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Abstract: Autism spectrum disorder (ASD) is a common neurodevelopmental condition mainly
characterized by both a scarce aptitude for social interactions or communication and engagement
in repetitive behaviors. These primary symptoms can manifest with variable severity and are often
paired with a heterogeneous plethora of secondary complications, among which include anxiety,
ADHD (attention deficit hyperactivity disorder), cognitive impairment, sleep disorders, sensory
alterations, and gastrointestinal issues. So far, no treatment for the core symptoms of ASD has yielded
satisfactory results in a clinical setting. Consequently, medical and psychological support for ASD
patients has focused on improving quality of life and treating secondary complications. Despite no
single cause being identified for the onset and development of ASD, many genetic mutations and risk
factors, such as maternal age, fetal exposure to certain drugs, or infections have been linked to the
disorder. In preclinical contexts, these correlations have acted as a valuable basis for the development
of various murine models that have successfully mimicked ASD-like symptoms and complications.
This review aims to summarize the findings of the extensive literature regarding the pharmacological
and nutraceutical interventions that have been tested in the main animal models for ASD, and their
effects on core symptoms and the anatomical, physiological, or molecular markers of the disorder.

Keywords: autism spectrum disorder; murine model; therapeutic strategies

1. Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disease which is identi-
fied and diagnosed by two core symptoms: a scarce tendency for social interactions and
engagement in repetitive behaviors. These behavioral symptoms remain today the main
criteria used to diagnose ASD, and they start to manifest in children between the second
and fourth year of age [1]. Beside core symptoms, these patients show a higher incidence
of sleep problems, gastrointestinal issues, altered sensory reactions, anxiety, depression,
ADHD (attention deficit hyperactivity disorder), and eating disorders when compared to
the general population [2]. Although ASD causes have yet to be fully described, many risk
factors for ASD pathogenesis have been discovered, such as genetic background, exposure
to some drugs or pathogens during pregnancy, advanced maternal age, and gestational
diabetes. These elements have been previously shown to interfere with normal neurode-
velopment, causing ASD-linked features such as neuroinflammation, oxidative stress, and
mitochondrial dysfunction, imbalance between excitatory and inhibitory neurotransmis-
sion (E/I imbalance), and dysregulated synaptic pruning [3]. Therapy-wise, no successful
treatment for the core symptoms of ASD has been approved yet, and so far, ASD treatment
has focused on managing the secondary symptoms through psychological or educational
support and pharmaceutical intervention. In the search for a satisfying therapy for ASD,
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many preclinical models have been developed and have shown high face value and good
potential for the testing and evaluation of new treatments. This process was considerably
accelerated by genome-wide association studies, which identified a plethora of ASD-linked
gene variants [4], some of which were then replicated in various mouse strains (Table 1).
Other ASD murine models are characterized by the idiopathic onset of the disorder, either
by complex genetic background, as in the BTBR mouse strain, or as a consequence of fetal
exposure to valproic acid (VPA), a drug known to increase the risk of developing ASD in
humans when exposed during pregnancy [5]. Murine models currently employed in ASD
research are characterized by behaviors, inflammatory profiles, poor gut health, and brain
anatomical and physiological alterations that closely resemble those often found in ASD
patients. This review aims to briefly list and discuss previous original research articles
regarding nutraceutical and pharmacological interventions in preclinical murine models of
ASD. More specifically, the review will consider the current literature regarding preclinical
original research articles on ASD murine models in which the therapeutic effect on both
ASD-like behaviors and on phenotypic manifestations linked to ASD are evaluated.

Table 1. Table summarizing the gene or genetic loci altered in the most common genetic murine
models for ASD (right) and the number of studies included in this review for each mouse model.
This table does not include the number of studies employing idiopathic murine models for ASD such
as VPA treated mice or BTBR mice.

Genetic Alteration Number of Studies Reviewed

16p11.2 deletion
Actin like 6B (Actl6b)

Activity dependent neuroprotector homeobox (Adpn)

Activity dependent neuroprotector homeobox (Ambral)

Ankyrin repeat and sterile alpha motif domain containing 1B (Anks1b)
Rho GTPase activating protein 32 (Arhgap32)

Rho guanine nucleotide exchange factor 10 (Arhgef10)

AT-rich interaction domain 1B (Arid1b)

ASHL1 like histone lysine methyltransferase (Ashll)

ATPase phospholipid transporting 8A1 (Atp8al)

Ataxinl (Atxn1)

Brain and Muscle ARNT-Like 1 (Bmall)

Arginine vasopressin receptor 1B (Avprlb)

Cell cycle associated protein 1 Caprinl

Coiled coil and C2 domain containing 1A (Cc2d1a)
Chromodomain helicase DNA binding protein 2 (Chd2)
Chromodomain helicase DNA binding protein 8 (Chd8)
Capicua transcriptional repressor (Cic)

Contactin associated protein 2 (Cntnap2)

Cullin 3 (cul3)

DEAD-box helicase 3 X-linked (Ddx3x)
Disco interacting protein 2 homolog A (Dip2a)
DLG associated protein 1 (Dlgap1)

Engrailed homeobox 2 (En2)

Fibroblast growth factor 17 (Fgf17)

Forkhead box P2 (Foxp2)

Gamma-aminobutyric acid type A receptor subunit beta3 (Gabrb3)

Integrin subunit beta 3 (Itgb3)

Lysine methyltransferase 5B (Kmt5b)

Methyl-CpG binding protein 2 (Mecp2)

Fragile X messenger ribonucleoprotein 1 (Fmr1)
MET proto-oncogene, receptor tyrosine kinase (Met)

neuroligin 3 (Nlgn3)

Neuronal differentiation 2 (Neurod2)
Neuronal growth regulator 1 (Negrl)

opioid receptor mu 1 (Oprml1)

N N N e N N N O e N S e N N N
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Table 1. Cont.

Genetic Alteration

Number of Studies Reviewed

Oxytocin receptor (Oxtr)

Protocadherin 19 (Pcdh19)

Pogo transposable element derived with ZNF domain (Pogz)
Phosphatase and tensin homolog (Pten)

RAB39B, member RAS oncogene family (Rab39b)

Reelin (reln)

Bifunctional polyamine/amino acid permease SAM3 (Sam3)
Sodium voltage-gated channel alpha subunit 2 (Scn2a)
SUMO specific peptidase 1 (Senp1)

SET domain containing 5 (Setd5)

SH3 and multiple ankyrin repeat domains 2 (Shank2)

SH3 and multiple ankyrin repeat domains 3 (Shank3)

TAO kinase 2 (Taok2)

T-box brain transcription factor 1 (Tbrl)

Ubiquitin protein ligase E3A (Ube3a)

Urocortin 3 (Ucn3)

UPF2 regulator of nonsense mediated mRNA decay (Upf2)
UPE3B regulator of nonsense mediated mRNA decay (Upf3b)
Solute carrier family 30 member 3 (ZnT3)

N

EC}J\\\\\\I\J\\

NN N

2. Neurotransmission Modulation

Neurotransmission modulation represents a key event in ASD, together with efficient
circuitry establishment. They are influenced by the type and amount of neurotransmit-
ters involved, as well as the expression of their receptors, the type and number of active
synapses, and thus the neural interconnection [6]. In this context, modulation of neuro-
transmission may be a possible target for understanding the underlying mechanisms of
ASD and, therefore, a therapeutic approach.

2.1. Peptides

Duffney and collaborators (2015) [7] behaviorally and molecularly evaluated Shank3+/AC
juvenile male mice. The Shank3 gene encodes a scaffolding protein at postsynaptic density
(PSD) of glutamatergic synapses, which has been demonstrated to be important in ASD
behavior, so this is considered a model for this pathology [8]. Indeed, Shank3-deficient
mice mimicked the impaired social behaviors typical of ASD, together with a decrease in
NMDA-type glutamate receptor (NMDAR) synaptic function and its distribution in the
prefrontal cortex [7,9,10]. These deficits were correlated with altered Racl/PAK/ cofilin
signaling and dysregulated F-actin in the frontal cortex, which were partially reversed
by intraventricular injection of TAT-p-cofilin peptide [7]. These preliminary assumptions
potentially link cytoskeleton organization and plasticity at the synaptic level with receptor
trafficking and behavioral symptoms, although this association will need subsequent data
to be proved.

2.2. Pharmacological Compounds

Qin and collaborators (2015) investigated the effect of acute intraperitoneal admin-
istration of R-baclofen in an adult male animal model of Fragile X Syndrome (Fmr1 KO
mice) [11]. In this model, an imbalance between glutamatergic excitatory signaling and
GABAergic (gamma-aminobutyric acid) inhibitory signaling has been described, just as in
ASD patients, together with an increased protein synthesis rate in brain tissue. R-baclofen is
a selective GABAB receptor agonist and has been successfully used in animal models, with
potentially interesting results in a Phase 2 clinical trial [12]; nevertheless, a Phase 3 clinical
trial did not show effectiveness in ASD patients, and was consequently ended (as referred
to in Qin et al., 2015 [11]). In this research context, Qin and collaborators [11] demonstrated
a positive effect of acute R-baclofen in a social behavioral test with a reversed elevated
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protein synthesis rate in vivo, in particular in the dorsal hippocampus. Interestingly, this
study supported the role of the mammalian target of the rapamycin (mTOR) pathway in
the regulation of protein synthesis, especially at synapse levels. Finally, a compensatory
increase in metabotropic glutamate receptor 5 expression in the frontal cortex could explain
the tolerance to the treatment observed in human studies. Also interestingly, in 2021,
Mohrle and collaborators administered (acute and systemic) R-baclofen in Cntnap2 KO rat
model (female and male) and showed a recovery of ASD-related altered sensory processing
caused by E/I imbalance in the auditory brainstem [13]. Additionally, brain amino acid
levels in the nucleus reticularis pontis caudalis (PnC) were increased (glutamine, glutamate,
and GABA) in the Cntnap2 KO rat when compared to control. Thus, for the authors,
this brain area represents the most promising target for R-baclofen (ClinicalTrials.gov ID
NCT01352611). Furthermore, Fmrl KO adult male mice were used to test long term admin-
istration of fluoxetine in drinking water (about 10 mg/kg/day), a member of the class of
selective serotonin reuptake inhibitor compounds [14], which are antidepressant drugs that
are also commonly prescribed to young ASD patients [15]. Fluoxetine inhibited anxiety-like
behavior and normalized locomotor activity; moreover, BDNF and TrkB protein expression
decreased and increased, respectively, in comparison to the control treatment. On the
contrary, fluoxetine did not affect the expression of these molecules in the hippocampus;
therefore, they may not be related to the anxiety phenotype. It is noteworthy that the clini-
cal use of fluoxetine is not supported by strong evidence in ASD patients [16], especially
considering that its effects have been observed to be highly variable within the ASD patient
population, with some notable side effects [17] (ClinicalTrials.gov ID NCT00027404). Very
recently, the role of TrkB in young Fmr1~/~ mice has been investigated [18] considering
the physiological role of BDNF-TrkB signaling for neuronal morphogenesis and synaptic
plasticity [19]. The mice (2 weeks old) were intraperitoneally injected daily for 16 days with
7,8-Dihydroxyflavone (7,8-DHF), a high-affinity TrkB agonist, and the results showed a
morphological improvement in dendritic spine and synaptic structure and rescued synaptic
and hippocampus-dependent cognitive dysfunction, increasing p-TrkB and activating the
PLCy1-CaMKII signaling pathway. These data indicate that early intervention on this target
could have future clinical applications. Furthermore, in the same animal model (Fmr1 KO
adult male mouse), Liu and collaborators (2011) supplemented the diet with lithium from
weaning (21 days) to 12 weeks [20]. Lithium is not considered a micronutrient, even if it is
present in foods, and is a mood stabilizer used clinically to treat bipolar disease [21]. Its
effects are mediated by several known mechanisms, and among them, the inhibition of
glycogen synthase kinase-3 (GSK-3) [22] is considered the principal mediator. Lithium treat-
ment has also been found to partially normalize general anxiety levels and dendritic spine
morphology in the prefrontal cortex (ClinicalTrials.gov ID NCT04623398). Additionally, the
chronic administration (8-18 days) of sodium bromide (NaBr) has been recently tested by
Derieux and collaborators (2022) [23] in three animal models: Oprml_/ =, Fmrl~/—, and
Shank34X13-16 mjce (male and female, aged 8-12 weeks), which showed relieved ASD-like
behaviors. In addition, in Oprm1~/~ mice, it increased the expression of genes coding
for chloride ion transporters, GABAA receptor subunits, oxytocin, and mGlu4 receptors.
The results revealed a possible therapeutic use of NaBr alone or in combination with a
positive allosteric modulator of the mGlu4 receptor. With regard to Fmr1~/~ mice, a link
between the Rac/PAK pathway and Fmr1 has been proposed [24]. Dolan and collaborators
(2013) presented a PAK inhibitor, called FRAX486, able to modulate ASD-like behaviors
and reverse spine phenotype in adult Fmr1~/~ mice (aged 10-17 weeks) after acute or
chronic treatment [25]. Subcutaneous administration was viable because of the ability of
FRAX486 to cross the blood brain barrier. Furthermore, an interesting early correction
strategy has been recently proposed with the use of memantine in Shank2-KO mice [26,27].
This animal model showed a decrease in NMDAR function and ADS-like behavior at the
juvenile (around day 21) and adult stages, while an opposite trend was observed around
day 14, where an increase in NMDAR function was reported. Thus, the early and chronic
administration of memantine, at between 7 and 21 days of age, exerted NMDAR modula-
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tion but also downstream modulation of gene expression related to chromatin remodeling,
mitochondria, and actin. Interestingly, this prevented the onset of ASD-like behavior in the
adult stage.

2.3. Nutritional Factors

Another point to consider in ASD occurrence surrounds environmental influences and
the nutritional factors associated with this pathology. Among them, zinc has been widely
discussed, because this trace element has a pivotal role in human health and its deficiency
has been associated with ASD [28,29], even if strong supporting data are lacking. In this
regard, Lee and collaborators (2015) [30] described the behavioral beneficial effects of clio-
quinol, a zinc chelator and ionophore, administration (acute and intraperitoneally) in two
mouse models, Tbr1*/~ and Shank2~/~ male mice, with reduced NMDAR function [31,32].
The results of this study suggest that clioquinol enhanced NMDAR function through Src
activation [33]. These data are also supported by experiments on ZnT3~/~ male and female
mice [34], which showed that post-synaptic zinc ameliorated social interaction deficits in
the two behaviorally tested mouse models. Additionally, zinc supplementation, both in
young mice and during maternal gestation, has been tested and has consistently generated
some positive results. Zinc supplementation was tested in young mice for 6 weeks from
weaning (postnatal day 21), in particular in Shank3¢X13-16=/~ male and female mice given
a zinc supplementation diet (150 ppm, 30 ppm as control) [35] or in BTBR male mice given
a zinc water supplementation (60 ppm) [36]. Additionally, other experiments have tested
the potential of prenatal zinc supplementation in ASD prevention in VPA mice (2 mg/kg
subcutaneously, 1 h before valproic acid treatment) [37] and a Shank3~/~ mouse model
(maternal zinc supplementation diet 150 ppm, 30 ppm as control) [38]. In particular, this
last work presented interesting results showing that maternal dietary zinc supplementation
during pregnancy and lactation protected against the development of ASD associated be-
havioral and synaptic changes at the glutamatergic cortico-striatal pathway in the offspring
and, remarkably, these beneficial effects were maintained into adulthood. The use of zinc
in clinical trials has also been reported. Among these reports, a timing-necessity where
the early treatment could be a key factor in promoting the normal development of the
nervous system, stabilizing future interconnections, which could have a long-term effect in
adulthood. Today, the clinical trials performed with some of the described compounds are
not satisfactory, to our knowledge, for widespread use.

3. Oxytocin

Extensive research has demonstrated a wide role for oxytocin (OXT) in developing
and strengthening interpersonal bonding. OXT is mainly synthesized in the hypothalamus
at the level of the supraoptic nucleus (SON) and paraventricular nucleus (PVN), and later,
it is released into the bloodstream. Then, OXT modulates lactation and uterine contraction
during labor, among other physiological properties, while in the central nervous system
(CNS), many aspects of human social behavior have been linked to OXT’s action as a
neurotransmitter and neuromodulator. Mutations affecting the oxytocin receptor (OXTR)
have been linked to ASD core symptoms. Moreover, ASD patients often display significantly
reduced levels of serum OXT [39]. Similarly, mice with altered OXTR expression or OXT-
related neurotransmission display decreased social preference and are, therefore, commonly
employed as ASD animal models [40]. More specifically, OXTR-null mice have been found
to show limited social interest and impaired social recognition, together with an increased
susceptibility to seizure-causing stimuli; interestingly, this has been paired with normal
motor activity and anxiety-like behavior [41]. In these mice, OXT elicited a positive effect on
social deficits, which was then neutralized by vasopressin receptor 1a (V1a) blocking. This
effect was hypothesized to be caused by the structural similarity of OXT and vasopressin,
which allows it to act through vasopressin receptors and yield a similar response in the CNS.
Interestingly, the authors showed how vasopressin receptors and OXTR located slightly
differently in the CNS [41], suggesting that the V1a-mediated effect may moderately differ
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from the normal OXTR one and that such differences may emerge in subsequent pre-clinical
or clinical studies. Cntnap2 KO leads to, together with ASD-like behavioral symptoms, a
significant decrease in OXT immunoreactivity and OXT positive cells in the PVN, which
becomes visible a few weeks after birth. Although these symptoms are positively affected
by OXT therapy, a notable difference has been determined in OXT chronic administration
when treatment begins one week rather than five weeks after birth. These data suggest
that endogenous OXT decreases progressively in Cntnap2 KO mice and that there is a
timeframe in neural development where intranasal exogenous OXT administration can
yield the best results. Interestingly, in these mice, acute OXT treatment was significantly
impacted by blocking OXTR, but not V1a, which suggests that OXTR, when expressed,
remains the main effector of OXT-mediated behavioral improvements [42]. A recent paper
on the same ASD murine model better characterized a neuromodulatory effect of OXT
treatment. Here, OXT positively impacted functional connectivity between major brain
structures in both limbic and cortical areas, which Cntnap2 KO altered. This study also
highlighted the central role of the nucleus accumbens (NAc), where activation of OXTR has
been shown to significantly improve social behavior in KO mice. These data suggest that
OXT can express a broad neuromodulatory effect and significantly reinforce what has been
previously hypothesized to be a network overseeing social reward and behavior [43]. A
remarkable study from Hornberg and colleagues [44] has recently evaluated OXT treatment
in a C57BL/6j mouse strain with neuroligin-3 (NIgn3) KO. This gene encodes for a synaptic
adhesion molecule previously associated with ASD [45]. These mice showed reduced
social recognition, which was linked to reduced firing of oxytocinergic neurons in the
ventral tegmental area (VTA), projecting to the NAc. In support of this finding, localized
rescue of Nlgn3 KO and OXTR agonist treatment rescued the altered social behavior and
reduced firing. Moreover, proteomic analysis of VTA samples found significant alteration in
protein levels in pathways linked to molecular adhesion, protein transport and, surprisingly,
mRNA translation. Acting on the last pathway, treatment with an inhibitor of MAP-kinase
interacting kinases (MNKs) achieved results similar to the OXTR agonist. This suggests a
potential link between OXT signaling, mRNA translation regulation, and social recognition,
ultimately paving the way for new therapeutic strategies. A new approach has been recently
trialed that involves increasing endogenous OXT expression by administering commercially
available and slightly neuroprotective molecules. One study used the VPA mice model to
determine the potentially neuroprotective effect of maca (Lepidium meyenii) extract on ASD
symptoms and OXT signaling [46]. Sustained maca extract treatment effectively increased
VPA mice performance in social interactions and social memory tests while at the same
time increasing c¢-FOS, a marker of neuronal activity, in key oxytocinergic regions of the
brain, such as the SON and the PVN. Other studies have aimed to stimulate endogenous
OXT levels by stimulating CD38 expression, a mediator of OXT response, through all-
trans retinoic acid derivatives such as beta-carotenoids [47,48]. These studies proved that
carotenoids, when given a few days after birth, can ameliorate some behavioral alterations
in BTBR mice. These molecules are likely to act by upregulating CD38 in the hypothalamus
and the hippocampus with positive repercussions on central brain derived neurotrophic
factor (BDNF) and serum OXT levels; however, the precise molecular mechanisms linking
this effect with behavioral improvement are yet to be fully characterized. Despite the
positive results achieved by some researchers, exogenous OXT in other ASD models has
sometimes yielded conflicting results, suggesting that many other factors are relevant to
the efficacy of OXT treatment in ASD [49]. Concurrently to preclinical research on OXT,
a considerable number of clinical trials employing intranasal OXT have been carried out
on many different cohorts of ASD patients. In these trials, OXT was often well tolerated,
with adverse effects that did not occur in a significantly different manner between OXT
and placebo groups, and with no clear causal link between OXT and the severe events
reported [50]. Regarding the efficacy of OXT in the treatment of ASD core symptoms, the
current literature does not provide a clear and unambiguous answer, with clinical trials
registering a non-significant to a moderately positive response to acute or chronic OXT
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treatment in ASD patients [51]. Together, the preclinical studies and clinical data suggest
further experimentation is needed to evaluate OXT efficacy in ASD properly.

4. Antioxidants and Anti-Inflammatory Treatments

Recently, it has been suggested that the adaptive immune response plays a significant
role in ASD development [52]. Emerging evidence indicates that altered immune param-
eters may be implicated in the neurobiological etiology of ASD. Since 1982, it has been
known that the immune system impacts cerebral function in ASD; thus, the knowledge
regarding this effect in this disorder is not a recent development [53]. In the CNS, many
functions typical of peripheral immune cells are taken on by astrocytes and other glial
cells. Glial cells also actively contribute to neuron metabolism, differentiation, synaptic
plasticity, and impulse transmission. Often, altered development of glial cells or gliosis has
been reported in ASD patients [54-56] and, even if with less consistency, in ASD murine
models [57,58], further suggesting their relevance in ASD pathogenesis. Moreover, a direct
link between astrocyte activation and ASD-like behavioral alteration has been reported
before [59]. Additional support for the role of immune dysregulation in the pathophysiol-
ogy of psychiatric disorders comes from studies showing the immunomodulating effects
of antipsychotics and antidepressants and the mood-altering effects of anti-inflammatory
therapies [60]. Recently, some anti-inflammatory and antioxidant compounds have shown
beneficial effects in preclinical models of ASD. These compounds can be administered as
single molecules, complex natural extracts, or as synthetic inhibitors.

4.1. Antioxidant or Anti-Inflammatory Molecules

Among the single molecules tested in ASD models is icariin (ICA), an active com-
pound extracted from the plants of the genus Epimedium, a plant important to traditional
Chinese medicine. ICA supplementation (daily for ten days) ameliorated social deficits in
the BTBR mouse model of ASD, affecting repetitive stereotypical behaviors and short-term
memory deficits without affecting locomotor activity or anxiety-like behaviors in this mice
strain. Furthermore, ICA treatment inhibited neuroinflammation and the levels of proin-
flammatory cytokines in the hippocampus of BTBR mice. Moreover, ICA administration
has also been shown to mitigate the disturbed balance of excitatory-inhibitory synaptic
proteins, suggesting its role as a novel promising drug for ASD [61]. Wu et al. in 2022
showed the protective effect of selenium (Se) supplementation in BTBR mice [62]. In par-
ticular, after selenium administration, the neuronal damage in the hippocampal cornus
ammonis (CA1) region of BTBR mice was decreased, the levels of ferroptosis markers
significantly declined, and the expression of nuclear factor erythroid 2-related factor 2
(Nrf2), an essential transcription factor that regulates the cellular oxidative stress response,
and peroxidation inhibiting protein glutathione peroxidase 4 (GPx4) increased. In addition,
the Nrf2 inhibitor, ML385, and the GPx4 inhibitor, RSL3, countered the protective effects of
Se, inducing ferroptosis and cognitive and behavioral impairments. These data indicate the
protective effect of Se supplementation acting via ferroptosis reduction through increased
Nrf2 /GPX4 signals in BTBR mice. Moreover, the same group showed improved altered
behaviors in BTBR mice after Se supplementation [63]. They supposed that this effect could
be associated with the ability of Se supplementation to alter monoamine neurotransmitter
levels in brain tissue, inducing oxidative stress reduction and less neuroinflammation in
hippocampal tissue, and relieving neural cell damage. Among the anti-inflammatory natu-
ral molecules used for ASD treatment, in 2020, Zhong and collaborators tested curcumin
administration in BTBR mice [64]. Neonatal curcumin treatment rescued ASD-like behav-
iors by enhancing sociability, attenuating repetitive behaviors, and improving cognition.
Additionally, the curcumin-induced behavioral changes were paired with the promotion of
hippocampal neurogenesis. Similarly, hippocampal inflammation and decreased neurogen-
esis can be restored using minocycline treatment. In two separate studies on two different
ASD models, minocycline positively regulated microglial activation and proliferation, with
positive repercussions for ASD-like behavior [65,66]. These data underline the already
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well-documented correlation between altered microglia phenotype, neurodevelopment,
and ASD. Bakheet et al. (2016) studied the effect of resveratrol on the production and
expression levels of CC-chemokine receptor 5 (CCR5), a member of the CC-chemokine
receptor family. The authors showed how resveratrol treatment decreased CCR5 expression
in the spleen cells BTBR mice [67]. In line with these observations, the group showed that
resveratrol treatment inhibited CCR5 mRNA expression in the spleen and brain tissues.
The inhibitory effects of resveratrol were also confirmed in the B6 mice strain, which ex-
hibited a significant decrease in CCR5 receptor expression. These data suggest that the
suppressive effect of resveratrol on CCR5 receptor production might be useful in ASD by
modulating the immune response through chemokine signaling. In the same animal model,
Borsani et al. in 2022 [68] further reported how an anti-inflammatory and antioxidant
molecule, such as melatonin, can restore the antioxidant response likely compromised in
BTBR mice. Melatonin was also shown to improve the GABAergic/glutamatergic balance
and modulate neural plasticity markers. However, 8-week melatonin treatment at the
dose considered could not significantly restore the behavioral alterations in BTBR mice.
These results may be due to limited treatment duration, dosage, or sample size. In the
same study, melatonin administration promoted the expression of antioxidant enzymes,
confirming the key role of melatonin against oxidative stress, which is common in ASD
patients. In a follow-up study, these observations were confirmed in the hippocampus,
where a beneficial effect of melatonin treatment against ferroptosis, inflammation, and
oxidative stress was reported [69]. Another study by Tian et al. (2014) [70] investigated the
effects of melatonin in two experimental ASD models by examining the expression levels of
key protein kinases involved in learning and memory. Disruptions in hippocampal levels
of Ca?* /calmodulin-dependent protein kinase IT (CaMKII), Ca?* /phospholipid-dependent
protein kinase C (PKC), and cyclic AMP-dependent protein kinase A (PKA) signaling were
observed in both VPA-treated rats and BTBR mice. Importantly, melatonin significantly
prevented the hypophosphorylation of serine/threonine kinase signaling and the decrease
in long-term potentiation (LTP) in the hippocampus of the ASD models. These data suggest
that melatonin, in addition to neuroprotection, exerts beneficial effects on E/I imbalance
and on CaMKII/PKC/PKA phosphorylation, and induces LTP, which ultimately correlates
with the ameliorations in social behavior dysfunction observed in ASD murine models.
In the VPA model, Yadav et al. (2017) [71] studied the effect of two anti-inflammatory
polyunsaturated fatty acids (PUFAs), in particular alpha-linolenic acid (ALA, 18:3 n3) and
gamma-linolenic acid (GLA, 18:3 n6), which are paramount for humans due to their wide
array of role in physiological systems, including the developing brain. ALA and GLA
treatments restored the rate of weight gain in VPA mice. Moreover, the results showed that
ALA and GLA could impart favorable protection against VPA-induced ASD-like features,
such as cerebellum neuronal loss and microglial activation, potentially via the treatment’s
antioxidant and anti-inflammatory action. In the same year, Al Amin and collaborators
(2015) studied the effects of astaxanthin, a well-known antioxidant, in VPA mice [72]. They
showed that this molecule, known to cross the blood-brain barrier (BBB), together with
exhibiting antioxidant and neuroprotective properties, also improved ASD-like behaviors.
Moreover, it improved antioxidant response while decreasing lipid peroxidation markers,
such as brain malondialdehyde (MDA) levels. Zamberletti and collaborators (2019) hypoth-
esized the involvement of altered endocannabinoid signaling and immune dysfunction
in ASD pathogenesis [73]. Therefore, they evaluated the effect of the phytocannabinoid
cannabidivarin in VPA mice. This phytocannabinoid in symptomatic rats successfully re-
covered behavioral impairments. Moreover, cannabidivarin restored, at the neurochemical
level, hippocampal endocannabinoid signaling and sensibly lowered neuroinflammation
induced by prenatal VPA exposure. Poleg et al. (2021) investigated another cannabinoid
molecule, cannabidiol (CBD), on behavior and biochemical markers in a well-characterized
genetic mouse model of ASD in Shank3 mice [74]. The authors demonstrated a reduction
in repetitive grooming and anxiety behaviors after treatment with CBD-enriched Avidekel
oil and highlighted the involvement of cannabinoid receptor 1 and glutamate in this pro-
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cess. Furthermore, in the same study, RNA seq analysis results indicated changes in the
expression of neurotransmission and ASD-related genes. Notably, the results of this study
suggest relatively high doses of CBD, such as those found in medical cannabis oils, for
relieving ASD core symptoms. Moreover, the use of medical cannabis oil with a 1:20 A9-
tetrahydrocannabinol (THC) to CBD ratio resulted in an additional effect on social behavior
and was a preferable treatment in this setting. In 2023, Mehra and coll. analyzed the effect
of fisetin, a highly lipid-soluble bioflavonoid, in treating VPA mice [75]. In this study, gesta-
tional and post-weaning fisetin administration were tested for VPA-induced behavioral
alterations and oxidative stress. The results of this study reported that both gestational
and post-weaning treatments with fisetin in VPA mice significantly declined the up-surged
lipid peroxidation and regulated the levels of antioxidant enzymes (catalase, SOD, GST,
GSH), making cells better equipped to adapt to oxidative stress and ameliorated ASD-like
behavior. In 2021, Luhach et al. assessed the effects of papaverine administration on behav-
ioral phenotypes associated with ASD in VPA rats [76]. The results of this study indicated
that papaverine induced an amelioration of ASD-linked behavioral deficits, increasing
anti-inflammatory marker levels and decreasing oxidative stress in different important
brain areas. The same group [77] also evaluated the effect of vinpocetine, a neuroprotective
molecule clinically used to prevent cerebrovascular disease and dementia, on the same
animal model. The results indicated that administration of vinpocetine improved ASD-
associated behaviors, with an improvement in cell viability in the brain’s dentate gyrus
(DG) area. The mechanism of action, similarly to those of the papaverine result, might be
linked to the antioxidant and anti-inflammatory eff