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Abstract  Autism spectrum disorder (ASD) is a neurodevelopmental condition with a steadily rising global prevalence, yet
effective pharmacological interventions remain notably limited, highlighting an urgent need for safe, accessible, and mechanism-
based therapeutic strategies. Physical exercise has emerged as a promising non-pharmacological intervention that ameliorates both
core symptoms—social communication deficits and restricted repetitive behaviors—and associated features including cognitive
dysfunction and motor impairments, in children and adolescents with ASD. However, the molecular mechanisms mediating these
beneficial effects remain incompletely defined, impeding the development of evidence-based exercise prescriptions and biomarker-
driven rehabilitation protocols. MicroRNAs (miRNAs) are evolutionarily conserved small non-coding RNAs that post-
transcriptionally regulate approximately 60% of protein-coding genes. Within the central nervous system, miRNAs orchestrate
diverse neurobiological processes including neural progenitor proliferation, neuronal differentiation, dendritic spine morphogenesis,
synaptic plasticity, and neuroinflammatory homeostasis. Notably, miRNAs are remarkably stable in biological fluids and can be

packaged into extracellular vesicles, rendering them attractive candidates as both mechanistic mediators and non-invasive peripheral
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biomarkers. Among the hundreds of miRNAs expressed in the brain, three—miR-132, miR-34a, and miR-146a—have emerged as
particularly relevant to ASD pathophysiology. This review focuses on these three miRNAs for the following reasons: miR-132 is a
master regulator of activity-dependent synaptic plasticity through its modulation of BDNF/MeCP2/PTEN signaling and has been
consistently downregulated in ASD prefrontal cortex; miR-34a functions as a pro-apoptotic factor that suppresses Bcl-2-mediated
neuronal survival pathways and is upregulated in ASD cerebellum; and miR-146a serves as a key brake on neuroinflammation via
TLR7/IRAKI signaling and shows region-specific dysregulation in ASD temporal lobe. We first summarize evidence from human
post-mortem brain tissues and ASD animal models demonstrating the consistent dysregulation of these three miRNAs. Notably, the
pathological consequences of these miRNA alterations—impaired synaptic plasticity, excessive neuronal apoptosis, and sustained
neuroinflammation—are interconnected and collectively contribute to the heterogeneous symptomatology of ASD. We then present a
synthesis of emerging evidence demonstrating that various exercise modalities, including swimming, treadmill running, and
voluntary wheel running, can concurrently reverse these ASD-like behavioral phenotypes and normalize the expression of the three
key miRNAs. These data provide the first direct experimental evidence linking exercise-induced miRNA modulation to ASD
symptom improvement. On the basis of these findings, we propose an integrative “exercise-miRNA-ASD” framework wherein
exercise functions as a multi-targeted modulator—simultaneously enhancing synaptic plasticity, promoting neuronal survival, and
attenuating neuroinflammation—through coordinated regulation of the three miRNAs. Importantly, this framework is not merely
descriptive but offers testable predictions: exercise-induced miRNA changes should be dose-dependent, show temporal correlation
with behavioral improvements, and be blunted by miRNA-specific antagonists or CRISPR/Cas9-mediated knockout. Beyond its
specific application to ASD, this framework has broader implications. The miR-132/BDNF, miR-34a/Bc¢l-2, and miR-146a/TLR7
pathways are not ASD-specific but represent fundamental neural stress and repair mechanisms that are dysregulated across
Alzheimer’s disease (AD), traumatic brain injury, Parkinson’s disease (PD), and major depressive disorder. Exercise has been
shown to modulate these same miRNAs in several of these conditions, suggesting that the “exercise-miRNA-neural function” axis
may represent a conserved neuroprotective mechanism that transcends diagnostic boundaries. Thus, we propose that ASD serves as
an ideal model disease for elucidating this universal mechanism, with findings potentially generalizable to other neurological
disorders. We also critically evaluate current translational barriers: the near-absence of human clinical trials with serial miRNA
profiling; the undefined dose-response relationships between exercise parameters and miRNA expression; the unresolved causality
issue (current evidence demonstrates association, not causation); and the uncertain correlation between peripheral exosomal miRNA
levels and brain miRNA dynamics. We argue that future research must prioritize CRISPR/Cas9-based miRNA manipulation in
animal models combined with longitudinal exercise interventions to establish causality, and that cross-disease validation studies are
essential to determine whether exercise-induced miRNA changes represent a shared neuroprotective signature or disease-specific
responses. Ultimately, we envision a paradigm where a simple blood test measuring exosomal miR-132, miR-34a, and miR-146a
levels could guide personalized exercise prescriptions, enabling precision rehabilitation for individuals with ASD and potentially

other neurological conditions.
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Autism spectrum disorder (ASD) is a prevalent
neurodevelopmental condition with rising prevalence
and limited pharmacological options!'™. Physical
exercise has shown promise in alleviating core
symptoms, but the molecular mechanisms remain
unclear.

MicroRNAs (miRNAs) are small non-coding
RNAs that regulate approximately 60% of protein-
coding genes and are critically involved in brain

development, synaptic

[4-5]

plasticity, and

neuroinflammation In ASD, dysregulation of

CSTR: 32369.14.pibb.20260283

specific miRNAs has been reported in multiple brain
regions'®'”,  Among the hundreds of miRNAs
expressed in the central nervous system, three—miR-
132, miR-34a, and miR-146a—have been consistently
linked to ASD pathophysiology and are the focus of
this review.

This review synthesizes current evidence on the
dysregulation of these three miRNAs in ASD and
evaluates how physical exercise may modulate them
ASD-related
neurobiological deficits. We also critically discuss

to improve behavioral and
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current limitations, including the predominance of
animal studies, lack of causal evidence, and undefined
exercise parameters, and outline future directions
based on our own research experience. Importantly,
the three miRNA-mediated pathways discussed here—
synaptic plasticity (miR-132), neuronal survival (miR-
34a), and neuroinflammation (miR-146a) —represent
common pathological mechanisms shared across

multiple neurological disorders, including
Alzheimer’s disease (AD), traumatic brain injury, and
depression. Thus, while this review focuses on ASD
as a model disease, the mechanistic framework has
for understanding exercise-

broader implications

induced neuroprotection in the central nervous system.
1 Dysregulation of 3 key miRNAs in ASD

1.1 miR-132: synaptic plasticity deficits
miR-132 is consistently downregulated in the
prefrontal cortex of ASD patients and plays a critical
role in synaptic plasticity through its regulation of the
MeCP2/PTEN feedback loop. In Mecp2-deficient
ASD models, MeCP2 downregulation leads to PTEN
suppression via miR-137, which in turn increases
miR-132 expression'"!. This miR-132 upregulation
then inhibits MeCP2 through targeting its 3'
untranslated region (3'UTR), affecting analgesic
responses and synaptic function"*". In Shank3-
deficient models, miR-132 dysregulation has also
been observed in association with impaired social
memory and hippocampal structural deficits!""!. These
findings position miR-132 as a central regulator of
ASD-related synaptic dysfunction.
1.2 miR-34a:
miR-34a is upregulated in the cerebellum of
ASD patients and in sodium valproate (VPA)-induced
ASD rat models, where
apoptosis by inhibiting the

[15-16]

neuronal apoptosis

it promotes neuronal
Bcl-2
This upregulation is associated with

signaling
pathway
impaired brain function and altered synaptic
In VPA rats,
expression in the cerebellum correlates with reduced

Bcl-2 mRNA stability, suggesting a pro-apoptotic

[17]

development. increased miR-34a

mechanism that may contribute to ASD pathology
1.3 miR-146a:

miR-146a shows region-specific dysregulation in
ASD. In the temporal lobe of children with ASD, miR-

neuroinflammation

146a is most prominently upregulated during early
postnatal development, whereas in Mecp2 knockout
This
bidirectional dysregulation suggests that miR-146a
may be phenotype-dependent.
studies demonstrate that miR-146a regulates neural

models, it is significantly reduced!*).

levels Functional
progenitor differentiation via TLR7 signaling; miR-
1467 mice exhibit impaired neurogenesis, abnormal
brain structure, and severe learning and memory
deficits!"”. Additionally, downregulation of miR-146a/
146b IRAK1
neuroinflammation in ASD models®*".

increases expression and induces
In summary, the three miRNAs reviewed above
—miR-132, miR-34a, and

consistently dysregulated in ASD across multiple

miR-146a—are

brain regions and animal models. Mechanistically,
these miRNA alterations converge on three core
pathological processes that are central to ASD
pathophysiology. First, miR-132 downregulation
impairs BDNF/MeCP2/PTEN signaling, leading to
reduced synaptic plasticity and dendritic spine
density, which likely contributes to social memory
deficits and cognitive impairments in ASD™'!. Second,
miR-34a upregulation suppresses the anti-apoptotic
Bcl-2 pathway and activates p53-mediated apoptosis,
promoting neuronal loss in key brain regions such as
the cerebellum, which may underlie motor and
dysfunction!®?. Third, miR-146a
TLR7/IRAK1-mediated
inflammatory homeostasis in microglia, resulting in

cognitive

dysregulation disrupts
sustained neuroinflammation that may exacerbate
synaptic dysfunction and impair
development’]. Together, these 3 miRNA-mediated
mechanisms—synaptic dysfunction,
apoptosis, and neuroinflammation—are
interconnected and collectively contribute to the
heterogeneous symptoms of ASD. Additionally, other
miRNAs (including miR-27a, miR-128 and miR-
125b) have also been reported as dysregulated in
ASDP*29 but their roles are less consistently linked
to exercise modulation and are therefore not the focus

neural

neuronal

of this review (Figure 1). Importantly, the mechanistic
links described above provide a rational basis for
exercise intervention, as physical activity has been
shown to modulate these very same miRNAs and
reverse their pathological effects, which will be
discussed in detail in Section 2.
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Fig.1 Dysregulation of three key miRNAs in ASD brain regions and animal models

This figure integrates evidence from human post-mortem brain tissues (left panel) and animal models (right panel) regarding the expression changes

of miR-132, miR-34a, and miR-146a in ASD. Downward arrows ( | ) indicate downregulation, upward arrows ( 1) indicate upregulation, and em

dashes (—) indicate that expression changes have not been reported or studied. In the human brain, miR-132 is downregulated in the prefrontal cortex

and hippocampus; miR-34a is upregulated in the cerebellum; miR-146a shows region-specific upregulation in the temporal lobe during early

postnatal development. In animal models, Shank3-deficient rats exhibit miR-132 downregulation associated with synaptic deficits and impaired social

memory; Mecp2 knockout mice show feedback upregulation of miR-132 alongside miR-146a downregulation, linked to neuroinflammation; VPA-

induced rats display miR-34a upregulation in the cerebellum, correlating with increased apoptosis; miR-146a knockout mice exhibit severe

neurogenesis impairment and memory deficits. Additional miRNAs (e. g., miR-27a, miR-128, miR-181c, miR-134-5p, miR-125b) have also been

reported as dysregulated in ASD but are not the focus of this review due to their less consistent links to exercise modulation.

2  Exercise modulates key miRNAs to
improve ASD

Physical exercise has been shown to confer
ASD
Emerging

benefits in and other

§[27-311

neuroprotective

neurological condition evidence
indicates that these beneficial effects are mediated, at
least in part, through miRNA regulation. This section
synthesises current evidence on how exercise
modulates the 3 key miRNAs—miR-132, miR-34a,

and miR-146a—to
) [32-34]

improve ASD-related deficits
(Figure 2 . The following subsections detail the
specific pathways for each miRNA.

2.1 [Exercise modulates miR-132 to enhance
synaptic plasticity

miR-132 is a critical regulator of synaptic
plasticity through its interactions with BDNF, MeCP2,
and PTEN pathways®. In ASD, miR-132 is
consistently downregulated in the prefrontal cortex
and hippocampus, correlating with impaired social
memory and synaptic dysfunction!®,

Exercise has been shown to modulate miR-132
expression in multiple models. Voluntary wheel
exercise improved cognitive decline in AD mice by
suppressing miR-132 expression®?.

In Shank3-deficient ASD rats, early swimming
(30 min/d, 5 d/week, for 8 weeks)

significantly —upregulated hippocampal miR-132

exercise

This correlated  with:

(1) improved social memory and object recognition in

expression. upregulation
behavioral tests; (2) restored hippocampal neuronal
volume and number; (3) recovery of scaffold and
receptor protein levels; and (4) improved water maze
learning performance!'”!. These findings provide the
first direct evidence linking exercise-induced miR-
132 modulation to ASD symptom improvement!*'],

2.2 Exercise modulates miR-34a to promote
neuronal survival

miR-34a is upregulated in the cerebellum of
ASD patients and VPA models, where it promotes
neuronal apoptosis through inhibition of the Bcl-2
signaling pathway.

Exercise interventions have demonstrated miR-
34a modulation in various disease models. Voluntary
wheel running ameliorated cognitive deficits in
traumatic brain injury (TBI) and aging models, at
least in part, through modulation of hippocampal miR-
34a expression*3%,
downregulated miR-34a and inhibited pancreatic cell
apoptosis in diabetic rats via the miR-34a/Sirtl/p53
axis?®l.

Swimming exercise

Swimming also attenuated brain aging
through miR-34a-mediated autophagy regulation.
While direct evidence in ASD models remains
limited, the convergence of findings across multiple
neurological conditions suggests that exercise-induced
miR-34a downregulation may promote neuronal
survival and reduce apoptosis. Given that miR-34a
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Fig.2 Proposed miRNA-mediated mechanisms underlying the beneficial effects of exercise in autism spectrum disorder
(ASD)

This schematic illustrates the integrative “exercise-miRNA-ASD” axis. Physical exercise interventions modulate the expression of three key

miRNAs: miR-132, miR-34a, and miR-146a. Blue upward arrows indicate upregulation, red downward arrows indicate downregulation, and green

upward arrows indicate normalization/upregulation. Solid arrows represent experimentally validated pathways; dashed arrows represent hypothesized

pathways requiring further validation. miR-132 primarily regulates synaptic plasticity through BDNF/MeCP2/PTEN signaling; miR-34a modulates

neuronal survival and apoptosis via the Bcl-2/Sirt] pathway; miR-146a attenuates neuroinflammation through TLR7/IRAKI1 signaling. Collectively,

these miRNA-mediated pathways contribute to improved cognitive function, social behavior, and neural homeostasis in ASD. Of note, the majority of

supporting evidence is derived from animal models, and direct validation in human ASD studies remains a critical priority. BDNF: brain-derived

neurotrophic factor; MeCP2: methyl-CpG-binding protein 2; PTEN: phosphatase and tensin homolog; Bcl-2: B-cell lymphoma 2; Sirtl: sirtuin 1;

TLR7: toll-like receptor 7; IRAK1: interleukin-1 receptor-associated kinase 1; ASD: autism spectrum disorder.

upregulation is a consistent feature of ASD pathology,
exercise-mediated miR-34a reduction represents a
promising therapeutic mechanism that warrants direct
validation in ASD-specific studies.
2.3 Exercise modulates miR-146a to attenuate
neuroinflammation

miR-146a regulates neuroinflammation through
TLR7 and IRAK1 signaling pathways®™* ", In ASD,
miR-146a shows region-specific dysregulation and is
implicated in neural progenitor differentiation and
neurogenesis®*).
shown to modulate
miRNAs.
aerobic exercise (16 weeks of treadmill training)

Exercise has been

neuroinflammation-related Long-term
increased brain expression of exosomal miR-532-5p
and improved blood-brain barrier function in AD mice
by targeting EPHA4"°!, Exercise also altered miR-21,
miR-92a, miR-874, miR-138, let-7c, and miR-124
expression in TBI models, many of which are
involved in neuroinflammatory pathways!*"’.

Although direct evidence for exercise-induced
miR-146a modulation in ASD is currently lacking, the
established role of miR-146a in neuroinflammation
and its dysregulation in ASD, combined with the well-
documented anti-inflammatory effects of exercise,
support the hypothesis that exercise may restore miR-
146a homeostasis and reduce microglial activation.
This represents a critical direction for future research.
2.4 Integrated mechanistic framework

The evidence reviewed above supports an
integrative model wherein exercise modulates 3 key
miRNAs to improve ASD pathophysiology. These
miRNA-mediated mechanisms contribute to improved
cognitive function, behavior,
homeostasis in ASD. However, it is important to
emphasize that the majority of mechanistic evidence
is derived from non-ASD models, and direct causal
validation in ASD-specific experimental paradigms

remains a critical priority (Figure 3).

social and neural
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Fig. 3 Proposed miRNA-mediated mechanisms underlying the beneficial effects of exercise on autism spectrum disorder

(ASD)

Physical exercise interventions, including swimming, treadmill training, and voluntary wheel running, may modulate the expression of key miRNAs

such as miR-132, miR-34a, and miR-146a. These miRNAs are implicated in regulating neurobiological processes including synaptic plasticity (via

BDNF-related pathways), neuronal survival and apoptosis, and neuroinflammation. Through these mechanisms, exercise may contribute to improved

cognitive function, social behavior, and overall neural homeostasis in ASD. It should be noted that most supporting evidence is derived from animal

models, and further validation in human studies is required.

3 Conclusion and future perspectives

3.1 Summary of main findings

The findings reviewed here demonstrate that
physical exercise ameliorates core deficits in ASD
through modulation of three key miRNAs—miR-132,
miR-34a, and miR-146a.
miRNAs function through regulating distinct but

These exercise-induced

interconnected neurobiological processes: miR-132
enhances synaptic plasticity vie BDNF/MeCP2/PTEN
signaling; miR-34a promotes neuronal survival
through Bcl-2/Sirt]l pathway inhibition; miR-146a
TLR7/IRAK1
suppression. The convergence of evidence around this

attenuates neuroinflammation via
three-miRNA axis provides a coherent mechanistic
framework for understanding how exercise benefits
the ASD brain. Our own laboratory’s findings in
Shank3-deficient that

swimming exercise upregulates hippocampal miR-

rats—demonstrating early
132, correlating with improved social memory and
the
translational potential of early exercise intervention
for ASD.

3.2 Limitations and future directions

restored  hippocampal  structure—support

However, this field is still in its infancy and faces

several critical challenges.
First, the body
predominantly derived from animal studies, with a

current of evidence is
notable scarcity of human research. To date, no
registered clinical trials have specifically examined
miRNA ASD
populations, representing a critical knowledge gap.

exercise-induced changes in
Longitudinal human studies that incorporate serial
miRNA profiling before, during, and after structured
exercise interventions are urgently needed to validate
the preclinical findings discussed in this review.
Second, the optimal parameters of exercise (type,

intensity, duration, frequency) for effectively
modulating miRNA networks remain largely
unexplored. Future studies must systematically

compare different exercise modalities (aerobic vs.
resistance training), as well as varying intensities,
durations, and frequencies, to delineate dose-response
relationships ~ between and miRNA
expression. Defining these parameters is crucial for
translating preclinical findings into standardized,

exercise

evidence-based exercise prescriptions for individuals
with ASD.

Third, and most critically, the causal relationship
between exercise, specific miRNA changes, and
functional improvements in ASD requires rigorous
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demonstration. Our current findings, including our
Shank3-deficient rat  data,
association rather than causation. Employing genetic
CRISPR/Cas9-mediated miRNA
miR-132
overexpression) in animal models, combined with

own demonstrate

tools, such as
modulation (e. g, knockout  or
longitudinal exercise interventions, will be essential to
definitively establish whether specific miRNAs

functionally mediate the therapeutic effects of
exercise.

Fourth, the translatability of peripheral miRNA
measurements remains uncertain—it is unclear
whether changes in circulating exosomal miRNAs
accurately reflect brain miRNA dynamics. Systematic
validation of this correlation is required before
exosomal miRNAs can be reliably used as non-
invasive biomarkers for monitoring exercise efficacy.
33 General implications for
disorders

Beyond ASD, the three miRNA pathways
reviewed here are fundamental mechanisms of neural

neurological

function and dysfunction that operate across a wide
spectrum of neurological and psychiatric disorders.
miR-132 dysregulation has been documented not only
in ASD but also in AD, schizophrenia, and major
depressive disorder, where it similarly affects synaptic
plasticity and dendritic spine density!*'**. miR-34a is
upregulated in AD and aging-related cognitive
decline, contributing to neuronal apoptosis through
Bcl-2 suppression. miR-146a is a well-established
regulator of neuroinflammation in multiple sclerosis,
ischemic stroke, and TBI, modulating microglial
activation via TLR7/IRAK1 signaling!*.
Encouragingly, exercise has been shown to
these miRNAs in of these
conditions. Voluntary wheel running suppressed miR-

modulate several

132 in AD models™, treadmill exercise rescued
blood-brain barrier function via exosomal miR-532-

5p in AD mice!®, and exercise altered miR-138

6] These findings suggest

expression in TBI models
that the “exercise-miRNA-neural function” axis may
represent a conserved neuroprotective mechanism that
transcends disease-specific boundaries.

Therefore, the integrative framework proposed
here—though built on ASD evidence—may offer a
conceptual foundation for designing exercise-based
interventions across various neurological disorders.
research  should evaluate

Future systematically

whether exercise-induced miRNA changes are disease-
specific or represent a shared response to neural stress
and repair, which would inform the development of
broadly applicable exercise prescriptions for brain
health. Additionally,
exosomal miRNAs may be equally applicable to

the biomarker potential of

monitoring exercise efficacy in AD, PD, TBI, and
other conditions, warranting cross-disease validation
studies.

From a clinical perspective, we envision a future
where a simple blood test measuring exosomal miR-
132, miR-34a, and miR-146a levels could guide
personalized exercise prescriptions for individuals
with  ASD
conditions.

and potentially other neurological

Achieving this vision will require

multidisciplinary  collaboration among exercise

physiologists, neuroscientists, and clinicians, as well

as rigorous validation through large-scale,
longitudinal human studies.
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