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Abstract: Background and Objectives: Autism is a developmental disability characterized by impair-
ment of motor functions and social communication together with the development of repetitive
or stereotyped behaviors. Neither the exact etiology or the curative treatment of autism are yet
completely explored. The goals of this study were to evaluate the possible effects of perindopril on a
rat model of autism and to elucidate the possible molecular mechanisms that may contribute to these
effects. Materials and Methods: In a rat model of sodium valproate (VPA)-induced autism, the effect of
postnatal administration of different doses of perindopril on growth and motor development, social
and repetitive behaviors, sirtuin-1, oxidative stress and inflammatory markers, PI3K/Akt/GSK-33
pathway, JAK2/STAT3 axis, and PPAR-gamma signaling in the hippocampal tissues were inves-
tigated. The histopathological and electron microscopic changes elicited by administration of the
different treatments were also investigated. Results: Perindopril dose-dependently combatted the
effects of prenatal exposure to VPA on growth and maturation, motor development, and social and
repetitive behaviors. In addition, the different doses of perindopril ameliorated the effects of pre-
natal exposure to VPA on sirtuin-1, oxidative stress and inflammatory markers, PI3K/Akt/GSK-3f3
pathway, JAK2/STAT3 axis, and PPAR-gamma signaling. These effects had a mitigating impact
on VPA-induced histopathological and electron microscopic changes in the hippocampal tissues.
Conclusions: Perindopril may emerge as a promising agent for amelioration of the pathologic changes
of autism spectrum disorders.

Keywords: autism; perindopril; valproic acid; neuroinflammation; apoptosis; rats

1. Introduction

Autism is a group of developmental disability disorders that include significantly de-
creased social communication together with abnormality in social behavior with restriction
and repetition [1]. Although its underlying pathogeneses have not been well character-
ized yet, genetic background, epigenetic mutations, nutritional deficiencies, and exposure
to environmental pollutants during pregnancy are the mostly incriminated factors [2].
Biochemical disturbances such as abnormal redox status and mitochondrial dysfunction

Medicina 2024, 60, 1802. https:/ /doi.org/10.3390/medicina60111802

https://www.mdpi.com/journal /medicina


https://doi.org/10.3390/medicina60111802
https://doi.org/10.3390/medicina60111802
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/medicina
https://www.mdpi.com
https://orcid.org/0000-0002-6286-319X
https://orcid.org/0000-0002-5101-8011
https://orcid.org/0000-0002-8057-3014
https://doi.org/10.3390/medicina60111802
https://www.mdpi.com/journal/medicina
https://www.mdpi.com/article/10.3390/medicina60111802?type=check_update&version=2

Medicina 2024, 60, 1802

2 of 24

together with activation of the inflammatory cascade represent characteristic features of
autism [3].

Recent studies reported that certain areas of the brain are affected by autism leading to
significant interference with the brain functions [4]. These areas include the hippocampus,
the cerebellum, and the frontal lobe [5]. Recent reports had detected certain structural
and functional changes in the hippocampus more than the other areas of the brain in
cases with autism which may occur as a consequence of affection of the cerebral blood
flow and metabolism together with interference with the normal connections between
the different areas of the brain [6]. In addition, cerebellar dysfunction may play a key
role in the pathogenesis of autism [7]. Cerebellar structural and functional developmental
abnormalities were reported to be clearly noticeable in patients with autism [8]. These
abnormalities are associated with cognitive and motor behavioral defects and social reward
processing [9].

Accumulating data suggested that Janus kinase 2 (JAK2)/signal transducer and activa-
tor of transcription-3 (STAT 3)/peroxisome proliferator-activated receptor (PPAR) gamma
signaling pathway might play a pivotal role in the pathogenesis of autism [10]. Acti-
vation of JAK2 in cases of autism induces phosphorylation of STAT3 in the astrocytes
and microglia which in turn elicits profound damage to the neural tissues [11]. Interest-
ingly, PPAR-gamma prevents phosphorylation of STAT 3, thus greatly contributing to
the prevention of the neurological complications of autism [12]. In addition, affection
of phosphoinositide-3-kinase/Akt/glycogen synthase kinase 3 beta (PI3K/Akt/GSK-3[3)
signaling may be incriminated in the pathogenic events that occur in autism [13]. Cases
with autism were found to have defective PI3K/ Akt signaling which was proven to be
involved in the survival of the neurons and their differentiation [14]. On the other hand,
GSK-3f levels were significantly elevated in the brain in cases with autism and were proven
to augment apoptosis and have a damaging effect on neuronal development [15].

Several animal models were utilized for investigating autism including genetic, en-
vironmentally induced, drug-induced, and idiopathic models [16]. Children with autism
spectrum disease (ASD) show oxidative stress and epigenetic damage which could be
related to exposure to chemicals, toxins or environmental pollutants. This exposure usually
occurs via the transplacental passage of these neurotoxins during pregnancy [17]. The
drug-induced ASD animal model is simple and fast with less cost, and can be used for
studying central nervous system functions with the net result of finding new targets for
the treatment and screening of new drugs [18]. Several studies had proven that valproic
acid (VPA)-induced autism represent the most reliable model of this disorder [19]. Prenatal
and postnatal exposure to valproic acid (VPA) was proven to be associated with autism-
like behavior in animals and affect hippocampus-related functions such as learning and
memory [20]. This model also induces oxidative stress and neuroinflammation, causes
an imbalance between the excitatory and the inhibitory neurotransmitters which affects
the neurotrophic factors related to neuroplasticity and neurogenesis, and alters the ex-
pression of ASD-related genes [21]. The prenatal exposure to VPA is found to be superior
to postnatal exposure in inducing the behavioral and neurobiological changes [22]. The
VPA-induced ASD model was also used in the current study due to its clinical relevance
to human phenotype except linguistic affection and affection of serotonin levels in the
brain regions as in the human studies [23]. Most drugs used in the management of autism
only treat secondary symptoms of anxiety, aggression, and depression without improving
the core symptoms such as social impairment [24]. Subsequently, the VPA-induced ASD
model may represent an important clue to studying the underlying pathologic features of
autism and to explore the effects of various suggested novel therapeutic remedies for this
disorder [25].

Perindopril is a member of angiotensin-converting enzyme inhibitors that have proven
efficacy in the treatment of cardiovascular disorders including hypertension, angina, and
myocardial infarction [26]. Recent reports suggested that perindopril might possess potent
protective effects in a wide variety of neurological diseases [27]. This might be attributed to
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its ameliorative effects on oxidative stress and the inflammatory cascade [28]. These effects
together with its ability to modulate autophagy/apoptosis balance may represent a strong
basis for the introduction of perindopril as a protective agent against experimentally in-
duced autism [29]. The experiments performed in the present study aimed at investigating
the effects of perindopril on a rat model of autism and elucidating the possible mechanisms
that may contribute to these effects.

2. Materials and Methods
2.1. Ethical Considerations

All the experiments performed in the current study complied with the ARRIVE guide-
lines and were performed in accordance with the U.K. Animals (Scientific Procedures) Act,
1986 and associated guidelines, EU Directive 2010/63/EU for animal experiments. Further-
more, reporting of animal testing experiments complied with the ARRIVE guidelines. An
approval for the protocol of this study was attained from the Research Ethics Committee of
Faculty of Medicine, Tanta University, Egypt (Approval code 36264PR724/6/24; Date of
approval 3 June 2024).

2.2. Compounds and Chemicals Used

Sodium valproate (VPA) and dimethyl sulfoxide (DMSO) were purchased in a powder
form from Tokyo Chemical Industry Co., Chuo-ku, Tokyo, Japan (CAS number 1069-66-5
and 67-68-5, respectively). Perindopril was supplied in a powder form by Cayman Chemical
Co., Ann Arbor, MI, USA (CAS number 82834-16-0). VPA was dissolved in normal saline.
Perindopril was dissolved in 10% dimethyl sulfoxide (DMSO) solution. Sigma Aldrich
Chemical Co., St. Louis, LO, USA supplied all other compounds and chemicals used in this
study which were of analytical grade.

2.3. The Experimental Protocol

Forty adult Wistar rats of both sexes weighing 170-230 g, obtained from a local source,
were utilized in this study. These animals were housed in wire mesh cages at 22 4 °C
with relative humidity of 52 &+ 8%. Animals had free access to a rat-standard diet and water
ad libitum. These animals were allowed to mate overnight and in the next morning, the
presence of the vaginal plug was considered as a verification of pregnancy. This day was
regarded to in the current work as gestational day 0 (GD 0). Later on, the pregnant females
were randomly divided into two sets; one of them was injected intraperitoneally (i.p.) with
a single dose of 0.9% saline and was considered as a control group, and the other animals
were injected i.p. with sodium valproate (600 mg/kg, single dose) [30]. These injections
were performed on the GD 12.5, after which the injected pregnant females were housed
individually and left undisturbed till giving birth.

Weaning of the off-springs was carried out on postnatal day (PND) 21 and the male
off-springs only were subjected to further experiments. Ten male off-springs born from the
control pregnant females were assigned as the control group and received no treatment. Ten
male off-springs born from valproate-treated mothers were considered as the VPA-induced
autism group. Another ten male off-springs born from valproate-treated mothers were
administered 0.25 mL of DMSO daily. Additionally, ten male pups from valproate-treated
mothers were treated orally with a daily dose of perindopril (0.5 mg/kg) [31]. Ten male
pups from valproate-treated mothers were treated orally with a daily dose of perindopril
(2 mg/kg) [32]. Administration of DMSO and perindopril was carried out by oral gavage
from the 10th PND to the 49th PND (Figure 1).
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Figure 1. A timeline schematic diagram for the experimental design.

2.4. Determination of the Effect of Different Treatments on the Animals’ Postnatal Growth
and Maturation

The weight of the animals was recorded at PND 7, 14, 21, 28, 35, 42, and 49. The
animal’s maturation by daily observation of eye opening from the 12th PND to the 17th
PND and scoring was performed as follows: 0 = both eyes closed, 1 = one eye opened, and
2 = both eyes opened [33].

2.5. Assessment of the Behavioral Changes in the Studied Groups
2.5.1. Swimming Performance Test

This test was carried out to assess the motor development and the integration of reflex
responses of rats exposed to the different treatments. It was performed on the 8th, 10th, 12th,
14th, and 16th PNDs where rats were allowed to swim at a specially prepared aquarium,
swimming was observed for 10 s, and the performance of swimming was recorded and
scored according to Zhou et al. [34].

2.5.2. Self-Grooming Test

This test was performed to determine the repetitive behavior at the 49th PND. A
standard cage of 25 cm width, 45 cm length, and 20 cm height was utilized in this test. Rats
were kept in this cage for five minutes for habituation after which the cumulative grooming
times spent for all body parts of each animal were measured using a stopwatch for five
minutes and recorded [35].

2.5.3. Three-Chambered Social Test

This test was carried out at the 49th PND to detect the changes in the social behavior
of the tested animals. In this test, a box divided into three identical chambers with both side
compartments containing an empty perforated cup was utilized. First, the entire box was
thoroughly cleaned with 70% ethyl alcohol at the beginning of each trial. Then, habituation
started by allowing the tested animal to explore the whole box freely, with all doors open
for ten minutes. After that, the animal was kept in the central chamber, where a stranger
rat 1 (an unfamiliar animal of the same gender) was put under one of the cups. Then, the
tested animal was allowed to explore the whole box for another ten minutes after which it
was kept again in the central chamber. Then, another stranger rat 2 (an unfamiliar rat of the
same gender) was put under the other cup. The tested animal is freed again to explore the
whole box for ten minutes. The time spent by the tested rat in each chamber was manually
recorded and analyzed according to Rein et al. [36].
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2.6. Determination of the Effect of Different Treatments on the Biochemical Parameters
2.6.1. Tissue Collection and Processing

At the 50th PND, rats were anaesthetized with isoflurane and killed by cervical dis-
location. The hippocampus was immediately extracted and washed with ice-cold saline.
Parts of the hippocampus were homogenized using Teflon homogenizer and the crude
homogenate was centrifuged at 3000x g r.p.m. for 15 min. The resulting supernatant
was separated in Eppendorfs and further processed for quantification of the biochemi-
cal parameters. Other parts of the hippocampus were prepared for examination of the
histopathological and electron microscopic changes.

2.6.2. Assessment of the Redox Status and Sirtuin-1 (SIRT1) Levels in the
Hippocampal Tissues

Kits purchased from Biohippo Inc., Gaithersburg, MD, USA (Catalog No. BHE13700861)
were used for the assessments of MDA levels in the hippocampal tissues. Catalase (CAT),
glutathione S-transferase (GST), and glutathione reductase (GR) levels were quantified in
the hippocampal tissues using ELISA kits supplied by LSBio, Seattle, WA, USA (Catalog No.
LS-F6440-1, LS-F40536-1, and LS-F6288-1, respectively). SIRT1 levels in the hippocampal
tissues were determined by utilizing kits purchased from Biorbyt Ltd., Cambridge, CB4
O0WY, UK (Catalog No. orb1196713).

2.6.3. Quantification of the Hippocampal Tissue Content of Transforming Growth Factor
Beta 1 (TGF-$31), Interleukin 1 Beta (IL-13), IL-6, and Monocyte Chemoattractant Protein
1 (MCP-1)

Wuhan Fine Biotech Co., Wuhan, Hubei, China provided us with ELISA kits that
were used for quantification of TGF-f1 and IL-1f levels (Catalog No. ER1378 and ER1094
respectively). IL-6 and MCP-1 were assessed in the hippocampal tissues using ELISA Kkits
purchased from Boster Biological Technology, Pleasanton, CA, USA (Catalog No. EK0412
and EK0902, respectively).

2.6.4. Measurement of the Hippocampal Tissue Content of Toll-like Receptor 4 (TLR4),
Nuclear Factor Kappa B (NF-kB), Myelin Basic Protein, and Nod-like Receptor Protein 3
(NLRP3) Inflammasome

Biorbyt Ltd., Cambridge, UK was the provider of ELISA kits that were used for
measurement of the hippocampal tissue content of TLR4 and myelin basic protein (Cat-
alog No. orb410671 and orb1211781, respectively). NF-kB levels were quantified in the
hippocampal tissues using kits supplied by ZellBio GmbH, Lonsee, Germany (Catalog
No. RK03838). ABclonal, Woburn, MA, USA was the source of ELISA kits (Catalog No.
RK04262) that were used for quantitative assessment of NLRP3 inflammasome levels in the
hippocampal tissues.

2.6.5. Determination of Phosphorylated Janus Kinase 2 (p-JAK2), Signal Transducer and
Activator of Transcription-3 (STAT 3), and PPAR Gamma Levels in the
Hippocampal Tissues

The hippocampal tissue levels of p-JAK2 and STAT3 were measured using kits pur-
chased from MyBioSource, Inc., San Diego, CA, USA (Catalog No. MBS7269637 and
MBS52515874, respectively). PPAR gamma levels in the hippocampal tissues were deter-
mined using kits supplied by CalibreScientific Global Distribution, Inc., Holland, OH, USA
(Catalog No. RDB-RDR-PPARg-Ra-96T).

2.6.6. Assessment of Phosphotylinosital-3-Kinase (PI3K)/Akt/Glycogen Synthase Kinase-3
(GSK-3p3) Signaling Pathway in the Hippocampal Tissues

PI3K levels were determined in the hippocampal tissues using kits purchased from
Biorbyt Ltd., Cambridge, UK (Catalog No. orb782226). The ratio of the levels of the
phosphorylated form of Akt (pS473) to the total Akt levels in the hippocampal tissues
was assessed using kits supplied by Thermo Fisher Scientific Inc., Branchburg, NJ, USA
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(Catalog No. 85-86046-11). Additionally, RayBiotech Life, Inc., Peachtree Corners, GA, USA
provided the kits required for the determination of the ratio between the phosphorylated
and the total forms of GSK-3f3 in the hippocampal tissues (Catalog No. PEL-GSK3b-59-T-1).

2.6.7. Quantification of the Hippocampal Tissue Content of Autophagy Markers

The hippocampal tissue levels of LC3-II levels were quantified using ELISA kits
obtained from MyBioSource, Inc., San Diego, CA, USA (Catalog No. MBS1600540). Addi-
tionally, RayBiotech Life, Inc., Peachtree Corners, GA, USA provided the kits required for
assessment of the ratio between the phosphorylated and the total forms of beclin-1 levels
in the hippocampal tissues (Catalog No. PEL-BECLIN1-5234-T-1).

2.6.8. Assessment of the Apoptotic Changes in the Hippocampal Tissues

Cleaved caspase 3 levels were measured in the hippocampal tissues using kits obtained
from Sunlong Biotech, Hangzhou, Zhejiang, China (Catalog No. SL1366Ra). BioVision, Inc.,
Waltham, MA, USA supplied ELISA kits that were used for quantification of Bax levels in
the hippocampal tissues (Catalog No. E4513).

2.7. Evaluation of the Histopathological Changes Induced by Different Treatments in the
Hippocampal Tissues

Parts of the right hippocampal hemisphere were immediately immersed in 10%
formaldehyde solution for 24 h, after which they were prepared to form paraffin blocks.
These blocks were cut with a microtome (Leica Biosystems, Deer Park, IL, USA) at 5 mi-
crons thickness, then left to dry overnight on glass slides in the oven at 37 °C. Then, these
slides were immersed in xylene for 15 min after which they were put in four changes of
absolute alcohol then immersed in descending grades of alcohol. After that, staining with
hematoxylin and eosin (H&E) took place for further examination under a light microscope
(Olympus, Tokyo, Japan). Counting of the numbers of Purkinje cells in the hippocampal
hemisphere was performed using Image] software (Version 1.52f), National Institutes of
Health at 20x magnification.

2.8. Detection of the Immunoexpression of Ki-67 in the Hippocampal Tissues

Sections from the hippocampal tissues were stained for immunohistochemical exami-
nation using the three steps indirect streptavidin method that utilizes Ki-67 monoclonal
antibody (SolA15) (Thermo Fisher Scientific, USA, Catalog No. 11-5698-82). The primary
antibody for Ki-67 was omitted under identical test conditions to obtain the technical
negative controls. Ki-67 positive staining was identified in the hippocampal tissues as
brown nuclear staining with a diffuse pattern. The expression of Ki-67 was assessed semi-
quantitatively and scored by counting at least 1000 cells in ten high-power fields. The
percentage of the positively-stained cells was regarded as the Ki-67 labeling index [37].

2.9. Assessment of the Electron Microscopic Changes in the Hippocampal Tissues

Specimens from the hippocampus were immersed in a mixture of 2% paraformalde-
hyde and 2.5% glutaraldehyde in a 0.1 M cacodylate buffer (pH 7.4). After that, these
specimens were fixed in an ice-cold fixative solution for 20 h and put in a mixture of
1% OsO4 and 0.8% K4[Fe(CN)¢]. Then, these specimens were dehydrated in a series of
different concentrations of ethanol which later on were embedded in epoxy resin. The
ultramicrotome was used to obtain ultra-thin sections of the hippocampal tissues of 60 nm
thickness which were then examined by transmission electron microscope (JEM-1200EX,
Jeol, Tokyo, Japan). Electronograms under a magnification of 50,000 x were obtained for
assessment of the number of the synaptic vesicles in the nerve endings.

2.10. Statistical Evaluation of the Obtained Data

Using GraphPad Prism software, version 9 (La Jolla, CA, USA), the data obtained from
the current study were statistically analyzed and displayed as mean =+ standard deviation
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(SD). Specifically, a one way-analysis of variance (ANOVA) test followed by a post-hoc
Tukey test were used to detect the differences between the different groups. Data regarding
the behavioral tests and eye-opening were statistically analyzed using non-parametric tests
including the Kruskal-Wallis and Mann-Whitney test. The degree of statistical significance
was acceptable when p-values were less than 0.05.

3. Results
3.1. Perindopril Restored the Growth and Maturation Rates of Rats Exposed Prenatally to VPA

Animals subjected to VPA prenatally exhibited retarded maturation, evidenced by
a significant reduction in the body weight gain (p = 0.003) and delayed eye-opening
(p < 0.001) relative to animals of the control group. Administration of DMSO to the animals
prenatally subjected to VPA did not significantly affect their growth and maturation rates
relative to the untreated rats exposed prenatally to VPA (p = 0.09). However, administration
of perindopril dose-dependently induced restoration of the body weight gain (p < 0.001)
with a significant increase in the eye-opening scores (p = 0.002) relative to rats exposed to
VPA alone in the prenatal period (Figures 2 and 3).

——Control

-=-VPA

—~-VPA + DMSO

~~VPA + Perindopril 0.5 mg/kg|

VPA + Perindopril 2 mg/kg

Days

Figure 2. Effect of the different treatments on the body weight gain (* significant VS the control
group; b significant VS sodium valproate group; ¢ significant VS sodium valproate group treated
with 0.5 mg/kg/day perindopril).

=+-Control

-=\PA

-+-\/PA + DMSO

=<VPA + Perindopril 0.5 mg/kg

VPA + Perindopril 2 mg/kg

11 12 13 14 15 16 17
Postnatal day

Figure 3. Effect of the different treatments on the mean eye-opening score (* sodium valproate group
VS the control group; # Perindopril groups VS sodium valproate group; $ The group treated with
2 mg/kg/day perindopril VS the group treated with 0.5 mg/kg/day perindopril).
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3.2. Perindopril Restored the Outcomes of the Behavioral Tests to the Reference Values in Rats
Exposed Prenatally to VPA

In the untreated rats exposed prenatally to VPA, there was significant delay in the
swimming behavior relative to animals of the control group (p < 0.001). Administration
of DMSO did not significantly affect the swimming behavior relative to the untreated
rats exposed prenatally to VPA (p > 0.05). Rats treated with perindopril exhibited dose-
dependent improvement of the swimming performance relative to the untreated rats
exposed prenatally to VPA (p < 0.001) (Figure 4).

-+Control

=VPA

-+VPA + DMSO

~VPA + Perindopril 0.5 mg

--VPA + Perindopril 2 mg

8 10 12 14 16
Age (Days)

Figure 4. Swimming performance score in the studied groups (" sodium valproate group VS the con-
trol group; # Perindopril groups VS sodium valproate group; $ The group treated with 2 mg/kg/day
perindopril VS the group treated with 0.5 mg/kg/day perindopril).

When compared versus the control group, the untreated rats exposed prenatally to
VPA exhibited significant prolongation of the cumulative self-grooming time (p < 0.001).
This prolongation was not significantly affected by administration of DMSO to rats ex-
posed prenatally to VPA (p > 0.05). Interestingly, this prolongation was dose-dependently
shortened with administration of perindopril (p < 0.001), thereby indicating its role in
normalization of the repetitive behavior (Figure 5).

150 - ok

-
o
o

1
*
*
*

Cumulative grooming time (Sec.)
[,
o o
1
[
K —
e

Figure 5. Self-grooming test in the studied groups (ns = non-significant; *** = p < 0.001).
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As shown in Figure 6, the untreated rats exposed prenatally to VPA exhibited signifi-
cantly disturbed social behavior manifested by the presence of non-significant differences
between the time spent by the tested animals in the empty chamber relative to that spent
in the chamber containing stranger 1 (p = 0.11). Dose-dependent prolongation of the time
spent by the tested animals in the chamber containing stranger 1 relative to the time spent
in the empty chamber was observed in the groups treated with perindopril and indicated
significant improvement of sociability.
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Figure 6. Three-chambered social test in the studied groups (ns = non-significant; *** = p < 0.001).

Significant diminution in the preference for social novelty and significant affection of
the social interaction behaviors were demonstrated in Figure 6 where the untreated rats
exposed prenatally to VPA did not show significant preference for the chamber containing
the newly introduced stranger 2 relative to the chamber containing the familiar stranger
1 (p = 0.09). Animals treated with perindopril exhibited dose-dependent significant pro-
longation of the time spent by the tested animals in the chamber containing the newly
introduced stranger 2 relative to that spent in the chamber containing the familiar stranger
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1. Administration of DMSO did not significantly affect any of the social behaviors relative
to the untreated rats exposed prenatally to VPA (p > 0.05).

3.3. Perindopril Restored the Normal Values of SIRT1 and the Redox Status in the Hippocampal
Tissues of Rats Prenatally Exposed to VPA

As depicted in Figure 7, prenatal exposure to VPA augmented oxidative stress in the
hippocampal tissues, as evidenced by significant elevation in tissue MDA levels (p < 0.001)
and significant decrement in the tissue levels of SIRT1 (p < 0.001) and antioxidant enzymes
(p < 0.001) when compared to the respective values detected in animals born to the control
mothers. Administration of DMSO to the animals prenatally subjected to VPA did not
significantly affect the tissue redox status (p > 0.05) and SIRT1 levels (p = 0.18) relative to
the untreated rats exposed prenatally to VPA. Interestingly, perindopril dose-dependently
had the ability to reverse these changes with a significant decrease in MDA levels (p < 0.001)
and significant elevation in SIRT1 (p < 0.001) and antioxidant enzymes levels (p < 0.001) in
the hippocampal tissues when compared versus rats prenatally exposed to VPA alone.
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Figure 7. Effect of the different doses of perindopril on SIRT1 levels and the redox status of the hip-
pocampal tissues of rats exposed prenatally to sodium valproate (*** = p < 0.001, ns = non-significant).

3.4. Perindopril Abrogated the Effect of VPA Prenatally on the Hippocampal Tissue Content of
TGF-p1, IL-1B, IL-6, and MCP-1

As demonstrated in Figure 8, significant elevation in the hippocampal tissue levels of
TGF-p1 (p < 0.001), IL-1f3 (p < 0.001), IL-6 (p < 0.001), and MCP-1 (p < 0.001) was detected
in rats exposed prenatally to VPA relative to the control group. No significant changes in
the aforementioned biochemical measurements were detectable with the administration
of DMSO to rats exposed prenatally to VPA (p > 0.05). Meanwhile, perindopril expressed
a dose-dependent ability to ameliorate the changes in the afore-mentioned parameters
induced by prenatal exposure to VPA (p < 0.001).
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Figure 8. Effect of the different doses of perindopril on TGF-f1, IL-13, IL-6, and
MCP-1 levels in the hippocampal tissues of rats exposed prenatally to sodium valproate
(*** = p <0.001, ns = non-significant).

3.5. Perindopril Mitigated the Effects of VPA Prenatally on the Hippocampal Tissue Content of
TLR4, NF-xB, Myelin Basic Protein, and NLRP3 Inflammasome

Significant elevation of the hippocampal tissue levels of TLR4 (p < 0.001), NF-«B
(p < 0.001), and NLRP3 inflammasome (p < 0.001) associated with a significant decline in
the hippocampal tissue levels of myelin basic proteins (p < 0.001) were obviously observed
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in animals prenatally exposed to VPA when compared versus the control group. Adminis-
tration of DMSO did not restore the levels of these parameters to approximate the normal
levels (p > 0.05). Nevertheless, administration of perindopril dose-dependently reversed the
aforementioned changes relative to those detected in the untreated rats exposed prenatally
to VPA (p < 0.001) (Figure 9).
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Figure 9. Effect of the different doses of perindopril on TLR4, NF-«B, myelin basic protein, and NLRP3
inflammasome levels in the hippocampal tissues of rats exposed prenatally to sodium valproate
(*** = p <0.001, ns = non-significant).

3.6. Perindopril Impeded the Changes Induced by VPA Prenatally in p-JAK2/STAT3/PPAR
Gamma Signaling in the Hippocampal Tissues

The results obtained from the present study revealed that VPA prenatally elicited
significant enhancement of p-JAK2/STAT3 signaling (p < 0.001) associated with a significant
decrease in PPAR gamma signaling (p < 0.001) in the hippocampal tissues relative to the
control rats. Although treatment of VPA-exposed animals with DMSO did not significantly
counteract the effects of VPA prenatally on the aforementioned parameters (p > 0.05),
perindopril exhibited dose-dependent ameliorative effects on the p-JAK2/STAT3 pathway
(p < 0.001) together with augmentation of PPAR gamma signaling in the hippocampal
tissues (p < 0.001) when compared versus the untreated VPA-exposed animals (Figure 10).
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Figure 10. Effect of the different treatments on p-JAK2, STAT3, and PPAR gamma levels in the
hippocampal tissues (*** = p < 0.001, ns = non-significant).

3.7. Perindopril Curtailed the Changes in PI3K/Akt/GSK-3p Pathway in the Hippocampal Tissues
Elicited by Prenatal Exposure to VPA

As depicted in Figure 11, prenatal exposure to VPA significantly affected PI3K/Akt/GSK-
33 signaling in the form of significant decline in PI3K (p < 0.001) and p-Akt/total Akt levels
(p < 0.001) with significant elevation in GSK-3f3 expression in the hippocampal tissues
(p < 0.001) relative to the control group. These changes were reversed with the administra-
tion of perindopril, in a dose-dependent manner, when compared to rats prenatally exposed
to VPA (p < 0.001). Treatment of VPA-exposed rats with DMSO did not significantly affect
PI3K/Akt/GSK-3p signaling when compared to the untreated rats exposed prenatally to
VPA (p > 0.05).
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Figure 11. Effect of the different treatments on the PI3K/Akt/GSK-3f axis in the hippocampal tissues
(*** = p <0.001, ns = non-significant).

3.8. Perindopril Curbed the Effects of VPA Prenatally on the Autophagy Markers in the
Hippocampal Tissues

Figure 12 demonstrated the effect of different treatments on the autophagy markers.
The significant decrease in the hippocampal tissue content of beclin-1 (p = 0.002) and
LC3-II levels (p < 0.001) induced by VPA prenatally relative to the control group was
dose-dependently mitigated with the administration of perindopril (p < 0.001). However,
treatment of rats prenatally exposed to VPA with DMSO did not exhibit significant changes
in the hippocampal tissue levels of beclin-1 (p = 0.16) and LC3-II (p = 0.21) relative to the
untreated VPA-exposed group.
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Figure 12. Effect of the different treatments on beclin-1 and LC3-II levels in the hippocampal tissues
(*** = p <0.001, ns = non-significant).
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3.9. Perindopril Attenuated the Pro-Apoptotic Changes in the Hippocampal Tissues Created by
Prenatal Exposure to VPA

As shown in Figure 13, prenatal exposure to VPA elicited significant elevation of
cleaved caspase 3 (p < 0.001) and Bax levels (p = 0.004) in the hippocampal tissues relative
to the control group. Although the treatment of VPA-exposed rats with DMSO did not
affect these apoptotic markers (p > 0.05), perindopril dose-dependently ameliorated these
apoptotic changes with significant decline in tissue cleaved caspase 3 (p < 0.001) and Bax
levels (p < 0.001) when compared versus the untreated VPA-exposed group.
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Figure 13. Effect of the different treatments on cleaved caspase 3 and Bax levels in the hippocampal
tissues (*** = p < 0.001, ns = non-significant).

3.10. Perindopril Counteracted the Effects of VPA Prenatally on the Histopathological Picture of the
Hippocampal Tissues

The hippocampal tissues of the control group showed compact layers of small and
large pyramidal cells with polygonal cell bodies, vesicular nuclei, and prominent nucle-
oli (Figure 14A). Both sodium valproate and sodium valproate + DMSO groups showed
decreased thickness of the pyramidal cell layer, an increased number of the dystrophic
apoptotic neurons, shrunken hyperchromatic pyknotic nuclei, and condensed chromatin
(Figure 14B,C, respectively). Treatment with perindopril revealed a dose-dependent de-
crease in the number of the apoptotic neurocytic nuclei associated with a noticeable increase
in the number of the normal nuclei (Figure 14D,E).

3.11. Perindopril Induced Significant Detrimental Effects on Ki-67 Immunoexpression in the
Hippocampal Tissues of Rats Prenatally Exposure to VPA

In rats prenatally exposed to VPA, the hippocampal tissues exhibited strong positive
Ki-67 immunostaining relative to the control group (Figure 15A,B,F). Treatment with
DMSO did not significantly modulate the extent of Ki-67 immunostaining relative to
the untreated VPA-exposed group (Figure 15C,F). VPA-exposed animals treated with
perindopril exhibited a dose-dependent decline in tissue Ki-67 immunostaining relative to
the untreated VPA-exposed animals (Figure 15D-F).
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Figure 14. A photomicrograph of H&E stained sections from the hippocampus of (A) the control
group with regular adherent arrangement of the pyramidal cells with normal distribution of the
polygonal cell bodies, vesicular nuclei, and prominent nucleoli (H&E x400). (B) Sodium valproate
group with disrupted arrangement of the pyramidal cells, evident decrease in the pyramidal cell
mass, dystrophic neurons, shrunken hyperchromatic pyknotic nuclei, and condensed chromatin
(H&E x400). (C) Sodium valproate group treated with dimethyl sulfoxide showing dystrophic
apoptotic neurons with shrunken hyperchromatic pyknotic nuclei and condensed chromatin (H&E
%x400). (D) Sodium valproate group treated with 0.5 mg/kg/day perindopril showing moderate
decrease in the number of the apoptotic neurocytic nuclei with evident increase in the number of
the normal nuclei (H&E x400). (E) Sodium valproate group treated with 2 mg/kg/day perindopril
showing increased number of the normal neurons (Arrows) and marked decrease in the number of
the apoptotic neurons (Arrow heads) (H&E x400).

3.12. Perindopril Significantly Mitigated the Electron Microscopic Changes in the Hippocampal
Tissues Elicited by Prenatal Exposure to VPA

As depicted in Figure 16C,D, rats treated with sodium valproate alone showed a
significant reduction in the packing density of the synaptic vesicles in the presynaptic
area with swelling of the nerve endings, blurred and thickened structure of the synap-
tic cleft without clear marked pre- and post-synaptic membranes, and ultra-structurally
changed mitochondria with a blurred cristae structure (M). Administration of DMSO did
not significantly influence the electron microscopic changes induced by sodium valproate
administration (Figure 16E,F). Administration of perindopril dose-dependently combatted
the electron microscopic changes induced by sodium valproate administration, manifested
by restoration of the normal distribution of the synaptic vesicles in the presynaptic area,
improvement of the post-synaptic density of the synaptic cleft with clearly marked pre-
and post-synaptic membranes, and restoration of the normal architecture and distribution
of the mitochondria (Figure 16G,H).
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Figure 15. A photomicrograph of Ki-67 stained sections (Streptavidin biotin x 400) of the hippocam-
pus of (A) the control rats showing negative immune reactivity of the pyramidal cells to Ki-67.
(B,C) Sodium valproate and sodium valproate + DMSO-treated groups, respectively, showing
strongly positive immunostained apoptotic nuclei (Arrows). (D) Sodium valproate group treated
with 0.5 mg/kg/day perindopril showing decreased immune reactivity of the neurocytic nuclei to
Ki-67 (moderate expression) (Arrows) with a noticeable increase in number of the negatively stained
normal nuclei. (E) Sodium valproate group treated with 2 mg/kg/day perindopril showing marked
decrease in immune reactivity (weak expression) of the neurocytic nuclei to Ki-67 (Arrows). (F) The
Ki-67 labeling index (*** = p < 0.001, ns = non-significant).

Figure 16. Electron micrographs of ultrathin sections in the hippocampus from rats of (A,B) the
control group showing normal appearance of the synaptic cleft (Arrow head), well-defined structure
of the synapses with accurate postsynaptic density (Long arrow), normal distribution of the synaptic
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vesicles (SVs), and normally-shaped mitochondria with normal cristae pattern (M) appearing within
their axoplasm. (C,D) Sodium valproate group showing reduced packing density of the synaptic
vesicles (SVs) in the presynaptic area with swelling of the nerve endings, blurred and thickened
structure of the synaptic cleft without clear marked pre- and post-synaptic membranes (Long arrow),
and ultra-structurally changed mitochondria with a blurred cristae structure (M). (E,F) Sodium
valproate group treated with DMSO showing scanty distribution of the synaptic vesicles (SVs) in the
presynaptic area, marked increase in the post-synaptic density of the synaptic cleft with blurred pre-
and post-synaptic membranes (Long arrow), and dilated mitochondria with disrupted cristae (M).
(G) Sodium valproate group treated with 0.5 mg/kg/day perindopril showing moderate distribution
of the synaptic vesicles (SVs) in the presynaptic area, improvement of the post-synaptic density of
the synaptic cleft with clearly marked pre- and post-synaptic membranes (Long arrow), and dilated
mitochondria with preserved cristae (M). (H) Sodium valproate group treated with 2 mg/kg/day
perindopril showing normal distribution of the synaptic vesicles (SVs) in the presynaptic area, well-
defined structure of the synapses with accurate postsynaptic density (Long arrow), and normally
distributed mitochondria with normal cristae pattern (M). The illustrations were constructed using
SMART SERVIER MEDICAL ART at https://smart.servier.com/, the accessed date was 18 May 2023.

4. Discussion

Autism spectrum disorder includes a wide range of neurodevelopmental disabilities
characterized by marked affection of the social skills and abnormal repetitive behaviors,
speech, and communication [38]. Many subtypes of autism spectrum disorder are recog-
nized which are determined by a combination of genetic and environmental elements [39].
The exact etiology of this disorder is not yet fully explored, although affection of the redox
status and the inflammatory cascade in the hippocampal tissues together with disruption
of the balance between the autophagic and the proapoptotic signals are recognized by
recent research as strong contributing factors [40]. This was in agreement with the find-
ings encountered in the present study where rats prenatally exposed to VPA exhibited
significant affection of the growth, maturation, motor development, and repetitive and
social behaviors relative to the control group. VPA was used in the present study to induce
a model of autism based on previous reports that indicated that the autism spectrum
disorder induced by VPA has a close similarity to the human data concerning autism [41].
Qi et al. [42] attributed the delayed maturation and motor development together with
the incoordination of reflexes induced by prenatal exposure to VPA to its ability to affect
the synaptic activity with modulation of the neuronal excitability. The social deficits and
the repetitive behaviors elicited by prenatal exposure to VPA were thought to be due to
interference with GABAergic signaling with subsequent disruption of the balance between
the excitatory and the inhibitory neurotransmitters in the brain leading to delayed neural
circuits with the net result of impairment of the social interactions and communication
with increased repetitive behaviors [43].

In the present study, the hippocampus was selected for molecular, histopathological,
and electron microscopic analysis due to its critical role in the pathogenesis of autism
phenotype [44]. Autism is characterized by impaired social communication and repetitive
behavior in addition to difficulties involving cognition, memory, learning, language ability,
emotions, and creation of the cognitive map [45]. The hippocampus was proven to play a
critical role in learning, memory, spatial reasoning, perception of emotions to others, and
elaboration of reciprocal social interactions which are impaired in patients with autism [46].
Moreover, the ongoing research showed structural and functional changes in the hippocam-
pus more than other regions of the brain in children with autism [47]. These changes
may be related to altered blood flow, metabolism, morphology, and neuroimmunity and
impairment of the connectivity to other brain areas [48]. Furthermore, there is a strong
evidence that social and behavioral deterioration occurs between the age of one-and-a-half
to two years which is the same period related to the major hippocampal developmental
milestones and responsible for connections between the hippocampus and the other impor-
tant areas in the brain [49]. So, the study of the hippocampus is very important in autism
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research due to the strong evidence of its relation to the pathogenesis of autism. SIRT1
protein is nicotinamide adenine dinucleotide dependent histone deacetylase that functions
as a transcription factor for a wide range of physiological processes in the different body
systems [50]. Recent reports suggest that there is a close relationship between SIRT1 levels
in the cerebral tissues and the pathogenic events that occur in autism [43]. Bu et al. [51]
stated that SIRT1 combats oxidative stress in the neuronal tissues possibly via enhancing
the expression of peroxisome proliferator-activated receptor-y co-activator 1a (PGC-1)
with subsequent inhibition of ROS production. In addition, SIRT1 enhances the expression
of the antioxidant enzymes via the FoxO pathway [52]. Moreover, SIRT1 was proven to
inhibit the inflammatory responses in the neural tissues, an action that is mediated via mod-
ulation of NLRP3 inflammasome and NF-«B signaling [53]. The increased level of ROS was
reported to suppress SIRT1 activity by oxidative modification of its cysteine residues [52].
This coincided with the findings of the present study where rats prenatally exposed to
VPA exhibited a significant decrease in SIRT1 levels which was associated with significant
deterioration of the antioxidant defense mechanisms and significant enhancement of the
inflammatory cascade relative to the control group. These changes were reversed with
the administration of perindopril which was in line with Zhu et al. [54] who reported that
perindopril increases the level of SIRT1 with subsequent enhancement of the antioxidant
and the anti-inflammatory pathways.

Accumulating data had proven that the crosstalk between TLR4, NF-kB, and NLRP3
inflammasome is the keystone of the pathogenic events that occur in autism [55,56].
Malaguarnera et al. [57] reported that the neuroinflammation induced by prenatal ex-
posure to VPA in autism spectrum disorders increases the hippocampal tissue levels of
TLR4 and NF-«kB which enhance the progression of the pathogenic events of autism via
increased expression of TGF-f31, MCP-1, and the proinflammatory cytokines. This inflam-
matory storm in the hippocampal tissues was proven to be associated with the activation
of NLRP3 inflammasome with subsequent enhancement of caspase 1 expression with
activation of the apoptotic pathways in the hippocampal tissues [58,59]. Agents that in-
terfere with TLR4/NF-«B/NLRP3 inflammasome signaling in the hippocampal tissues
were proven to significantly mitigate the neuroimmune dysregulation frequently encoun-
tered in autism [60]. These reports coincided with the findings of the present study where
prenatal exposure to VPA elicited significant elevation of the hippocampal tissue levels
of TLR4, NF-«B, NLRP3 inflammasome, Ki-67, TGF-31, MCP-1, and the proinflammatory
cytokines associated with significant apoptotic changes relative to the control group. In-
terestingly, these changes were dose-dependently ameliorated with the administration of
perindopril. This was in line with the reports by El-Shoura et al. [61] who attributed the
anti-neuroinflammatory effects of perindopril to inhibition of the TLR4/NF-«B axis. In
addition, Zhang et al. [62] stated that perindopril interferes with the pathways of activation
of NLRP3 inflammasome, minimizing the levels of the proinflammatory cytokines, and
enhancing the antiapoptotic signaling pathways.

Myelin basic protein is one of the most prevalent proteins in the myelin sheath of the
central nervous system [63]. It helps with adhesion of the cytosolic surfaces of multilay-
ered compact myelin, thus playing a role in neurotransmission [64]. The current study
demonstrated a significant decrease in myelin basic proteins levels in the hippocampal
tissues of rats prenatally exposed to VPA. This coincided with Graciarena et al. [65] who
stated that VPA administration elicited alterations in oligodendroglial-lineage cells and
induced hypomyelination which may be considered as the neuropathological hallmarks of
autism. Moreover, Gonzalez-Gronow et al. [66] explained the significant decrease in the
tissue levels of myelin basic proteins in cases with autism by the development of catalytic
autoantibodies to these proteins with the net result of hypomyelination and significant
affection of neurotransmission. In agreement with our findings, Sayed et al. [28] reported
that the anti-inflammatory effects of perindopril may be via targeting the extracellular
signal-regulated kinase (ERK) and interference with the nuclear translocation of c-Fos, a
subunit of the activator protein (AP)-1.
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Accumulating evidence highlighted the role played by the JAK2/STAT3 axis and
PPAR-gamma signaling in the pathogenesis of autism spectrum disorders [11]. Upon
activation by the proinflammatory cytokines released in cases with autism, JAK2 receptors
were proven to enhance STAT3 phosphorylation in the astrocytes and microglia [67,68].
Consequently, this phosphorylation initiated certain cellular events that lead to profound
mitochondrial damage, activation of the apoptotic pathways, wide-spread neuroinflam-
mation, and induction of reactive gliosis [11]. Interestingly, PPAR gamma was proven to
effectively modulate the JAK2/STAT3 axis in the neurological tissues [69]. Agents that in-
crease PPAR gamma levels in the brain were reported to combat the inflammatory cascade
via inhibiting JAK 1, 2, STAT 1, and 3 phosphorylation [11]. Endogenous PPAR gamma lig-
ands were proven to suppress chemokine protein production induced by interferon gamma
and abrogate the JAK/STAT signaling pathway [70]. This was in line with the findings of
the present study where prenatal exposure to VPA enhanced JAK2/STAT3 signaling and
inhibited the expression of PPAR gamma in the hippocampal tissues relative to the control
group. However, administration of perindopril in the current work dose-dependently
increased the hippocampal tissue levels of PPAR gamma which was able to abrogate the
phosphorylation and inhibit the activity of JAK2/STAT3 signaling pathway. These effects
were supported by Sen and Haciosmanoglu [27] who demonstrated that perindopril ex-
erted potent anti-inflammatory effects in the brain tissues via upregulation of PPAR gamma
which have potent inhibitory effects on the different levels of the inflammatory cascade.
Moreover, El-Shoura et al. [71] threw light on the JAK2/NF-«kB p65 pathway as a potential
target for the anti-inflammatory effect of perindopril.

Coinciding with the data obtained from the present study, the results of the recent
research have shone a light on the crucial role played by PI3K/Akt/GSK-3f signaling
in the pathogenesis of autism [13]. Prenatal exposure to VPA was reported to mitigate
PI3K/ Akt -mediated autophagic activity with the disappearance of the autophagosomes in
the hippocampal tissues [72]. Subsequently, GSK-33 was freed from the inhibitory effect
exerted by PI3K/ Akt signaling resulting in the activation of the GSK-3f3 / 3-catenin pathway
with the net result of massive affection of the hippocampal neurons [14,73]. Amazingly,
perindopril in the current work elicited a significant increase in PI3K and p-Akt/total Akt
levels with significant decrement in GSK-3f3 expression in the hippocampal tissues when
compared versus the VPA group. Similar data were demonstrated by Zakaria et al. [74] who
reported that targeting the PI3K/Akt/GSK-3 axis by perindopril can efficiently ameliorate
a wide range of inflammatory disorders, possibly through restoration of autophagy and
mitigation of the inflammatory response.

In autism spectrum disorder, disturbed autophagy/apoptosis balance was regarded
as the key event that is responsible for the main pathognomonic features of autism [75]. In
agreement with the results of the current work, VPA was reported to initiate the apoptotic
cascade in the hippocampal tissues by activation of caspase 1 via mechanisms related to
NF-kB/NLRP3 inflammasome signaling [76]. At the same time, significant affection of
PI3K/Akt/mTOR-mediated autophagy was proven to significantly affect the viability of
the hippocampal neurons with subsequent deterioration of motor development and social
behavior [72]. Interestingly, the results of the current work have confirmed the hypothesis of
Zhu et al. [54] who stated that the beneficial effects of perindopril can be attributed, at least
in part, to its ability to restore autophagy /apoptosis balance in the different body tissues.

5. Conclusions

The data herein presents perindopril as a promising agent for amelioration of the
pathogenic changes of autism spectrum disorders. This may be attributed to its dose-
dependent modulatory effects on sirtuin-1, oxidative stress, PI3K/Akt/GSK-3/3 pathway,
JAK2/STAT3 axis, and PPAR-gamma signaling in addition to its potent anti-inflammatory
and antiapoptotic effects. Further studies that shed light on the molecular mechanisms by
which perindopril produce these effects and properly evaluate the clinical significance of
these findings are vitally needed.
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