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Autism Spectrum Disorder (ASD) presents a multifaceted challenge with limited
therapeutic options and a need for early biomarkers. Understanding disrupted signalling
pathways offers promise for intervention and assessment. Literature review spanning genetic,
pre-clinical, and patient studies elucidating pathways implicated in ASD pathogenesis, including
melatonin, mTOR, Retinoic acid, Hedgehog, Notch and Wnt signalling. Core components
of key signalling pathways, such as melatonin, mTOR, Retinoic acid, Hedgehog, Notch
and Wnt, are dysregulated in ASD. These pathways regulate crucial aspects of the nervous
system, including immune function, neuronal growth, neurotransmission, and metabolism.
Manipulating these pathways could potentially modify ASD traits by influencing brain
development and immune homeostasis. Targeting specific nodes within these pathways may
offer novel therapeutic approaches for ASD management. Additionally, identifying biomarkers
associated with pathway dysregulation could enable earlier diagnosis and monitoring of disease
progression. Understanding the intricate interplay of signalling pathways in ASD pathogenesis
provides insights into potential therapeutic targets and biomarkers. Further research into
the manipulation of these pathways and their impact on ASD traits is warranted to advance
personalized treatment strategies and improve outcomes for individuals with ASD.

Keywords: ASD, Autism, Hedgehog, Melatonin, mTOR, Notch, Retinoic acid,
Signalling pathways, Wnt pathway.

A neurodevelopmental illness called
ASD is characterised by limitations in social
communication, as well as by repetitive activities
and narrow interests. The Diagnostic and Statistical
Manual of Mental Disorders (DSM) by American
Psychiatric Association, revised the diagnostic
criteria for ASD (DSM — 5TH edition). There
is a need to develop new biomarkers for early
diagnosis, assess the disease stage for effective
treatments that could potentially modify the
course of the disorder. Signalling cascades

governs the overall homeostasis of the nervous
system. A systematic review in 2022 indicates a
median prevalence of ASD in 1% children, with
an underestimation of low and middle income
nations and an upward trend in prevalence
over time'. Alteration and interaction of WNT
signalling — canonical (CTNNBI), non-canonical
(PRICKLE?2), BMP/TGF — a4, SHH (Hedgehog),
FGF (fibroblast growth factor), RA (Retinoic acid)
is most probably prone to autistic development?.
In this systematic review, we can elaborate the

This is an
Published by Oriental Scientific Publishing Company © 2024

Open Access article licensed under a Creative Commons license: Attribution 4.0 International (CC-BY).

QO




1384

signalling pathways which are responsible for the
etiology of autistic development.

METHODOLOGY

A comprehensive literature review was
conducted to identify studies focusing on cellular
signalling pathways implicated in Autism Spectrum
Disorder (ASD). Various experimental platforms,
including genetic association analyses, pre-clinical
animal models, and investigations utilizing
patient samples, were examined to elucidate
mutations affecting key signalling pathways such
as melatonin, mTOR, and Wnt. Relevant studies
addressing the role of these pathways in neuronal
growth, neurotransmission, immune regulation,
and other aspects of nervous system function were
analysed.

Review of literature
Signalling pathways in ASD
Wnt Pathways

Wnts (Wintless-related integration
site) are lipid-modified secreted glycoproteins
that participate in the canonical Wnt/B-catenin,
non-canonical planar cell polarity, and Wnt/Ca**
signalling cascades. The growth and function of
the mammalian central nervous system (CNS)
are specifically known to be dependent on Wnt/j3-
catenin signalling, which is involved in several
biological processes of CNS.?

The B-catenin destruction complex
degrades B-catenin without Wnt ligands. Active
Wnt signaling, facilitated by Frizzled and LRP5/6,
increases nuclear a-catenin, enhancing target gene
transcription. Non-canonical Wnt pathways raise
Ca?" levels via Ryk/Ror-Frizzled or activate RAC/
JNK and RhoA/ROCK. Dishevelled (Dvl) links
to ASD, crucial in Wnt signaling and synaptic
vesicle clustering. Wnt7a/Dvl1 mutants show spine
defects and neurotransmission issues, while Dvl1
knockout mice exhibit abnormal behavior despite
normal neuroanatomy. GSK3 inhibitor treatment
postnatally reduces autism-related behaviors and
corrects abnormal development®.

Dvl, central to Wnt signalling, links
to ASD; Dvll KO mice exhibit abnormal
behaviour’s with normal neuroanatomy. Wnt7a/
Dvll mutants show impaired spine formation
and neurotransmission. GSK3 inhibitor treatment
rescues abnormal development and reduces autism
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behaviour’s®. SFARI Gene lists CTNNB1 and
TCF7L2 as high-confidence ASD genes. CTNNB1
has 54 uncommon de novo variants, and TCF7L2
has 23. Variants cluster around crucial interaction
domains, requiring further refinement?®.

TCF7L2 regulates oligodendroglial
development, myelinogenesis, and cholesterol
production, impacting ASD-related myelination
anomalies’. ASD correlates with factors like
TBL1X, TBL1XR,MEDI2,and T-Box TF1, which
modulate Wnt/B-catenin-dependent transcription.
Deficient activity dependent neuroprotective
protein links to ASD traits®. In utero valproic
acid (VPA) exposure in mice mirrors ASD
molecular pathogenesis. DEPs overlap with
ASD risk genes, notably in the Wnt/B-catenin
pathway. Dysregulated Rnfl46 in VPA-exposed
mice associates with altered social behavior via
heightened synaptic transmission’.

Haloperidol, clozapine, fluoxetine, and
ritalin, known to affect Wnt signaling, are utilized in
therapeutic strategies for WNT-mediated autism'’.
Haloperidol boosts Wnt protein via D2 receptors,
fluoxetine upregulates Wnt2 by reducing miR-16,
and ritalin modulates Akt/GSK3, implicating Wnt
signaling'!. Autism spectrum disorders (ASD) are
linked to phenotypic alterations that are related
with dysregulation of Wnt/B-catenin-dependent
transcription.
mTOR (Mammalian target of rapamycin)
Pathway

MTOR gene encodes for the mTOR
pathway and its activation. This gene present in
human chromosome 1. mTOR involves in signalling
pathways to regulate apoptosis, autophagy, and
replication of cells. Studies revealed the connection
between the mTOR signalling pathway and several
illnesses, such as rheumatic arthritis, osteoporosis,
insulin resistance, and carcinoma. Microcephaly,
macrocephaly, diminished Purkinje cells in
the cerebellum, increased cell density, cortical
dysgenesis, and aberrant migration patterns have
all been observed in the brains of individuals with
autism'.

Synaptic pruning has also been found to
be disrupted in ASD. Elevated phosphorylation
of mTOR and ribosomal protein S6, two of its
downstream effectors, have been correlated
with a higher spine density in ASD brains. By
promoting LTP (Long term potentiation) of the
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synapses, the Akt/mTOR pathway is essential for
the process of learning and memory formation. In
valproic acid-induced ASD, it has been discovered
that mTOR activity inhibition increases PI3K/
Akt/mTOR-mediated autophagic pathway and
enhances social interactions'. Using whole-
genome linkage investigations, copy number
variation screening, SNP analysis, and genome-
wide studies, a number of ASD candidate genes
have been discovered. Akt/mTOR signalling
cascade and its downstream effectors, TSC1, TSC2,
PTEN, and FMRI are possible gene targets. The
development of ASD symptoms may be related
to the regulation of various cellular processes via
the Akt/mTOR pathway, which has an impact on
neurodevelopment'.

The PTEN GENE (hippocampus, macrocephaly,
synaptic density)

Mutation (phosphatase and tensin
homolog) or deletion leads to the abnormal or
hyperactivation of mTOR pathway. Because
the PTEN gene is the super regulator of mTOR
pathway. Within that macrocephaly mediated
autistic syndrome was developed by the mutation of
PTEN genes. The PTEN gene mutation involved in
mental retardation, seizures and Autism Spectrum
Disorder. The PTEN gene act as antagonist for PIP,
to PIP, conversion, so far this conversion initiates
the activation and further processing for mTOR
pathway. When there is a lack of PTEN gene, it
leads to the hyperactivation or upregulation of
mTOR pathway'. When the PTEN is inhibited
P13K/Akt/mTOR pathway leads to the increased
level of Akt and S6 phosphorylation in the brain,
PTEN mutation are prone to developmental delays
and mental health issues.

It has been discovered that variations
in neuroligins, one kind of postsynaptic cell
adhesion molecule, alter protein production.
Neuroligins are essential for synaptogenesis and
synaptic transmission. Upregulation of Akt/mTOR
signalling led to increased protein synthesis and
dendritic development in Nlgn3KO mice. Neurons
were further treated with either rapamycin, an
inhibitor of mTOR, or LY294002, an inhibitor
of PI3K/Akt activity, to avoid the morphological
defects seen in deletion animals. The research also
revealed a novel association between NL3 and the
Akt/mTOR signalling cascade.NL3 abnormalities
and hyperactivation of Akt/mTOR signalling were
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primarily mediated by decreased PTEN expression
and interactions between PTEN and NL3 and
a scaffold protein called MAGI-2. It is evident
from a number of the clinical trials discussed
above that overactive mTOR resulting from PTEN
mutations is the cause of ASD and other cognitive
impairments'®.

The TSC mutation in mTOR

TSC 1 (hamartin), TSC2 (tuberin) —
tuberculosis complex. The gene mutation of TSC1
and TSC2 causes Tuberous Sclerosis complex
genetic disorder. The mTORCI1-dependent
increased phosphorylation of S6, S6Ks, and
4E-BPs leads to altered protein synthesis. TSC
affects all organ systems, with early involvement
of the central nervous system. The TAND (TSC-
associated neuropsychiatric diseases) spectrum
is broad and includes mental, behavioural, and
cognitive problems like anxiety, depression, and
ADHD, as well as ASD. TSC is a widely recognised
aetiology of syndromic ASD"".

The TSC1 and TSC2 gene mutation also
leads to neuronal dysfunctions, impaired axonal
regulation, abnormal dendritic morphogenesis,
synapse formation and enhanced spine density
are observed in the post-mortem investigations
of ASD’s individuals. However, the mTOR
inhibitor rapamycin reversed all of these
effects'®. Chrysophanol, piperine, resveratrol,
curcumin, quercetin, luteolin, sulforaphane and
epigallocatechin these are the compounds which
have a capability of regulating mTOR pathway
by decreases mTOR, Akt, interleukins (to reduce
the inflammation reactions which are prone to
macrocephaly) and increases Bcl2".

Role of upregulated EIF4E in development of
autism

The eukaryotic translation initiation factor
4E (elF4E) is a possible target for ASD, as it is
related with oxidative stress and is regulated by
NGF-induced signalling. 4E-BP1 and eIF4E play
key roles in the mTOR pathway. Dysfunctions in
mTOR signalling, whether syndromic or idiopathic,
lead to autism. Mutations in genes such as FMRP,
NF1, PTEN, and TSC1/TSC2 cause syndromic
autism, which includes fragile X syndrome,
neurofibromatosis type 1, PTEN Hamartoma
tumour syndrome, and tuberous sclerosis complex.
Hyperactivation or hypoactivation of mTORC1
causes either translation initiation via P70S6K or
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translation blockage via 4EBP, resulting in ASD
aetiology?®.

p70S6K/elF4B and 4E-BP1/elF4E play
crucial roles in dendritic spines because they are
involved in the excitatory postsynapses identified
in the fusiform gyrus of post-mortem brain samples
from persons with ASD?'. The elF4F, elF4A-
mediated mTOR pathway plays a significant role
in idiopathic autism development. Disruptions in
mTOR signalling molecules contribute to ASD
and idiopathic autism. Individuals with idiopathic
autism exhibit decreased brain mTOR signalling,
resulting in reduced synaptic activity, impaired
cellular growth, disrupted protein production, and
altered neuronal activity. Dysregulation of mRNA
translation, mediated by 4E-BP1 binding and
elF4E modification of 52 capped mRNA initiation,
is crucial. eIF4E can modulate p70S6K and
elF4B expression, impacting mTOR-dependent
translation®.
mTOR pathway over expression leads to the
increased synthesis of inflammatory cytokines

ASD-related disorders such macrocephaly,
seizures, and learning disabilities may be brought
on by dysregulation in the mTOR pathway. Autism
development is also influenced by this route. A
dysfunctional mTOR signalling pathway has been
linked to 8—10% of autistic patients. Up to 58%
of the genes that predispose someone to autism
are either directly or indirectly connected to the
mTOR signalling activity. These data collectively
suggest that mTOR signalling is a convergent
pathway associated with ASD. mTOR has also
been connected to the regulation of the expression
of genes of inflammatory cytokines secreted by
various immune cells®. Numerous cells release
CCLS, a proinflammatory chemoattractant cytokine
that is involved in a number of physiological and
pathological processes. There are four receptors
that mediate it: CCR1, CCR3, CCR4, and CCRS5.
Additionally, human microglia that have been
triggered by the proinflammatory neuropeptide
neurotensin—which is present in children with
ASD—release CCL5%*. So, the regulation of
mTOR pathway is one of the therapeutic strategies
was followed for the regulatory release of CCL5
which is downregulation of CCL5 is expected.
So, here they used mTOR inhibitor to regulate
the upregulated activity in ASD patients. The
CCL5 a proinflammatory mediator increases
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the synaptic density and increased protein
synthesis. Synapse overgrowth has been linked to
learning disabilities, macrocephaly, and social and
behavioural abnormalities. Normal head growth
in children with ASD results in an overall larger
brain size throughout infancy®. Rapamycin, an
mTOR inhibitor, decreases CCL5 production,
implicating mTOR in CCL5 expression. GSK-
3B modulates CCL5 release induced by mTOR.
GSK-3 phosphorylates tau protein, contributing to
Alzheimer’s disease pathology. mTOR may inhibit
GSK-3 phosphorylation at Ser9. NF-«B activation
and CREB activity reduction are essential for
CCL5 synthesis. Phosphorylated CREB may
suppress CCLS5 production by competing with NF-
éB for CREB-binding protein binding, indicating
their co-regulatory and antagonistic roles in CCL5
gene regulation?.

Diagram illustrating a possible method
for CCLS release that involves mTOR pathway
activation. In our study, people with ASD had
active mTOR signalling. The down-regulation
of GSK-3P at Ser9 and the reduction of CREB
at Ser133, which results in a decrease in CREB
binding to CREBBP, are both influenced by
phosphorylated mTOR at serine residue 2448.
Thus, additional CREBBP that is accessible may
bind to NF-xB, encouraging the synthesis of CCLS.
The components of the signalling pathway that are
up-regulated (red) and down-regulated (blue) are
represented by corresponding arrows.

Melatonin pathway

The chemical composition of the
circadian rhythm-responsive hormone melatonin
(N-acetyl-5-methoxytryptamine) was identified
in 1958. Although it is also produced by the bone
marrow, retina, lymphocytes, skin, pancreas, glial
cells, Harderian gland and kidney, melatonin is
principally produced by the pineal gland.

Using tryptophan hydroxylase as a
mediator, tryptophan, the precursor to melatonin,
is transformed into 5-hydroxytryptophan,
which forms melatonin. AAD (amino acid
decarboxylase) converts 5-hydroxytryptophan
to serotonin, which is then converted by
arylalkylamine N-acetyltransferase (AANAT)
into N-acetylserotonin (NAS). N-acetylserotonin,
the acetylated form of serotonin, is converted into
melatonin (HIOMT) by the enzyme hydroxyindole
O-methyltransferase. Melatonin is also critical to
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the foetus’s growth. Since the pineal gland develops
after birth, the foetus is dependent on the mother’s
melatonin?®’.

Melatonin has an impact on placental
function because it may pass across bodily
barriers, such as the blood-placenta barrier,

without being denaturized. Melatonin enters the
foetal blood throughout pregnancy and crosses
the placenta, giving the foetus information
about the photoperiod?®. The DDC (AADC),
AANAT and ASMT genes which encodes for the
enzymes, involved in the melatonin synthesis. The
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polymorphic variants or any mutation in the genes
leads to the insufficient synthesis of melatonin and
involved in many neuropsychiatric disorders®.
Normal neuronal firing is the result of
electrical impulses and neurotransmitters, which
allow neurons to communicate with one another.
Understanding a neuron’s components, such as its
soma, dendrites, and axons, is crucial for a better
understanding of this process. The MT1 receptor
in the SCN and other limbic system regions
is activated by melatonin receptor activation,
which reduces neuronal activity and may be how
melatonin promotes sleep sufficient level leads to
the hyperactivity of neurotransmission was seen
in ASD, ID etc., These two transcription factors
are activated by PKC, which is phosphorylated
by melatonin. The clock genes are transcribed, to
maintain the circadian rhythm?*. Part of GDNF’s
function is to sustain sensory, parasympathetic,
and enteric neurons as well as the retention
and neural defence of catecholaminergic and
dopaminergic populations. It also contributes to
the morphogenesis of the kidney and digestive
system, as well as the division, migration, and
maturation of brain cells. If the melatonin was
absent or insufficiency leads to the dysregulated
mechanisms in circadian rhythm, synaptic
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plasticity regulation and diminishes brain growth
which associates the development of ASD. The
melatonin mainly involved in the regulation of
neuron firing. Because when the neuron firing goes
upregulated, the continuous electrical impulses are
transferred concordantly, moves positively charged
molecules (K, Na") through cell membrane. When
the melatonin comes it regulates, the neuron
firing tends to the hyperexcitability to the normal
condition and then tends to sleep state®'.

ASD children sleep problems are often
treated with melatonin, yet trustworthy clinical
evidence is still not provided for this treatment. In
a phase 3 randomised, placebo-controlled clinical
research, 196 children with ASD received 1mg,
4mg, or placebo doses of melatonin once a day
before bedtime as part of proper sleep hygiene
therapy. Sleep onset latency (SOL), measured with
the electronic sleep diary, was the main result. As
comparison to the placebo group, SOL dramatically
decreased in the Img and 4mg melatonin groups.
Children with ASD can use this melatonin
treatment plan as a realistic clinical strategy to deal
with newly developed challenges®. Wild type mice
and Cntnap2 gene mutation was caused in mice
model (2-3 months old). To bring ASD phenotypes,
for the melatonin treatment (3.0mg/kg) mixed with
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small amount of condensed milk (10mg condensed
milk/g of b.w.) at a daily dose manner for 24 days.
They investigated the effects of nighttime exposure
to low light. Based on the behavioural statistics the
melatonin treated mice model showed the relaxed
and prolonged napping time, reduced rapid eye
movement, lower hyper locomotor activity and
initiates the normal circadian rhythm*.

The melatonin also involved in the
phosphorylation of other compounds to initiate
another signalling pathway which was mediated
by the phosphorylation of PKC. The melatonin
treatment in valproic acid induced ASD BTBR
T+¢f/J mice model. In that condition threonine/
serine kinases are reduced in hippocampus, so
the melatonin reverses the synthesis of kinases
to maintain the long -term potentiation,which is
mediated by the phosphorylation of PKC, this
PKC increases the CAMKII, NMDARI1 and PKA’s
phosphorylation for the further gene transcription
(CREB, BDNF) for the memory formation, cell
regulation and synaptic plasticity**.

Potential biomarkers for the autism in
melatonin pathway is N-acetyl serotonin (NAS),
6-sulphatoxymelatonin (aMT6s) in urine, serotonin,
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higher level of 5-HT in total blood volume, 14-3-3
protein and miRNA-451. Melatonin insufficiency
in ASD patients may be caused by alterations in
14-3-3 dependent translation in vivo, according to
reports indicating miR-451 might suppress the 14-
3-3 protein, which controls the activity of AANAT
and ASMT. Melatonin is not currently thought of
as a clinical biomarker for autism, but the drop in
melatonin seen in autism suggests that it may one
day be used as one**.
Retinoic acid pathway

ASD and neurological system
development are impacted by retinoic acid (RA).
By attaching to nuclear receptors, RA signaling
controls the transcription of genes. This pathway’s
dysregulation may be a contributing factor to
ASD, indicating therapeutic promise through RA
signaling modulation for the treatment of ASD
and comprehension of its origin*. RA restores
RARB signaling, reduces microglial activation, and
normalizes polarization, alleviating VPA-induced
autism-like behaviors®’. RA supplementation in
Fmrl KO mice rescues social novelty behaviour
but not sociability or hyperactivity; restores
neuronal gene expression®®. Beta-carotene
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supplementation in BALB/c and BTBR mice at
birth improves autistic-like behaviors, increasing
social interactions and CD38 and oxytocin
levels. Dosage: 0.1-5.0/ mg/kg orally for 7 days.
Enhanced brain neuroplasticity via increased
expression of CD38, oxytocin, oxytocin receptor,
BDNF, and retinoic acid receptor genes, promising
for clinical studies®.

POTENTIATION,

LONG TERM
SYNAPTIC PRUNI

DECREASES
OXIDATIVE

1390

Hedgehog pathway

SMO-SHH dysregulation in ASD leads
to GLI3 repression, causing oxidative stress,
neuroinflammation, and apoptosis. Modulating
SHH pathway may treat ASD*. PUR, a Smo-
Shh agonist, protects against ICV-PPA-induced
brain intoxication, restoring balance, potentially
preventing demyelination, and improving ASD
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behaviors*'. SAG alleviates anxiety in HFD-fed
mice by rebalancing mitochondrial dynamics*.
Interactions between mutations, teratogens,
and Hedgehog (Hh) signaling via the MMM
complex (MOSMO, MEGF8, MGRN1) influence
birth defect outcomes. Deficiency of MOSMO
elevates SMO and Hh signaling, causing defects.
Teratogen inhibition of SMO reduces defect
severity in Mosmo+/-embryos, suggesting potential
therapeutic targets for birth defects and ASD*.
NOTCH Signalling Pathway

Shh/Wnt pathways’ interplay affects
BBB integrity and neuroinflammation in ASD.
Understanding their role offers potential therapeutic
targets for symptom management while preserving
normal development*. Prenatal valproic acid
exposure induces autistic-like behaviors in
rats, accompanied by increased expression of
Notch pathway-related molecules (Notchl,
Jaggedl, NICD, and Hesl) in the prefrontal
cortex, hippocampus, and cerebellum*. BTBR
mice, modeling autistic-like behaviors, exhibit
constitutively activated Notch signaling in
immune cells and liver. Increased expression of
DIll4, Notchl-3, and RBPJ, along with altered

downstream transcription factors, suggests immune
dysregulation*. In VPA-induced autism rats, DAPT
reduces Notchl/Hesl, NRG1/phosphorylated
ErbB4 levels, and autism-like behaviors; AG1478
improves behaviors and reduces microglial
activation’’. NAC reverses VPA-induced autism
symptoms by restoring autophagy and reducing
Notch-1/Hes-1 pathway activity, offering
therapeutic potential for autism*.

RESULTS AND DISCUSSION

Dysregulation of key signalling pathways
is frequently observed in ASD. These pathways
govern various aspects of nervous system function,
suggesting their involvement in ASD pathogenesis.
Timely manipulation of these pathways could
potentially influence brain development and
immune homeostasis, impacting ASD traits.
Clinical relevance

Understanding the dysregulated signalling
pathways implicated in ASD offers potential targets
for therapeutic intervention, timely manipulation
and the development of novel biomarkers for earlier
diagnosis and monitoring disease progression
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mainly at neurodevelopmental phase.
Limitations and future directions

Despite advancements, challenges persist
in comprehensively grasping the intricacies of
ASD pathogenesis and translating discoveries into
viable therapies. Moving forward, research should
prioritize unraveling the intricate interactions
among signalling pathways, pinpointing
dependable biomarkers, and crafting precise
interventions tailored to the varied requirements
of ASD individuals.
Environmental factors and autism

Environmental factors, such as prenatal
infections, medication, perinatal complications,
air pollution, heavy metal exposure, vaccines
and socioeconomic status, interact with
genetic predispositions to influence ASD risk.
Understanding these factors’ roles is crucial for
developing preventive strategies and interventions
to mitigate ASD’s impact.

CONCLUSION

ASD involves disruptions in crucial
genetic mutations and signalling pathways essential
for brain maturation, including Wnt, Hedgehog,
PI3K/AKT/mTORCI, and ERK1/2 pathways,
alongside factors like melatonin and retinoic acid.
Overactivity in these pathways, often caused
by factors like drug exposure during pregnancy,
environmental influences, or hereditary factors,
disturbs brain development, contributing to ASD.
Recent research explores nutraceutical, diet-based
therapies targeting these pathways. Advanced
techniques like chromosomal microarray ,NGS aid
diagnosis, and iPSC-derived neuronal cells offers
insights into impaired pathways.
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