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Abstract

The review provides an in-depth understanding of the molecular mechanisms in heavy metal-induced neurotoxicity and the therapeutic use of
natural products in ASD intervention. The PI3K/Akt/mTOR pathway has been linked to autism spectrum disorder characterized by a decline in
social interaction and difficulties in communication as well as repetitive behaviors, which is pivotal in the disease pathogenesis and exacerbated
by heavy metal toxicity. Heavy metals including lead, mercury, arsenic, and cadmium have been found to interfere with cellular processes,
impairing neurodevelopment and resulting in abnormal signaling cascades, synaptic dysfunction, and neuronal damage through mechanistic
induction of oxidative stress, inflammation, and mitochondrial dysfunction as well as disruption of metal homeostasis—all of which dysregulate
the PI3K/Akt/mTOR pathway. Preclinical investigations have demonstrated that polyphenols, flavonoids, and herbal extract shows the potential
to modulate the neuroprotective pathway, synaptic flexibility, and inflammation through antioxidant, anti-inflammatory, and metal binding
properties that subdue heavy metal-induced neurotoxicity and restore regular PI3K/Akt/mTOR signaling. Further research is necessary to
elucidate the precise mechanisms of action of these natural compounds and evaluate their clinical efficacy.

INTRODUCTION

Autism  Spectrum Disorder (ASD) is a heterogeneous
neurodevelopmental condition characterized by deficits in social
communication and interaction alongside restricted, repetitive patterns
of behavior, interests, or activities [1,2]. These symptoms manifest early
in a child’s development, often within the initial two years of life, and
cause significant impairment in social, occupational, or other areas of
functioning. The stereotypical behaviors exhibited by those with ASD
stem from perturbations in various regions of the brain, including the
amygdala, cerebellum, hippocampus, and cerebral cortex, which disrupt
typical neurodevelopmental processes [3,4]. Recent statistics indicate
concerning rates of ASD, with one in every fifty-four American children
now diagnosed along the spectrum. Genetic predispositions contribute
greatly to disease susceptibility. However, environmental factors such
as exposure to toxic heavy metals have increasingly become topics of
intense investigation. Lead, mercury, cadmium, and arsenic pervade the
environment and are well-established developmental neurotoxicants.
Epidemiological data suggests links between prenatal and childhood
heavy metal exposure and enhanced propensity for ASD [5,6]. These
metals breach the placental and blood-brain barriers, accumulating at
harmful concentrations in the brain to interfere with normal development.
Additional non-hereditary risk modulators include older parental age,
poor prenatal nutrition, antenatal infections, and certain medications or
compound exposures during gestation. Maternally activated immunity
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due to infections while pregnant may also alter the offspring social
behaviors [7]. This review explores the growing body of research on
ASD etiology with emphasis on the roles of heavy metal intoxication and
dysregulation of PI3K/Akt/mTOR signaling in disease pathogenesis.
It also discusses the prospective application of select phytochemicals
demonstrated to impede ASD progression.

THE MTOR PATHWAY AND ITS COMPONENTS

The Mammalian Target of Rapamycin (mTOR) kinase was originally
discovered in the yeast Saccharomyces cerevisiae, the ligands are
essential for viability and are encoded by the TOR1 and TOR2 genes
[8]. An antibiotic that is produced by the soil bacterium Streptomyces
hygroscopicus, rapamycin, is known to specifically inhibit mTOR.
Although rapamycin was discovered as an, initially synthesized antifungal
agent it later exhibited immunosuppressive and anti-proliferative effects
[9,10]. mTOR is widely expressed in mammalian cells and belongs to the
Phosphatidylinositol Kinase-Related Kinase (PIKK) family [11] by binding
directly with FK506-Binding Protein 12 (FKBP-12), rapamycin inhibits
mTOR. There are two different protein complexes of mTOR: mTOR
Complex 1 (mTORC1) and mTOR Complex 2 (mTORC2) [12-14]. mTORC1
plays a role in the sense of rapamycin and controls several key cellular
processes including protein synthesis, autophagy, metabolism and cell
growth [15-17]. mTOR-dependent regulation of autophagy mTORC1 is a
protein complex consisting of at least some or all of the core components
mTOR, RAPTOR (regulatory-associated protein of mTOR), mLST8 (also
known as GBL), and PRAS40 (proline-rich Akt substrate 40kDa). mTORC2,
on the other hand, is insensitive to rapamycin and regulates cytoskeletal
organization, cell survival, and metabolism. The core components of
mTORC2 are mTOR, RICTOR (Rapamycin-insensitive companion of
mTOR), mLST8, mSIN1 (mammalian stress-activated protein kinase-
interacting protein 1), and PROTOR [18] (Flow Chart).

The flowchart demonstrates the mTOR pathway, where growth
hormones stimulate PI3K to AKT and then halt TSC1/TSC2; Rheb is
also activated, which consequently activates mTORC1. As a result,
mTORC1 regulates cellular functions including cell division and
production of protein. Mutations or loss of TSC1/TSC2 function results
in hyperactivation of mTORC1 and, importantly, has been associated
with neurological diseases such as ASD. This hyperactivation disturbs
the abnormal growth of synapses and neurons, which exacerbates the
symptoms of autism.
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Flow Chart: The flowchart demonstrates the mTOR pathway.

REGULATION AND ACTIVATION OF MTOR SIGNALING

mTOR signaling pathway components, TSC1, TSC2, PTEN and
PI3K have been implicated to be associated with ASD phenotypes [19].
Ras homolog enriched in brain (RHEB) by mTORC1 is the more direct
upstream factor that triggers mTORC1 activity in neurons. Inactivation
of the TSC complex by mutations impairs its ability to activate autophagy,
which can result in brain tumor formation. TSC complex repression
of RHEB inhibits mTORC1, and preventing this inhibition gives rise to
hyperactivation of mTORC1 [20,21]. Another regulatory molecule is PTEN,
which further controls Akt activation and lipid signaling by degrading
the PI3K mediator, whose misregulation also results in hyperactivity
in both the mTORC1 and Akt pathways [22-24]. Inactive AMPK leads to
activation via dephosphorylation of T172 and phosphorylation of Raptor,
inhibiting mTORC1 formation because low cellular energy levels lead to
the inhibition of TORC1 by AMPK [25]. However, when the concentration
of cellular nutrition is high, mTORC1 is switched on and drives ribosome
biogenesis, inhibition of autophagy or initiation of mRNA translation
and some downstream events [25]. In contrast mTORC2 is not nutrient
sensitive but growth factor dependent and has a critical role in cell
motility, growth and proliferation [25,26]. The TSC1/TSC2 complex is
a potent inhibitor of mTORC2 activity, and the activation of mTORC2 is
essential for coordinating cytoskeletal dynamics and cellular metabolism.
While Akt induces mTORC1 signaling and positively regulates mTORC1,
it is phosphorylated by mTORC2 that in turn enhances the activity of
mTORC1 and consequently inhibits autophagy [27].

PI3K/AKT/MTOR SIGNALING CASCADE

The PI3K/Akt/mTOR cascade signaling network is a critical
transduction pathway that influences neurodevelopment by upregulating

intracellular reactions from extracellular cues. It interferes with axon
guidance, neural progenitor proliferation and neuronal differentiation
[28]. This pathway is vital in the adult nervous system to modulate
neurotransmitterrelease, maintain the morphology of dendritic spinesand
mediate plasticity. The activation of mTORC1 has been shown to facilitate
the process of Long Term Potentiation (LTP) and subsequent synaptic
strengthening through protein synthesis at synapses [29]. The PI3K/Akt/
mTOR pathway also integrates extrinsic inputs, including neurotrophic
factors and synaptic activity that can modulate synaptic transmission
and neural connections. The PI3K/Akt/mTOR pathway involved in the
regulation of autophagy comprises upstream signaling molecules of
mTOR such as Phosphoinositide 3-kinases (PI3K) and protein kinase B
(Akt/PKB). Activation of the kinase Phosphatidylinositol-3-OH-kinase
(PI3K), downstream growth hormone or insulin binding to tyrosine
kinase receptor, leads to phosphorylation of Phosphatidylinositol-4,5-
bisphosphate (PIP2) and sequentially production of phosphatidylinositol
3,4,5-triphosphate [30-32]. PIP3 is a second messenger that draws Akt to
the cell membrane where it can be phosphorylated by mTORC2 and PDK1
at Thr308 and Ser473, respectively [33]. This phosphorylation decreases
the TSC complex’s action against mTOR, advancing mTORC1 activity
due to repression of TSC [34]. PTEN, a PI3K inhibitor, is a key negative
modulator of this pathway because it dephosphorylates PIP3 to form
PIP2 and thus also regulates the strength of the incoming signals [35].

THE ROLE OF PI3K/AKT/MTOR IN AUTISM SPECTRUM
DISORDERS

ASD is linked to a variety of cellular changes and structural
abnormalities in the brain’s structure, including cortical dysgenesis,
aberrant neuronal migration, bigger brain size, higher cell density, fewer
Purkinje cells in the cerebellum, and microcephaly and macrocephaly
[36]. Disruption of synaptic pruning, an essential process for brain
development, is a prominent characteristicof ASD [36].In ASD brains, there
isacorrelation between higher spine density and greater phosphorylation
of mTOR and its downstream effector, ribosomal protein S6 [37]. The Akt/
mTOR pathway increases synaptic Long-Term Potentiation (LTP), which
is important for learning and memory formation [38]. In ASD models
produced by valproic acid, mTOR activity inhibition enhances autophagy
via the PI3K/Akt/mTOR pathway and enhances social interactions [38].
Numerous genetic studies have found multiple potential genes linked
to ASD, including genome-wide association studies, Single Nucleotide
Polymorphism (SNP) investigations, copy number variation screening,
and whole-genome linkage analyses. Such downstream effectors of the
Akt/mTOR signaling cascade as FMR1, PTEN, TSC1, and TSC2 are among
the several potential genes [39]. Symptoms of Autism Spectrum Disorder
are thought to arise in part because of the Akt/mTOR pathway’s control
over several neurodevelopmental processes [40].

IMPACT OF HEAVY METALS ON PI3K/AKT/MTOR
SIGNALING IN ASD

The PI3K/Akt/mTOR pathway may be disrupted by heavy metal
exposure, which could lead to neurodevelopmental defects linked
to ASD, according to emerging research [41]. The inactivation of
Akt and the dysregulation of mTOR in neural cells have also been
connected to mercury exposure [41]. Research indicates that the
pathophysiology of ASD may involve the involvement of heavy
metal-induced disruption of the PI3K/Akt/mTOR pathway [42].
Animal models have been used in preclinical research to show
that behavioral and neurobiological changes resembling ASD can
be brought on by exposure to heavy metals such lead, mercury,
cadmium, and arsenic during crucial stages of neurodevelopment
[42]. For example, lead-exposed rodent models show abnormalities
in communication, social interaction, and repetitive behaviors in
addition to synaptic dysfunction and reduced neural connections
[42]. Similarly, exposure to mercury causes oxidative stress,
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inhibits synaptic plasticity, and alters neurogenesis, all of which
lead to symptoms similar to ASD in animal models [43]. Exposure
to cadmium and arsenic has also been demonstrated to disrupt
neuronal growth, synaptic transmission, and neurotransmitter
signaling, which may contribute to the behavioral anomalies linked
to autism spectrum disorders [43].

INFLAMMATORY MECHANISMS IN ASD

Inflammation plays a vital role in the pathogenesis of autism
spectrum disorder. Elevated amounts of inflammatory molecules like
cytokines for instance interleukin-1 beta, interleukin-6, and interleukin-8
have been seen in the brain, cerebrospinal fluid, and peripheral blood of
those with autism [44]. Moreover, increased autoantibodies, alterations
in immunoglobulins, and shifts in immune cells such as T cells, B cells,
monocytes,and natural killer cells regularly appear in autism patients [45].
Microglial activation, which boosts the expression of toll-like receptors
and pro-inflammatory mediators, hastens neuronal harm through the
PI3K/Akt/microglial pathway [45]. In these conditions, microglia take
on a neurotoxic persona, generating proteases, nitric oxide, reactive
oxygen species, and pro-inflammatory cytokines like tumor necrosis
factor-alpha, interleukin-1 beta, interleukin-12, and interleukin-6,
exacerbating neuronal damage [45]. Inflammatory signaling pathways
in both the CNS and the PNS can affect synaptic function. The effects
are mediated through components like microglia, cytokines, and their
receptors, as well as Major Histocompatibility Complex Class I Molecules
(MHCI) [46]. Microglia and astrocytes are essential for maintaining brain
homeostasis by regulating synaptic morphology and plasticity. Several
studies have demonstrated the critical function of neuroinflammation
in ASD pathogenesis, showing different expressions of cytokines and
chemokines in individuals with ASD [46]. Cytokines activate signal
transduction pathways, including the JAK-STAT and PI3K/Akt/mTOR
pathways, which regulate numerous cellular responses [47]. Emerging
evidence also indicates microglial activation in the brains of individuals
with ASD, with elevated plasma levels of the proinflammatory chemokine
CCL5 (C-Cmotifligand 5) observed in children with ASD [48]. Aberrations
in the Akt/mTOR signaling pathway can affect cell growth and cytokine
synthesis in the immune system, leading to adverse behavioral effects
[49-52]. A study found that lead exposure was associated with increased
oxidative stress markers and dysregulation of the PI3K/Akt/mTOR
pathway in children with ASD [53]. Similarly, reports of elevated levels of
mercury in individuals with ASD, which were correlated with alterations
in the PI3K/Akt/mTOR pathway and increased oxidative stress have
been reported [54]. Furthermore, a study demonstrated that exposure to
arsenic led to activation of the PI3K/Akt/mTOR pathway and increased
oxidative stress in a mouse model of ASD [54,55].

MITOCHONDRIAL DYSFUNCTION AND HEAVY METAL
EXPOSURE IN ASD

Mitochondria play a pivotal role in cellular energy production,
reactive oxygen species regulation, and programmed cell death [56,57].
Dysfunctions in these intracellular organelles have been implicated in
the pathophysiology of autism spectrum disorder. Various heavy metals
including mercury, lead, arsenic, and cadmium have a proclivity to
bioaccumulate within mitochondria, disrupting their normal functioning
and contributing to oxidative stress and cell injury in individuals with
autism [58]. Notably, research has demonstrated that heavy metals can
impair mitochondrial performance and exacerbate oxidative stress across
diverse cell types, culminating in energy deficits and mitochondrial
damage in autism. Specifically, mercury exposure has been thoroughly
explored in relation to autism outcomes, with evidence indicating
mercury’s preferential sequestration within mitochondria where it
impairs organelle function and exacerbates oxidative stress. Studies
have also found a robust linkage between mitochondrial dysfunction
and mercury exposure in children diagnosed with autism [59]. Similarly,
lead exposure has been tied to oxidative stress and compromised

mitochondrial functioning in autism as elevated lead levels correlated
with higher markers of oxidative stress and reduced mitochondrial
performance in affected children [60,61]. Furthermore, exposure to
cadmium and arsenic has been displayed to provoke oxidative stress and
impair mitochondrial function across various cell cultures and animal
models [62,63].

EPIGENETIC DYSFUNCTION AND HEAVY METAL
EXPOSURE IN ASD

Histone changes, DNA methylation, and non-coding RNAs are
examples of epigenetic modifications that are essential for regulating
gene expression and developmental processes. The pathophysiology of
autism spectrum disease has been linked to the dysregulation of these
systems [64]. Exposure to heavy metals has been shown to interfere
with certain epigenetic processes, such as the PI3K/Akt/mTOR signaling
cascade. For instance, differences in the DNA methylation patterns of
autistic offspring have been related to lead exposure during pregnancy
[65]. These alterations usually affect genes related to synapse function
and neuronal progression, both of which are necessary for normal brain
development. Exposure to mercury has also been linked to autism’s
epigenetic instability. Similarly, exposure to arsenic and cadmium
has been displayed to alter microRNA manifestation and histone
modifications, which change gene expression profiles associated with the
pathophysiology of autism [66,67].

HEAVY METALS AND APOPTOSIS IN ASD

To maintain tissue homeostasis and healthy development, apoptosis,
or programmed cell death, is necessary. ASD has been associated with
dysregulation of apoptosis, and exposure to heavy metals has been
demonstrated to impact apoptotic pathways, which are frequently
regulated by the PI3K/Akt/mTOR pathway [68]. For example, studies
have demonstrated that exposure to mercury increases the rate of
neuronal apoptosis by activating the PI3K/Akt/mTOR pathway, which
interferes with signals that are necessary for cell survival and death [69].
Similar to this, it has been shown that exposure to lead causes neuronal
cells to undergo apoptosis via the PI3K/Akt/mTOR pathway, upsetting
the delicate balance between pro-survival and pro-apoptotic signals and
ultimately resulting in the death of the neuronal cells [70]. Through the
PI3K/Akt/mTOR pathway, exposure to arsenic and cadmium has also
been linked to apoptotic dysregulation in a variety of cell types, including
brin cells [71,72].

PHYTOCONSTITUENTS IN THE TREATMENT OF ASD

Naturally occurring products have served as a source of molecules
that have the potential for alleviating a wide range of conditions. Different
phytoconstituents can target distinct cellular and molecular mechanisms,
as well as oxidative stress, inflammatory, and apoptotic pathways,
providing therapeutic effects in a range of neurodegenerative disorders
[73]. By modifying the PI3K/Akt/mTOR pathway, plant bioactive
compounds have shown tremendous potential in the treatment of ASD.
Chrysophanol, also known as chrysophanic acid, derived from the plant
Rheum palmatum has been evaluated for the neuroprotective effect in
an experimental model of autism induced by propionic acid in rats [74].
According to the study, chrysosphanol prevented severe pathological
alterations linked to autism, such as demyelination, and restored abnormal
neurochemical levels [74]. In addition to enhancing learning, memory,
and social interaction deficiencies, chyrsophanol also downregulated the
PI3K/Akt/mTOR pathway in autistic mice. Despite promising preclinical
results, additional clinical research is needed to establish the efficacy and
pharmacological mechanisms of phytoconstituents in humans.

RECOMMENDATIONS AND CONCLUSION

PI3K/Akt/mTOR is the complex molecular mechanisms pathway in
the pathogenesis of autism spectrum disorders, characterized by a deficit

SM J Neurol Neurosci 10: 6

3/6



S1SMCentral

Empower Research with Open Access

in communication and social interaction. PI3K/Akt/mTOR pathway 17 Winden KD, Ebrahimi-Fakhari D, Sahin M. Abnormal mTOR

interacts with heavy metal toxicity offers important insights into the activation in autism. Annu Rev Neurosci. 2018; 41: 1-23.

processes behind ASD .This knowledge could pave the way for novel o

therapeutic strategies aimed at mitigating the effects of environmental ~ 18- Muranen T, S.el.f(.)rs LM, Worster DT, Iwanicki MP, .Song L_' Morale.:s

toxins, thereby improving outcomes for individuals with ASD. Further FC, et al. Inhibition of PI3K/mTOR leads to adaptive resistance in

research is essential to delineate these complex interactions and to matrix-attached cancer cells. Cancer Cell. 2012; 21: 227-239.

explore potential interventions that target this critical signaling pathway. 19. Guo]J, Cheng], North BJ, Wei W. Functional analyses of major cancer-

related signaling pathways in Alzheimer’s disease etiology. Biochim

REFERENCES Biophys Acta Rev Cancer. 2017; 1868: 341-358.

1. Santini E, Huynh TN, MaCASI_(IH AF, Carter AG'_ Pierre P, Ruggero 20. Yang H, Rudge DG, Koos D, Vaidialingam B, Yang H]J, Pavletich NP.
D, et al. Exaggerated translation causes synaptic and behavioural mTOR Kkinase structure, mechanism and regulation. Nature. 2013;
aberrations associated with autism. Nature. 2013; 493: 411-415. 497: 217-223.

2. Schmunk G, Gargus JJ. Channelopathy pathogenesis in autism 21. Bockaert ], Marin P. mTOR in brain physiology and pathologies.
spectrum disorders. Front Genet. 2013; 4: 222. Physiol Rev. 2015; 95: 1157-1187.

3.  Ellena G, Battaglia S, Ladavas E. The spatial effect of fearful faces in 22. Galvan V, Hart MJ. Vascular mTOR-dependent mechanisms linking
the autonomic response. Exp Brain Res. 2020; 238: 2009-2018. the control of aging to Alzheimer’s disease. Biochim Biophys Acta.

4. Tanaka M, Szab6 A, Spekker E, Polydk H, Téth F, Vécsei L. 2016; 1862: 992-1007.

Mitochondrial impairment: A common motif in neuropsychiatric 23. Zhu Z, Yang C, Iyaswamy A, Krishnamoorthi S, Sreenivasmurthy SG,
presentation? The link to the tryptophan-kynurenine metabolic LiuJ, etal. Balancing mTOR signaling and autophagy in the treatment
system. Cells. 2022; 11: 2607. of parkinson’s disease. Int ] Mol Sci. 2019; 20: 728.

5. Rosenfeld CS. Microbiome disturbances and autism spectrum 24. Singh AK, Kashyap MP, Tripathi VK, Singh S, Garg G, Rizvi SIL

disorders. Drug Metab Dispos. 2015; 43: 1557-1571. Neuroprotection through rapamycin-induced activation of
) L ) ) L autophagy and pi3k/aktl/mtor/creb signaling against amyloid-@-

6. Abuaish S, Al-Otaibi NM, Abujamel TS, Alzahrani SA, Alotaibi induced oxidative stress, synaptic/neurotransmission dysfunction,
SM, AlShawakir YA, et al. Fecal transplant and bifidobacterium and neurodegeneration in adult rats. Mol Neurobiol. 2017; 54:
treatments modulate gut clostridium bacteria and rescue social 5815-5828.
impairment and hippocampal BDNF expression in a rodent model of
autism. Brain Sci. 2021; 11: 1038. 25. Athira KV, Mohan AS, Chakravarty S. Rapid acting antidepressants

in the mTOR pathway: Current evidence. Brain Res Bull. 2020;
7.  Morimoto M, Hashimoto T, Tsuda Y, Nakatsu T, Kitaoka T, Kyotani S. 163:170-177.
Assessment of oxidative stress in autism spectrum disorder using o ) ) ) .
reactive oxygen metabolites and biological antioxidant potential. 26. Perlu1.g1 M, _Dl Domem-co F Barone E, B.utterﬁeld. DA_' mTOR in
i, Alzheimer disease and its earlier stages: Links to oxidative damage
PLoS One. 2020; 15: e0233550. . . . . . L.
in the progression of this dementing disorder. Free Radic Biol Med.

8. Cai Z, Yan L]. Rapamycin, autophagy, and alzheimer’s disease. ] 2021; 169: 382-396.

Biochem Pharmacol Res. 2013; 1. 84-90. 27. Kou X, Chen D, Chen N. Physical Activity Alleviates Cognitive

9.  CaiZ Zhao B, Li K, Zhang L, Li C, Quazi SH, et al. Mammalian target Dysfunction of Alzheimer’s Disease through Regulating the
of rapamycin: A valid therapeutic target through the autophagy mTOR Signaling Pathway. Int ] Mol Sci. 2019; 20: 1591.
pathway for Alzheimer’s disease? ] Neurosci Res. 2012; 90: 1105- 28. Cai Z, Yan Lj, Li K, Quazi SH, Zhao B. Roles of AMP-activated
1118. protein kinase in Alzheimer’s disease. Neuromolecular Med.

10. Friedman LG, Qureshi YH, Yu WH. Promoting autophagic clearance: 2012; 14:1-14.

Viable therapeutic targets in Alzheimer’s disease. Neurotherapeutics. 29, Bockaert J, Marin P. mTOR in Brain Physiology and Pathologies.
2015; 12: 94-108. Physiol Rev. 2015; 95: 1157-1187.

11. Maiese K. Moving to the rhythm with clock (Circadian) genes, 30. Pourtalebi Jahromi L, Sasanipour Z, Azadi A. Promising horizon to
autophagy, mTOR, and SIRT1 in degenerative disease and cancer. alleviate Alzeheimer’s disease pathological hallmarks via inhibiting
Curr Neurovasc Res. 2017; 14: 299-304. mTOR signaling pathway: A new application for a commonplace

lgesic. Med Hypotheses. 2018; 110: 120-124.

12. Maiese K. Taking aim at Alzheimer’s disease through the mammalian analgesic. wec Hypotheses

target of rapamycin. Ann Med. 2014; 46: 587-596. 31. Popova NV, Jiicker M. The role of mTOR signaling as a therapeutic
. . . . . target in cancer. Int ] Mol Sci. 2021; 22: 1743.

13. Bockaert ], Marin P. mTOR in brain physiology and pathologies.

Physiol Rev. 2015; 95: 1157-1187. 32. Sadowski K, Kotulska-JéZwiak K, J6zwiak S. Role of mTOR inhibitors
in epilepsy treatment. Pharmacol Rep. 2015; 67: 636-646.

14. Kim YC, Guan KL. mTOR: A pharmacologic target for autophagy

regulation. ] Clin Invest. 2015; 125: 25-32. 33. Filomeni G, De Zio D, Cecconi F. Oxidative stress and autophagy: The
clash between damage and metabolic needs. Cell Death Differ. 2015;

15. Lee HK, Kwon B, Lemere CA, de la Monte S, Itamura K, Ha AY, et al. 22:377-388.
mTORC2 (Rictor) in alzheimer’s disease and reversal of amyloid-3 ) o
expression-induced insulin resistance and toxicity in rat primary 3% Cha.udry S, Vasudevan N. mTOR-dependent spine dynamics in
cortical neurons. ] Alzheimers Dis. 2017; 56: 1015-1036. autism. Front Mol Neurosci. 2022; 15: 877609.

16. Kuang H, Tan CY, Tian HZ, Liu LH, Yang MW, Hong FF, et al. Exploring 35. Kas.sai .H, Sugaya Y, Noda$, N.akao .K, Maedan Kano M, et.al. Selective

o . . S activation of mTORC1 signaling recapitulates microcephaly,
the bi-directional relationship between autophagy and Alzheimer’s . ) .
. . tuberous sclerosis, and neurodegenerative diseases. Cell Rep. 2014;
disease. CNS Neurosci Ther. 2020; 26: 155-166. 7:1626-1639
SM J Neurol Neurosci 10: 6 4/6


https://pubmed.ncbi.nlm.nih.gov/23263185/
https://pubmed.ncbi.nlm.nih.gov/23263185/
https://pubmed.ncbi.nlm.nih.gov/23263185/
https://pubmed.ncbi.nlm.nih.gov/24204377/
https://pubmed.ncbi.nlm.nih.gov/24204377/
https://pubmed.ncbi.nlm.nih.gov/32617883/
https://pubmed.ncbi.nlm.nih.gov/32617883/
https://pubmed.ncbi.nlm.nih.gov/36010683/
https://pubmed.ncbi.nlm.nih.gov/36010683/
https://pubmed.ncbi.nlm.nih.gov/36010683/
https://pubmed.ncbi.nlm.nih.gov/36010683/
https://pubmed.ncbi.nlm.nih.gov/25852213/
https://pubmed.ncbi.nlm.nih.gov/25852213/
https://pubmed.ncbi.nlm.nih.gov/34439657/
https://pubmed.ncbi.nlm.nih.gov/34439657/
https://pubmed.ncbi.nlm.nih.gov/34439657/
https://pubmed.ncbi.nlm.nih.gov/34439657/
https://pubmed.ncbi.nlm.nih.gov/34439657/
https://pubmed.ncbi.nlm.nih.gov/32442231/
https://pubmed.ncbi.nlm.nih.gov/32442231/
https://pubmed.ncbi.nlm.nih.gov/32442231/
https://pubmed.ncbi.nlm.nih.gov/32442231/
https://pubmed.ncbi.nlm.nih.gov/23826514/
https://pubmed.ncbi.nlm.nih.gov/23826514/
https://pubmed.ncbi.nlm.nih.gov/22344941/
https://pubmed.ncbi.nlm.nih.gov/22344941/
https://pubmed.ncbi.nlm.nih.gov/22344941/
https://pubmed.ncbi.nlm.nih.gov/22344941/
https://pubmed.ncbi.nlm.nih.gov/25421002/
https://pubmed.ncbi.nlm.nih.gov/25421002/
https://pubmed.ncbi.nlm.nih.gov/25421002/
https://pubmed.ncbi.nlm.nih.gov/28721811/
https://pubmed.ncbi.nlm.nih.gov/28721811/
https://pubmed.ncbi.nlm.nih.gov/28721811/
https://pubmed.ncbi.nlm.nih.gov/25105207/
https://pubmed.ncbi.nlm.nih.gov/25105207/
https://pubmed.ncbi.nlm.nih.gov/26269525/
https://pubmed.ncbi.nlm.nih.gov/26269525/
https://pubmed.ncbi.nlm.nih.gov/25654547/
https://pubmed.ncbi.nlm.nih.gov/25654547/
https://pubmed.ncbi.nlm.nih.gov/28035937/
https://pubmed.ncbi.nlm.nih.gov/28035937/
https://pubmed.ncbi.nlm.nih.gov/28035937/
https://pubmed.ncbi.nlm.nih.gov/28035937/
https://pubmed.ncbi.nlm.nih.gov/31503421/
https://pubmed.ncbi.nlm.nih.gov/31503421/
https://pubmed.ncbi.nlm.nih.gov/31503421/
https://pubmed.ncbi.nlm.nih.gov/29490194/
https://pubmed.ncbi.nlm.nih.gov/29490194/
https://pubmed.ncbi.nlm.nih.gov/22340595/
https://pubmed.ncbi.nlm.nih.gov/22340595/
https://pubmed.ncbi.nlm.nih.gov/22340595/
https://pubmed.ncbi.nlm.nih.gov/28694093/
https://pubmed.ncbi.nlm.nih.gov/28694093/
https://pubmed.ncbi.nlm.nih.gov/28694093/
https://pubmed.ncbi.nlm.nih.gov/23636326/
https://pubmed.ncbi.nlm.nih.gov/23636326/
https://pubmed.ncbi.nlm.nih.gov/23636326/
https://pubmed.ncbi.nlm.nih.gov/26269525/
https://pubmed.ncbi.nlm.nih.gov/26269525/
https://pubmed.ncbi.nlm.nih.gov/26639036/
https://pubmed.ncbi.nlm.nih.gov/26639036/
https://pubmed.ncbi.nlm.nih.gov/26639036/
https://pubmed.ncbi.nlm.nih.gov/30744070/
https://pubmed.ncbi.nlm.nih.gov/30744070/
https://pubmed.ncbi.nlm.nih.gov/30744070/
https://pubmed.ncbi.nlm.nih.gov/27660271/
https://pubmed.ncbi.nlm.nih.gov/27660271/
https://pubmed.ncbi.nlm.nih.gov/27660271/
https://pubmed.ncbi.nlm.nih.gov/27660271/
https://pubmed.ncbi.nlm.nih.gov/27660271/
https://pubmed.ncbi.nlm.nih.gov/27660271/
https://pubmed.ncbi.nlm.nih.gov/32739296/
https://pubmed.ncbi.nlm.nih.gov/32739296/
https://pubmed.ncbi.nlm.nih.gov/32739296/
https://pubmed.ncbi.nlm.nih.gov/33933601/
https://pubmed.ncbi.nlm.nih.gov/33933601/
https://pubmed.ncbi.nlm.nih.gov/33933601/
https://pubmed.ncbi.nlm.nih.gov/33933601/
https://pubmed.ncbi.nlm.nih.gov/30934958/
https://pubmed.ncbi.nlm.nih.gov/30934958/
https://pubmed.ncbi.nlm.nih.gov/30934958/
https://pubmed.ncbi.nlm.nih.gov/22367557/
https://pubmed.ncbi.nlm.nih.gov/22367557/
https://pubmed.ncbi.nlm.nih.gov/22367557/
https://pubmed.ncbi.nlm.nih.gov/26269525/
https://pubmed.ncbi.nlm.nih.gov/26269525/
https://pubmed.ncbi.nlm.nih.gov/29317054/
https://pubmed.ncbi.nlm.nih.gov/29317054/
https://pubmed.ncbi.nlm.nih.gov/29317054/
https://pubmed.ncbi.nlm.nih.gov/29317054/
https://pubmed.ncbi.nlm.nih.gov/33572326/
https://pubmed.ncbi.nlm.nih.gov/33572326/
https://pubmed.ncbi.nlm.nih.gov/25933981/
https://pubmed.ncbi.nlm.nih.gov/25933981/
https://pubmed.ncbi.nlm.nih.gov/25257172/
https://pubmed.ncbi.nlm.nih.gov/25257172/
https://pubmed.ncbi.nlm.nih.gov/25257172/
https://pubmed.ncbi.nlm.nih.gov/35782388/
https://pubmed.ncbi.nlm.nih.gov/35782388/
https://pubmed.ncbi.nlm.nih.gov/24857653/
https://pubmed.ncbi.nlm.nih.gov/24857653/
https://pubmed.ncbi.nlm.nih.gov/24857653/
https://pubmed.ncbi.nlm.nih.gov/24857653/

S1SMCentral

Empower Research with Open Access

36. Opazo P, Watabe AM, Grant SG, O'Dell TJ. Phosphatidylinositol 54. Rahbar MH, Samms-Vaughan M, Loveland KA, Ardjomand-Hessabi
3-kinase regulates the induction of long-term potentiation through M, Chen Z, .Bressl.er J et a?. Seafoold consun?ptlon and F’IOOd merC}Ary
extracellular signal-related kinase-independent mechanisms. ] concentrations in Jamaican children with and without autism
Neurosci. 2003; 23: 3679-3688. spectrum disorders. Neurotox Res. 2013; 23: 22-38.

37. Zhang], Zhang JX, Zhang QL. PI3K/AKT/mTOR-mediated autophagy 55. Saghazadeh A, Rezaei N, Lee YY, Carlson SW. Mercury exposure and
in the development of autism spectrum disorder. Brain Res Bull. autism spectrum disorder (ASD): A systematic review and meta-
2016; 125: 152-158. analysis. Environmental Research. 2017: 153; 643-652.

38. Lieberman 0], Cartocci V, Pigulevskiy I, Molinari M, Carbonell ], 56. Cha.uhan A, Chauha.m. v, Brown WT' Cohen I. Oxidative stress in
Broseta MB, et al. nTOR suppresses macroautophagy during striatal autism: Increased lipid peroxidation and reduced serum levels of
postnatal development and is hyperactive in mouse models of ceruloplasmin and transferrin--the antioxidant proteins. Life Sci.
autism spectrum disorders. Front Cell Neurosci. 2020; 14: 70. 2004; 75: 2539-2549.

39. Onore C, Yang H, Van de Water ], Ashwood P. Dynamic Akt/mTOR 57. Hadrup N, Lam, HR. Oral toxicity of heavy metals, Chapter 5. In
signaling in children with autism spectrum disorder. Front Pediatr. Molecular, Clinical and Environmental Toxicology Springer. Cham.
2017; 5: 43. 2018:133-174.

40. Rosina E, Battan B, Siracusano M, Di Criscio L, Hollis F, Pacini, L, etal. ~ 58. Rossignol ]_JA' Frye RE. Mitoc.hondr.ial dysfunction in ?Utism
Disruption of mTOR and MAPK Pathways Correlates with Severity in spectrum disorders: A systematic review and meta-analysis. Mol
Idiopathic Autism. Transl. Psychiatry 2019: 9; 50. Psychiatry. 2012; 17: 290-314.

41. Wang F, Wang L, Xiong Y, Deng J, Lii M, Tang B, et al. Mechanism of 59. Kern JK, Geier DA, Sykes LK, Haley BE, Geier MR. The relationship
valproic acid-induced dendritic spine and synaptic impairment in b.etwee.n mercury and éutlsm: A Comprehensw.e review and
the prefrontal cortex for causing core autistic symptoms in mice. discussion. Journal of Autism and Developmental Disorders. 2012:
Nan Fang Yi Ke Da Xue Xue Bao. 2022; 42: 101-107. 42;1421-1454.

42. Wang C, Zhang H, He Y. Role of peripheral blood DNA methylation 60. D.esoto .MC, Hi.tlan RT. Blood_ levels. of mercury are related to
in the pathogenesis of autism spectrum disorder: recent advances. | diagnosis of autism: A reanalysis of an important data set. Journal of
Autism Dev Disord. 2021; 51: 4037-4051. Child Neurology. 2011: 26; 1470-1477.

43. LiH,LiH, LiY, LiuY, Zhao Z. Blood mercury, arsenic, cadmium, and =~ 61. El-Ansary A, Al-Ayadhi L, El-Gezeery A. Oxidative stress and
lead in children with autism spectrum disorder. Biol Trace Elem Res. mitochondrial dysfunction in autism spectrum disorders. Journal of
2018; 181: 31-37. Neuroscience Research. 2014: 92; 1815-1824.

44. Rodier PM. Developing brain as a target of toxicity. Environ Health ~ 62. Kumar A, Garg R, Prakash AK, Chhabra R, Kar P, Mitra K. Effect of
Perspect. 1995; 103: 73-76. arsenic on mitochondrial electron transport chain (ETC) complexes

and oxidative stress in rat. Environmental Toxicology and

45. Cianciulli A, Porro C, Calvello R, Trotta T, Lofrumento DD, Panaro MA. Pharmacology. 2013: 36, 1085-1095.

Microglia mediated neuroinflammation: Focus on PI3K modulation.
Biomolecules. 2020; 10: 137. 63. Flora §J. Arsenic-induced oxidative stress and its reversibility. Free
Radic Biol Med. 2011; 51: 257-281.

46. London A, Cohen M, Schwartz M. Microglia and monocyte-derived o ) )
macrophages: Functionally distinct populations that act in concert ~ 6% Hertz—Plc.aotto I, Schmidt R], Walke‘; CK, Bennett DH'_ Oliver M,
in CNS plasticity and repair. Front Cell Neurosci. 2013; 7: 34. Shedd-Wise KM, et al. A prospective study of environmental

exposures and early biomarkers in autism spectrum disorder:

47. MattaSM, Hill-YardinEL, CrackPJ. Theinfluence of neuroinflammation Design, protocols, and preliminary data from the MARBLES study.
in autism spectrum disorder. Brain Behav Immun. 2019; 79: 75-90. Environ Health Perspect. 2018; 126: 117004.

48. Tanaka M, Téth F, Polydk H, Szabé A, Méandi Y, Vécsei L. Immune 65. Senut MC, Cingolani P, Sen A, Kruger A, Shaik A, Hirsch H, et
influencers in action: Metabolites and enzymes of the tryptophan- al. Epigenetics of early-life lead exposure and effects on brain
kynurenine metabolic pathway. Biomedicines. 2021; 9: 734. development. Epigenomics. 2012; 4: 665-674.

49. Gkogkas CG, Khoutorsky A, Ran I, Rampakakis E, Nevarko T, 6. Baccarelli A, Bollati V. Epigenetics and environmental chemicals.
Weatherill DB, et al. Autism-related deficits via dysregulated elF4E- Curr Opin Pediatr. 2009; 21: 243-251.
dependent translational control. Nature. 2013; 493: 371-377.

67. Sanders AP, Claus Henn B, Wright RO, Malin AJ], Sen A. Gene-

50. Wang B, Qin Y, Wu Q Li X, Xie D, Zhao Z, et al. mTOR signaling environment interaction and children’s health and development.
Pathway regulates the release of proinflammatory molecule CCL5 Current Opinion in Paediatrics. 2018: 30; 260-266.
implicated in the pathogenesis of autism spectrum disorder. Front
Immunol. 2022; 13: 818518. 68. Bjgrklund G, Tink ov AA, Hosnedlova B, Kizek R, Ajsuvakova OP,

Chirumbolo S, et al. The role of glutathione redox imbalance in

51. Neves-Pereira M, Miiller B, Massie D, Williams JH, O’Brien PC, Hughes autism spectrum disorder: A review. Free Radical Biology and

A, et al. Deregulation of EIF4E: A novel mechanism for autism. ] Med Medicine. 2017; 115; 210-221.
Genet. 2009; 46: 759-765.
69. Li H, Li H, Zhang, ZS, Lin Y, Yu ], Gong W, et al. Neurotoxicity of

52. Santini E, Huynh TN, Longo F, Koo SY, Mojica E, D’Andrea L, et al. mercury: Mechanisms, genetics, and epigenetics. Toxicology and
Reducing elF4E-elF4G interactions restores the balance between Applied Pharmacology. 2018: 349; 71-82.
protein synthesis and actin dynamics in fragile X syndrome model
mice. Sci Signal. 2017; 10: eaan0665. 70. LiuC, GaoY,Barrett], HuB, Ding Y. Activation of the PI3K-Akt pathway

promotes neuroprotection of the §-opioid receptor agonist against

53. Onore C, Careaga M, Ashwood P. The role of immune dysfunction in cerebral ischemia-reperfusion injury in rat models. Biochemical and
the pathophysiology of autism. Brain Behav Immun. 2012; 26: 383- Biophysical Research Communications. 2015: 459; 559-565.

392.
SM J Neurol Neurosci 10: 6 5/6


https://pmc.ncbi.nlm.nih.gov/articles/PMC6742185/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6742185/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6742185/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6742185/
https://pubmed.ncbi.nlm.nih.gov/27320472/
https://pubmed.ncbi.nlm.nih.gov/27320472/
https://pubmed.ncbi.nlm.nih.gov/27320472/
https://pubmed.ncbi.nlm.nih.gov/32296308/
https://pubmed.ncbi.nlm.nih.gov/32296308/
https://pubmed.ncbi.nlm.nih.gov/32296308/
https://pubmed.ncbi.nlm.nih.gov/32296308/
https://pmc.ncbi.nlm.nih.gov/articles/PMC5350147/
https://pmc.ncbi.nlm.nih.gov/articles/PMC5350147/
https://pmc.ncbi.nlm.nih.gov/articles/PMC5350147/
https://www.nature.com/articles/s41398-018-0335-z
https://www.nature.com/articles/s41398-018-0335-z
https://www.nature.com/articles/s41398-018-0335-z
https://pubmed.ncbi.nlm.nih.gov/35249876/
https://pubmed.ncbi.nlm.nih.gov/35249876/
https://pubmed.ncbi.nlm.nih.gov/35249876/
https://pubmed.ncbi.nlm.nih.gov/35249876/
https://pubmed.ncbi.nlm.nih.gov/28480499/
https://pubmed.ncbi.nlm.nih.gov/28480499/
https://pubmed.ncbi.nlm.nih.gov/28480499/
https://pubmed.ncbi.nlm.nih.gov/8549496/
https://pubmed.ncbi.nlm.nih.gov/8549496/
https://pmc.ncbi.nlm.nih.gov/articles/PMC7022557/
https://pmc.ncbi.nlm.nih.gov/articles/PMC7022557/
https://pmc.ncbi.nlm.nih.gov/articles/PMC7022557/
https://pubmed.ncbi.nlm.nih.gov/23596391/
https://pubmed.ncbi.nlm.nih.gov/23596391/
https://pubmed.ncbi.nlm.nih.gov/23596391/
https://pubmed.ncbi.nlm.nih.gov/31029798/
https://pubmed.ncbi.nlm.nih.gov/31029798/
https://pubmed.ncbi.nlm.nih.gov/34202246/
https://pubmed.ncbi.nlm.nih.gov/34202246/
https://pubmed.ncbi.nlm.nih.gov/34202246/
https://pubmed.ncbi.nlm.nih.gov/23172145/
https://pubmed.ncbi.nlm.nih.gov/23172145/
https://pubmed.ncbi.nlm.nih.gov/23172145/
https://pubmed.ncbi.nlm.nih.gov/35422816/
https://pubmed.ncbi.nlm.nih.gov/35422816/
https://pubmed.ncbi.nlm.nih.gov/35422816/
https://pubmed.ncbi.nlm.nih.gov/35422816/
https://pubmed.ncbi.nlm.nih.gov/19556253/
https://pubmed.ncbi.nlm.nih.gov/19556253/
https://pubmed.ncbi.nlm.nih.gov/19556253/
https://pubmed.ncbi.nlm.nih.gov/29114037/
https://pubmed.ncbi.nlm.nih.gov/29114037/
https://pubmed.ncbi.nlm.nih.gov/29114037/
https://pubmed.ncbi.nlm.nih.gov/29114037/
https://pubmed.ncbi.nlm.nih.gov/21906670/
https://pubmed.ncbi.nlm.nih.gov/21906670/
https://pubmed.ncbi.nlm.nih.gov/21906670/
https://pubmed.ncbi.nlm.nih.gov/22488160/
https://pubmed.ncbi.nlm.nih.gov/22488160/
https://pubmed.ncbi.nlm.nih.gov/22488160/
https://pubmed.ncbi.nlm.nih.gov/22488160/
https://pubmed.ncbi.nlm.nih.gov/15363659/
https://pubmed.ncbi.nlm.nih.gov/15363659/
https://pubmed.ncbi.nlm.nih.gov/15363659/
https://pubmed.ncbi.nlm.nih.gov/15363659/
https://pubmed.ncbi.nlm.nih.gov/21263444/
https://pubmed.ncbi.nlm.nih.gov/21263444/
https://pubmed.ncbi.nlm.nih.gov/21263444/
https://pubmed.ncbi.nlm.nih.gov/21554949/
https://pubmed.ncbi.nlm.nih.gov/21554949/
https://pubmed.ncbi.nlm.nih.gov/30465702/
https://pubmed.ncbi.nlm.nih.gov/30465702/
https://pubmed.ncbi.nlm.nih.gov/30465702/
https://pubmed.ncbi.nlm.nih.gov/30465702/
https://pubmed.ncbi.nlm.nih.gov/30465702/
https://pubmed.ncbi.nlm.nih.gov/23244311/
https://pubmed.ncbi.nlm.nih.gov/23244311/
https://pubmed.ncbi.nlm.nih.gov/23244311/
https://pubmed.ncbi.nlm.nih.gov/19663042/
https://pubmed.ncbi.nlm.nih.gov/19663042/

Empower Research with Open Access

71.

72.

73.

74.

Huang CF, Yang RS, Liu SH, Liu PY. Cadmium induces apoptosis in
pancreatic f3-cells through a mitochondria-dependent pathway: The
role of oxidative stress-mediated c-Jun N-terminal kinase activation.
PLoS One. 2015: 10; e0122596.

Martinez-Cué C, Baamonde C, Lumbreras MA, Paz ]. Davisson MT.
D-cycloserine reduces the context specificity of pavlovian extinction
of learned fear in rats. Neurobiology of Learning and Memory. 2005:
83; 228-234.

Xie L, Tang H, Song ], Long ], Zhang L, Li X. Chrysophanol: A review
of its pharmacology, toxicity and pharmacokinetics. Journal of
Pharmacy and Pharmacology. 2019; 71: 1475-1487.

Sharma A, Bhalla S, Mehan S. PI3K/AKT/mTOR signalling inhibitor
chrysophanol ameliorates neurobehavioural and neurochemical
defects in propionic acid-induced experimental model of autism in
adult rats. Metab Brain Dis. 2022; 37: 1909-1929.

SM

J Neurol Neurosci 10: 6

6/6


https://academic.oup.com/jpp/article-abstract/71/10/1475/6121991?redirectedFrom=fulltext
https://academic.oup.com/jpp/article-abstract/71/10/1475/6121991?redirectedFrom=fulltext
https://academic.oup.com/jpp/article-abstract/71/10/1475/6121991?redirectedFrom=fulltext
https://pubmed.ncbi.nlm.nih.gov/35687217/
https://pubmed.ncbi.nlm.nih.gov/35687217/
https://pubmed.ncbi.nlm.nih.gov/35687217/
https://pubmed.ncbi.nlm.nih.gov/35687217/

	Role of the PI3K/Akt/mTOR Pathway in Autism Spectrum Disorder: Insights into Heavy Metal Toxicity
	Abstract
	INTRODUCTION
	Corresponding author
	THE MTOR PATHWAY AND ITS COMPONENTS
	Flow Chart
	REGULATION AND ACTIVATION OF MTOR SIGNALING
	PI3K/AKT/MTOR SIGNALING CASCADE 
	THE ROLE OF PI3K/AKT/MTOR IN AUTISM SPECTRUM DISORDERS 
	IMPACT OF HEAVY METALS ON PI3K/AKT/MTOR SIGNALING IN AS
	INFLAMMATORY MECHANISMS IN ASD
	MITOCHONDRIAL DYSFUNCTION AND HEAVY METAL EXPOSURE IN ASD
	EPIGENETIC DYSFUNCTION AND HEAVY METAL EXPOSURE IN ASD
	HEAVY METALS AND APOPTOSIS IN ASD
	PHYTOCONSTITUENTS IN THE TREATMENT OF ASD
	RECOMMENDATIONS AND CONCLUSION
	REFERENCES

