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Abstract: Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder characterized
by impairments in social interaction and communication along with repetitive stereotypic behaviors.
Currently, there are no specific biomarkers for diagnostic screening or treatments available for
autistic patients. Numerous genetic disorders are associated with high prevalence of ASD, including
tuberous sclerosis complex, phosphatase and tensin homolog, and fragile X syndrome. Preclinical
investigations in animal models of these diseases have revealed irregularities in the PI3K/Akt/mTOR
signaling pathway as well as ASD-related behavioral defects. Reversal of the downstream molecular
irregularities, associated with mTOR hyperactivation, improved the behavioral deficits observed in
the preclinical investigations. Plant bioactive molecules have shown beneficial pre-clinical evidence
in ASD treatment by modulating the PI3K/Akt/mTOR pathway. In this review, we summarize
the involvement of the PI3K/Akt/mTOR pathway as well as the genetic alterations of the pathway
components and its critical impact on the development of the autism spectrum disorder. Mutations
in negative regulators of mMTORC1, such as TSC1, TSC2, and PTEN, result in ASD-like phenotypes
through the disruption of the mTORC1-mediated signaling. We further discuss the various naturally
occurring phytoconstituents that have been identified to be bioactive and modulate the pathway to
prevent its disruption and contribute to beneficial therapeutic effects in ASD.

Keywords: autophagy; autism spectrum disorder; PI3K/Akt/mTOR; tuberous sclerosis; PTEN;
fragile X; phytoconstituents

1. Introduction

Autism spectrum disorder (ASD) is defined as a diverse group of pervasive devel-
opmental disorders (PDDs) of neurodevelopmental origin characterized by the lack of
social interaction skills, difficulty in communication, restricted and repetitive interests or
behaviors, that show an early onset in childhood, starting at birth, and remain throughout
adulthood resulting in lifetime persisting disabilities [1,2]. These social impairments in
individuals with ASD may be related to their inability to interpret social signals, to guide
appropriate behaviors. Potentially threatening situations, such as the proximity of others
can trigger several physiological responses that help to maintain the distance between
themselves and others during social interaction, showcasing the critical role of social signal
interpretation in social interaction [3,4]. Investigations in healthy individuals indicate that
neural activity in motor cortex is involved in behavioral regulation [5]. The stereotypical
and repetitive behaviors are triggered as a result of neurochemical changes in the amygdala,
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cerebellum, hippocampus, and cerebral cortex [6]. In addition to the core features, other
symptoms most commonly observed in kids include dyskinesia, sleep disorder, speech
delay, gastrointestinal disturbances, anxiety, irritability, and epilepsy [7]. There are no
treatments or cure available for autistic patients. The pharmacotherapy in ASD aims to
decrease the non-core associated symptoms.

The neurodevelopmental theory suggests that the disruption of brain development in
utero or early life may be associated with neuropsychiatric problems [8]. Environmental,
genetic, epigenetic, and immunological factors contribute to the complex pathogenesis of
autism spectrum disorder [8,9]. Various single-gene mutation disorders are linked to an
augmented risk of developing autism spectrum disorder and include fragile X (FMR1),
Rett Syndrome (MECP2), Timothy syndrome (CACNA1C), Angelman syndrome (UBE3A),
and tuberous sclerosis (either TSC1 or TSC2) [10,11]. However, one common pathogenic
molecular mechanism observed in the single-gene mutation disorders, such as fragile X and
tuberous sclerosis, is the hyperactivation of the PI3K/Akt/mTOR intracellular signaling
pathway and evidences suggest that the pathway plays a critical role in the development
of ASD [12]. Preclinical studies in these disorders have revealed an increased activity of
mTORC1 in the brain as well as ASD-related behavioral deficits. However, these effects
were reversed by the mTORC1 inhibitor rapamycin [13]. Disruption in mTOR signaling
cascade stimulates truncated translation in neuronal cells and leads to downregulation
of protein synthesis at dendritic spines of the brain [13]. This irregular signaling leads
to aberrations in brain structure, abnormal synapse formation, glial cell overexpression,
neuroinflammation, oxidative stress, and mitochondrial dysfunction in the cerebellum,
cerebral cortex, hippocampus and amygdala [14-17]. An increase in total brain volume
and altered gray/white matter ratios are also seen in the autistic individuals [7]. Further-
more, alterations in GABAergic circuits and glutamate circuits have been seen in people
with ASD [18].

Following the activation of the mTOR signaling pathway, there is an increase in the
synthesis of proteins such as PSD-95, and presynaptic proteins such as synapsin 1 or the
activity-regulated cytoskeleton-associated protein (Arc), which are crucial for synaptic
plasticity processes such as the formation and maturation of new dendritic spines, mem-
ory processes, or long-term potentiation (LTP) [19]. Variations in the morphology of the
dendritic spines, altered synaptic plasticity as well as impaired synaptic homeostasis are
observed in the brain of ASD patients [20]. Autophagy is a vital process for synaptic forma-
tion and pruning during development [21]. Alterations in the mTOR pathway are related
to numerous neurological disorders [22,23]. The PI3K/Akt/mTOR signaling cascade has
been implicated in the pathogenesis of various neurodegenerative and neuropsychiatric
disorders, e.g., Alzheimer’s disease [24], Parkinson’s disease [25], epilepsy [26], tuberous
sclerosis complex (TSC) [11], fragile X syndrome [10], depression [27], schizophrenia [28]
and bipolar disorder [29].

The various non-genetic elements mediating ASD risk comprise of parental age,
maternal nutritional status, infections during pregnancy, and exposure to certain toxins,
heavy metals, or drugs [30]. Clinical investigations reveal an imbalance in the microbiota
of ASD individuals [31]. Gut microbiota dysbiosis has been implicated in ASD etiology.
The gut-brain axis consists of a communication network that includes the vagal nerve, gut
hormones, microbial metabolites, and the endocrine and immune systems, which control
the gut process and link it to the brain [32]. Microglial activation and neuroinflammation
caused by the gut microbiota are implicated in the pathological process in individuals with
ASD. Modulation of the gut microbiota has been found to improve ASD-related behavioral
symptoms [33]. Infections in the course of pregnancy activate the maternal immune system
that can lead to social behavior changes in the offspring [32].

Evolving evidence suggests that disturbances in the circadian clock trigger irregulari-
ties in the mTOR signaling pathway [20]. Investigations have revealed that that disruption
of circadian rhythms during neurodevelopment can lead to hyperactivation of the mTOR
and MAPK signaling pathways along with behavioral deficits, and impairment in social
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interaction and communication [34]. Traditional medicine has been commonly used in
the treatment of ASD. Plant bioactive constituents with neuroprotective actions have ther-
apeutic potential in the treatment of neuropsychological disorders [35,36]. This review
discusses the amassing literatures on ASD, predominantly focusing on the dysregulation
of PI3BK/Akt/mTOR signaling cascade as well as the genetic alteration of the pathway
components in the development of ASD. In addition, it also summarizes studies examining
and showcasing the use of various phytoconstituents found to be effective in preventing
the progression of ASD.

2. Aims and Methods

This review helps to summarize the main research outcomes regarding the implications
of the PI3K/Akt/mTOR pathway as well the various genetic alterations of the pathway
components in the etiology of autism. Over one hundred references were retrieved from
PubMed, Scopus, and Google Scholar using relevant keywords in combination. Articles
published over the years were reviewed by performing a search using the following
keywords (“autism” OR “autism spectrum disorder”) and (“PI3K” OR “Akt” OR “mTOR”
OR “PTEN” OR “TSC”) in [title/abstract/keywords]. Papers related to the topic were
identified. Data were obtained from inception until December 2022, with a focus on English
language papers. By excluding nonrelevant full texts, 165 reports were included in the
systematic part of this review.

3. P13K/Akt/mTOR Pathway
3.1. The Structure and Components of mTOR

The kinase TOR was originally recognized in the yeast Saccharomyces cerevisiae
with TOR1 and TOR2 genes encoding for Tor 1 and Tor 2 isoforms [37]. Rapamycin is a
macrolide antibiotic obtained from the soil bacterium Streptomyces hygroscopicus that
inhibits mTOR [38]. Initially developed as an antifungal drug, rapamycin also possesses
immunosuppressive and anti-proliferative properties [39]. Rapamycin complexes with
FK506-binding protein 12 (FKBP-12), to inhibit the target of rapamycin (TOR) and exerts its
actions. In mammals, TOR kinase, also identified as mammalian TOR or mTOR, is ubiqui-
tously expressed in all cell types. mTOR, belonging to the family of phosphatidylinositol
kinase-related kinase (PIKK) [40] is a well-conserved PI3-kinase and occurs as two distinct
protein complexes, mTOR Complex 1 (mTORC1) and mTOR Complex 2 (mTORC2) [41,42].
The sensitivity towards rapamycin is more for mTORC1 than mTORC?2 [43]. mTORC1
comprises of the components Raptor (regulator-associated protein of the mTOR, necessary
for the activation of the complex), Deptor (DEP domain-containing mTOR interacting
protein), mLST8 (mammalian lethal with Sec13 protein 8, also termed as GBL), PRAS40
(proline-rich Akt substrate of 40 kDa, a negative regulator of mMTORC]1, and Ttil (telomere
maintenance 2 (Tel 2) interacting protein 1 complex that stabilizes mTOR and produces
a scaffold for recruitment of substrates) [44,45]. mTORC?2 consists of Rictor (rapamycin
insensitive companion of mTOR), Deptor, mLST8, mSIN1 (the mammalian stress-activated
protein kinase interacting protein), and Protor (the regulatory subunit protein observed
with rictor 1 and 2) [46]. Deptor negatively regulates mMTORC1 and mTORC?2 by inhibiting
substrate binding. Both the complexes have specific substrate preferences and produce
different downstream signaling actions to modulate cellular function [47]. Upon activa-
tion, mTORC1 exerts downstream biological effects consisting of mRNA translation via
the phosphorylation of 4E-BP1 and p705S6 Kinase, autophagy inhibition, and ribosome
biogenesis. mMTORC2 phosphorylates SGK1 to regulate growth and activates protein kinase
C to control cytoskeletal dynamics [48].

At the amino terminal part, mTOR comprises of 20 tandem HEAT (Huntington,
Elongation Factor 3, Protein Phosphatase 2A, TOR1) repeats that assist in protein—protein
interactions followed by a FAT (FRAP, ATM, TRAP) domain and kinase domain (KD) with
two lobes: the N- and C-lobes [43]. The FRB domain (FKBP/rapamycin-binding domain),
is in the KD N-lobe, whereas KD C-lobe contains LBE and acts as a binding site for mLSTS8.
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The extreme carboxyl terminal of mTOR contains FATC, another FAT domain [49]. The FAT
and FATC domain regulate actions of the kinase. Raptor interacts with the HEAT repeats of
mTOR in addition to binding with its extreme carboxyl terminal, whereas PRAS40 binds to
Raptor. The binding of Rheb-GTP to the HEAT domain leads to the activation of mTORC1
kinase [24].

mTORCT1 responds to nutrient signals such as glucose and amino acids, growth factors
and metabolic factors, and controls biological functions including lysosome biogenesis,
autophagy, protein synthesis, and energy metabolism [50]. When cellular energy levels
are low, AMPK by the direct phosphorylation of Raptor impedes mTORCI, disrupting the
mTORCI complex [51]. mTORC?2 is unresponsive to nutrients but responds to growth fac-
tors and plays a significant role in cell growth, cell proliferation, and motility [26,52]. High
concentrations of cellular nutrients activate mTORC]1. In contrast to mTORC1, mTORC2
activity is augmented during activation of the TSC1/TSC2 complex (tuberous sclerosis
complex 1/2). Growth factors can activate mTORC2 through the PI3K signaling pathway.
mTORC2 contributes to cellular proliferation and cellular metabolism by regulating actin
through PKC-a and Rho GTPase [53]. mTORC1 is positively regulated by Akt, the Akt
phosphorylation by mTORC2 stimulates the actions of mTORC1, thereby inhibiting au-
tophagy [54].

TSC acts as a GTPase-activating protein (GAP) thereby converting G protein Rheb
(Rheb-GTP) into inactive GDP-bound form (Rheb-GDP). Active Rheb-GTP, interacts with
Raptor and controls the binding of 4EBP1 to mTORC1, thus increasing the activity of
mTORCI1. During hypoxia, AMPK leads to transcriptional regulation of DNA damage
response 1 (REDD1/RTP801) expression to regulate the activity of TSC1/TSC2 and inhibit
mTORC1 by promoting the release of TSC2 from its inhibitory binding to protein [43].

3.2. Activation of mTOR Signaling

The PI3K/Akt/mTOR signaling pathway is essential for numerous cellular functions
including autophagy. The cell growth and survival are primarily regulated by mTOR in
response to nutrients and other growth stimuli [55]. A significant role of mTOR activity is
also observed in synaptic plasticity, axonal guidance, neuronal recovery, and consolidation
of memory [56]. mTOR is recognized as the master regulator of protein synthesis through
its interaction with several upstream signaling molecules.

The phosphoinositide 3-kinases (PI3-K) and protein kinase B (Akt/PKB) are the up-
stream signaling molecules of mTOR, constituting the PI3K/Akt/mTOR pathway, and
are involved in regulation of autophagy [47]. The binding of growth factors and insulin
to tyrosine kinase receptors activates the kinase PI3K. This results in the phosphoryla-
tion of phosphatidylinositol-4,5-phosphate (PIP2) to generate phosphatidylinositol-3,4,5-
triphosphate (PIP3) [57]. The second messenger PIP3 recruits Akt and promotes its phospho-
rylation by PDK1 and mTORC2 on the Thr308 and Ser473 sites, respectively. This emerges
through the phosphorylation of TSC, impairing its inhibitory activity on mTOR [58]. TSC,
a heterodimer, consists of hamartin (TSC1) and tuberin (TSC2). Hence, the activation of
PI3K/ Akt signaling via inhibition of TSC promotes mTORC1activity [25]. PTEN (phos-
phatase and tensin homolog) is a PI3K antagonist. PTEN, a phosphatase acts antagonisti-
cally to the kinase (PI3K) in conversion of PIP2 to PIP3, thus acting as a crucial negative
control of incoming signals [59]. Table 1 depicts the various genes of the PI3K-Akt-mTOR
pathway implicated in ASD.
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Table 1. Genes of the PI3K-Akt-mTOR pathway involved in ASD.
Human Gene Protein Function Disorder
FMR1 FMRP Negative regulator of
(fragile X messenger (fragile X mental gan U ak Fragile X syndrome
. . . . protein translation
ribonucleoprotein 1) retardation protein)
elF4E
EIFAE (eu.kar}.lo.h.c . Translation initiation ASD
translation initiation factor complex
factor 4E)
PTEN PTEN (phosphatase Phosphatase PHTS
and tensin homolog)
TSC1/TSC2 Hamartin/tuberin GTPase-activating Tuberous sclerosis

protein

Activation of mTOR leads to phosphorylation of S6K1 (p70 ribosomal protein S6
kinase, p70S6K) and 4E-BP1 (eukaryotic initiation factor 4E-binding protein) which, in turn,
phosphorylates the ribosomal protein S6 leading to protein translation and synthesis [50,60].
4E-BP1 prevents translation initiation by sequestering eukaryotic translation initiation
factor 4E (elF4E). mTOR phosphorylates 4E-BP1, lowering its affinity for the eukaryotic
initiation factor 4E (eIF4E), thus liberating elF4E to facilitate translation. Hence, mTOR
primarily controls protein translation through its downstream targets [61]. Figure 1 gives
an overview of the PI3K/Akt/ mTOR signaling pathway.

To regulate the activity of mTORC1 and reinstate TSC regulation, the mTORC1 sub-
strate S6K1, as a part of a negative feedback loop, directly phosphorylates insulin receptor
substrate 1 (IRS-1), preventing further insulin-mediated PI3K/Akt/mTOR pathway activa-
tion [59]. Concurrently, active mTORC1 blocks autophagy by inhibitory phosphorylation
of the ULK1 complex comprising of autophagy-related proteins (UNC51-like kinase 1
(ULK1), the autophagy-related gene 13 (Atg13), and FAK-family interacting protein of 200
kDa (FIP200) [62]. By phosphorylating the ULK1 complex, mTORC1 inhibits initiation of
autophagosomes [63]. However, upon deprivation of nutrients, adenosine monophosphate-
activated protein kinase (AMPK) phosphorylates mTORC1 and activates ULK1 followed by
initiation of autophagy, activated ULK1 phosphorylates, and activates Beclin-1, triggering
the activation of the VPS34 (vacuolar protein sorting 34) complex [64]. The latter leads to
accumulation of phosphatidylinositol-3-phosphate in the phagophore, resulting in the se-
quential recruitment of numerous binding proteins including ATG5-ATG12-ATG16L1 [60].
This trimeric complex along with light chain 3 (LC3) is crucial for membrane elongation.
After the formation of autophagosome, it fuses with the lysosome to form an autolyso-
some and continues with macromolecule degradation [52]. The gene AMBRAT1 (Activating
Molecule in Beclin 1-Regulated Autophagy) displays sex-differential expression and has
been related to autism and schizophrenia-related phenotypes, among females, in both
humans and mice [65]. AMBRAL1 is a positive regulator of Beclinl and is a prime compo-
nent in autophagosome formation. It is involved in neurodevelopment and autophagy.
Heterozygous deficiency of AMBRALI can lead to autistic behavior in a sexually dimor-
phic manner.
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Figure 1. An overview of the PI3K/Akt/mTOR intracellular signaling pathway. Different extracellu-
lar stimuli, e.g., growth factors and insulin, mediate their effects by binding to receptors belonging
to the receptor tyrosine kinase (RTK) family. This leads to activation of phosphatidylinositol-4,5-
bisphosphate 3-kinase (PI3K). PI3K converts phosphatidylinositol (3,4)-bisphosphate (PIP2) into
phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which recruits Akt-kinase and stimulates the Akt
phosphorylation by PDK1 and mTORC2, on the Thr308 and Ser473 sites, respectively. The activation
of the PI3K/ Akt pathway through the inhibition of TSC (tuberous sclerosis complex) leads to the
activation of mTORC1. Inhibition of the tuberous sclerosis complex (TSC) results in the loss of its abil-
ity to convert the Ras homolog enriched in brain active form (RhebGTP) to the inactive GDP-bound
form (Rheb-GDP) leading to the subsequent activation of mMTORC1. PTEN acts antagonistically to
PI3K in conversion of PIP2 to PIP3, functioning as an important negative control. Activation of
mTORC1 leads to phosphorylation of p70 ribosomal protein S6 kinase (p70S6K) and 4EBP1 (eu-
karyotic initiation factor 4E-binding protein) which, in turn, phosphorylates the ribosomal protein
56 leading to protein translation and synthesis. Active mTORC1 blocks autophagy by inhibitory
phosphorylation of the ULK1 complex comprising of autophagy-related proteins (UNC51-like kinase
1 (ULK1), the autophagy-related gene 13 (Atg13), and FAK-family interacting protein of 200 kDa
(FIP200). 4E-BP1 prevents translation initiation by sequestering eukaryotic translation initiation factor
4E (elF4E). mTOR phosphorylates the eukaryotic initiation factor 4E-binding protein 1 (4E-BP1),
thereby preventing it from binding to eIF4E, thus liberating eIF4E to enable translation. FMRP
(fragile X mental retardation protein) is the protein produced by FMR1gene. FMRP binds to CYFIP1
(cytoplasmic FMRP-interacting protein 1) to form FMRP-CYFIP1 complex that obstructs translation
by binding to eIF4E, which is obliterated in fragile X syndrome.
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4. Role of PI3K/Akt/mTOR in Autism Spectrum Disorder

Autism is known as an early-onset disorder of the developing CNS. Diverse anatom-
ical abnormalities in brain structure and cellular changes have been observed in autistic
brains, signifying a complicated and multifactorial etiology behind ASD [66]. Microcephaly,
macrocephaly, enlarged brain size, increased cell density, decreased number of Purkinje
cells in the cerebellum, cortical dysgenesis, and migration abnormalities have been ob-
served in the brains of autistic individuals [66]. A disruption in synaptic pruning has also
been detected in ASD [67]. The increased spine density in ASD brains has been correlated
with increased phosphorylation of the mTOR as well as its downstream effectors, ribosomal
protein S6 [68]. The Akt/mTOR pathway is crucial for the process of learning and memory
formation by enhancing LTP of the synapses [69]. Inhibition of the mTOR activity has
been found to increase the PI3K/Akt/mTOR-mediated autophagic pathway and improve
social interactions in valproic acid-induced ASD [70,71]. Several ASD candidate genes
have been identified through whole-genome linkage studies, copy number variation screen-
ing, SNP analyses, and genome-wide association studies. These potential gene targets,
include the Akt/mTOR signaling cascade and its downstream effectors comprising of
FMR1, PTEN, TSC1, and TSC2 [72]. The Akt/mTOR pathway regulates several cellular
processes that influence neurodevelopment and may be relevant to the development of
ASD symptoms [12,73] (Figure 2).

PI3K-Akt-mTOR Pathway

PI3K

Autism related deficits
-Intellectual disability
-Fragile X syndrome

-PTEN mutations & ASD
-Tuberous sclerosis complex
-elF4E mutations & ASD

-Protein synthesis

-Synapse formation & maturation
-Dendrite branching

-Synaptic plasticity

Figure 2. A graphical depiction of the inter-relationship of the PI3K-mTOR system and autism-
related deficits.

Wang et al. investigated the effect of fetal exposure to valproic acid in male offspring
mice. The outcomes of the study revealed hyperactivation of the PI3K/Akt/mTOR signal-
ing pathway and reduced expressions of the synaptic proteins PSD95 and p-Syn, dendritic
spine damage, and improper synaptic development in the prefrontal cortex, ultimately
leading to the development of ASD-like phenotype [74]. Inhibition of mTOR activity by
mTOR antagonist rapamycin was found to increase the PI3K/Akt/mTOR-mediated au-
tophagic pathway and improve social interaction in valproic acid-induced ASD [70]. In
another study, valproic acid-exposed mice exhibited deficits in early postnatal develop-
ment, however, these behavioral deficits and autophagic dysregulation were abolished by
postnatal administration of rapamycin [71].
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4.1. Fragile X Syndrome

Absence of the fragile X messenger ribonucleoprotein 1 (FMRP) causes ASD and intel-
lectual disability, commonly referred to as the fragile X syndrome [10]. FXS is characterized
by ASD, intellectual disability, anxiety, and physical features, such as macrocephaly and
macroorchidism in males [13]. The genetic defect observed in FXS subjects is due to the
elongation of CGG repeats in the 5'-untranslated region of the FMR1 gene, leading to
reduced expression of the gene. FMRP (fragile X mental retardation protein), the protein
produced by the FMR1 gene, suppresses the translation of postsynaptic components of
neurons. FMRP binds to CYFIP1 to form FMRP-CYFIP1 complex that binds to eIF4E and
prevents translation initiation, which is obliterated in FXS. Uninhibited elF4E-mediated
initiation of translation may lead to the progression of ASD in FXS [75]. FMRP is essential in
synaptic function and neuronal plasticity through its interaction with pre- and postsynaptic
proteins important for neurotransmission and structure [76]. It also binds to the AMPA
glutamate receptor subunits (GluR1 and GluR2) [77].

Fmr1l KO mice display significant behavioral abnormalities along with cognitive
deficits in different behavioral tasks [78]. Fmrl KO adult mice exhibit increased spine
density and length, as well as increased immature, thin spines [79]. Fragile X mental
retardation protein (FMRP), encoded by the FMR1 gene, negatively regulates the synthesis
of post-synaptic glutamate receptors [80]. Additionally, LTD triggered by mGIluR was
enhanced in Fmr1 KO mice [81]. The role of metabotropic glutamate receptors (mGluRs)
in the pathophysiology of FXS were investigated by Thomas et al. Phenotypic alterations
such as memory impairment and extreme hippocampal protein synthesis seen in Fmrl
knockout mice were shown to be prevented by the reduced expression of mGlu5. The
inhibition of mGlul and mGlu5 receptors efficiently decreased repetitive behavior in
Fmrl knockout mice with better results observed with mGlu5 inhibition in comparison
to mGlul inhibition in enhancing the motor learning [82]. Furthermore, investigations
conducted by Sare et al. demonstrated that the long-term administration of rapamycin did
not bring about any improvements in the behavioral deficits in the Fmr1 knockout mice [83].
These investigations further suggest that mGlub receptors contribute significantly to the
pathogenesis of the disease, which can have noteworthy therapeutic consequences for
fragile X and related developmental disorders.

Multiple investigations recommend a link between the deletion of FMRP and dysregu-
lation of mTROCT in FXS. An increase in the levels of phosphorylated mTOR, S6K1, Akt as
well as initiation factor 4E (elF4E) has been observed in the protein lysates of individuals
with fragile X syndrome [84]. Deficiency of FMRP leads to enhanced activity of PI3K and
Akt in Fmrl KO mice, implicating the pathological role of a hyperactivated PI3K/Akt
signaling pathway [85]. The hippocampus in Fmrl knockout mice has been shown to
possess an increased rate of protein synthesis in addition to the hyperactivation of the
mTORC1 pathway [86,87]. Augmented expression of the FMRP binding protein CYFIP1 is
observed in Fmrl KO mice, further linking FXS to excess protein synthesis via elF4E [88].
Furthermore, investigations by Bhattacharya et al. showed that genetic reduction of S6K1
prevented exaggerated protein synthesis and enhanced mGluR-dependent long-term de-
pression (LTD) in FXS model mice. S6K1 deletion prevented immature dendritic spine
morphology and multiple behavioral phenotypes, including social interaction deficits and
ASD-related behavioral deficits [89].

Synaptic homoeostasis is essential for the normal function of the brain. Multiple
evidence has revealed increased dendritic spine density and aberrant dendritic spine
morphology in subjects with ASD. Investigations by Yan et al. established decreased
autophagy and down-regulation of LC3-II in hippocampal neurons of rodent models of hu-
man FXS [90]. The outcomes of the study further demonstrated that mTOR hyperactivation
led to reduced autophagy inducing spine defects, aberrant synaptic plasticity and impaired
cognition in Fmr1-KO mice. However, activation of autophagy corrected the abundance of
proteins implicated in spine structure (postsynaptic density protein, PSD-95) and synap-
tic plasticity (activity-regulated cytoskeletal-associated protein, Arc/Arg3.1) in neurons
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lacking fragile X mental retardation protein as well as anomalous dendritic spine morphol-
ogy and metabotropic glutamate receptor-dependent long-term depression (mGluR-LTD).
Furthermore, the involvement of autophagy was exhibited as the Fmr1~/~ neurons dis-
played an accretion of ubiquitinated protein aggregates [90]. These outcomes suggest that
hyperactivation of mTORC1 result in deficits in autophagy and social behaviors.

4.2. PTEN in ASD

A subset of individuals with ASD and extreme macrocephaly exhibit mutations in
the PTEN gene, referred to as “macrocephaly/autism syndrome.” They are recognized
as a spectrum called PTEN hamartoma tumor syndrome that result from PTEN gene
mutations [13]. Nearly 7-17% of ASD individuals with macrocephaly and 1-5% of those
with ASD have a mutated PTEN gene. The suppression of hyperactive Akt/mTOR in mice
deficient for PTEN and TSC1/2 have resulted in improvement of ASD-associated symptoms.
PTEN mutations are involved in several brain disorders, including mental retardation,
seizures, and ASD. PTEN, phosphatase, and tensin homolog act antagonistically to PI3K
in conversion of PIP2 to PIP3 [59]. PTEN is a main inhibitor of the PI3K/Akt pathway
with downstream effects on mTOR signaling. PTEN deletion in animal models leads to
hyperactivation of the PI3K/Akt/mTOR signaling pathway in the hippocampal regions
resulting in long-term alterations in social behaviors, repetitive behavior, and anxiety
similar to autistic phenotypes establishing a role of mTOR pathway in ASD [91]. Inhibition
of PTEN function can have profound and manifold effects on neuronal cells contributing
to the development of autistic behaviors [92]. PTEN gene deletion in the cerebral cortex
and hippocampus of mice leads to progressive macrocephaly, increased spine density,
and synaptic abnormalities with increased presynaptic varicosities. These effects can be
attributed to the overactivation of the PI3K/Akt/mTOR signaling pathway leading to
an increase in Akt and S6 phosphorylation in the brain [93]. Increased soma size and
axonal growth as well as hypertrophic and ectopic axonal projections were some neuronal
alterations seen in PTEN KO mice.

Investigations have revealed a dramatic increase in dendrite size and enlarged hip-
pocampus with absence of PTEN. Loss of PTEN also leads to anomalous LTP and LTD [91].
Lugo et al. investigated the behavioral and molecular significance of PTEN deletion in
mice. The PTEN knockout mice showed deficits in social chamber and social partition
test. Repetitive behavior and anxiety were also observed. PTEN deletion significantly
downregulated the mGluR signaling in the hippocampus whereas an increase in total and
phosphorylated fragile X mental retardation protein was observed [91]. Mutations in the
genes in the PI3K-Akt-mTOR signaling pathway, comprising PIK3CA, PTEN, mTOR, and
PPP2R5D have been reported in patients with autism spectrum disorder/development
delay and macrocephaly [94].

PTEN knockout mice develop behavioral abnormalities suggestive of human autism, with
diminished learning, social interaction deficits, seizures, and anxiety-like behaviors [95,96].
These preclinical investigations further establish the importance of PTEN in the pathogenesis
of macrocephaly and ASD-related cognitive deficits and abnormal behavior. Further, Tai
et al. demonstrated that the tau protein aids autism-like behaviors, and even partial reduction
of tau prevented ASD-like behaviors and related neural abnormalities in Cntnap2~/~ mice
models [97]. Tau protein suppresses PTEN activity via interaction mediated by its proline-
rich domain. The reduction in tau protein was found to prevent PI3K overactivation and
megalocephaly. The recovery of the behavioral deficits observed in the PTEN mutant mice is
associated with mTOR inhibition. Zhou et al. reported that the mTORCT1 inhibitor, rapamycin,
prevented these behavioral abnormalities, providing evidence that the mTORC1 pathway
downstream of PTEN is crucial for this phenotype [98]. Chronic administration of rapamycin
prevented brain enlargement and neuronal soma hypertrophy, and alleviated axonal and
dendritic hypertrophy.

PTEN genetic mutations are highly predominant in developmental delays and mental
problems [99]. PTEN germline mutations have been detected in a subsection of children



Molecules 2023, 28, 1889

10 of 25

with ASD/macrocephaly [100]. In patients with PTEN-ASD, prominent white matter and
cognitive abnormalities with reduced processing speed and working memory deficits have
been observed [101]. Furthermore, neurobehavioral evaluations conducted in patients
with PTEN-linked ASD suggest primary disruption of frontal lobe systems with severe
cognitive dysfunction, slow reaction time, attention deficits, and decreased memory pro-
cessing capability [96]. Rapamycin treatment in PTEN knocked out oligodendrocyte and
Schwann cells was found to reduce the hypertrophy of white matter [102]. Mutations
in certain postsynaptic cell adhesion molecules like neuroligins have been found to af-
fect protein synthesis. Neuroligins are vital in synaptic transmission and synaptogenesis.
In Nlgn3KO mice, upregulation of Akt/mTOR signaling resulted in augmented protein
synthesis and dendritic growth [103]. Further treatment of neurons with either mTOR
inhibitor, rapamycin or PI3K/ Akt activity inhibitor, LY294002 prevented the morphological
abnormalities in knockout models. The study also established a new relationship between
Akt/mTOR signaling cascade and NL3. The hyperactivation of Akt/mTOR signaling with
NL3 defects was mediated by decrease in PTEN expression and interaction of MAGI-2, a
scaffold protein, with both PTEN and NL3. These preclinical and clinical investigations
delineated above strongly suggest that hyperactive mTOR due to mutations in PTEN result
in the development of ASD and other cognitive deficits.

4.3. TSCin ASD

TSC1 and TSC2 form a heterodimeric complex (TSC1/2) that receives signaling inputs
from protein kinase B, Erk1/2, AMPK, and GSK3p functioning as a signaling node that can
modulate the activity of the mTORC1 [104]. Tuberous sclerosis complex (TSC) is a genetic
disorder that develops from mutations of the TSC1 and TSC2 gene. The haploinsufficiency
of TSC1 or TSC2 weakens the inhibition of mTORC1. This is followed by mTORC1-
dependent increased phosphorylation of S6, S6Ks, and 4E-BPs resulting in altered protein
synthesis. All organ systems are affected by TSC, but involvement of the central nervous
system presents early [105]. A rising concern among clinicians is the high prevalence
of TANDs (TSC-associated neuropsychiatric disorders) in the TSC population. TAND
spectrum is wide-ranging and consists of cognitive, behavioral, and psychiatric conditions
such as attention deficit hyperactivity disorder (ADHD), autism spectrum disorder (ASD),
depression, and anxiety [106]. TSC is one of the most common causes of syndromic
ASD [107].

Deficits in cognition, memory, and social behavior have been observed in haploin-
sufficient models of Tsc1*/~ and Tsc2*/~ mice in the absence of neuropathology and
seizures [108]. The omission of TSC2 in cerebellar Purkinje cells resulted in the develop-
ment of ASD-related social deficits in mice, further signifying that the cerebellar-specific
mTOR signaling regulates mouse social behavior [109]. Furthermore, the social interaction
deficits and behavioral abnormalities observed in rodent models of TSC were ameliorated
upon treatment with rapamycin [109,110]. These preclinical investigations establish the
therapeutic utility of mTOR blockade in neurological manifestations in TSC.

Post-mortem investigations in temporal lobe tissue from autistic individuals demon-
strated augmented dendritic spine density in addition to decreased synaptic pruning. This
could be attributed to overstimulation of mTOR and impaired autophagy, as evidenced by
lower levels of LC3-II and higher p62. This presents an association between mTOR hyper-
activation, consequent autophagic dysfunction, and decreased synaptic pruning in autistic
individuals [111]. Furthermore, investigations in Tsc2*/~ mice, rapamycin treatment was
found to improve ASD-like behaviors and ameliorated spine-pruning defects, however, the
effects were absent in double mutant Tsc2*/ ~: Atg7cKO mice, highlighting the importance
of autophagic pathways to reverse the pathology [111]. The TSC1/2 complex is essential for
the regulation of synaptic function and neuronal morphology in the brain. Hyperactivation
of mTORC1 and enhanced downstream activity due to TSC1/TSC2 mutations can lead to
neuronal dysfunctions and impaired axon regulation, abnormal dendritic morphogenesis,
and synapse formation [112]. Post-mortem investigations in individuals with autism spec-
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trum disorder (ASD) have revealed an augmented density of excitatory synapses in their
brains which could be attributed to aberrant mTOR-dependent synaptic pruning. Further,
in silico modeling in TSC2 haploinsufficient mice has demonstrated mTOR-dependent
enhanced spine density linked with ASD-like stereotypes and cortico-striatal hypercon-
nectivity [113]. However, the administration of mTORC1 inhibitor, rapamycin, reversed
these effects (Pagani et al., 2021). This strongly suggests a positive correlation between
connectivity and spine density, which is, in turn, channeled by mTORC1. These studies
further confirm that the omission of TSC1 or TSC2 or variations in the TSC-related cell
signaling significantly increase an individual’s risk of ASD development [114]. The reversal
of learning deficits, autistic-like deficient social approach, and molecular abnormalities by
rapamycin, further demonstrates the therapeutic implication of mTOR signaling cascade in
TSC-associated neurological problems [109,110,115].

4.4. The Excitatory/Inhibitory Imbalance

Autophagy establishes an association between mTOR hyperactivity, neuronal exci-
tation/inhibition equilibrium and ASD-like behavior [116]. One of the key mechanisms
underlying the pathogenesis of the neurodevelopmental disorders, such as ASD, is the loss
of balance between the excitatory (E) and inhibitory (I) activity in the brain circuits [18,117].
The excitatory/inhibitory balance in the brain is regulated by glutaminergic pyramidal
neurons and GABAergic interneurons [118]. Low levels of GABA, or reduction in GABAer-
gic interneurons, as well as inhibition of GABAergic innervations has been observed in
the patients with ASD as well as rodent models thereby altering the E/I balance. Neurex-
ins and neuroligins are presynaptic and postsynaptic binding proteins that coordinate to
form transsynaptic complexes. These proteins directly facilitate synapse formation and
stabilization [119]. Neuroligins like NLGN-1, NLGN-3, and NLGN-4 localize to the glu-
tamate postsynaptic membrane, whereas NLGN-2 localizes primarily to GABA synapse.
Neuroligins participate in the formation of glutamatergic and GABAergic synapses. Muta-
tions in neuroligins and neurexins bring about changes in synaptic structure and plasticity.
Genomic studies have identified alterations in neurexins and neuroligins in ASD [120].

The levels of glutamate and GABA vary in autistic children. The abrupt synaptic
connectivity is related to the alterations in expression and function of glutamate receptors
subsequently modulating neuronal function [80]. Altered functioning of the metabotropic
glutamate receptor mGIuR5 is observed in fragile X syndrome, intellectual disability, and
autism [121]. Group I mGluRs are associated with NMDA receptors and regulate the
NMDA receptor-mediated LTP and LTD. Tripartite motif (TRIM) 32, a maintainer of mTOR,
plays an essential part in the ubiquitin-protease degradation of proteins and is mainly
expressed on neural progenitor cells (NPCs) in the nervous system [122]. Rare copy number
variation analysis has demonstrated a strong association between the absence of TRIM32
gene and autistic behavior signifying the essential role played by TRIM32 in the brain
development [123]. Consistent with this outcome, knockout of TRIM32 gene leads to
hyperexcitability and ASD-like behavior in addition to impaired generation of GABAergic
neurons and dysfunctional GABAergic inhibition [124]. Zhu et al. demonstrated that
TRIMB32 regulates the generation of GABAergic interneurons. TRIM32 sustains activity of
mTOR through promoting the degradation of a GTPase activating protein, RG510 (regulator
of G protein signaling protein 10). mTOR activity is suppressed by RGS10 via accelerating
the hydrolysis of GTP from Rheb which is inhibited by the transplantation of L/MGE
progenitors or treatment with a GABAA receptor agonist [124].

Preclinical studies have revealed that autophagy affects social behavior after postnatal
development. Autophagic deficiency induced by Atg7 deletion in GABAergic interneurons
and excitatory neurons of the medial PFC in adolescent mice caused autistic-like behavioral
abnormalities including deficits in social interaction and increased anxiety [125]. The
suppression of autophagy either due to hyperactivation of mTOR or mutation in autophagy
genes, interrupts GABAA receptor expression leading to a reduction in inhibitory inputs,
followed by neuronal hyperexcitability. Different therapeutic approaches have been used
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to restore E/I imbalance, such as treatment with mGluR5 antagonist, NMDAR agonist,
and GABAR agonist. Investigation in rodent models from FXS have revealed variations in
GABA-mediated synaptic transmission, further suggesting therapeutic potential of GABA
receptor agonism in FXS [119].

4.5. Inflammatory Mechanisms in ASD

The levels of inflammatory molecules such as cytokines, IL-13, IL-6, and IL-8 have
been found to increase in the brain, CSF, and peripheral blood of patients with ASD.
Increased autoantibodies and alterations in immunoglobulins and immune cells such
as T cells, B cells, monocytes, and natural killer cells are observed in individuals with
ASD [126,127]. Microglial activation enhances the expression of TLRs as well as pro-
inflammatory mediators. The activation of TLRs is followed by stimulation of PI3K/Akt
microglial pathway which mediates increase in the production of pro-inflammatory factors
accelerating neuronal damage [128]. Under these conditions, microglia attains a neurotoxic
phenotype producing proteases, NO, ROS, and pro-inflammatory cytokines like TNF-
o, IL-1f, IL-12, and IL-6 accelerating neuronal damage [129]. Inflammatory signaling
pathways in both the central nervous system and the periphery can affect synaptic function.
The effects are mediated through components including microglia, cytokines and their
receptors, and major histocompatibility complex class I molecules (MHCI) [119]. Microglia
and astrocytes are essential for maintaining brain homoeostasis by regulating synaptic
morphology and plasticity.

Neuroinflammation appears to play a critical role in the pathogenesis of ASD. Nu-
merous studies have shown different expressions of cytokines and chemokines in autistic
patients [130]. Cytokines activate signal transduction pathways, including the JAK-STAT
and PI3K/Akt/mTOR pathways, which regulate numerous cellular responses. There is
emerging evidence indicating microglial activation in the brains of ASD patients. Several
investigations have reported elevated plasma levels of the proinflammatory chemokine
(C-C motif) ligand 5 (CCL5) in children with ASD. mTOR signaling is found to be aberrantly
activated in individuals with ASD. Investigations conducted by Wang et al. showed that
suppression of mTOR activity reduced the release of CCL5 from human microglia. Thus
mTOR activation may play a role in regulating the expression and release of CCL5 [131].
Aberrations in Akt/mTOR signaling pathway can affect cell growth, and synthesis of
cytokines in the immune system with adverse effects on the behavior [132]. Onore et al.
further demonstrated that immune dysfunction in children with ASD results from irregular-
ities in T cell signaling through the Akt/mTOR pathway. Several studies have demonstrated
a vital role for microglia and astrocytes in synaptic pruning [9]. Stress and inflammation
lead to the activation of the tryptophan (Trp)-kynurenine (KYN) metabolic pathway which
contributes to the development of neurological and psychiatric disorders. The kynurenine
pathway regulates the enzymatic conversion of tryptophan to neuroprotective product,
kynurenic acid (KYNA). The TRP-KYN pathway synthesizes other metabolites including
antioxidants, neurotoxins, neuroprotectants, and immunomodulators [133]. The alteration
of the Trp-KYN metabolic system was also observed in patients with ASD. The mean
serum levels of KYNA were significantly lower, while the ratio of KYN/KYNA was sig-
nificantly elevated in the serum of children with ASD [4]. Preclinical studies have also
associated maternal immune activation and microbiota profile to the complex pathogenesis
of ASD [32,33].

4.6. Regulation of Translational Machinery in ASD

The 4E-BPs repress the translation of synaptic proteins by binding to eIF4F complex
which consists of elF4E (the cap-binding protein), elF4A (the RNA helicase), and elF4G
(the scaffolding protein bridging RNA to ribosome) [77]. 4E-BP2, the major form of 4E-BP
in the mammalian brain is phosphorylated by mTORCI1 leading to its dissociation from
translation initiation factor eIF4E, thus de-repressing its cap-binding activity and allowing
the formation of elF4E translation initiation complex. Autistic phenotypes are also seen
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in 4E-BP2 knockout and elF4E-overexpressing mice, both being downstream effectors
of mTOR regulating protein translation [134]. Omission of 4E-BP2 or overexpression of
elF4E results in augmented elF4E complex formation, higher dendritic spine density, and
behavioral irregularities suggestive of ASD. The omission of the 4E-BP2 gene specially
increased the mRNA translation of synaptic protein, neuroligins. The knockdown of
neuroligin was found to rescue ASD-like phenotypes in 4E-BP2 KO mice. Mutations in
translation pathways in mTOR signaling cascade leads to increased protein synthesis and
altered synaptic plasticity.

Genetic variation in chromosome 4q, containing the elF4E locus, is observed in autistic
patients. A rare single nucleotide polymorphism seen in ASD is linked to eIlF4E gene
with activating mutations in its promoter region [135]. Santini et al. have reported and
described an increase in elF4E levels in mice to be associated with enhanced cap-dependent
translation and protein synthesis, resulting in an imbalance in excitatory/inhibitory trans-
mission, unusual and repetitive behaviors suggestive of autism along with social interaction
deficits. The autistic-like behaviors as well as translational defects were altered upon in-
tracerebroventricular infusions of the cap-dependent translation inhibitor 4EGI-1 [1]. In
another study by Santini et al., treatment of FXS mice with 4EGI-1 reversed the defects
in cognition and spine morphology as well as normalized the phenotypes of enhanced
metabotropic glutamate receptor (mGluR)-mediated LTD and dysregulated CYFIP1/elF4E
interactions in FXS mice, which further highlights the pathogenic role of exaggerated cap-
dependent mRNA translation in ASD. Thus, targeting elF4E may be an effective strategy
for treating FXS [136].

5. Phytoconstituents in ASD

Over the years, natural products have been a source of disease-modifying agents.
Several phytoconstituents exert therapeutic effects on various neurodegenerative disor-
ders by targeting different cellular and molecular mechanisms as well as oxidative stress,
inflammatory, and apoptotic pathways [137]. Plant bioactive molecules have shown bene-
ficial pre-clinical evidence by modulating the PI3K/Akt/mTOR pathway and have been
proven quite promising in ASD treatment. However, limited clinical studies have been
carried out to confirm their effectiveness and associated pharmacological mechanisms in
the human body.

Sharma et al. have evaluated the neuroprotective effect of chrysophanol, also known
as chrysophanic acid, derived from the plant Rheum palmatum. Chrysophanol (10 mg/kg,
20 mg/kg, p.o.) was investigated for neuroprotective, neurochemical, and pathological
variations in propionic acid-induced experimental model of autism in rats [138]. The
outcomes of the study suggest that chrysophanol reinstated the altered neurochemical levels
and prevented gross pathological changes as observed in autism, including demyelination
volume in the rat brain. Chrysophanol was also found to improve social interaction
deficits, learning, and memory in autistic rats. Furthermore, chrysophanol effectively
downregulated the PI3K/Akt/mTOR pathway in autistic rats. Table 2 summarizes the
various preclinical and clinical investigations on bioactive compounds from plants that
exert a beneficial therapeutic role in the control and management of ASD.



Molecules 2023, 28, 1889

14 of 25

Table 2. A summary of preclinical and clinical investigations of plant bioactive compounds in

management of ASD.

Preclinical Investigations for Phytochemicals Effective in ASD

Compound (s) Method Dose Mechanisms and Outcomes References
JAkt, ImTOR, | caspase-3,
Bax, and 1Bcl-2, | TNF and
Propanoic acid-induced IL-1B, JAchE, | LDH 1SOD
Chrysophanol model of autism (10, 20 mg/kg) +GSH [138]
Tdopamine, fserotonin
tacetylcholine
Improved behavioral,
biochemical changes; reduced
Propanoic acid-induced neuroinflammation,
P . 5,10, and 15 mg/kg mitochondrial dysfunction, [139]
Resveratrol model of autism e ; .
and oxidative/nitrosative
stress; decreased inflammatory
cytokines (TNF-« and IL-6)
VPA-induced model of Activated sirtuins and
autism 3.6 mg/kg } inflammation [140]
. Lowered oxidative stress;
Piperine VPA—mduC?d model of 20 mg/kg improved social behavior; [141]
autism .
Janxiety
Lowered oxidative-nitrosative
Propanoic acid-induced stress, mitochondrial
c . lrono del of autism 50, 100, and 200 mg/kg dysfunction, | TNF-«, [142]
ureumin JMMP-9; improved behavioral
outcomes
VPA—mdUC?d model of 1g/kg Reduced oxidative stress, |IL-6 [143]
autism levels
. VPA-induced model of Improved behavioral changes;
Quercetin autism 50 mg/kg reduced oxidative stress [144]
Clinical studies for the therapeutic action of phytoconstituents in the management of ASD.
®
NeuroP}r otek™, Improved behavioral
(Luteolin: 100 .
/ ) outcomes; reduced gut and
Luteolin 4-14 year-old children  me/capsue brain inflammation; reduced [145,146]
Rutin: 30 mg/capsule . .
; serum interleukin-6 and tumor
Quercetin: 70 .
necrosis factor
mg/capsule)
Improvements in social
3-12 year-old children 125 mg broccoli seed  responsiveness and interaction [147]
Sulforaphane with ASD. powder (Clinical trial identifier:
NCT02561481)
5 years to 22 years 125 mg broccoli seed Imprl;osveorﬂg?vteilezcs)aal
(children and young extract +50 mg dried responsive e [148]
adults) broccoli sprouts (Clinical trial identifier:
P NCT02654743)
Improvement in memory and
Epigallocatechin cognition
Gallate 18 to 35 years 400 mg/day (Clinical trial identifier: [149]
NCT01855971)

Another phytoconstituent, sulforaphane, an isothiocyanate derived from vegeta-
bles such as brussels sprouts, broccoli, and cabbage, possesses antioxidant and anti-
inflammatory activity [9]. Several studies have reported regulation of mTOR signaling and
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autophagy by sulforaphane [150,151]. An RCT in young men with moderate to severe ASD
have shown that the daily administration of sulforaphane resulted in substantial improve-
ment in social interaction, abnormal behavior, and verbal communication in the subjects
without significant toxicity [152]. Another open-labeled study (ClinicalTrials.gov Identi-
fier: NCT02654743) of sulforaphane treatment in children with ASD showed significant
improvements in social responsiveness as measured by the Social Responsiveness Scale
(SRS) [148]. In further investigations in children aged 3-12 years with ASD, improvements
were observed in sociability and communication on the SRS (ClinicalTrials.gov Identifier:
NCT02561481) [147].

Resveratrol, is a polyphenolic stilbenoid, found in berries, nuts, and grapes. It is a
potent anti-neuroinflammatory agent. Resveratrol exerts neuroprotective effects by its
protective effects on synaptic plasticity [9]. Several preclinical studies have established the
inhibitory effect of resveratrol on mTOR [153,154]. In preclinical studies conducted in ASD
rat models induced by propanoic acid, treatment with 5, 10, and 15 mg/kg resveratrol for 4
weeks has been found to restore the behavioral deficits as well as decrease inflammatory
cytokines (TNF-« and IL-6) in the brain [139]. Furthermore, prenatal administration of
resveratrol inhibited social impairments in a rodent model of autism induced by prenatal
exposure to valproic acid [140].

The natural flavonoid, luteolin, is an mTOR inhibitor and has significant benefits
in ASD [146,155]. Theoharides et al. have reported that dietary supplementation with
NeuroProtek®, containing luteolin, quercetin, and rutin, enhanced adaptive functioning
and behavioral disorders and improved inflammatory symptoms in children (aged 4-12 y)
with ASD [145]. The structural analog of luteolin, methoxyluteolin, has been found to
inhibit mTOR activation and consequent microglial activation and inflammation [156].
Apart from luteolin, quercetin, another mTOR inhibitor has also exhibited significant
neuroprotective effects in animal models of autism [144,157].

Piperine, an alkaloid obtained from Piper longum L. and Piper nigrum L. (black
pepper), possesses anxiolytic, neuroprotective, and cognition-enhancing effects [36]. In-
vestigations conducted by Pragnya et al. have revealed improved motor deficits in ASD
murine models. Piperine has ameliorative effects on behavioral alterations and oxidative
stress markers [141].

De Gregorio et al. investigated the effects of 5-HT,4 agonist, LSD, on social behavior
and glutamatergic neurotransmission in the medial PFC in male mice. Repeated LSD
administration (30 pug/kg, once daily, for 7 days) was found to promote social behavior. LSD
potentiates AMPA and 5-HT,4 synaptic responses in the mPFC. In addition, in studies of
conditional KO mice deficient in Raptor (component of the mTORC1 complex) in excitatory
glutamatergic neurons, the potentiation of 5-HT,4 / AMPA synaptic responses as well as
the prosocial effects of LSD were annulled, further indicating that the integrity of mTORC1
is crucial for LSD [158].

Curcumin, a polyphenol obtained from the plant Curcuma longa, possesses potent
anti-inflammatory and anti-neoplastic properties. It has been found to regulate the mTOR
signaling pathway and functions as an mTOR inhibitor [159,160]. Kuo et al. investigated
the efficacy of curcumin in the treatment of TSC in a Tsc2 knockout mice [161]. Oral
administration of solid lipid curcumin particle activates AMPK activity while inhibiting
the mTOR activity in Tsc2*/~ mice. Curcumin further restored recognition memory loss in
the mice, signifying an effective therapeutic action in TSC. In another study, administration
of curcumin at a daily dose of 50, 100, and 200 mg/kg for 4 weeks in rats with propionic
acid (PPA)-induced autism, improved the behavioral outcomes in addition to inhibiting
oxidative-nitrosative stress, mitochondrial dysfunction, and TNF-a and MMP-9 [142].

6. Discussion

Multiple lines of evidence show that hyperactivation of the mTOR signaling pathway
in neurons results in synaptic dysfunction, aberrant dendritic connectivity, enlarged cell
size, reduced myelination, autophagic impairment, and alterations of the gene translation



Molecules 2023, 28, 1889

16 of 25

Cell membrane

profile. Maintaining an optimum level of mTOR activity is necessary for neuronal cellular
survival and function. The interrelationship between hyperactivation of mTOR and differ-
ent syndromic forms of ASDs such as TSC, fragile X syndrome (FXS), Angelman syndrome,
and Hamartoma tumor syndrome, have been proven in various clinical investigations.

The etiology of ASD is poorly understood, which hinders the development of new
therapeutic drug approaches. Current pharmacological treatment of ASD comprises of
antidepressants, atypical antipsychotics, and anxiolytics [162]. At present, the only FDA-
approved drugs for the management of ASD include the antipsychotics, risperidone and
aripiprazole. However, they do not treat the core ASD symptoms and are associated with
various undesirable side effects [163]. Figure 3 summarizes the various drugs modulating
the PI3K/Akt/mTOR signaling pathway.
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Figure 3. The drugs modulating the PI3K/Akt/mTOR pathway.
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The inhibitors for the PI3K/Akt/mTOR pathway can be divided into four categories:
PI3K inhibitors, mTOR inhibitors, dual PI3K/mTOR, and Akt-inhibitors. Several PI3K
and Akt inhibitors have been developed as potential chemotherapeutic agents. The first
generation of mTOR inhibitors, rapamycin (sirolimus) and its analogues (rapalogs), selec-
tively prevent the activity of mTORCI1 by binding to FKBP-12. mTORC1 inhibitors are the
most promising drugs and are being evaluated in different subsets of ASD. The inhibitor of
mTOR, everolimus, is currently under investigation in individuals with germline PTEN
mutations with ASD-like behaviors.

Limited clinical studies have been carried out regarding the effects of mTORC1 in-
hibitors on neuropsychiatric phenotypes. The mTOR inhibitor, everolimus has been in-
vestigated for safety and possible improvements in neurocognition and behavior in in-
dividuals with PTEN gene mutation (NCT02991807) [164]. In another study, everolimus
tested in children and adolescents aged 4-17 years with TSC failed to improve cogni-
tive functioning or ASD behaviors (NCT01730209) [165]. Furthermore, in a randomized,
placebo-controlled trial in children and adolescents with TSC, no noteworthy improve-
ments in neurocognition or behavior were observed following 6 months of treatment
with everolimus (NCT01289912) [163]. A randomized controlled trial using everolimus
in individuals with germline PTEN mutations and comorbid ASD, to evaluate its effi-
cacy on neurocognition and behavior is currently ongoing (ClinicalTrials.gov Identifier:
NCT02991807, accessed on 2 December 2022).

Despite substantial preclinical success in animal models of TSC that support the use
of mTOR inhibitors for improvement of neurocognition, clinical investigations with mTOR
inhibitors have not been vastly successful. The timing of the treatment is critical regarding
the course of the disease. The features of TAND manifest within the first 12-24 months of
patient life. Hence, age is a key factor for mTOR-targeted treatment in TSC and other ASD
phenotypes. Some adverse effects have been identified with PI3K/Akt/mTOR inhibition.
A few of them are mild (e.g., hyperglycemia and hyperlipidemia), but others can be serious
(e.g., hepatotoxicity, immunosuppression, stomatitis, and interstitial lung disease) [13,59].
Development of efficient pharmacological molecules, optimal dosage regimens, safety
profile, and treatment duration must be established for neurocognitive and behavioral
changes to clearly define their role in clinical settings. Future studies are required to target
the neuropsychological domains in different subsets of ASD based on a narrower age range,
symptom severity, or concurrent medications.

7. Conclusions and Future Perspectives

The prevalence of ASD is high, and the effective treatment is severely lacking. The
identification of key signaling pathways is critical to uncover novel therapeutic targets and
develop successful clinical interventions. One of the most important physiological path-
ways implicated in ASD is the PI3K/Akt/ mTOR signaling pathway. Collectively, several
lines of evidence delineated in literature recognize the role of the PI3K/Akt/mTOR intracel-
lular signaling pathway to play a substantial role in mediating the behavioral abnormalities
that are associated with ASD. Mutations in TSC1, TSC2, and PTEN, negative regulators of
mTORC]1, result in ASD-like phenotypes through the disruption of the mTORC1-mediated
signaling. Neuroinflammation and the progressive neuronal damage also contribute to the
etiology of ASD. It is important to identify drug molecules that modulate several targets
involved in the pathogenesis of ASD. Bioactive plant phytoconstituents for the treatment of
ASD have been identified and these molecules need to be explored further as a therapeutic
option or to provide synergistic effects, leading to reduction in dose and the adverse effects
associated with a drug. Currently, mTORC1 inhibitors are the most promising drugs and
are being evaluated in different subsets of ASD. With plentiful preclinical evidence, further
clinical studies are needed regarding the beneficial therapeutic effect of mTORC1 inhibitors
in ameliorating ASD. Pharmacotherapy combined with behavioral interventions may also
be a useful treatment strategy for treating individuals with ASD.
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Abbreviations

ASD Autism Spectrum Disorder

CYFIP1 Cytoplasmic FMRP-Interacting Protein 1

elF4E Eukaryotic Initiation Factor 4E

4E-BP Eukaryotic Initiation Factor 4E-Binding Protein
FMRP Fragile X Mental Retardation Protein

FXS Fragile X Syndrome

KO Knockout

LTD Long-Term Depression

LTP Long-Term Potentiation

mGIluR Metabotropic Glutamate Receptor
mTOR Mammalian Target of Rapamycin
mTORC1 Mammalian Target of Rapamycin Complex 1

PTEN Phosphatase and Tensin Homolog
Rheb Ras Homolog Enriched in Brain
S6K Ribosomal Protein S6 Kinase

TSC Tuberous Sclerosis Complex
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