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Abstract

Autism Spectrum Disorders (ASD) are a complex set of neurodevelopmental manifestations which present in the form
of social and communication deficits. Affecting a growing proportion of children worldwide, the exact pathogenesis of
this disorder is not very well understood, and multiple signaling pathways have been implicated. Among them, the ERK/
MAPK pathway is critical in a number of cellular processes, and the normal functioning of neuronal cells also depends
on this cascade. As such, recent studies have increasingly focused on the impact this pathway has on the development of
autistic symptoms. Improper ERK signaling is suspected to be involved in neurotoxicity, and the same might be implicated
in autism spectrum disorders (ASD), through a variety of effects including mitochondrial dysfunction and oxidative stress.
Niclosamide, an antihelminthic and anti-inflammatory agent, has shown potential in inhibiting this pathway, and counter-
ing the effects shown by its overactivity in inflammation. While it has previously been evaluated in other neurological dis-
orders like Alzheimer’s Disease and Parkinson’s Disease, as well as various cancers by targeting ERK/MAPK, it’s efficacy
in autism has not yet been evaluated. In this article, we attempt to discuss the potential role of the ERK/MAPK pathway
in the pathogenesis of ASD, specifically through mitochondrial damage, before moving to the therapeutic potential of
niclosamide in the disorder, mediated by the inhibition of this pathway and its detrimental effects of neuronal development.
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Introduction

Autism spectrum disorder, often contracted to ASD, is a
heterogeneous set of neurodevelopmental deficits, primarily
affecting children and characterized according to the Diag-
nostic and Statistical Manual of Mental Disorders-V (DSM-
V), on the basis of either lacking “social communication,”
or “restricted, repetitive and/or sensory behaviors or inter-
ests” (Fig. 1). As per the data published by World Health
Organization (WHO) in 2022, 1 in 100 children are affected
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by ASD worldwide (World Health Organization, 2022). The
etiology of ASD is not very well understood, but a complex
interplay of genetic and environmental factors (including
prenatal) has been implicated through several studies done
on this front. Till date, as many as 100 genes and more than
50 copy number variants (CNVs, different number of tan-
dem repeats of genome sections) have been linked to the
risk of developing ASD (Betancur 2011). Additional stud-
ies have further shed light on possible association of autism
with over 1000 genes and 2000 CNVs, but the strength is
variable (Simmons Foundation, 2018). Since single gene
analysis of such large numbers of genes is faced with mul-
tiple complexities, there has been a shift towards focusing
on specific signaling pathways that are believed to play a
role in the pathogenesis of autism, and where these genes
are known to converge (Levitt and Campbell 2009). Among
these, the extracellular signal-regulated kinase/mitogen acti-
vated protein kinase (ERK/MAPK) pathway has received
significant attention towards a possible link to ASD.
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Fig. 1 Hallmark symptoms of
ASD. Autism encompasses a
number of interlinked symptoms,
and the degree of their sever-

ity varies depending on which
end of the spectrum the patient
lies at. The two hallmarks of the
disorder, which are often used

to characterize its presence, are

Autism
Spectrum Disorder

language delays and defects in

Deficient communication + Language delays

communication

The ERK/MAPK pathway is known to interact with mul-
tiple genes that have been implicated in autism, and genome-
wide association analysis of the same have supported these
findings. As such, a dysregulation of this pathway has been
found to result in many CNS disorders, including ASD-
related syndromes, in many studies. These syndromes are
collectively known as Rasopathies, due to the fact that the
affected genes include those encoding for elements which
function together with Ras, a G-protein responsible for
activating ERKs (Levitt and Campbell 2009; Tidyman and
Rauen 2009). It has been found that ASD is linked to the
occurrence of many Rasopathies, and there have been mul-
tiple reports suggesting the possible relation of ERK/MAPK
pathway defects with the incidence of ASD (Vithayathil et
al. 2018; Aluko et al. 2021). Moreover, a detailed study has
found that single nucleotide polymorphisms (SNPs) in the
ERK/MAPK-related genes are more common in subjects
presenting with idiopathic ASD (Mitra et al. 2017; Nisar et
al. 2019).

Niclosamide is an FDA-approved antihelminthic drug
which is routinely used to treat tapeworm infections by
inhibiting their mitochondrial oxidative phosphorylation
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and ATP production. In addition, it has long been known to
have significant immunomodulating activity, and has been
shown to inhibit a number of signaling pathways, includ-
ing the Wingless-related integration site (Wnt)/B-catenin,
nuclear factor kappa B (Nf-kB), signal transducer and acti-
vator of transcription 3 (STAT3), and mammalian target
of rapamycin (mTOR) (Chen et al. 2018). However, while
these targets are known to be rather well-characterized in
terms of the effect that niclosamide has on them, there are
also other targets, including the phosphoinositode 3 kinase/
Akt (PI3K/Akt) and ERK/MAPK pathways, that are seen to
be downregulated by the agent. Hence, given the possible
relation of the ERK pathway in autism, there has been inter-
est in the potential role of niclosamide in the management
of the prognosis of ASD. This article aims to discuss the
possible therapeutic benefit of niclosamide in the treatment
of autism spectrum disorders.
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Fig. 2 Components of the ERK/MAPK pathway. The activation of
MAPK pathway begins when an external ligand binds to the tyrosine
kinase receptors, such as fibroblast growth factor (FGF) with fibro-
blast growth factor receptor (FGFR). This causes dimerization and
activation of the receptor tyrosine kinases (RTK), which then results
in phosphorylation of molecules like growth factor receptor-bound
protein (Grb2) and Src homology region 2 containing protein tyrosine
phosphatase 2 (SHP2). The latter is linked to rat sarcoma virus (Ras)
through son of sevenless (SOS)/guanine nucleotide exchange factors

The MAPK/ERK pathway: basics

Mitogen activated protein kinases (MAPKs) are a family
of protein kinases that are activated upon dual phosphory-
lation of their tyrosine and threonine residues (Roux and
Blenis 2004). The ERK subfamily are among the most well-
established examples, along with others such as the ¢c-JUN
N-terminal kinases (JNKs) and the p38 kinases.

The ERK/MAPK pathway was the first to be elucidated,
in the form of the microtubule associated protein 2 (MAP2),
which was found to be involved in the functioning of insulin
by Thomas Sturgill and Brian Ray, some 34 years ago (Ray
& Sturgill, 1988).

Subsequently dubbed “mitogen-activated protein kinase,”
MAPK was purified and resolved into two isoforms, known
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(GEF), which brings about the phosphorylation of rapidly accelerated
fibrosarcoma (Raf), mitogen activated protein kinase kinase (MEK)
and finally, ERK. These downstream mediators can enter the nucleus
and induce the translation of multiple genes. Ras-proxitmate-1 (Rapl)
also associated with the RTK, and through a similar phosphorylation
of downstream molecules, can interact with endosomes. Finally, this
Rapl1 can also be activated by G-protein coupled receptors (GPCRs),
resulting in a similar effect

as ERKI1 and ERK2 (Cobb and Goldsmith 1995). They
essentially link growth factor-mediated signals to intra-
cellular pathways via the activation of receptor tyrosine
kinases (RTKs) or occasionally G-protein coupled receptors
(GPCRs) (Schlessinger 1988, 2000). The final step of this
activation is brought about by Ras, often in association with
another molecule known as Raf (Pawson 2004; Hibbing et
al., 2011).

The ERK/MAPK cascade is regulated by a complex set
of factors (Fig. 2), including both temporal and spatial regu-
lation. This is mainly orchestrated by Ras, as well as a differ-
ent regulatory molecule known as Rapl (Baass et al. 1995;
Gureasko et al. 2008), often through the activity of certain
scaffolding proteins (Kornfeld et al., 1995) and nuclear
export sequences (Formstecher et al. 2001). The temporal
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regulation is of particular importance, especially in terms of
neuronal health, since these signaling molecules have been
found to largely localize during three phases of neuronal
development, namely the embryonic development phase,
the early postnatal phase, and the adulthood and maturation
phase. Among these, the first two phases are of special sig-
nificance when considering neurodevelopmental disorders
such as autism spectrum disorders, while the third phase is
often implicated in degenerative disorders like Alzheimer’s
and Parkinson’s Disorders (Kim and Choi 2010).

ERK/MAPK signaling in CNS disorders

While the proper functioning of the ERK system has been
implicated in the development of synaptic networks and the
normal growth of the brain, any impairment in the signal-
ing by this cascade can lead to changes that proceed in one
of two ways, both ultimately giving rise to a negative out-
come. It has been found that while under-expression and
reduced performance of the ERK pathway can bring about
inadequate plasticity of the synapses, over-expression and
elevated activity has been associated with a different set of
problems altogether.

The role of ERK in neurodegeneration is worth mention-
ing here, because there exists some evidence for the line of
thought ASD might be linked to at least a certain level of
degeneration in different regions of the brain (Kern et al.
2013). This evidence mainly includes 1) loss of neuronal
cells, 2) presence of pro-inflammatory cytokines, 3) activa-
tion of microglia and astrocytes, 4) presence of oxidative
stress, and 5) increased levels of 8-oxo-guanosine levels.
Overactivity of this pathway has been linked to certain neu-
rodegenerative disorders as well (Colucci-D’ Amato et al.,
2003).

For example, considering the presence of tau in the brains
of patients of Alzheimer’s Disease, ERK is involved in the
phosphorylation of this protein (Kim and Choi 2010). More-
over, MAPK signaling is an active part of various mecha-
nisms occurring in Alzheimer’s Disease, including neuronal
apoptosis, oxidative stress, - and y-secretase activation
at multiple levels, and stabilization of amyloid precursor
protein (APP) via phosphorylation (Muresan and Muresan
2007).

At the same time, the story in Parkinson’s Disease
(PD) is different in certain respects (Kim and Choi 2010).
a-Synuclein, which is an important marker present in the
brains of PD patients, is believed to activate the ERK path-
way among others in microglial cells (Su et al. 2008), and
this causes the release of tumor-necrosis factor alpha (TNF-
o) and interleukin-1 beta (IL-1p), bringing about an inflam-
mation in the region, which might in turn be responsible for
the neurodegeneration observed.
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Another line of evidence could potentially hint towards
the origin of the repetitive actions that are another hallmark
trait of most types of autisms. According to the results of
a study reported in 2017 (Ullrich et al. 2018), upregulated
expression and functioning of the brain derived neuro-
trophic factor (BDNF)/receptor tyrosine kinase B (TrkB)/
ERK-MAPK system (Guiton et al. 1994; Huang and Reich-
ardt 2001, 2003) especially in the circuits of the thalamo-
amygdala region, might be responsible for the observation
of obsessive-compulsive disorder-like behaviors (OCD).
Since signs of inflammation are observed in most of these
manifestations, there is reason to believe that this pathway
has a potential role in neuroinflammation, which is marked
by the presence of oxidative stress often brought about by
mitochondrial dysfunction.

Nevertheless, the actual importance of neurodegenera-
tion owing to oxidative stress in the development of ASD
and its related symptoms is the subject of major debate, with
arguments being made both in favor of and against its role
in the disorder.

ERK signaling and mitochondrial
dysfunction

While there are a number of ways in which improper func-
tioning of the ERK pathway can lead to disruptions in down-
stream signaling, neuronal health, and synaptic plasticity,
one impact that is of particular interest is on the mitochon-
dria. There have been multiple studies that have suggested a
potential link between mitochondrial dysfunction and over-
or derailed- activity of the ERK/MAPK cascade.

The results of a few such studies (He and Aizenman
2010) have reported that ERK 1/2 functioning depends
on a critical balance between the phosphorylation (activa-
tion) and dephosphorylation (inactivation) of this molecule,
while also suggesting that prolonged or enhanced activation
can lead to cell death in a zinc-dependent fashion by induc-
ing oxidative stress-like conditions.

Zinc is a known neurotoxin, and increasing evidence has
been put forth regarding its potential to bring about apop-
totic or non-apoptotic cell death (Cheung and Slack 2004) in
relation to ERK abnormalities. It is believed that increased
levels of this metal can lead to a higher degree of ERK
activation in a Ras-dependent manner. Other studies have
found that this overactivation can in turn give rise to oxida-
tive stress (Yagoda et al. 2007) mediated by the activation
of voltage-gated anion channels in the mitochondrial mem-
branes in non-neuronal cells.

More interestingly, one study has even found that while
the ERK/MAPK system is a key mediator of the zinc-
mediated mitochondrial dysfunction model, stimulating the
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production of reactive oxygen species (ROS) and causing
oxidative stress, ROS too can cause activation of ERK 1/2
(Samavati et al. 2002).

Another line of evidence for this relationship takes a
reverse approach, suggesting that inhibition of this signal-
ing pathway can alleviate the symptoms of mitochondrial
dysfunction in disorders such as Alzheimer’s Disease (Gan
et al. 2014). Moreover, it has also been found that anti-
oxidant treatment, which is a well-described therapy to
oxidative stress induced by improper activity of the mito-
chondria, protects against mitochondria/ROS-mediated
ERK activation.

So, it might be said that both ERK and ROS induce each
other, and the activated ROS can lead to destructive changes
inside the cell, while the activated ERK leads to other detri-
mental effects through different mechanisms.

Also, the results from a separate study have suggested
that the apoptotic pathway mediated by mitochondria
through the B-cell leukemia/lymphoma 2 (BCL-2) pro-
tein cascade is also under the direct influence of ERK, and
a major hallmark of the activation of this pathway is the
destruction of mitochondrial components. In this cascade,
the BCL-2 family, an antagonistic set of pro-survival and
pro-death proteins involved primarily in the apoptotic pro-
cess, is crucial (Czabotar et al. 2014).

Initiation of apoptosis is brought about by pro-apoptotic
signals which drive the release of cytochrome ¢ into the
cytosol through mitochondrial outer membrane permea-
bilization (MOMP). This then marks the beginning of the
caspase apoptotic system (Tait and Green 2010), which
eventually results in cell death. Interestingly, the regulation
of both these types of BCL2 proteins has been found to be
under the influence of ERK1/2.

As an example, the prosurvival proteins BCL2 and mac-
rophage C-type lectin (MCL1) are under transcriptional
regulation by cyclic adenosine monophosphate (cAMP)-
responsive element binding protein (CREB), which in turn
is activated following phosphorylation of ERK-dependent
kinases, mitogen and stress-activated kinases (MSK) and
ribosomal s6 kinase (RSK) (Townsend et al. 1999; Wilson
et al. 1996). Moreover, the pro-apoptotic proteins (BCL-2
associated agonist of cell death (BAD), BCL-2 modifying
factor (BMF), BCL-2 interacting mediator of cell death
(BIM), BCL-2 interacting killer (BIK) and p53 upregulated
modulator of apoptosis (PUMA) are under direct inhibition
by ERK, while phorbol-12-myristate-13-acetate-induced
protein 1 (also known as NOXA), a protein potentially
involved in autophagy, is also expressed in response to the
signaling molecule. This serves to show that the functioning
of the mitochondria and also its possible dysfunction might
be linked to the ERK pathway, further underlining the rela-
tion between this kinase and mitochondrial damage.

Dysfunctional mitochondria are routinely eliminated
from the cell through a process known as mitophagy, which
has been noted, through multiple studies, to be influenced
by ERK signaling (Dagda et al. 2009). Mutations in MEK
or ERK2 have, for example, an inductive effect on mitoph-
agy, while a knockout of the latter, or inhibition of MEK by
U0126, brings about a blockade of mitophagy in response to
hypoxia and starvation (Hirota et al. 2015). And due to the
link between mitochondrial fission and mitophagy, ERK has
also been implied to have a role in the former, a hypothesis
that has been put forward in diseases like Alzheimer’s Dis-
ease. This further consolidates the correlation between ERK
processing and mitochondrial damage.

Mitochondrial dysfunction and autism spectrum
disorders

At this juncture, a layperson would most likely ask, “What
does mitochondrial dysfunction have to do with autism any-
way?” but upon a closer inspection, the role of improper
mitochondrial functioning in autism should be plenty clear.
Multiple studies (Siddiqui et al. 2016) have revealed a
potential correlation between the two (Fig. 3), with some
studies suggesting that markers of mitochondrial function
are deranged in ASD (Minshew et al. 1993), while others
show that the activity of the electron transport chain (ETC)
is affected, along with higher levels of oxidative damage
being observed in the brains of autistic individuals. Inter-
estingly, a meta-study has shown that around 5% of the
children with autism exhibit mitochondrial disease, and bio-
markers for the mitochondrial abnormality have been found
in about 30-50% of them (Balachandar et al. 2021; Rossi-
gnol and Frye 2012).

ETC dysfunction, however, is not the only the only way
in which problems with mitochondrial functioning can
result in autistic phenotypes. Research has shown that cal-
cium is also a key player in the same. For example, one
study depicted how the transport rates through the mito-
chondrial aspartate/glutamate channel (AGC), which is acti-
vated by divalent calcium ions, was significantly enhanced
in patients with autism (Palmieri et al. 2010).

This readily shows that calcium ions are important in the
propagation of abnormal mitochondrial functioning, which
can in turn be linked to the fact that both calcium, and glu-
tamate (which has an important role in maintaining calcium
levels) are implicated in excitotoxic conditions. Addition-
ally, the activity of the enzyme nicotinamide adenine dinu-
cleotide (NADH) oxidase, which is important in the ETC,
was found to be reduced in the lymphocytic mitochondria
of autistic children, which could potentially indicate a
derangement in the normal oxidative phosphorylation pro-
cesses occurring in this organelle (Giulivi et al. 2010).
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Fig. 3 Electron transport chain (ETC) and generation of reactive oxy-
gen species (ROS). Uncoupling of the normal electron transport chain
marks the start of oxidative stress, where oxygen molecules, the main
electron acceptors in the chain, gets converted into reactive oxidative
species (ROS). The initial step involves the conversion of O, to super-
oxide ("O,7). Superoxide dismutase (SOD) then turns it into hydrogen

Another finding of relevance reported that the activity
of pyruvate dehydrogenase, an enzyme that is important
for normal respiratory processes which in turn translate to
correct functioning of the electron transport chain, was sig-
nificantly decreased in the ASD group as compared to the
control group (Giulivi et al. 2010; Weissman et al. 2008)
This can have implications on ATP generation, and these
results are one among multiple others which suggest a cor-
relation between pyruvate levels and autism symptoms.

Moreover, the degree of mutations and deletions in the
genes and DNA present in the mitochondria has also been
noted to be higher in autistic children, further shedding light
on the possibility of problems in the development of mito-
chondria. Incidentally, the functioning of certain complexes
in the ETC, especially complexes III and V, was found to be
decreased in the cerebellum of children aged 4-10 years of
age on the spectrum (Chauhan et al. 2011), while that of all
complexes, especially complex I, were lower in the frontal
cortex.
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peroxide (H,0,), and the chain finally ends with the conversion of
H,0, to H,O by glutathione. Chiefly, superoxide and peroxide are the
sources of more reactive species like ONOO- (reactive nitrogen spe-
cies) and hydroxyl radicals (TOH), which are responsible for causing
detrimental effects

Also, three of these complexes, including complex II, 111,
and V, were lower in the temporal cortex of these children.
Similar results were, however, not obtained in the 14-39
years age group, indicating that developmental changes in
the ETC in ASD were brain region-specific (Chauhan et al.
2011). At the same time, a different study found that com-
plex IV levels were actually higher in ASD patients (Palm-
ieri et al. 2010). Either way, these changes depict different
forms of aberration in normal mitochondrial behavior, and
the same has been tied rather strongly to the symptoms
observed in autism spectrum disorders.

But of course, this mitochondrial dysfunction alone isn’t
the reason behind the plethora of symptoms observed in
autistic individuals, because oxidative stress is a much more
serious implication arising from the same, as discussed
above briefly. Increased levels of ROS and impaired respi-
ratory chain activity have been noted to occur in the same
regions of the brain. For example, the concentrations of
markers of oxidative stress in are elevated ASD patients in
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the temporal cortex (Tang et al. 2013), a region where ETC
abnormalities also frequently occur.

Moreover, the genes coding for some biochemical mark-
ers of mitochondrial dysfunction such as pyruvate, alanine,
ubiquinone, carnitine, acyl-carnitine, and ammonia, among
others show mutations (especially deletions) in autistic
patients (Balachandar et al. 2021), and such abnormalities
have also been noted in the gut of these patients, possibly
providing a link to the gastrointestinal complications occur-
ring in them (Rose et al. 2017).

As additional evidence regarding these observations, the
levels of superoxide dismutase 2 (SOD2), one of the chief
antioxidant enzymes, are lowered in children with autism
(Tang et al. 2013), while those of hydrogen peroxide were
seen to be raised (Giulivi et al. 2010). Interestingly, super-
oxide is typically formed during abnormal metabolism of
oxygen, which might be expected when ATP synthesis does
not proceed correctly.

Both these changes, along with many others, are charac-
teristic of oxidative stress, and indicate an inability of the
antioxidant system to cope up with the elevated levels of
ROS that accompany mitochondrial impairment. These find-
ings are further supported by others that suggest an increase
in the levels of oxidized glutathione, coinciding with low
reduced glutathione levels (James et al. 2009), which also
serve to show that antioxidant activity might be reduced.

The reason behind the same is that excessive accumu-
lation of these species can lead to the disruption of cell
structures, proteins and lipids, and can eventually result in
cell death. This, in context of the CNS and ASD, refers to a
decrease in the number of functional neurons and a decline
in synaptic plasticity, which translates to improper neural
behavior.

Glutamate-induced excitotoxicity (Rojas 2014), which
is brought about chiefly through the involvement of cal-
cium ions, is also known to cause mitochondrial damage by
inducing destruction of cellular components, and this results
in oxidative stress more often than not. Since excitotoxicity
has been implicated in ASD as well, this finding becomes
even more interesting considering the role that the ERK/
MAPK cascade has to play in the same. As such, this can
provide a valuable link to further back the observations that
ERK is important in the pathophysiology of autism.

Targeting the ERK pathway in
neuroinflammation and neurodegeneration

As the ERK pathway is believed to have a role in inflam-
matory pathways, and seeing its plausible involvement
in neurological disorders, it is reasonable to consider its
potential as a player in neuroinflammation. And since

neuroinflammatiom has been linked to several CNS disor-
ders, the implication of this pathway in the same might be
considered important.

For example, neuroinflammation has been found to be
associated with the development of the symptoms pertain-
ing to Alzheimer’s Disease (Fu et al. 2019), and the ERK
pathway has been correlated to the same by promotion of
pro-inflammatory processes in the microglia (Chen et al.
2019). And drugs which are being evaluated for their effi-
cacy in the therapy of this disorder might be involved, at
least indirectly, in blocking the signaling through this cas-
cade. Additionally, agents like trametinib (Henry et al.
2020), which is an inhibitor of MEK, an upstream regulator
of ERK, have also been shown to have a positive effect in
attenuation neuroinflammatory processes coupled with the
cognitive impairment seen in traumatic brain injury. Inter-
estingly, this effect is linked to the inhibition of microglia-
induced inflammation, which in turn, involves the ERK
pathway as well. Other agents which have shown potential
in blocking these inflammatory processes include tectori-
genin (Lim et al. 2018) and dexmetomidine (Qiu et al. 2020)
which acts partially by downregulating the ERK pathway,
among others.

Apart from this, the role of ERK signaling in neuro-
degeneration has also been an avenue of interest for drug
development. As an example, one might consider the poten-
tial of phenolic agents, particularly flavonoids, in targeting
this pathway and blocking its signaling, as a potential thera-
peutic avenue for the treatment of neurodegenerative dis-
orders, owing to their antioxidant properties (Farzaei et al.
2018). Bioflavonoids, present in fruits and plants, have been
found to exert a protective, and in many cases, therapeutic
effect against neurodegeneration. To further highlight the
therapeutic potential of ERK inhibitors in such disorders, a
drug belonging to the class, known as PD-901, has shown
promise in inhibiting Tau hyperphosphorylation which is
associated with Alzheimer’s Disease (Medina et al. 2019)
Moreover, plastoquinonyl-decyltriphenylphosphonium,
known more commonly as SkQ1, which is a mitochondria-
targeted antioxidant, has also shown efficacy in preventing
this hyperphosphorylation, once again through ERK inhibi-
tion (Muraleva et al. 2021).

Also, seeing the involvement of this cascade in amyo-
trophic lateral sclerosis (ALS), the use of ERK blockers like
selumetinib and cobemetinib, which have otherwise been
implicated in neurological disorders, has also been sug-
gested in this neurodegenerative disorder (Albert-Gasco et
al. 2020).
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Niclosamide: much more than a humble
antihelminthic

Niclosamide is an oral antihelminthic drug (Fig. 4) that
has been approved by the FDA for the treatment of tape-
worm infections and has been trusted for the same for over
50 years (Chen et al. 2018). The mechanism of action of
this agent is the inhibition of mitochondrial oxidative phos-
phorylation (Frayha et al. 1997), as well as the production
of ATP through anaerobic pathways. Beyond its use as an
anti-infective, however, this molecule has found a range of
applications in other diseases as well, from cancer to tuber-
culosis, as well as its potential as an immunomodulator.

First discovered in 1953, niclosamide has long been
known to be effective in a host of different kinds of can-
cers (Kebebew et al. 2006; Wieland et al. 2013), as well as
against the growth of mycobacteria, supporting its use as
an anti-tubercular agent (Sun and Zhang 1999). Viral infec-
tions (Jurgeit et al. 2012) are also inhibited by this drug, and
it has also found potential use in tackling metabolic syn-
drome (Kaur 2014), with a special emphasis on its efficacy
on nonalcoholic fatty liver disease and diabetes mellitus
type-2.

It typically acts in the capacity of an immunosuppressant
and has the potential to reduce the expansion of helper T
cells (Jang et al. 2021), resulting in alleviation of the stress
induced by inflammatory processes, and the same has been
evaluated through studies spanning diseases such as sclero-
dermatous graft-versus-host disease (Morin et al. 2016),
rheumatoid arthritis (Huang et al. 2016), and systemic scle-
rosis (Cerles et al., 2016).

The pathways through which niclosamide exerts this
myriad of effects are numerous and varied, but one spe-
cific signaling cascade that has been said to be involved in
mediating the activity of this molecule is the MAPK/ERK
cascade, and through the subsequent sections of this article,
we hope to shed light on the possible ways in which this
interaction between ERK and niclosamide is brought about,
and how the same exerts an effect on neuronal plasticity, and
by extension, can be related to ASD.

Fig.4 Structure of Niclosamide. (Drawn using PubChem Sketcher)
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Niclosamide as a therapeutic in neurological
disorders

Apart from its conventional role as an anti-helminthic and
its role in other diseases, particularly cancers, niclosamide
has also been investigated as a potential neuroprotective
agent. It has been found to reduce the incidence of apop-
tosis induced by ubiquitination of faulty proteins (Cheng
et al. 2017). This is important because this apoptosis is
known to play a role in different types of cancers, and is
also implicated in neurodegenerative diseases like Parkin-
son’s Disease.

More importantly though, a recent study has found that
this drug and its analogues can bring about the proper acti-
vation the PTEN-induced protein kinase 1 (PINK1) gene,
a gene whose function is known to be hampered in impli-
cated in autosomal recessive early-onset Parkinson’s Dis-
ease (Barini et al. 2018). Aberrations in this gene impair its
catalytic activity, and it is believed that enhancing its acti-
vation can improve the symptoms of PD. Niclosamide can
activate this enzyme by reversibly inhibiting mitochondrial
membrane potential, and hence may have a future as a thera-
peutic agent in PD.

Niclosamide and the ERK pathway

Niclosamide has been studied in multiple diseases and con-
ditions apart from helminth infections, and among them, its
potential as an anticancer agent has been very widely stud-
ied. And its usefulness in acting as an adjuvant therapeutic
in cancers such as those of the ovary, colon, lung, and brain
has been attributed to its capacity to regulate two major sig-
naling pathways, namely the MAPK/ERK and the PI3K/
Akt pathways. Since these cascades have also been estab-
lished to be involved in the pathogenesis of autism spectrum
disorders, there might be reason to believe that niclosamide
can become a potential candidate for managing the progres-
sion and symptoms of this disorder.

One study (Cheng et al. 2017) which was carried out to
assess the efficacy of niclosamide in glioblastoma has sug-
gested that the drug can bring about apoptosis of cells, and
also induces ubiquitination and subsequent degradation of
proteins through stimulation of the ubiquitin-proteasome
system (UPS). Since abnormal functioning of this system
is implicated in disorders associated to ASD such as Angel-
mann syndrome, It might be suggested that niclosamide
can also putatively result in partial alleviation of these
disorders by restoring the normal functioning of protein
ubiquitination.

More importantly, however, the same study also reported
that the signaling cascade involving the MAPK/ERK
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pathway is inhibited by niclosamide, contrasting with previ-
ous research which has claimed that the drug shows little
effect on the signaling. In this study, Western blotting tech-
niques were used to determine the outcome of niclosamide
use on ERK levels, specifically those of activated (phos-
phorylated) ERK and total ERK (active + inactive).

The results showed a time-dependent suppression of
expression and phosphorylation in cancer cell lines, leading
to the hypothesis that niclosamide has an inhibitory effect
on the upstream regulators of the ERK cascade, while also
preventing the adequate functioning of their downstream
mediators.

Other evidence that has backed the effect that niclosamide
can possibly have on the ERK cascade includes a study
assessing the ability of the drug to inhibit the pro-inflam-
matory cytokine releasing-capacity of lipopolysaccharide
(LPS)-induced mouse bone marrow dendritic cells (DC).

In this study (Wu et al. 2014), it was found that
niclosamide can potentially block the LPS-induced activa-
tion of NF-KB as well as the c-Jun N-terminal kinase (JNK)
and ERK pathways in dendritic cells, which might in turn
be considered responsible for exerting a negative impact on
DC activation. And since the ERK cascade has been impli-
cated in the pathogenesis of ASD as well as DC induction,
the fact that niclosamide can inhibit this pathway in the lat-
ter might provide valuable proof for its potential use in the
latter.

Additionally, the anti-helminthic agent has also been
found to have a negative regulatory effect on the activity of
Ras (Ahn et al. 2017), and the same might further be linked
to inhibition of the ERK pathway. As such, it might be sug-
gested that niclosamide exerts its effect on the cascade at
multiple steps in a much more complicated manner than ear-
lier expected, instead of solely acting on one single media-
tor (ERK).

Finally, a study in osteosarcoma cell lines (Yeh et al.
2022) has revealed that niclosamide, when used in con-
centrations less than or equal to 200nM, can prevent the
phosphorylation of ERK 1/2, and administration as a com-
bination therapy with MEK inhibitors produced a signifi-
cant reduction in the expression of tumor growth factor
beta-induced protein (TGFBI), the marker that was chiefly
employed in the determination.

While the same has not yet been validated through ani-
mal studies, there is reason to believe that niclosamide
might have a beneficial effect in alleviating the symptoms
that are presented by patients on the autism spectrum, espe-
cially because of its potentially negative impact on the ERK
signaling pathway and its phosphorylation/activation. Addi-
tionally, inhibition of other correlated pathways might also
exert a similar effect on ERK, leading to its downregulation

(Fig. 5).

For example, a transcriptomic meta-analyses (Forés-
Martos et al. 2019) that was carried out in autistic brains has
reported that the genes expressed, as well as the abnormali-
ties observed in biological pathways, are similar to those
seen in cancer. In detail, the meta-analysis involved the
assessment of the gene expression profiles of tissues from
the frontal cortex of ASD patients, and their comparison
with the profiles of as many as 22 cancer types. Addition-
ally, drug set-based overlaps were also studied between the
two.

And the results obtained from the same showed that the
expression profiles of the genes expressed in cancers of the
brain, kidney, thyroid, and pancreas displayed a significant
overlap of abnormalities with the expression profiles of
ASD-related genes. At the same time, prostate and lung can-
cers were found to have expression profiles that were sig-
nificantly deregulated in a direction that was opposite from
ASD. What this means is that the genes that are expressed
or whose expression is disrupted in case of these cancers are
those that are known to have a potentially positive effect on
ASD symptoms.

Among the pathways that were studied, a significant
number were found to be impaired in both diseases, and pri-
mary among them are the impairments seen in the immune
system, ATP synthesis, and oxidative phosphorylation.
More importantly, it was also noted that kidney and brain
cancers depict transcriptomic abnormalities in the regula-
tion of the PI3K/Akt cascade, which is well-known to be
associated to both, the ERK pathway and its role in autism,
and the symptoms of ASD in general.

As such, the conclusion drawn from these meta-analyses
led to the suggestion that the symptoms of autism spectrum
disorder might have a direct comorbidity with cancers of the
kidney, brain, pancreas and thyroid, while on the other hand
were prostate and lung cancers which might be thought to
have an inverse comorbidity with ASD. This type of related
(or differential) expression of genes might in turn be the
result of dysregulations in specific gene sets, all of which
play roles in biological pathways and processes. Among
them are perturbations in cascades known to be involved in
immune function, cell cycle, energy metabolism, as well as
the PI3K and G-protein linked signaling pathways.

Interestingly, the same study also revealed that
niclosamide has the capacity to inhibit STAT signaling,
and this has the effect of inducing differential expression
of genes in certain cancers, which incidentally mimics the
ASD-differentially expressed gene (DEG) signature. At the
same time, the differential expression of genes in certain
other cancers was reversed.

This inhibition of the STAT pathway might be impor-
tant if one takes into account the fact that the Janus kinase
(JAK)/STAT signaling cascade (Rawlings et al. 2004) can
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Niclosamide

Interlinked downstream
functions
(mitochondrial
dysfunction,

Fig. 5 Effect of Niclosamide on ERK/MAPK and related pathways.
Niclosamide has been shown to act on a number of interlinked signal-
ing pathways, of which, the ERK/MAPK pathway is one. While it is

also be integrated with the MAPK/ERK cascade, and as
such, the latter can eventually be subjected to inhibition by
niclosamide occurring through the initial inhibition of the
JAK/STAT pathway. How this happens involves a complex
interaction of multiple mediators, and typically begins with
growth factor receptor-bound protein (Grb2), which is a
protein heavily implicated in ERK signaling.

This Grb2 molecule is known to contain a Src homol-
ogy 2 (SH2) domain, which allows it to interact with recep-
tors that have been phosphorylated by JAK. This interaction
further brings about the activation of Grb2, and causes the
downstream activation of the MAPK/ERK pathway. As
such, JAKs may be at least indirectly involved in MAPK
activation (Winston and Hunter 1996). One additional way
in which the two cascades might be interlinked is through
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believed that this drug does inhibit the ERK cascade, this effect might
not always be direct and may be exerted indirectly by inhibition of
other pathways

the phosphorylating activity that MAPK has on STAT,
which in turn leads to a reduction in STAT activation (Jain
et al. 1998). So, while niclosamide may or may not have a
direct effect on the ERK pathway, it might be suggested to
have at least a partial impact on ERK signaling by causing
the blockade of STAT signaling.

Finally, while this is not directly correlated to the ERK
system, niclosamide has also shown efficacy in inhibiting
the p38/MAPK cascade, in a model of doxorubicin-induced
muscle wasting. In this particular model, the drug prevented
muscular atrophy commonly linked to doxorubicin, and
believed to involve the functioning of p38. Interestingly,
the ERK pathway is also involved in this side effect, and
may hint at some effect of niclosamide on the same as well
(Zhan et al. 2020). Additionally, inhibition of the ERK/
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Mnkl1/elF4E by this agent enhances dasatinib sensitiv-
ity in chronic myeloid leukemia (CML) (Liu et al. 2016).
Niclosamide has also been found to have an inhibitory effect
on the Wnt/ B-catenin pathway, akin to the effect it shows on
the ERK, PI3K and STAT3 pathways (Cheng et al. 2017).
And since the functioning of these multiple pathways often
happens to be interlinked owing to their common upstream
mediators, there is reason to believe that the inhibitory
effect that niclosamide exerts on say, the PI3K, STAT3 or
Wnt pathways might also lead to a related inhibition of ERK
signaling.

Niclosamide against mitochondrial dysfunction and
oxidative stress

Importantly, apart from showing an effect on the ERK path-
way itself, niclosamide has also been shown to have a sig-
nificant effect on mitochondrial functioning, especially on
the electron transport chain. While multiple studies have
reported its efficacy on altering mitochondrial function in
the therapy of different cancers, particularly in combina-
tion with other conventional anti-cancer agents, there have
also emerged findings suggesting that this drug can prevent
or ameliorate mitochondrial dysfunction caused by certain
factors.

For example, one study has shown that niclosamide has
the capacity to reduce the thermal hypersensitivity induced
by paclitaxel in a model of peripheral neuropathy. Paclitaxel
is widely known to induce nerve damage, and mitochondrial
dysfunction mediated by the underexpression of the PINK 1
gene is apparently an important player in the same (Jang et
al. 2022). Since niclosamide can induce this gene expression
discussed previously, there is reason to believe its beneficial
effect in the model is attributable to prevention of mitochon-
drial abnormalities. This might be backed by another study
involving a patented product with niclosamide as the active
ingredient, which has shown efficacy in non small-cell lung
cancer through a variety of mechanisms, with one of them
being inhibition of mitochondrial dysfunction (Kim et al.
2017).

Moreover, a comparative animal study of niclosamide
against vitamin C on methotrexate-induced hepatotoxic-
ity has also reported the potential of this antihelminthic on
preventing oxidative stress and bringing down the levels of
ROS in cells (Zeki and Al-Gareeb 2021). These findings,
if taken together with the effect that niclosamide shows
in inhibiting the ERK/MAPK pathway and its attending
inflammation, can suggest the possibility of this drug having
a potential efficacy in tackling ERK-induced mitochondrial
dysfunction and the associated oxidative stress, which can
support its usefulness in CNS disorders, and provide a basis
for repurposing it towards autism spectrum disorders.

Niclosamide as a potential therapeutic agent
for autism spectrum disorders: a strong
hypothesis

From the above discussion, one might conclude that
niclosamide, owing to its potential in the prevention or as
a therapeutic agent in mitochondrial dysfunction, and by
extension, in conditions pertaining to oxidative stress, might
also show efficacy in the treatment of autism spectrum dis-
order. This can be said based on the effect that mitochondrial
abnormalities, occurring chiefly during neuroinflammatory
processes, has on neuronal health and development, espe-
cially in neonatal brains. Additionally, these abnormalities
are, more often than not, linked to the generation of reactive
oxygen species, which can in turn bring about more severe
neuronal damage, giving rise to the neuronal aberrations
and neurodevelopmental/neurodegenerative sequelae which
are representative of ASD, among other diseases. And since
the neuroinflammatory activity of ERK has been implicated
to have a bearing on these secondary processes, the ERK-
inhibiting activity of niclosamide might make it a plausible
therapeutic agent for the treatment of ASD and its related
symptoms. And this effect might primarily be achieved
through the blockade of neuroinflammation, and a reduction
in oxidative stress arising due to mitochondrial dysfunction.
As such, further research into the potential of this antihel-
minthic in the therapy of autism spectrum disorders might
bring out promising results.

Future prospects

With the incidence of autism spectrum disorders on the rise
in multiple parts of the world, the need for newer therapies
that focus on the underlying cause of the disorder instead
of solely on symptomatic relief has also increased. And
since mitochondrial dysfunction and oxidative stress have
been found to be key players in the pathogenesis of ASD,
drugs that alleviate these abnormalities might prove to be
useful in the long run. While several pathways are known
to be involved in the regulation of mitochondrial function,
the role of the ERK/MAPK pathway is of interest. As such,
niclosamide, which is known to act on and inhibit the sig-
naling through this pathway, and has been utilized previ-
ously in other neurological disorders, might be a potential
candidate for repurposing for the treatment of ASD. This
is especially true seeing as how this agent has already been
concluded to have a bearing on mitochondrial function, and
has produced encouraging results against neuronal damage.
So, niclosamide might have a future as a therapeutic agent
in autism. However, a strong pre-clinical and clinical proof
of concept needs to be established.
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Conclusion

Autism spectrum disorder (ASD) is a neurodevelopmen-
tal disorder involving the complex interplay of genetic and
environmental factors. Nevertheless, the etiology of this
disorder remains largely unknown, but a number of poten-
tial factors and agents have been implicated as having a
bearing on the pathogenesis of autistic symptoms. Over the
years, improper functioning of certain physiological path-
ways have been shown to be involved in giving rise to these
symptoms, and multiple toxicants which act by tipping the
balance of these pathways have also been identified. Among
them, one pathway that has been taking center stage is the
ERK pathway, owing to its myriad of effects, both beneficial
and detrimental, on the health of the central nervous system,
and on the pathophysiology of autism. While low function-
ing of the ERK cascade is responsible for problems with
synapse generation, elevated functioning can have toxic
effects as well, especially through routes which involve
mitochondrial damage and oxidative stress. As such, drugs
which act by inhibiting the overactivity of this pathway can
afford benefit, though at present, the same has not been stud-
ied in depth. Niclosamide, an antihelminthic and immuno-
modulator agent has been shown to have an inhibitory effect
on elevated ERK functioning, with the same having been
validated in cancer models. But given the suspected role
of ERK in the development of autism, this molecule might
have a potential therapeutic use in combating the symptoms
of the disorder.

Authors’ contributions Ranjana Bhandari: Conceptualization, Meth-
odology, Writing-Review, Editing & Visualization. Manasi Varma:
Literature Search, data collection & Writing-Original Draft. Anurag
Kuhad: Final Supervision. All authors read and approved the final
manuscript.

Funding Not Applicable.
Data availability All the data has been included.

Code Availability Not Applicable.

Declarations

Conflict of interest The authors declare no conflict of interest.
Ethics approval Not Applicable.

Consent to participate Not Applicable.

Consent for publication All the contributing authors have given con-
cent for publication.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,

@ Springer

as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Ahn SY, Yang JH, Kim NH, Lee K, Cha YH, Yun JS, Kang HE,
Lee Y, Choi J, Kim HS, Yook J, Yong (2017) Anti-helminthic
niclosamide inhibits ras-driven oncogenic transformation via
activation of GSK-3. Oncotarget 8(19):31856-31863. https://doi.
org/10.18632/ONCOTARGET.16255

Albert-Gasco H, Ros-Bernal F, Castillo-Gomez E, Olucha-Bordonau
FE (2020) Map/erk signaling in developing cognitive and emo-
tional function and its effect on pathological and neurodegenera-
tive processes. Int J Mol Sci 21(12):1-29. https://doi.org/10.3390/
[IMS21124471

Aluko OM, Lawal SA, Ijomone OM, Aschner M (2021) Perturbed
MAPK signaling in ASD: impact of metal neurotoxicity. Curr
Opin Toxicol 26:1-7 Elsevier B.V. https://doi.org/10.1016/j.
cotox.2021.03.009

Baass PC, Di Guglielmo GM, Authier F, Posner BI, Bergeron JIM
(1995) Compartmentalized signal transduction by receptor
tyrosine kinases. Trends Cell Biol 5(12):465-470. https://doi.
org/10.1016/S0962-8924(00)89116-3

Balachandar V, Rajagopalan K, Jayaramayya K, Jeevanandam K, Iyer
M (2021) Mitochondrial dysfunction: a hidden trigger of autism?
Genes and Diseases 8(5):629—639. https://doi.org/10.1016/J.
GENDIS.2020.07.002

Barini E, Miccoli A, Tinarelli F, Mulholland K, Kadri H, Khanim
F, Stojanovski L, Read KD, Burness K, Blow JJ, Mehellou Y,
Mugqit MMK (2018) The Anthelmintic Drug Niclosamide and
Its Analogues Activate the Parkinson’s Disease Associated Pro-
tein Kinase PINK1. ChemBioChem 19(5):425-429. https://doi.
org/10.1002/CBIC.201700500

Betancur C (2011) Etiological heterogeneity in autism spectrum dis-
orders: more than 100 genetic and genomic disorders and still
counting. Brain Res 1380:42—77. https://doi.org/10.1016/j.
brainres.2010.11.078

Chauhan A, Gu F, Essa MM, Wegiel J, Kaur K, Brown WT,
Chauhan V (2011) Brain region-specific deficit in mito-
chondrial electron transport chain complexes in children
with autism. J Neurochem 117(2):209-220. https://doi.
org/10.1111/1.1471-4159.2011.07189.x

Chen W, Mook RA, Premont RT, Wang J (2018) Niclosamide:
beyond an antihelminthic drug. Cell Signal 41:89-96. https://doi.
org/10.1016/J.CELLSIG.2017.04.001

Chen MJ, Ramesha S, Weinstock LD, Gao T, Ping L, Xiao H, Dammer
EB, Duong DD, Levey Al, Lah JJ, Seyfried NT, Wood LB, Ran-
garaju S (2019) Microglial ERK signaling is a critical regulator
of pro-inflammatory immune responses in Alzheimer’s disease.
BioRxiv 798215 https://doi.org/10.1101/798215

Cheng B, Morales LD, Zhang Y, Mito S, Tsin A (2017) Niclosamide
induces protein ubiquitination and inhibits multiple pro-survival
signaling pathways in the human glioblastoma U-87 MG cell
line. PLoS ONE 12(9):e0184324. https://doi.org/10.1371/journal.
pone.0184324


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.18632/ONCOTARGET.16255
http://dx.doi.org/10.18632/ONCOTARGET.16255
http://dx.doi.org/10.3390/IJMS21124471
http://dx.doi.org/10.3390/IJMS21124471
http://dx.doi.org/10.1016/j.cotox.2021.03.009
http://dx.doi.org/10.1016/j.cotox.2021.03.009
http://dx.doi.org/10.1016/S0962-8924(00)89116-3
http://dx.doi.org/10.1016/S0962-8924(00)89116-3
http://dx.doi.org/10.1016/J.GENDIS.2020.07.002
http://dx.doi.org/10.1016/J.GENDIS.2020.07.002
http://dx.doi.org/10.1002/CBIC.201700500
http://dx.doi.org/10.1002/CBIC.201700500
http://dx.doi.org/10.1016/j.brainres.2010.11.078
http://dx.doi.org/10.1016/j.brainres.2010.11.078
http://dx.doi.org/10.1111/j.1471-4159.2011.07189.x
http://dx.doi.org/10.1111/j.1471-4159.2011.07189.x
http://dx.doi.org/10.1016/J.CELLSIG.2017.04.001
http://dx.doi.org/10.1016/J.CELLSIG.2017.04.001
http://dx.doi.org/10.1101/798215
http://dx.doi.org/10.1371/journal.pone.0184324
http://dx.doi.org/10.1371/journal.pone.0184324

Metabolic Brain Disease (2024) 39:387-401

399

Cheung ECC, Slack RS (2004) Emerging role for ERK as a Key Regu-
lator of neuronal apoptosis. Sci STKE 2004(251):PE45. https://
doi.org/10.1126/STKE.2512004PE45

Cobb MH, Goldsmith EJ (1995) How MAP kinases are regulated.
J Biol Chem 270(25):14843-14846. https://doi.org/10.1074/
jbc.270.25.14843

Colucci-D’Amato L, Perrone-Capano C, Di Porzio U (2003) Chronic
activation of ERK and neurodegenerative diseases. BioEssays
25(11):1085-1095. https://doi.org/10.1002/bies.10355

Czabotar PE, Lessene G, Strasser A, Adams JM (2014) Control of
apoptosis by the BCL-2 protein family: implications for physiol-
ogy and therapy. Nat Rev Mol Cell Biol 15(1):49—-63. https://doi.
org/10.1038/NRM3722

Dagda RK, Cherra SJ, Kulich SM, Tandon A, Park D, Chu CT
(2009) Loss of PINKI1 function promotes mitophagy through
effects on oxidative stress and mitochondrial fission. J Biol
Chem  284(20):13843-13855.  https://doi.org/10.1074/IBC.
M808515200

Farzaei MH, Tewari D, Momtaz S, Argiielles S, Nabavi SM (2018)
Targeting ERK signaling pathway by polyphenols as novel
therapeutic strategy for neurodegeneration. Food Chem Toxicol
120:183-195. https://doi.org/10.1016/J.FCT.2018.07.010

Forés-Martos J, Catala-Lopez F, Sanchez-Valle J, Ibaiez K, Tejero
H, Palma-Gudiel H, Climent J, Pancaldi V, Fananas L, Arango
C, Parellada M, Baudot A, Vogt D, Rubenstein JL, Valencia A,
Tabarés-Seisdedos R (2019) Transcriptomic metaanalyses of
autistic brains reveals shared gene expression and biological
pathway abnormalities with cancer. Mol Autism 10(1):1-16.
https://doi.org/10.1186/S13229-019-0262-8/FIGURES/5

Formstecher E, Ramos JW, Fauquet M, Calderwood DA, Hsieh JC,
Canton B, Nguyen XT, Barnier JV, Camonis J, Ginsberg MH,
Chneiweiss H (2001) PEA-15 mediates cytoplasmic sequestra-
tion of ERK MAP kinase. Dev Cell 1(2):239-250. https://doi.
org/10.1016/S1534-5807(01)00035

Frayha GJ, Smyth JD, Gobert JG, Savel J (1997) The mecha-
nisms of action of antiprotozoal and anthelmintic drugs in
man. Gen Pharmacol 28(2):273-299. https://doi.org/10.1016/
S0306-3623(96)00149-8

FuWY, Wang X, Ip NY (2019) Targeting neuroinflammation as a thera-
peutic strategy for Alzheimer’s disease: mechanisms, drug candi-
dates, and new opportunities. ACS Chem Neurosci 10(2):872-879.
https://doi.org/10.1021/ACSCHEMNEURO.8B00402/SUPPL_
FILE/CN8B00402_SI_001.PDF

Gan X, Huang S, Wu L, Wang Y, Hu G, Li G, Zhang H, Yu H, Swerd-
low RH, Chen JX, Yan SSD (2014) Inhibition of ERK-DLP1
signaling and mitochondrial division alleviates mitochondrial
dysfunction in Alzheimer’s disease cybrid cell. Biochim et Bio-
phys Acta - Mol Basis Disease 1842(2):220-231. https://doi.
org/10.1016/j.bbadis.2013.11.009

Giulivi C, Zhang YF, Omanska-Klusek A, Ross-Inta C, Wong S, Hertz-
Picciotto I, Tassone F, Pessah IN (2010) Mitochondrial Dysfunc-
tion in Autism. JAMAICA 303(21):2389-96. http://www.jama.
com

Guiton M, Gunn-Moore FJ, Stitt TN, Yancopoulos GD, Tavare JM
(1994) Identification of in vivo brain-derived neurotrophic factor-
stimulated autophosphorylation sites on the TrkB receptor tyrosine
kinase by site- directed mutagenesis. J Biol Chem 269(48):30370—
30377. https://doi.org/10.1016/S0021-9258(18)43823-9

Gureasko J, Galush WJ, Boykevisch S, Sondermann H, Bar-Sagi D,
Groves JT, Kuriyan J (2008) Membrane-dependent signal inte-
gration by the ras activator Son of sevenless. Nat Struct Mol Biol
15(5):452—461. https://doi.org/10.1038/NSMB.1418

He K, Aizenman E (2010) ERK signaling leads to mitochon-
drial dysfunction in extracellular zinc-induced neurotoxic-
ity. J Neurochem 114(2):452-461. https://doi.org/10.111
1/1.1471-4159.2010.06762

Henry RJ, Ritzel RM, Barrett JP, Doran SJ, Jiao Y, Leach JB, Gregor
X, Szeto L, Wu J, Stoica BA, Faden AIl, David X, Loane J
(2020) Neurobiology of Disease Microglial depletion with
CSF1R inhibitor during chronic phase of experimental trau-
matic brain Injury reduces neurodegeneration and neurological
deficits. J Neurosci 40(14):2960-2974. https://doi.org/10.1523/
JNEUROSCI.2402-19.2020

Hirota Y, Yamashita SI, Kurihara Y, Jin X, Aihara M, Saigusa T, Kang
D, Kanki T (2015) Mitophagy is primarily due to alternative
autophagy and requires the MAPK1 and MAPK14 signaling
pathways. Autophagy 11(2):332-343. https://doi.org/10.1080/15
548627.2015.1023047

Huang EJ, Reichardt LF (2001) Neurotrophins: roles in neuronal
development and function. Annu Rev Neurosci 24:677-736.
https://doi.org/10.1146/annurev.neuro.24.1.677

Huang EJ, Reichardt LF (2003) Trk receptors: roles in neuronal sig-
nal transduction. Annu Rev Biochem 72:609-642. https://doi.
org/10.1146/ANNUREV.BIOCHEM.72.121801.161629

Huang M, Zeng S, Qiu Q, Xiao Y, Shi M, Zou Y, Yang X, Xu H, Liang
L (2016) Niclosamide induces apoptosis in human rheumatoid
arthritis fibroblast-like synoviocytes. Int Immunopharmacol
31:45-49. https://doi.org/10.1016/J.INTIMP.2015.11.002

Jain N, Zhang T, Fong L, Lim CP, Cao X (1998) Repression of
Stat3 activity by activation of mitogen-activated protein kinase
(MAPK). Oncogene 17(21):3157-3167. http://www.stockton-
press.co.uk/onc

James SJ, Rose S, Melnyk S, Jernigan S, Blossom S, Pavliv O, Gaylor
DW (2009) Cellular and mitochondrial glutathione redox imbal-
ance in lymphoblastoid cells derived from children with autism
23(8):2374-83. https://doi.org/10.1096/1].08-128926

Jang SG, Lee J, Hong SM, Song YS, Kim MJ, Kwok SK, Cho M La,
Park SH (2021) Niclosamide suppresses the expansion of follicu-
lar helper T cells and alleviates disease severity in two murine
models of lupus via STAT3. J Translational Med 19(1):86. https://
doi.org/10.1186/s12967-021-02760-2

Jang HJ, Kim YY, Lee KM, Shin JE, Yun J (2022) The PINK1 acti-
vator Niclosamide mitigates mitochondrial dysfunction and
thermal hypersensitivity in a Paclitaxel-Induced Drosophila
Model of Peripheral Neuropathy. 10:863. https://doi.org/10.3390/
biomedicines

Jurgeit A, McDowell R, Moese S, Meldrum E, Schwendener R,
Greber UF (2012) Niclosamide is a proton carrier and tar-
gets acidic Endosomes with Broad Antiviral Effects. PLoS
Pathog  8(10):¢1002976. https://doi.org/10.1371/JOURNAL.
PPAT.1002976

Kaur J (2014) A Comprehensive Review on Metabolic Syndrome.
https://doi.org/10.1155/2014/943162

Kebebew E, Reiff E, Duh QY, Clark OH, McMillan A (2006) Extent
of disease at presentation and outcome for adrenocortical car-
cinoma: have we made progress? World J Surg 30(5):872-878.
https://doi.org/10.1007/s00268-005-0329-s

Kern JK, Geier DA, Sykes LK, Geier MR (2013) Evidence of neurode-
generation in autism spectrum disorder. Transl Neurodegener 2 17
http://www.translationalneurodegeneration.com/content/2/1/17

Kim EK, Choi EJ (2010) Pathological roles of MAPK signaling
pathways in human diseases. Biochim et Biophys Acta - Mol
Basis Disease  1802(4):396-405. https://doi.org/10.1016/J.
BBADIS.2009.12.009

Kim JS, Kim MO, Huang SW (2017) Composition for inhibiting
CIP2A comprising niclosamide

Kornfeld K, Hom DB, Horvitz HR (1995) The ksr-1 gene
encodes a novel protein kinase involved in ras-mediated
signaling in C. elegans. Cell 83(6):903-913. https:/doi.
org/10.1016/0092-8674(95)90206-6

Levitt P, Campbell DB (2009) The genetic and neurobiologic compass
points toward common signaling dysfunctions in autism spectrum

@ Springer


http://dx.doi.org/10.1523/JNEUROSCI.2402-19.2020
http://dx.doi.org/10.1523/JNEUROSCI.2402-19.2020
http://dx.doi.org/10.1080/15548627.2015.1023047
http://dx.doi.org/10.1080/15548627.2015.1023047
http://dx.doi.org/10.1146/annurev.neuro.24.1.677
http://dx.doi.org/10.1146/ANNUREV.BIOCHEM.72.121801.161629
http://dx.doi.org/10.1146/ANNUREV.BIOCHEM.72.121801.161629
http://dx.doi.org/10.1016/J.INTIMP.2015.11.002
http://www.stockton-press.co.uk/onc
http://www.stockton-press.co.uk/onc
http://dx.doi.org/10.1096/fj.08-128926
http://dx.doi.org/10.1186/s12967-021-02760-2
http://dx.doi.org/10.1186/s12967-021-02760-2
http://dx.doi.org/10.3390/biomedicines
http://dx.doi.org/10.3390/biomedicines
http://dx.doi.org/10.1371/JOURNAL.PPAT.1002976
http://dx.doi.org/10.1371/JOURNAL.PPAT.1002976
http://dx.doi.org/10.1155/2014/943162
http://dx.doi.org/10.1007/s00268-005-0329-s
http://www.translationalneurodegeneration.com/content/2/1/17
http://dx.doi.org/10.1016/J.BBADIS.2009.12.009
http://dx.doi.org/10.1016/J.BBADIS.2009.12.009
http://dx.doi.org/10.1016/0092-8674(95)90206-6
http://dx.doi.org/10.1016/0092-8674(95)90206-6
http://dx.doi.org/10.1126/STKE.2512004PE45
http://dx.doi.org/10.1126/STKE.2512004PE45
http://dx.doi.org/10.1074/jbc.270.25.14843
http://dx.doi.org/10.1074/jbc.270.25.14843
http://dx.doi.org/10.1002/bies.10355
http://dx.doi.org/10.1038/NRM3722
http://dx.doi.org/10.1038/NRM3722
http://dx.doi.org/10.1074/JBC.M808515200
http://dx.doi.org/10.1074/JBC.M808515200
http://dx.doi.org/10.1016/J.FCT.2018.07.010
http://dx.doi.org/10.1186/S13229-019-0262-8/FIGURES/5
http://dx.doi.org/10.1016/S1534-5807(01)00035
http://dx.doi.org/10.1016/S1534-5807(01)00035
http://dx.doi.org/10.1016/S0306-3623(96)00149-8
http://dx.doi.org/10.1016/S0306-3623(96)00149-8
http://dx.doi.org/10.1021/ACSCHEMNEURO.8B00402/SUPPL_FILE/CN8B00402_SI_001.PDF
http://dx.doi.org/10.1021/ACSCHEMNEURO.8B00402/SUPPL_FILE/CN8B00402_SI_001.PDF
http://dx.doi.org/10.1016/j.bbadis.2013.11.009
http://dx.doi.org/10.1016/j.bbadis.2013.11.009
http://www.jama.com
http://www.jama.com
http://dx.doi.org/10.1016/S0021-9258(18)43823-9
http://dx.doi.org/10.1038/NSMB.1418
http://dx.doi.org/10.1111/J.1471-4159.2010.06762
http://dx.doi.org/10.1111/J.1471-4159.2010.06762

400

Metabolic Brain Disease (2024) 39:387-401

disorders. J Clin Invest 119(4):747-754. https://doi.org/10.1172/
JCI37934

Lim HS, Kim YJ, Kim BY, Park G, Jeong SJ (2018) The anti-neu-
roinflammatory activity of tectorigenin pretreatment via down-
regulated NF-kB and ERK/INK pathways in BV-2 microglial
and microglia inactivation in mice with lipopolysaccharide. Front
Pharmacol 9(9):462. https://doi.org/10.3389/FPHAR.2018.00462

Liu Z, Li Y, Lv C, Wang L, Song H (2016) Anthelmintic drug
niclosamide enhances the sensitivity of chronic myeloid leukemia
cells to dasatinib through inhibiting Erk/Mnk1/eIF4E pathway.
Biochem Biophys Res Commun 478(2):893-899. https://doi.
org/10.1016/J.BBRC.2016.08.047

Medina M, Wandosell FG, Santa-Maria Perez I, Di Primio C, Claudia
Caiazza M, Olla I, Siano G, Varisco M, Madaro G, Quercioli V,
Calvello M, Cattaneo A (2019) Identification of an ERK inhibitor
as a therapeutic drug against tau aggregation in a New. https://doi.
org/10.3389/fncel.2019.00386. Cell-Based Assay

Minshew NJ, Goldstein G, Dombrowski SM, Panchalingam K, Pette-
grew JW (1993) A preliminary 31P MRS study of autism: evi-
dence for undersynthesis and increased degradation of brain
membranes. Biol Psychiatry 33(11-12):762-773. https://doi.
org/10.1016/0006-3223(93)90017-8

Mitra I, Lavillaureix A, Yeh E, Traglia M, Tsang K, Bearden CE,
Rauen KA, Weiss LA (2017) Reverse Pathway Genetic Approach
identifies epistasis in Autism Spectrum Disorders. PLoS Genet
13(1). https://doi.org/10.1371/journal.pgen.1006516

Morin F, Kavian N, Nicco C, Cerles O, Chéreau C, Batteux F (2016)
Improvement of Sclerodermatous graft-versus-host disease in
mice by Niclosamide. J Invest Dermatology 136(11):2158-2167.
https://doi.org/10.1016/J.J1D.2016.06.624

Muraleva NA, Kolosova NG, Stefanova NA (2021) Mek1/2-erk path-
way alterations as a therapeutic target in sporadic alzheimer’s dis-
ease: a study in senescence-accelerated oxys rats. Antioxidants
10(7):1058. https://doi.org/10.3390/ANTIOX 10071058

Muresan Z, Muresan V (2007) The amyloid-precursor protein is phos-
phorylated via distinct pathways during differentiation, mitosis,
stress, and degeneration. D Mol Biology Cell 18:3835-3844.
https://doi.org/10.1091/mbc.E06

Nisar S, Bhat AA, Masoodi T, Hashem S, Akhtar S, Ali TA, Amjad S,
Chawla S, Bagga P, Frenneaux MP, Reddy R, Fakhro K, Haris M
(2019) Genetics of glutamate and its receptors in autism spectrum
disorder. https://doi.org/10.1038/s41380-022-01506-w

Palmieri L, Papaleo V, Porcelli V, Scarcia P, Gaita L, Sacco R, Hager J,
Rousseau F, Curatolo P, Manzi B, Militerni R, Bravaccio C, Trillo
S, Schneider C, Melmed R, Elia M, Lenti C, Saccani M, Pascucci
T, Persico AM (2010) Altered calcium homeostasis in autism-
spectrum disorders: evidence from biochemical and genetic stud-
ies of the mitochondrial aspartate/glutamate carrier AGC1. Mol
Psychiatry 15(1):38-52. https://doi.org/10.1038/mp.2008.63

Pawson T (2004) Specificity in Signal Transduction: from Phos-
photyrosine-SH2 domain interactions to Complex Cellu-
lar Systems. Cell 116(2):191-203. https://doi.org/10.1016/
S0092-8674(03)01077-8

Qiu Z, Lu P, Wang K, Zhao X, Li Q, Wen J, Zhang H, Li R, Wei H, Lv
Y, Zhang S, Zhang P (2020) Dexmedetomidine inhibits neuroin-
flammation by altering Microglial M1/M2 polarization through
MAPK/ERK pathway. Neurochem Res 45:345-353. https://doi.
org/10.1007/s11064-019-02922-1

Rawlings JS, Rosler KM, Harrison DA (2004) The JAK/STAT signal-
ing pathway. J Cell Sci 117:1281-1283. https://doi.org/10.1242/
jcs.00963

Ray LB, Sturgill TW (1988) Insulin-stimulated microtubule-associ-
ated protein kinase is phosphorylated on tyrosine and threonine in
vivo [serine(threonine) protein kinase/3T3-L1 adipocytes]. Proc.
Natl. Acad. Sci. USA 85:3753-3757. https://www.pnas.org

@ Springer

Rojas DC (2014) The role of glutamate and its receptors in autism
and the use of glutamate receptor antagonists in treatment.
J Neural Transm 121(8):891-905. https://doi.org/10.1007/
S00702-014-1216-0

Rose S, Bennuri SC, Murray KF, Buie T, Winter H, Frye RE (2017)
Mitochondrial dysfunction in the gastrointestinal mucosa
of children with autism: a blinded case-control study. PLoS
ONE 12(10):e0186377.  https://doi.org/10.1371/JOURNAL.
PONE.0186377

Rossignol DA, Frye RE (2012) A review of research trends in physi-
ological abnormalities in autism spectrum disorders: Immune
dysregulation, inflammation, oxidative stress, mitochondrial dys-
function and environmental toxicant exposures. Mol Psychiatry
17(4):389—401. https://doi.org/10.1038/MP.2011.165

Roux PP, Blenis J (2004) ERK and p38 MAPK-activated protein
kinases: a family of protein kinases with diverse biological func-
tions. Microbiol Mol Biology Reviews: MMBR 68(2):320-344.
https://doi.org/10.1128/MMBR.68.2.320-344.2004

Samavati L, Monick MM, Sanlioglu S, Buettner GR, Oberley LW,
Hunninghake GW (2002) Mitochondrial KATP channel open-
ers activate the ERK kinase by an oxidant-dependent mecha-
nism. Am J Physiol - Cell Physiol 283(1 52 — 1). https:/doi.
org/10.1152/AJPCELL.00514.2001/ASSET/IMAGES/LARGE/
H00721077009.JPEG

Schlessinger J (1988) Signal transduction by allosteric receptor oligo-
merization. Trends Biochem Sci 13(11):443—447. https://doi.
org/10.1016/0968-0004(88)90219-8

Schlessinger J (2000) Cell signaling by receptor tyrosine
kinases.  Cell  103(2):211-225.  https://doi.org/10.1016/
S0092-8674(00)00114-8

Siddiqui M, Elwell C, Johnson MH (2016) Mitochondrial dys-
function in Autism Spectrum Disorders. https://doi.
org/10.4172/2165-7890.1000190

Su X, Maguire-Zeiss KA, Giuliano R, Priti L, Venkatesh K, Federoff
HIJ (2008) Synuclein activates microglia in a model of Parkinson’s
Disease. https://doi.org/10.1016/j.neurobiolaging.2007.04.006

Sun Z, Zhang Y (1999) Antituberculosis activity of certain antifungal
and antihelmintic drugs. Tuber Lung Dis 79(5):319-320. https://
doi.org/10.1054/TULD.1999.0212

Tait SWG, Green DR (2010) Mitochondria and cell death: outer
membrane permeabilization and beyond. Nat Rev Mol Cell Biol
11(9):621-632. https://doi.org/10.1038/NRM2952

Tang G, Gutierrez Rios P, Kuo SH, Akman HO, Rosoklija G, Tanji
K, Dwork A, Schon EA, DiMauro S, Goldman J, Sulzer D
(2013) Mitochondrial abnormalities in temporal lobe of autis-
tic brain. Neurobiol Dis 54:349-361. https://doi.org/10.1016/J.
NBD.2013.01.006

The Hunt for Autism Risk Genes (2018) Retrieved August 14,
2022, from https://www.simonsfoundation.org/2018/07/30/
the-hunt-for-autism-risk-genes/

Tidyman WE, Rauen KA (2009) The RASopathies: developmental syn-
dromes of Ras/MAPK pathway dysregulation. Curr Opin Genet
Dev 19(3):230-236. https://doi.org/10.1016/j.gde.2009.04.001

Townsend KJ, Zhou P, Qian L, Bieszczad CK, Lowrey CH, Yen A,
Craig RW (1999) Regulation of MCLI1 through a serum response
factor/elk-1-mediated mechanism links expression of a viability-
promoting member of the BCL2 family to the induction of hema-
topoietic cell differentiation. J Biol Chem 274(3):1801-1813.
https://doi.org/10.1074/JBC.274.3.1801

Ullrich M, Weber M, Post AM, Popp S, Grein J, Zechner M, Guerrero
Gonzalez H, Kreis A, Schmitt AG, Ugeyler N, Lesch KP, Schuh K
(2018) OCD-like behavior is caused by dysfunction of thalamo-
amygdala circuits and upregulated TrkB/ERK-MAPK signaling
as a result of SPRED?2 deficiency. Mol Psychiatry 23(2):444-458.
https://doi.org/10.1038/mp.2016.232


http://dx.doi.org/10.1007/S00702-014-1216-0
http://dx.doi.org/10.1007/S00702-014-1216-0
http://dx.doi.org/10.1371/JOURNAL.PONE.0186377
http://dx.doi.org/10.1371/JOURNAL.PONE.0186377
http://dx.doi.org/10.1038/MP.2011.165
http://dx.doi.org/10.1128/MMBR.68.2.320-344.2004
http://dx.doi.org/10.1152/AJPCELL.00514.2001/ASSET/IMAGES/LARGE/H00721077009.JPEG
http://dx.doi.org/10.1152/AJPCELL.00514.2001/ASSET/IMAGES/LARGE/H00721077009.JPEG
http://dx.doi.org/10.1152/AJPCELL.00514.2001/ASSET/IMAGES/LARGE/H00721077009.JPEG
http://dx.doi.org/10.1016/0968-0004(88)90219-8
http://dx.doi.org/10.1016/0968-0004(88)90219-8
http://dx.doi.org/10.1016/S0092-8674(00)00114-8
http://dx.doi.org/10.1016/S0092-8674(00)00114-8
http://dx.doi.org/10.4172/2165-7890.1000190
http://dx.doi.org/10.4172/2165-7890.1000190
http://dx.doi.org/10.1016/j.neurobiolaging.2007.04.006
http://dx.doi.org/10.1054/TULD.1999.0212
http://dx.doi.org/10.1054/TULD.1999.0212
http://dx.doi.org/10.1038/NRM2952
http://dx.doi.org/10.1016/J.NBD.2013.01.006
http://dx.doi.org/10.1016/J.NBD.2013.01.006
https://www.simonsfoundation.org/2018/07/30/the-hunt-for-autism-risk-genes/
https://www.simonsfoundation.org/2018/07/30/the-hunt-for-autism-risk-genes/
http://dx.doi.org/10.1016/j.gde.2009.04.001
http://dx.doi.org/10.1074/JBC.274.3.1801
http://dx.doi.org/10.1038/mp.2016.232
http://dx.doi.org/10.1172/JCI37934
http://dx.doi.org/10.1172/JCI37934
http://dx.doi.org/10.3389/FPHAR.2018.00462
http://dx.doi.org/10.1016/J.BBRC.2016.08.047
http://dx.doi.org/10.1016/J.BBRC.2016.08.047
http://dx.doi.org/10.3389/fncel.2019.00386
http://dx.doi.org/10.3389/fncel.2019.00386
http://dx.doi.org/10.1016/0006-3223(93)90017-8
http://dx.doi.org/10.1016/0006-3223(93)90017-8
http://dx.doi.org/10.1371/journal.pgen.1006516
http://dx.doi.org/10.1016/J.JID.2016.06.624
http://dx.doi.org/10.3390/ANTIOX10071058
http://dx.doi.org/10.1091/mbc.E06
http://dx.doi.org/10.1038/s41380-022-01506-w
http://dx.doi.org/10.1038/mp.2008.63
http://dx.doi.org/10.1016/S0092-8674(03)01077-8
http://dx.doi.org/10.1016/S0092-8674(03)01077-8
http://dx.doi.org/10.1007/s11064-019-02922-1
http://dx.doi.org/10.1007/s11064-019-02922-1
http://dx.doi.org/10.1242/jcs.00963
http://dx.doi.org/10.1242/jcs.00963
https://www.pnas.org

Metabolic Brain Disease (2024) 39:387-401

401

Vithayathil J, Pucilowska J, Landreth GE (2018) ERK/MAPK signal-
ing and autism spectrum disorders. Prog Brain Res 241:63-112.
https://doi.org/10.1016/bs.pbr.2018.09.008

Weissman JR, Kelley RI, Bauman ML, Cohen BH, Murray KF, Mitch-
ell RL, Kern RL, Natowicz MR (2008) Mitochondrial disease in
Autism Spectrum Disorder Patients. Cohort Anal 3(11):e3815.
https://doi.org/10.1371/journal.pone.0003815

Wieland A, Trageser D, Gogolok S, Reinartz R, Hofer H, Keller M,
Leinhaas A, Schelle R, Normann S, Klass L, Waha A, Koch
P, Fimmers R, Piestsch T, Yachnis AT, Pincus DW, Steiner
DA, Bristle O, Simon M, Glas M, Scheffler B (2013) Antican-
cer effects of niclosamide in human glioblastoma. Clin Cancer
Res  19(15):4124-4136.  https://doi.org/10.1158/1078-0432.
CCR-12-2795

Wilson BE, Mochon E, Boxer LM (1996) Induction of bcl-2 expres-
sion by phosphorylated CREB proteins during B-cell activation
and rescue from apoptosis. Mol Cell Biol 16(10):5546-5556.
https://doi.org/10.1128/MCB.16.10.5546

Winston LA, Hunter T (1996) Intracellular signalling: putting JAKSs on
the kinase MAP. Curr Biol 6(6):668—671. https://doi.org/10.1016/
S0960-9822(09)00445

Wu CS, Li YR, Chen JJW, Chen YC, Chu CL, Pan IH, Wu YS, Lin
CC (2014) Antihelminthic niclosamide modulates dendritic cells
activation and function. Cell Immunol 288(1-2):15-23. https:/
doi.org/10.1016/J.CELLIMM.2013.12.006

Yagoda N, Von Rechenberg M, Zaganjori E, Bauer AJ, Yang WS,
Fridman DJ, Wolpaw AJ, Skate I, Peltier JM, Boniface JJ,
Smith R, Lessnick SL, Sahasrabudhe S, Stockwell BR (2007)

RAS-RAF-MEK-dependent oxidative cell death involving
voltage-dependent anion channels. Nature 447(7146):864—868.
https://doi.org/10.1038/NATURE05859

Yeh LT, Lin CW, Lu KH, Hsieh YH, Yeh CB, Yang SF, Yang JS (2022)
Niclosamide suppresses Migration and Invasion of Human
Osteosarcoma cells by repressing TGFBI expression via the
ERK Signaling Pathway. 23(1):484. https://doi.org/10.3390/
ijms23010484

Zeki Z, Al-Gareeb A (2021) Comparative study between effect of
niclosamide and vitamin ¢ on methotrexate-induced liver injury
in mice. Mustansiriya Med J 20(2):55. https://doi.org/10.4103/
MJMJ 4 21

Zhan H, Wang M, Han P, Yu X, Wang Y, Weng W, Yuan C, Li Y, Wang
T, Shao M, Sun H (2020) Niclosamide ethanolamine prevents
muscle wasting by inhibiting p38 MAPK-FoxO3a activation in
mice exposed to doxorubicin. Int J Clin Exp Med 13(2):440—449.
www.ijcem.com/

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


http://dx.doi.org/10.1038/NATURE05859
http://dx.doi.org/10.3390/ijms23010484
http://dx.doi.org/10.3390/ijms23010484
http://dx.doi.org/10.4103/MJ.MJ_4_21
http://dx.doi.org/10.4103/MJ.MJ_4_21
http://www.ijcem.com/
http://dx.doi.org/10.1016/bs.pbr.2018.09.008
http://dx.doi.org/10.1371/journal.pone.0003815
http://dx.doi.org/10.1158/1078-0432.CCR-12-2795
http://dx.doi.org/10.1158/1078-0432.CCR-12-2795
http://dx.doi.org/10.1128/MCB.16.10.5546
http://dx.doi.org/10.1016/S0960-9822(09)00445
http://dx.doi.org/10.1016/S0960-9822(09)00445
http://dx.doi.org/10.1016/J.CELLIMM.2013.12.006
http://dx.doi.org/10.1016/J.CELLIMM.2013.12.006

	﻿Repurposing Niclosamide as a plausible neurotherapeutic in autism spectrum disorders, targeting mitochondrial dysfunction: a strong hypothesis
	﻿Abstract
	﻿Introduction
	﻿The MAPK/ERK pathway: basics
	﻿ERK/MAPK signaling in CNS disorders

	﻿ERK signaling and mitochondrial dysfunction
	﻿Mitochondrial dysfunction and autism spectrum disorders

	﻿Targeting the ERK pathway in neuroinflammation and neurodegeneration
	﻿Niclosamide: much more than a humble antihelminthic
	﻿Niclosamide as a therapeutic in neurological disorders

	﻿Niclosamide and the ERK pathway
	﻿Niclosamide against mitochondrial dysfunction and oxidative stress

	﻿Niclosamide as a potential therapeutic agent for autism spectrum disorders: a strong hypothesis
	﻿Future prospects

	﻿Conclusion
	﻿References


