adjust to the room before testing [82]. Rats 
were gently positioned by qualified detectives in one of 
the four corners of the apparatus, and they were per-
mitted to search the perimeter freely within a certain 
period (5 minutes) [89]. The rats were then reverted 
to their home cages. The distance traveled (number 
of square participants), the number of times rats went 

Fig. 9 Study design and experimental grouping
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to the center, and stretch attendance positions were 
assessed [90, 91].

Brain tissue preparation
A day after behavioral testing, the rats were rapidly 
decapitated. The brains were quickly separated, placed 
on ice, and severed into two hemispheres without dis-
cernment. The hippocampus was separated from the 
right hemisphere and divided into two parts. One part 
was immediately fully submerged in RNAlater™ (Qiagen, 
Germany), using 10 μL reagent per 1 mg of tissue [92]. 
The submerged tissue samples were incubated overnight 
at 4  °C, followed by storage at –  80  °C until gene and 
protein expression detection. The other part of the right 
hippocampus was carefully soaked in ice and weighed 
in on analytical balance. A 10% homogenate was pre-
pared in 0.05 M phosphate buffer (pH 7) using a polytron 
homogenizer at 4 °C. The homogenate was centrifuged at 
10,000 rpm for 20 minutes to eliminate cell debris, RBCs, 
unbroken cells, mitochondria, and nuclei. The superna-
tant (cytoplasmic extract) was aliquoted and stored at 
-200C for subsequent assessment of ROS, NOX2 &NFκB. 
The left hemisphere was fixed by soaking in 10% neutral 
buffered formalin, dehydrated in rising grades of alco-
hol, cleared in xylene, and finally inserted in paraffin for 
routine histological examinations. Neuropathology of 
the amygdala and hippocampus was first observed in a 
postmortem study of autism. Up to now, abnormalities 
of the amygdala and hippocampus have been implicated 
in autism-associated deficits [93]. Banker et al. reported 
that structural variations in the hippocampal structure 
likely have a more significant impact on social dysfunc-
tion [94].

Biochemical and molecular evaluation
Real‑time quantitative polymerase reverse transcription 
polymerase chain reaction (RT‑PCR)
After homogenization by liquid nitrogen, total cellu-
lar RNA was extracted from all tissue samples using 
 QIAzol® lysis reagent (Qiagen, Germany) according to 
the protocol of Chomczynski [95]. The RNA concentra-
tion and purity of each sample were determined using a 
NanoDrop 2000c Spectrophotometer (Thermo Scien-
tific, USA). The extracted RNA samples were then kept 
at -80◦C until reverse transcription. The synthesis of 
complementary DNA (cDNA) from 1 μg of total RNA 
was done using the  SensiFASTTM cDNA Synthesis Kit 
(Bioline, UK) according to the manufacturer’s instruc-
tions. The reaction was carried out using the Applied 
 Biosystems®  2720 thermal cycler (Applied Biosystems, 
USA) as follows: primer annealing at 25  °C for 10  min, 
reverse transcription at 45 °C for 15 min, and inactivation 
at 85°C for 5  minutes. The cDNA samples were stored 

at − 20 °C. The cDNA was subjected to a real-time PCR 
assay established using the technique described by Free-
man et al. [96]. RT-qPCR was performed by the Applied 
 Biosystem®  7500 Real-Time PCR Systems (Applied Bio‑
systems, USA), using the HERAPLUS  SYBR® Green qPCR 
master mix (Willowfort, UK). All primers were synthe-
sized by Vivantis Technologies, Selangor Darul Ehsan, 
Malaysia. The primer sequences used were: TLR4 For-
ward, 5′- CCG TCA CCA CAT ACT GCC TTTA-3′ and 
reverse, 5′- GCA GTT TGG ACT ATT GAA ATA CGA 
AA-3′; NOX2 Forward, 5′- TTG TGG CAC ACT TGT 
TCA ACC TGG -3′ and reverse, 5′- TCA CAC GCA TAC 
AAG ACC ACA GGA  -3′, NF-κB Forward, 5′- GTC TCA 
AAC CAA ACA GCC TCAC -3′ and reverse, 5′- CAG 
TGT CTT CCT CGA CAT GGAT -3′and GAPDH For-
ward, 5′- CAC CCT GTT GCT GTA GCC ATA TTC  -3′ and 
reverse, 5′- GAC ATC AAG AAG GTG GTG AAG CAG -3′. 
The mix was made as follows: 6 μL RNase-free water, 1 
μL sense primer (10 pmol/μL), 1 μL antisense primer (10 
pmol/μL), 10 μL HERAPLUS  SYBR® Green qPCR master 
mix (2X), and 2 μL of cDNA (50  ng/μL), in a total vol-
ume of 20 μL. The following program was used: initial 
denaturation at 95 °C for 3 minutes, followed by 40 cycles 
of denaturation at 95  °C for 10  seconds, and annealing/
extension at 60  °C for 30 seconds. TLR4, NOX2, and 
NF-κB mRNA expression levels were normalized to that 
of the housekeeping gene GAPDH, and relative expres-
sion levels were detected using the  (2-ΔΔct) method [97].

Western blot analysis
Total protein was extracted using the QIAzol reagent fol-
lowing the manufacturer’s specifications and then quan-
tified using a Bradford protein assay kit (Bio-Rad, USA). 
20 μg proteins of each sample were then loaded with an 
equal volume of 2x Laemmli sample buffer. The pH was 
checked and brought to 6.8. Each previous mixture was 
boiled at 95  °C for 5 min to ensure protein denatura-
tion before loading on polyacrylamide gel electropho-
resis. Polyacrylamide gels were performed using TGX 
Stain-Free™ FastCast™ Acrylamide Kit (SDS-PAGE) 
(cat#  161–0181;  Bio-Rad Lab, USA). The SDS-PAGE 
TGX Stain-Free FastCast was prepared according to 
manufacturer instructions. The gel was assembled in 
a transfer sandwich as follows from below to above (fil-
ter paper, polyvinyl difluoride, gel, and filter paper). The 
sandwich was placed in the transfer tank with 1x trans-
fer buffer, composed of 25  mM Tris, 190  mM glycine, 
and 20% methanol. Then, the blot was run for 7 min at 
25 V to allow the protein bands to transfer from the gel 
to the membrane using BioRad Trans-Blot Turbo. Non-
specific binding was blocked with tris-buffered saline 
with Tween 20 buffer and 3% bovine serum albumin at 
room temperature for 1 h. The blot was rinsed 3–5 times 
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for 5  min with TBST. The membranes were incubated 
with TLR4 (H-80) rabbit polyclonal antibody (1:1000, 
#sc-10741, Santa Cruz, USA) overnight at 4 °C. The blot 
was rinsed 3–5 times for 5 min with TBST. Finally, the 
membranes were incubated with HRP-conjugated goat 
anti-rabbit IgG secondary antibody (1:5000, #NB7156, 
Novus Biologicals, USA) for 1 h at room temperature. 
Protein bands were identified using a Clarity TM West-
ern ECL substrate (Bio-Rad cat#170-5060) and visualized 
by chemiluminescence using a ChemiDoc MP Imager 
(Bio-Rad, USA). Image analysis software was used to read 
the band strength of the target proteins against β-actin 
(housekeeping protein).

Enzyme‑Linked Immune Sorbent Assay
The levels of ROS, NOX2, and NF-κB were determined in 
cytoplasmic extract using ROS ELISA kit (cat.no. E1924r; 
EIAab, Wuhan, China), CYBB/NOX2/gp91phox sand-
wich ELISA kit (cat. no. LS-F39030; LSBio,  WA,  USA), 
and NF-κB assay kit (cat. no. SEA616Ra; Cloud-Clone 
Corp., Wuhan, China), following the manufacturer’s 
protocol.

Histological examination

• Hematoxylin and eosin staining: Sections of 5  µm 
thickness were obtained by rotatory microtome 
and were fixed on glass slides. Slices were deparaffi-
nized in xylene, dehydrated in alcohol in descendent 
grades, and then stained with H&E [98].

• Immunohistochemical examination: The slices were 
deparaffinized and rehydrated, then hydrogen per-
oxide (0.3%) was administered to suppress endog-
enous peroxidase activity. Unmasking of the anti-
genic peptide was performed by placing the slides in 
a plastic bottle filled with citrate buffer PH 6.0, and 
boiling the slides in a microwave oven at 100  °C for 
10 min. The slides were raised overnight at 4 °C with 
the following primary antibodies: anti-caspase-3 
antibody for the detection of caspase-3 protein level 
in neurons; a marker of apoptosis (dilution 1:500, 
rabbit polyclonal IgG, service bio, USA), antiTLR4 
antibody for the detection of TLR4 protein levels in 
neurons; immune marker that mediates inflamma-
tion (dilution 1:500, mouse monoclonal IgG, service 
bio, USA). Biotinylated secondary antibodies were 
used, followed by the avidin–biotin complex. Finally, 
diaminobenzidine (DAB) was used as a chromogen 
(Dakopatts, Glostrup, Denmark), and the slides were 
counterstained with hematoxylin solution. Apop-
totic cells were detected by caspase-3 immunostain-
ing, whereas TLR4 expression was assessed by TLR4 
immunostaining. Negative controls were prepared by 

applying the same steps except for the use of primary 
antibody [99].

• Morphometric study: An image analyzer computer 
system was used to assess the following parameters: 
a) CAS-3-positive and b) TLR4-positive cell num-
bers. For each group, the cells were counted in five 
randomly chosen nonoverlapping, high-power fields 
(magnification × 400) in each section from six rats in 
each group. The images were evaluated on an  Intel® 
Core  I3® computer using Video Test  Morphology® 
software (Russia) (Mansoura University).

Statistical analysis
SPSS software (version 25.0, IBM, Chicago, IL, USA) 
was used to analyze the data. Assumptions of normality 
in each group and homogeneity of variances were veri-
fied using the Shapiro-Wilk test and Levine’s test, respec-
tively. Data were expressed as mean ± SD. The one-way 
ANOVA test was used to compare the means of the 4 
study groups, and the post-hoc Tukey’s test was used for 
numerous comparisons of the group means. P values less 
than 0.05 was considered significant.

Abbreviations
ASD  Autism spectrum disorder
BBB  Blood–brain barrier
CA  Cornu Ammonis
CAS-3  Caspase 3
ELISA  Enzyme-Linked Immunosorbent Assay
FDA  Food and Drug Administration
GD  Gestational day
H&E  Hematoxylin and eosin
HMG-CoA  Hydroxy-3-methylglutaryl co-enzyme A
IL  Interleukin
IP  Intraperitoneal
MERC  Medical Experimental Research Center
NF-κB  Nuclear factor kappa-light-chain enhancer of activated B cells
NOX2  Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 

2
PND  Postnatal day
ROS  Reactive oxygen species
RT-PCR  Reverse transcription polymerase chain reaction
TLR  Toll-like receptor
TNF-α  Tumor necrosis factor-alpha
VPA  Valproic acid
WB  Western blot
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