Molecular Psychiatry

SYSTEMATIC REVIEW

www.nature.com/mp

W) Check for updates

Efficacy of pharmacological and microbiota-based therapies in
preclinical models of autism spectrum disorder: a

systematic review

Arnas Kunevicius @', Kinga Gawlinska @?, Aurelijus Burokas

© The Author(s) 2026

4% and Dawid Gawlinski

3,4

BACKGROUND: Autism spectrum disorder (ASD) is a multifactorial neurodevelopmental condition in which pharmacological and
microbiota-targeted interventions are emerging as promising therapeutic avenues. Animal models are the main tool to investigate
etiology, molecular mechanisms and screening for pharmacological therapies. Methodological differences, outcome measure
variability, incomplete reporting, biological confounders, and overgeneralization of the results made evaluating innovative
pharmacological agents challenging. These limitations in the field highlight a need for systematic and standardized research to
reliably assess and translate pharmacological interventions from ASD animal models to human clinical relevance.

SUBJECTS: This systematic review synthesized efficacy evidence for pharmacological and microbiota-based therapies across

established ASD animal models.

RESULTS: We identified 52 recent (2010-2025) studies that reported key ASD behavioral outcomes after pharmacological or
microbiota-focused treatments. Interventions were grouped into therapeutic classes - including oxytocinergic agents, E/I balance
therapeutic targets, metabolic drugs, cannabinoids, purine-based interventions and emerging targets - alongside microbiota-
directed strategies such as probiotics, prebiotics, and fecal microbiota transplantation. By integrating effect directions and
robustness across models, we identified most potential drug candidates, evaluated the efficacy of novel strategies, and recognized
critical translational gaps. The reviewed studies demonstrate that ASD-like behavioral deficits in preclinical models can be
modulated through interventions targeting diverse biological systems, including neurotransmission, neuroinflammation,

metabolism, and the gut-brain axis.

CONCLUSIONS: These findings support the multifactorial nature of ASD pathophysiology which arises from a network of
interacting systemic processes rather than a single molecular defect. It could explain the limited success of traditionally narrowly
targeted interventions and suggest a paradigm shift into a more systemic approach.
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INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental disorder
characterized by persistent deficits in social-emotional reciprocity,
verbal and nonverbal communicative behaviors, developing and
maintaining relationships as described in the fifth edition of
Diagnostic and Statistical Manual of Mental Disorders, (DSM-5)
(APA, [1]). ASD creates significant public health concerns both for
the healthcare professionals and the patients. Lack of distinct
biomarkers or clear understanding of pathogenesis makes the
development of early reliable diagnostic strategies challenging [2].
Currently, behavioral interventions represent the most widely
utilized clinical approach, with parent training and early intensive
behavioral interventions demonstrating improvements in beha-
vioral outcomes [3]. Although these therapies are resource-
intensive and their accessibility and effectiveness can vary
substantially across regions. Additionally, family factors (socio-

economic situation, parental support, family structure) are
important in the effectiveness of behavioral interventions [4].
These limitations in the implementation and effectiveness of
behavioral interventions emphasize the need for directed
pharmacological treatment options.

To date, no pharmacological intervention has been proven
effective in alleviating the core symptoms of ASD. Psychophar-
macological treatments are commonly employed to manage
comorbid symptoms despite limited and heterogenous evidence
supporting their efficacy and tolerability in individuals with ASD
[5]. Medications that are typically used in ASD patients include
antidepressants (selective serotonin reuptake inhibitors), stimu-
lants (methylphenidate and amphetamine), antipsychotics (risper-
idone and aripiprazole), and anxiolytics (buspirone and beta-
blockers) [6]. Although only risperidone and aripiprazole are
approved by Food and Drug Administration (FDA) for use in
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individuals with ASD for irritability associated with ASD [7]. Their
efficacy on core symptoms of ASD remain contested with a
considerable appetite stimulation causing weight gain [8]. An
analysis of psychotropic medication use among more than 30,000
children with ASD revealed that 64% were using at least one
psychotropic medication, 35% were concurrently using two or
more, and 15% were receiving three or more [9]. The frequent
reliance on multidrug treatment strategies highlights the limited
understanding of ASD pathophysiology and is based on the
limited efficacy of currently available pharmacological therapies.

Animal models of ASD are the main tools for investigating
etiology, molecular mechanisms and screening for pharmacologic
therapies. Due to their close evolutionary relationship, rodents
exhibit a high degree of genetic, biological, and neuroanatomical
conservation with humans, including similar brain circuit path-
ways and neurotransmitter distribution, which underlie compar-
able behavioral phenotypes [10]. ASD rodent models exhibit
multiple dimensions of validity with many robust genetic models,
inbred strains mimicking the idiopathic ASD, and offering
predictive value [11]. Specifically, mice and rats exhibit behavioral
features that are relevant in ASD, including changes in level of
activity, stereotypic, repetitive behaviors, social interactions [12].

ASD animal models can be divided into three main categories:
genetic models, environmentally induced and idiopathic models
[13]. The use genetic models is rooted in the substantial
heritability of the ASD with at least 20% of individuals diagnosed
with ASD have underlying genetic causes in de novo mutations,
copy number variations, point mutations, and chromosomal
changes [14]. While environmentally-induced models mostly focus
on prenatal immune activation or exposure to CNS affecting drugs
[15]. The development of these models were based on observa-
tions of increased risk of ASD after exposure to air pollution,
pesticides, psychiatric medications and prenatal infections [16].
Although the majority of ASD cases remain idiopathic, most likely
due to the interplay of multiple factors [17]. These ASD animal
models are characterized by analogous behavioral deficits to
those observed in patients and are useful in investigating novel
genetic risk factors [18]. Currently, all these models are widely
utilized in ASD research due to deficits in sociability in otherwise
naturally sociable rodents.

Growing evidence indicates that immune activation and gut
microbiota alterations may critically modulate both ASD patho-
physiology and pharmacological treatment responses. The
microbiota-gut-brain axis is a bidirectional communication system
linking microbial, immune, and neural signaling pathways that
regulate neurodevelopment and behavior [19, 20]. Dysregulated
gut-brain-immune signaling can influence neurotransmission,
neuroinflammation, and blood-brain barrier integrity, thereby
altering drug metabolism, central bioavailability, and behavioral
outcomes [21]. Gastrointestinal symptoms and distinct microbial
profiles have been consistently reported in ASD, suggesting
potential links between microbial metabolites and behavioral
outcomes [22]. In the BTBR mouse model of ASD, microbiota-
related changes in bile acid and tryptophan metabolism were
associated with gastrointestinal dysfunction and impaired socia-
bility [20]. Moreover, fecal microbiota transfer from ASD donors to
germ-free mice induces social deficits, while probiotic and
prebiotic interventions ameliorate ASD-like behaviors [23-25].
These findings highlight microbiota-targeted modulation as a
promising complementary approach to pharmacological strate-
gies in ASD.

ASD animal models have been instrumental in evaluating the
effects of hundreds of pharmacological interventions, proving
their value in the field [26]. However, many studies focus on
general neurological symptoms rather than targeting key ASD
symptoms. Additionally, methodological differences, small sample
size, outcome measure variability, incomplete reporting, biological
confounders, and overgeneralization of the results make

SPRINGER NATURE

evaluating innovative pharmacological agents challenging [27].
These limitations highlight a need for systematic and standardized
research to reliably assess and translate pharmacological inter-
ventions from ASD animal models to human clinical relevance. To
address these gaps, the objective of this systematic review is to
evaluate the efficacy of currently investigated pharmacological
and microbiota-targeted interventions in preclinical models of
ASD [28]. Understanding how pharmacological and microbiota-
targeted interventions converge on shared signaling pathways
may therefore be critical for identifying biomarkers of treatment
response and developing more effective, mechanism-based
therapeutic strategies.

MATERIALS AND METHODS

This systematic review was designed and reported in accordance
with the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines [29]. Detailed protocol for
determining the research question, literature search, selection
criteria, quality assessment, data extraction, and analyzing the
results can be found in Supplementary material 1.

Eligibility criteria

We included preclinical studies conducted in rodent models (mice
or rats) of ASD, encompassing genetic models, environmentally
induced models, and idiopathic strains exhibiting ASD-like
behavioral phenotypes. Eligible studies evaluated pharmacologi-
cal or microbiota-based interventions aimed at ameliorate ASD-
relevant outcomes, compared to vehicle, untreated ASD controls,
or wild-type/sham controls. Primary outcomes included core ASD-
relevant behavioral domains (social interaction, vocalizations,
restricted/repetitive behaviors). Secondary outcomes comprised
molecular, neurochemical, immune, metabolic, or microbiota-
related markers linked to ASD pathophysiology. Studies were
eligible regardless of administration route, dosing regimen,
treatment duration, or sex, provided that interventions were
applied postnatally to maintain translational relevance.

Exclusion criteria included non-rodent species, animal models
centered on general neurological or psychiatric conditions not
specific to ASD, and non-pharmacological or non-gut microbiota
interventions (behavioral, dietary, device, surgical, herbal only).
Studies without an appropriate control group, studies with small
sample sizes (n < 4 per group), studies lacking ASD-specific
behavioral outcomes, and studies reporting insufficient methodo-
logical information were also excluded.

Search strategy

We performed a detailed systematic search PubMed, Web of
Science, ScienceDirect databases. These databases were chosen
due to their extensive coverage of biomedical literature. The
search was conducted between June and July of 2025 and
included original research articles from January 1%, 2010 to June
1%, 2025. Key concepts were derived using the PICO framework
and included keywords relevant to ASD, rodents, and intervention
options. Appropriate database filters were applied to restrict
results according to the publication date, study type, species, and
English language. Full protocol with comprehensive search
strategy, filters, keywords, and combinations is available in
Supplementary material 1.

Screening process

All records retrieved from the database searches were first
subjected to automated and manual deduplication and removal
of non-original research. Two reviewers (AK., D.G.) independently
screened the titles and abstracts of all remaining studies
independently, using a previously prepared selection protocol
(Supplementary material 1). Discrepancies between the two
reviewers were resolved with a consultation from a third reviewer
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(A.B.). Selected publications were full-text screened independently
by 3 researchers (AK, D.G, KG) to assess the suitability to
eligibility criteria. Reasons for exclusions were recorded (Supple-
mentary material 2).

Data extraction

Data extraction was conducted in duplicates and independently,
using a standardized form to capture animal model details
(species, strain, ASD model, sex, age), intervention type (dosage,
route, frequency, duration), outcome measures (behavioral
assessments, gene expression, neurotransmitters, immune
signaling, hormonal measures, gut microbiota composition),
and study limitations or any observed adverse effects on the
animals.

Risk of bias assessment

The methodological quality and risk of bias of included studies
were evaluated by two researchers (D.G., AK.) using the SYRCLE’s
Risk of Bias tool [30]. This tool, adapted from the Cochrane
Collaboration’s RoB framework for use in preclinical animal
research, allows systematic evaluation of potential sources of bias
across ten domains grouped into five main categories: selection,
performance, detection, attrition, and reporting bias. Each domain
was rated as presenting a low, high, or unclear risk of bias,
according to predefined criteria.

RESULTS

A total of 11872 articles were identified across the three electronic
databases (PubMed, Web of Science, ScienceDirect). Automation
tools were used and 5312 studies were removed as duplicates or
non-original research articles. According to the PICO structure
(Supplementary material 1), automated screening selected
227 studies for further title and abstract review. Next round of
screening selected 120 articles for full text screening and their
conformation with the inclusion/exclusion criteria. After full text
evaluation, and 52 studies met criteria and were included in the
systematic review. PRISMA flowchart outlined our selection
process (Fig. 1). The included articles were published between
2011 and 2025 with 72% published in the past five years. This
exemplifies the relevance of investigating pharmacological ASD
treatment strategies.

The systematic review contained studies that utilized 18
different ASD rodent models with the most prevalent (28 studies)
being prenatal VPA exposure models (Fig. 2A). Analyzed
interventions can roughly be separated into nine categories with
oxytocin being the most frequently researched intervention
(Fig. 2B). Of all included studies, 25 were conducted in mice and
27 in rats (Fig. 2C). The majority focused exclusively on male
rodents (Fig. 2D). Our inclusion criteria ensured that all studies
contained ASD-like symptom specific behavioral testing. To ensure
higher translational relevance, only studies implementing post-
natally administered interventions were selected, most of which
(32) investigated effects in adolescent animals (Fig. 2E).

Oxytocin signaling in preclinical ASD-like behaviors treatment
Oxytocin is a neuropeptide produced in the hypothalamus and
secreted by the pituitary gland. Oxytocin-containing neural
projections, together with their G protein-coupled type receptors
(OXTR), are distributed across central nervous system regions that
form a network known as the “social brain” [31, 32]. As a
neurohormone, oxytocin exerts potent regulatory effects on social
behavior, cognition, affiliation, and reward [33, 34]. Due to its
functional profile, oxytocin was proposed as a potential con-
tributor to the ASD pathophysiology as early as the late 20th
century, [35, 36], prompting interest in therapies targeting
oxytocinergic signaling for the core ASD symptoms. Among the
studies included in this systematic review, ten directly and one
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indirectly evaluated the effects of pharmacological interventions
modulating this signaling pathway.

It is worth noting that the preclinical ASD models used in these
studies show baseline dysregulation of the oxytocin system. For
example, the VPA-induced rat model is characterized by reduced
oxytocin mRNA levels, fewer oxytocin-immunoreactive cell num-
bers in the paraventricular nucleus, and lower oxytocin concen-
tration in the cerebrospinal fluid [31]. Similarly, genetic models
such as Cntnap2-knockout (KO), Oprm1-KO, and BTBR mice also
demonstrate dysregulated central oxytocin levels [31]. In turn,
mutations in genes encoding OXT or its receptor (e.g., Oxt-KO or
Oxtr-KO mice) result in deficits in social recognition and reward-
related signaling [33, 37].

The most commonly evaluated interventions included the
administration of exogenous oxytocin delivered either intranasally
or via peripheral routes (intraperitoneal, subcutaneous)
[31, 34, 38-41]. The efficacy of oxytocin in mitigating ASD-like
behaviors depended on the treatment regimen, the develop-
mental stage, and the sex of the animals, as well as the specific
ASD model employed (Table 1). When administered acutely,
intranasal oxytocin increased sociability in Oprm1-KO and C58/J
mice [38, 42] as well as in a rat model of prenatal VPA exposure
[41], but not in BALB/cByJ mice [38]. Similar outcomes were
reported after a single intracerebral oxytocin administration in
Oxtr-KO mice [33].

Attempts to rescue repetitive behaviors with a single exposure
to oxytocin have yielded divergent outcomes, including a positive
effect in rats in the VPA model [41], no effect in Oprm1-KO mice
[42], or even an exacerbation of these behaviors in C58/) mice,
manifested by prolonged self-grooming [38]. Regardless of the
dosage regimen and ASD model applied, oxytocin did not affect
the locomotor activity of the tested rodents in the vast majority of
studies that evaluated this aspect [33, 34, 38, 40]. The exception
was observed in BALB/cByJ mice, where oxytocin administration
reduced the distance traveled in the open field test [39].

Subchronic or chronic oxytocin treatment improved social
behaviors in both environmental and genetic models of ASD.
Enhanced sociability was reported in rats prenatally exposed to
VPA [31], in inbred mouse strains with inherently low sociability,
such as BALB/cByJ and C58/J mice [38, 39], and in selected genetic
models, including 15q dup mice [34] and Oprm1-KO mice [42].
Remarkably, these beneficial effects persisted for up to two weeks
following the final administration of oxytocin [38]. However, the
same intervention proved ineffective in enhancing sociability in
16p11.2/~, Fmr1-KO, and Shank3-KO mice [40]. Repeated oxytocin
administration effectively reduced repetitive behaviors such as
self-grooming in VPA-exposed rats [31], but not in 16p11.2™~ and
Shank3-KO mice [40]. Fmr1-KO mice even increased the number of
self-grooming episodes after oxytocin treatment [40]. An addi-
tional effect of oxytocin administered for 7 to 28 days was a
reduction in anxiety-like behaviors in rats prenatally exposed to
VPA or in 16p11.2%"~ mice [31, 40].

In addition to the native form of oxytocin, the therapeutic
potential of its analogues and metabolites has been investigated.
Two synthetic OXTR agonists, TC-OT-39 and carbetocin, and the
metabolite [Cyt6]OT(5-9), did not increase the duration of social
interaction in the BALB/cByJ mice. However, TC-OT-39 reduced
repetitive behaviors in the marble burying test. In contrast,
another oxytocin metabolite, [pGlu4,Cyt6]OT(4-9), increased
sociability dose-dependently following subchronic administration,
with effects persisting up to 12 days post-treatment. Unlike
oxytocin, acute administration of [pGlu4,Cyt6]0T(4-9) did not
normalize marble-burying behavior [39].

Oxytocin receptor antagonists, typically used as a pharmacolo-
gical tool to confirm the mechanisms of compounds with putative
prosocial activity, have provided additional insights. In Nign3-KO
mice, administration of the OXTR antagonist L-368,899 reduced
social interactions, confirming that inhibition of oxytocinergic

SPRINGER NATURE



A. Kunevicius et al.

Identification of studies via databases and registers
c H 5
o VR S — Recqrds removed before screening:
® _ Duplicate records removed
8 Pubmed (n = 1367) (n = 5312)
= SCOPUS (n = 9415) » -
§ WebofScience (n = 1090)
——
M
Records screened _
(n = 6560) Records excluded (n = 6333)
Reports sought for retrieval Reports excluded after title and
o (n=227) abstract screening (n = 107)
=
[}
g
O
(7}
Reports assessed for eligibility
(n = 120) »| Reports excluded after a full text
screening:
No typical ASD behavior traits
tested (n = 21)
Interventions with unknown
mechanisms (n = 16)
— Non-pharmacological or microbiota-
based interventions (n = 12)
(R Prenatal interventions (n = 10)
kS Non-specific ASD rodent model
= Studies included in review (n=28)
S (n=52) Improper reporting (n = 1)
[=
—

Fig. 1 PRISMA flow diagram showing study selection from PubMed, Web of Science, ScienceDirect databases.

signaling impairs sociability [37]. However, a study utilizing female
offspring rats exposed to VPA during pregnancy yielded surprising
therapeutic results with the administration of the chronic OXTR
antagonist, atosiban. This treatment significantly alleviated deficits
in social interaction, anxiety, and repetitive behaviors. The
effectiveness of this therapeutic approach was most likely because
the female rats studied were characterized by excessive activation
of the oxytocin system with increased levels of both oxytocin and
its receptor in the hippocampus and prefrontal cortex (PFC) [43].
Conversely, in Oprm1 mutant mice, a single administration of the
OXTR antagonist L1183 had no measurable effect on social contact
duration during the reciprocal social interaction test [42].

Due to chemical similarities and cooperative roles in regulating
social behavior, aggression, and learning, another neurohormone,
vasopressin, has also been investigated. lts chronic intranasal
administration increased sociability and social novelty preference
in VPA-exposed rats [44]. Comparable effects were observed
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following intracerebral administration of vasopressin in Oxtr null
mice, where the treatment also reduced aggressive behavior. In
contrast, the compound SR49059, a V1a receptor antagonist, did
not significantly affect social or aggressive behaviors in Oxtr-KO
mice [33].

Some studies have also attempted to link the efficacy of
pharmacological interventions targeting oxytocin signaling in
normalizing ASD-like behaviors with alterations in the central
nervous system. Among the main molecular mechanisms in this
context, the direct effect of oxytocin administration on the activity
of the signaling pathway modulated by this “social hormone”
should be noted. Dai and colleagues (2018) reported that
repeated intranasal administration of oxytocin led to a significant
increase in oxytocin-immunoreactive cells in the paraventricular
nucleus in the VPA-exposed rat model [31]. Furthermore, even a
single treatment with oxytocin in rats in this preclinical model
exerted a neuroprotective effect by reducing the expression of

Molecular Psychiatry
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Fig. 2 Summary of basic information from the analyzed publications. A Number of ASD animal models used in the analyzed studies - in
some cases, more than one model was applied; (B) Number of publications categorized according to the therapeutic target of the
interventions; (C) Number of publications employing mouse or rat models; (D) Number of studies stratified by the sex of rodents used (Mix —
study where both males and females were included in the same test group (mixed-gender group); (E) Number of studies stratified by the age

of the animals used for behavioral tests.

necroptosis markers such as MLKL in males and females within the
hippocampus and amygdala, and RIP3 in females in the amygdala,
suggesting mechanisms involving the influence of cell survival
and modulation of anti-inflammatory processes [41]. In turn,
Oprm1-KO mice treated with oxytocin exhibited altered expression
levels of genes encoding oxytocin, vasopressin, and dopamine
receptors within the CPu, NAc, VP/Tu, MeA, and CeA regions (for
details, see Table 2) [42]. In contrast, neuroimaging studies using
MRI did not show a significant effect of chronic oxytocin
administration on the normalization of volume changes in the
analyzed brain areas in 16p11.2"/~, Fmr1-KO, and Shank3-KO mice
[40]. In the case of intranasal arginine vasopressin treatment in
VPA-exposed rats, the observed beneficial behavioral effects may
be associated with its influence on hippocampal gene expression
related to oligodendrocyte development and myelination (Mbp,
Plp1, Cnp, Gfap, Taok1) [44].

Neurotransmission and E/I balance as therapeutic targets in
ASD models

One of the leading hypotheses assumes that among the leading
pathophysiological mechanisms underlying the behavioral char-
acteristics of ASD may partly stem from an imbalance between
excitatory (predominantly glutamatergic) and inhibitory (predo-
minantly GABAergic) neurotransmission [45]. Since impairments in
synaptic plasticity and network activity balance are considered key
factors influencing the pathophysiology of ASD, interventions
aimed at restoring typical network dynamics may impact many
fundamental areas, including social behaviors as well as restrictive
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and repetitive behaviors, despite the high phenotypic variability
observed in patients diagnosed with ASD, even within twin pairs
[46-48]. Based on this assumption, several studies evaluated the
efficacy of pharmacological compounds modulating key neuro-
transmitter systems, including glutamatergic, GABAergic, dopami-
nergic, serotonergic, and cholinergic signaling, to alleviate ASD-
like phenotypes.

The glutamatergic system is the leading excitatory network in
the brain, and the analyzed interventions focused primarily on
modulating its major classes of receptors, including ionotropic N-
methyl-D-aspartate receptors (NMDA), a-amino-3-hydroxy-5-
methyl-4-isoxazolopropionic acid (AMPA), and metabotropic
glutamate (mGlu) receptors [49]. Thus, short-term inhalation of
subanesthetic xenon, an NMDA receptor antagonist, improved
social behavior by reducing aggressive episodes and increasing
social contacts in a rat model of ASD induced by VPA in the early
stages of development, without affecting repetitive, anxiety-like,
or depression-like behaviors [50]. Similarly, chronic treatment with
memantine, an uncompetitive/fast off-rate  NMDA receptor
antagonist, administered alone or in combination with the atypical
antipsychotic drug aripiprazole, increased sociability and social
novelty preference index in the three-chamber test, while
alleviating repetitive behaviors and cognitive deficits in rats
prenatally exposed to VPA [51]. Furthermore, three months of
treatment with NitroSynapsin, a compound exhibiting dual
memantine-like action and redox-based inhibition of extrasynaptic
NMDA receptors, was effective in increasing sociability in Mef2c™~
mice [52]. In addition to the NMDA receptor, AMPA receptor

SPRINGER NATURE
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modulation should be noted as a promising therapeutic approach
in treating ASD. A recent study has revealed a new mechanism of
action for the second-generation antipsychotic risperidone, whose
chronic administration improves behavioral deficits (increasing
sociality and social novelty preference, while reducing repetitive
behaviors) caused by prenatal exposure to VPA. These beneficial
effects were associated with increased expression of the ADAR2
enzyme, which promotes GluA2 subunit editing, thereby reducing
excitotoxicity, oxidative stress, and neurodegeneration [53].

Positive allosteric modulators (PAMs) of mGlu receptors are
effective in genetic models of ASD. In Shank3“’'~"~ mice, using
the mGlu5 receptor PAM - CDPPB effectively alleviated behavioral
deficits, including impaired sociability and repetitive behaviors,
without affecting locomotor activity [54]. In another study,
treatment with an mGlu4 receptor PAM (VU0155041) exhibited a
synergistic effect in combination with sodium bromide in
increasing social behaviors and reducing motor stereotypies in
Oprm1-KO mice [55]. Interestingly, administration of GRN-529, a
negative allosteric modulator of the mGlu5 receptor in BTBR mice,
effectively rescued an ASD-like phenotype [56]. In turn, recent
work in Fmri-KO mice, a model of fragile X syndrome, has
indicated that the hyperactivity of dopamine neurons in the
compact part of the substantia nigra is a key factor driving
repetitive behaviors. This hyperactivity has been linked to the
interactions between upregulated expression of ErbB tyrosine
kinases and hyperfunction of the mGlu1 receptor. Consequently,
inhibition of the ErbB pathway using its inhibitor PD158780
normalized mGlu1 receptor signaling, restored dopamine neuron
hyperactivity, and alleviated repetitive behaviors, including
reduction in self-grooming duration and marble-burying events
[571.

Targeting the GABAergic system aims to enhance synaptic
inhibition and correct the E/l imbalance on the inhibitory side. In a
model of idiopathic ASD, BTBR mice, selective positive allosteric
modulation of GABA-A receptors containing 2/3 subunits with
compound 2-261 at a minimum effective dose of 0.3 mg/kg
improved social behavior, although it did not affect repetitive self-
grooming. Structurally related analogs demonstrated similar
effects, with compound 2-301 being effective at 1-3 mg/kg doses
and compound 2-313 only at the highest dose of 3 mg/kg [56].
Focusing on another receptor subunit, treatment of VPA-exposed
rats with MP-lII-022, a selective PAM for a5GABA-A receptors,
improved social, repetitive, and restrictive behaviors in a sex-
dependent manner, with more promising effects observed in
males [58]. In contrast, a broader approach using chronic
administration of sodium bromide, which enhances neuronal
hyperpolarization by substituting chloride ions in the GABA-A
receptor, was effective across three different genetic mouse
models of ASD (Oprm1-KO, Fmr1-KO, and Shank3°®'37'%7 mice).
This intervention effectively alleviated core symptoms, including
social deficits, stereotypies, and anxiety, showing a consistently
strong effect across different genetic etiologies [55].

The nicotinic cholinergic system also regulates the E/I balance
and has been investigated as a potential therapeutic target. In the
BTBR mice, positive allosteric modulation of the a7 nicotinic
acetylcholine (nACh) receptor with AVL-3288 at higher doses
(3-10 mg/kg), or the compound 4-327, proved to be effective in
alleviating both deficits in social interactions and repetitive self-
grooming behaviors [56].

Alterations in monoaminergic signaling have long been linked
to ASD, making these systems promising therapeutic targets
[59]. Studies have revealed distinct dysregulation in the
dopamine system across various preclinical ASD models. The
BTBR mice show an overall reduction in tyrosine hydroxylase
(TH), a key enzyme in dopamine synthesis, while the Fmr1-KO
mice show abnormal TH-positive axons morphology [60].
Despite these differences that may underlie behavioral abnorm-
alities, direct intranasal administration of dopamine
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hydrochloride revealed an essentially identical therapeutic
profile in both ASD models. It restored social balance without
reducing repetitive behaviors or negatively affecting locomotion
or anxiety-like responses [60].

Another key monoamine, serotonin, is a critical modulator of
neuronal activity and behavior [61]. A recent study by Rahdar and
colleagues (2024) demonstrated that repeated administration of
the 5-HT; receptor agonist (LP-211) can significantly reduce
stereotypical behaviors and improve motor coordination and
recognition of new objects in VPA-exposed rats [62]. However, the
effects of LP-211 on social deficits, the core ASD symptom, were
not assessed in this study.

To elucidate the mechanisms underlying the beneficial effect of
memantine or aripiprazole administered separately or in combina-
tion on ASD-like symptoms, Zohny and colleagues [51] analyzed
hippocampal tissue from VPA-exposed rats after treatment [51].
The pharmacological interventions restored the GABA/glutamate
balance by increasing GABA levels while decreasing glutamate
concentrations. Additionally, all treatment regimens increased the
MRNA level of Glt-1 and the expression of BDNF. Furthermore,
immunofluorescence studies showed that chronic administration
of the drugs tested also decreased levels of GFAP, Caspase-3, and
BAX in the CA1 and DG of the hippocampus. The synergistic effect
of memantine and aripiprazole increased p-CREB levels [51]. In
another glutamatergic-targeted study, NitroSynapsin administra-
tion in Mef2c*/~ mice increased the number of NeuN-positive cells
and the levels of VGAT and parvalbumin-positive synapses,
without altering the number of parvalbumin-positive neurons
within the hippocampus. Additionally, NitroSynapsin reduced the
level of VGLUT2, the VGLUT1/VGAT ratio, and VGLUT2/VGAT ratio,
as well as the number of hippocampal GFAP-positive cells [52]. In
turn, in the VPA-induced rodent model of ASD, 4-week treatment
with risperidone at both tested doses (1 and 3 mg/kg) increased
Adar?2 relative gene expression and decreased GluA2 QiR ratio in
the hippocampus and the PFC. Risperidone also significantly
increased the number of viable neurons and BCL2-positive cells,
reducing the number of caspase-3-positive cells and apoptotic
processes. Furthermore, risperidone alleviated hippocampal and
cortical oxidative and nitrosative stress, normalized elevated
cytochrome-c, LDH, caspase-3, MDA, and NO levels while
increasing decreased TAC and GSH [53].

In addition to comprehensive behavioral analyses, Derieux et al.
[55] investigated transcriptomic alterations following NaBr treat-
ment in Oprm1-KO mice across five brain regions (NAc, CPu, VP/Tu,
MeA, and VTA/SNc) [55]. At the transcriptional level, chronic NaBr
increased the expression of genes coding for chloride ion
transporters, GABA-A receptor subunits, oxytocin, and mGlu4
receptor within the reward/social circuit. However, the observed
mMRNA levels of the genes selected for study correlated poorly with
social interaction parameters [55].

In Fmr1-KO mice, in which pharmacological intervention with
PD158780 (ErbB inhibitor) led to a reduction in repetitive behaviors,
electrophysiological experiments showed that the behavioral effects
were due to a reduction in mGluR1/5-activated currents (Ipypg) and
the co-occurrence of spontaneous firing hyperactivity and hyperexcit-
ability of SNpc DA neurons [57]. In the same ASD model,
administration of dopamine hydrochloride decreased TH expression
in the striatum. In contrast, in BTBR mice, the same intervention,
despite similar efficacy in treating social deficits, induced an opposite
effect [58, 60]. When a5GABA-A receptor PAM, MP-IIl-022 was used in
rats in the VPA model, an increase in mRNA level of KCC2 was
observed only in females treated with a dose of 1 mg/kg, while the
mMRNA level of Gabra5 and Nkccl remained unchanged across doses
and animal sexes [58].

Gut microbiota-based interventions

Gut microbiota-based therapeutic strategies represent a novel
approach to the treatment of neuropsychiatric disorders [63-65].
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The mechanisms behind the microbiota-gut-brain axis are still
emerging and gut microbiota-based interventions were used in six
studies. These studies utilized classical probiotics (Lactobacillus
and Bifidobacteria) and FMT illustrating the effect of a targeted
and more broad approach to targeting the gut microbiota. [66, 671
both used single bacterial strains (Bifidobacterium longum BB536
and Bifidobacterium longum CCFM1077 respectively) and reported
minor behavioral improvements, although they were not con-
sistent or extensive. The use of single bacterial strain to rescue
behavioral deficits associated with ASD therefore remains
uncertain. Similar findings were obtained when using Lactobacillus
spp., Bifidobacterium spp. mixture with improvements restricted to
sociability with no effect on grooming frequency or level of
activity [68]. A more promising mild intervention is the use of
combined prebiotic and probiotic mixtures to achieve additional
synbiotic effect. Study of [69] which utilized Lactobacillus reuteri
C501 and inulin showed improvements in sociability, social
novelty, and self-grooming time. These behavioral domains
correspond to core diagnostic features of ASD, which include
deficits in social behavior and increase in repetitive stereotypic
behaviors that are the main diagnostic criteria [1]. While the effect
of less specific interventions, such as FMT have a broader yet still
positive effect on behavior. [70, 71] both reported improvements
in social behavior and anxiety despite differences in FMT protocol.

Microbiota-based interventions have been shown to induce
behavioral changes in ASD animal models, with metabolic modula-
tion emerging as a primary pathway through which the gut
microbiota exerts its influence on the CNS. Both a single bacteria
(67, 69] and FMT interventions are capable of inducing extensive
metabolic changes in the gut. Administration of Bifidobacterium
longum CCFM1077 increased levels of tryptophan, reduced kynur-
enine, and changes in kynurenic acid/kynurenine ratio in the gut
indicating modulation of tryptophan metabolism (Table 3) [67]. Gut
metabolome changes translated to systemic circulation with lower
levels of serum kynurenine, kynurenine/tryptophan ratio, and
kynurenic acid/kynurenine ratio. While supplementation with L. reuteri
C501 and inulin increased the concentration of SCFAs in feces and
serum showing the metabolic effect extend beyond the gut [69]. FMT
induced widespread cecal metabolome changes with 123 differen-
tially expressed metabolites across multiple pathways [71]. Among
microbiota-based interventions, FMT exerts the most extensive
metabolic effects, but the precise outcome heavily relies on the
donor’s microbial profile.

Targeting metabolism

ASD is associated with high levels of metabolic disturbance with
as many as 30% of children with ASD experiencing metabolic
abnormalities, such as differences in amino acid metabolism [72].
Additionally, drugs frequently employed in the modulation of
behavioral symptoms contribute to the development of metabolic
syndrome with most common metabolic symptom being
dyslipidemia [73]. Metabolic modulators such as metformin and
pioglitazone are receiving more attention in the context of ASD,
not only as supplementary therapies aimed at reducing the
metabolic side effects of conventional medication, but also as
potential primary interventions. Metformin treatment was suc-
cessful in improving sociability in three-chamber test and the
frequency of repetitive behaviors in marble burying and self-
grooming tests in prenatal VPA exposure and BTBR mouse models
[74, 75]. Similar results on social behavior were observed with the
use of pioglitazone, which is an anti-diabetic drug and is
frequently prescribed together with metformin. Both studies
[76, 77] reported increased sociability and social novelty in the
three-chamber test when using 10 mg/kg of pioglitazone in the
VPA mouse model. Although the effect on repetitive behaviors
remains inconclusive with [76] reporting an increase in self-
grooming, while [77] reported a reduced number of buried
marbles even at the lower (5 mg/kg) dose.
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These behavioral outcomes are most likely facilitated through a
reduction of oxidative stress and neuroinflammation. Studies
utilizing metformin reported lower levels of TNF-q, S6K, IL-1(3, and
mTOR in the PFC [74, 75]. Inflammation signaling pathways are
frequently dysregulated in ASD animal models and may con-
tribute to the behavioral symptoms [78]. Administration of
pioglitazone reduced levels of IL-6, TNF-a and increased levels
of IL-10 [76]. Similar findings were observed in the brainstem and
cerebellum indicating that these effects are not region-specific but
rather reflect a more brain-wide neuroinflammatory and antiox-
idant modulation. The anti-inflammatory effect of pioglitazone on
the brain is further supported by increased levels of glutathione
and catalase in the PFC and cerebellum [77]. Metformin
interventions had similar anti-inflammatory effects to a lesser
extent and were comparable to risperidone [74, 75]. Combined
therapy of metformin and risperidone provided a synergistic effect
on reducing TNF-a and IL-18 in the PFC and hippocampus [75].
Additionally, these effects are achieved without any impact on
body weight [74, 75]. These findings indicate the potential of
metformin and pioglitazone in alleviating neuroinflammation and
in supporting their use with currently used medications.

Cannabinoids for modulation of ASD symptoms

The endocannabinoid system (ECS) is a multimodal neuromodu-
latory network that modulates social behavior and reward-seeking
behaviors in general [79-81]. Various natural cannabinoids
(cannabidiol (CBD), tetrahydrocannabinol (THC), cannabidivarin
(CBDV), Avidekel oil, Erez oil) and their preparations are actively
researched to alleviate social deficits in ASD. THC rich Erez oil
increased sociability and reduced the number of buried marbles
without any effect on activity [82]. While THC alone only improved
social behavior. The effects of CBD on social behavior are heavily
influenced by the administered concentration. Lower concentra-
tions (25 mg/kg [82], 30 mg/kg [83]) of CBD had no effect on
sociability. CBD rich Avidekel oil (extracted from Avidekel cannabis
flower) induced lower sociability, reduced grooming time and
shorter distance traveled, indicating an overall inhibitory effect
[82]. While 60 mg/kg increased sociability, reduced repetitive
behaviors and improved memory [83]. Similarly, CBDV increased
sociability and memory, while reducing self-grooming and activity
[84]. Naturally occurring non-psychoactive cannabinoids, such as
CBD and CBDV show promise in alleviating behavioral deficits.
However, the detected reduction in distance traveled by both
compounds limits the significance of reduced self-grooming and
introduces limitations to clinical application [82-84]. Novel
cannabinoid formulations, such as JZP541 (a botanical mixture
containing various cannabinoids with a small amount of THC)
increased sociability and reduced repetitive behaviors in a wide
range of concentrations (10 - 100mg/kg) suggesting the
involvement of the ECS in alleviating ASD-like symptoms.
Although the 100 mg/kg dose lowered time in the center in the
open field test, indicating increased anxiety [85].

Administration of JZP541 induced a dose-dependent response
in gene expression within the frontal cortex, with the 10 mg/kg
dose altering the expression of only seven genes, whereas the
100 mg/kg dose affected more than 1300 genes. Only a small
subset of these genes was associated with ASD, while the large
number of affected genes suggests a broad modulatory impact on
the CNS, particularly on genes involved in synaptic function and
neurotransmission [85]. Similarly, administration of Avidekel oil
produced comparable transcriptional changes with pronounced
changes in action potential and nerve impulse transmission
pathways in the cerebellum supporting the idea of general
neuromodulatory effects of the cannabinoid-based compounds
[82]. Although CBDV treatment did not induce transcriptional
changes in the PFC, it altered microglial cell morphology and
reduced TNF-a expression, indicating a degree of anti-
inflammatory modulation. Additionally, reduced expression of
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CB1 receptor and monoacylglycerol lipase indicates a direct
regulation of the ECS through CB1-receptor-depended signaling
[84]. Together, these findings suggest that cannabinoid-based
interventions exert broad neuromodulatory and anti-inflammatory
effects, acting through both transcriptional and endocannabinoid
signaling pathways to influence neuronal excitability and synaptic
function.

Purine-based intervention

All reviewed studies [86-88] reveal a consistent pattern of
findings. The studies, which include maternal immune activation
(MIA) in mice (poly (:C)) and prenatal VPA exposure in rats,
demonstrate that antipurinergic therapy (APT) with suramin
(20 mg/kg) results in improvements of impaired social behaviors.
In both models, suramin administration enhanced sociability,
increased the time spent in the social chamber, and increased
sociability and social sniffing during the three-chamber test.
Furthermore, Hirsch et al. [88] observed that the administration of
suramin did not exert an influence on the time and number of
instances of self-grooming in the open field test [88]. The study
also revealed that the administration of sumarin did not affect the
total time and number of interactions, nose-to-nose sniffing,
anogenital inspection, and flank exploration. However, suramin
increased the number of following behaviors in the reciprocal
social interaction test. Improvements were also observed in
elevated plus maze and open field tests, as indicated by increased
time spent in the open arm or in the central square. In the MIA
model, the administration of suramin resulted in an increased
novelty preference in the T-maze test [86, 87]. Furthermore,
improvements were observed in tasks assessing motor coordina-
tion in the rotarod test.

At the molecular level, suramin intervention resulted in
substantial changes to the expression of genes and proteins
involved in neurochemical and metabolic pathways associated
with purinergic transmission and mitochondrial activity. In a
2020 study, Hirsch et al. observed that suramin did not induce
significant alterations in the mRNA levels of purinergic receptors, as
well as in the levels of cytokines and interleukins, in the PFC of rats
exposed to VPA [88]. In addition, Naviaux et al. [86] discovered that
suramin influenced the expression of numerous genes implicated
in the function of the mitochondrial respiratory chain complexes |
and IV [86]. The investigation further revealed an augmentation in
the expression of purinergic receptors P2Y2 and P2X7, alongside
an alteration in the ratio of pERK1/2/ERK1/2 and pCAMKII/CAMKII.
Furthermore, histological analyses revealed an increased number
of Purkinje cells in the cerebellum following treatment.

These converging behavioral and molecular results suggest that
therapeutic effects of suramin drove coordinated molecular and
behavioral improvements in various ASD models.

Vitamin-based interventions
In all three reviewed studies [89-91] performed on rats, a prenatal
VPA model was used and reported impairments in social
behaviors. Intervention with retinoic acid (6 mg/kg for 21 days
or 1 mg/kg for 10 days) significantly improved social functioning,
as indicated by increased time spent in the social novelty chamber
assessed by the three-chamber test. Additionally, changes
observed in the open field test (e.g., increased time in the center)
suggest a modulatory effect on anxiety-related behavior. Similarly,
Du et al. reported that high-dose vitamin D; treatment (80,000 IU/
kg) reduced self-grooming behavior and altered olfactory and
social interaction patterns [89]. Concurrently, retinoic acid (6 mg/
kg) administration reduced repetitive behaviors in the self-
grooming test, as evidenced by a consistently observed decrease
in self-grooming duration, a hallmark of stereotyped behavior [90].
At the molecular level, retinoic acid intervention resulted in
substantial changes to the expression of genes and proteins that
play a role in the function of microglia and the regulation of
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neuroinflammation in the PFC. This included increased protein
expression of ARG-1, RARaq, and TREM2, and decreased expression
of iNOS [90]. Furthermore, immunofluorescence analysis revealed
a reduced number of IBA-1-positive cells and increased microglial
branching complexity. Zhu et al. [91] found that retinoid
treatment affected the expression of multiple genes related to
synaptic transmission and neuroplasticity [91]. This included a
reduction in mRNA levels of Grin2b, Nrxn1, Cacnale, and Gabrb2,
as well as the dysregulation of other key genes, such as Reelin,
Mecp2, Tbri, and Kenmal. These molecular changes were
accompanied by altered functional brain connectivity, as indicated
by BOLD-fMRI, with disrupted connectivity primarily observed in
fronto-striatal and hypothalamic-hippocampal circuits.

Overall, the results indicate that vitamin D; and retinoic acid
interventions have the potential to ameliorate core behavioral
abnormalities. Molecular dysfunctions related to microglial activa-
tion and neurotransmission pathways appear to contribute to the
behavioral phenotype in the VPA model. As a result, targeted
nutritional interventions may offer a promising strategy for
therapeutic modulation.

Anti-inflammatory-based interventions

All studies reviewed regarding pharmacological interventions for
anti-inflammatories in ASD models demonstrated significant
changes in animal behavior. The findings of the studies in this
section demonstrate an increased duration spent in the social
chamber, sociability, or social novelty [92-97]. Abdel-Haq et al.
[95] observed that treatment of Shank3“42? mice with 7-NI (nNOS
inhibitor) resulted in an increase in time spent in the open arms of
the elevated plus maze and an enhancement in cognitive
behavior, as measured by the novel object recognition test [95].
Moreover, research utilising the prenatal VPA model has demon-
strated that treatment with MR-39 (FPR2 agonist) enhances social
interactions without eliciting alterations in other core ASD
behaviors, such as marble burying and self-grooming, in BTBR
mice [93]. Conversely, in the same model, aspirin administration
has been shown to reduce stereotyped behaviors and anxiety-like
responses [97]. Furthermore, research has demonstrated that
propionic acid (PPA)-based models have shown indications of
improved anxiety-like behaviors and exploratory and cognitive
test results following intervention with pentoxifylline [96]. A
similar outcome has been observed with Vardenafil treatment
[94]. A thorough review of studies examining anti-inflammatory
pharmacological interventions in animal models of ASD reveals a
consistent pattern of beneficial behavioral effects.

Beyond behavioral improvements, studies have demonstrated
that anti-inflammatory pharmacological interventions exert sig-
nificant molecular effects in examined models, modulating key
pathways involved in neuroinflammation, glial activation, and
neuronal signaling, mostly in the hippocampus and cerebellum. As
demonstrated in the study by Cristiano et al. [93], treatments such
as MR-39 increased the mRNA levels of Fpr2, II-10 and LX4A, while
reducing the mRNA levels of /-18 and Tnf-a in the hippocampus of
BTBR mice, and similarly in B6 mice treated with VPA [93]. In
addition, the PPA model demonstrated that pentoxifylline
intervention resulted in augmented neuronal density in CA1 and
CA3 of the hippocampus, elevated Purkinje cell numbers, and
diminished GFAP immunoreactivity and IL-17 and TNF-a levels in
the brain [96]. This effect is analogous to that observed following
Vardenafil intervention [94]. It is interesting to note that
resveratrol has been observed to increase the mRNA levels of
Egr3 and Sirt1 in the amygdala (Hidema et al., [92]), while aspirin
treatment has been observed to increase the expression of p-ACC
and p-AMPK in the hippocampus [97].

Interventions aimed at reducing inflammation in animal models of
ASD have been shown to have a positive effect on behavior and
cognition, whilst simultaneously reducing neuroinflammation and
supporting the restoration of neuronal integrity in key brain regions.
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Other novel treatment options

In addition to the previously mentioned interventions, further
analysis is warranted on studies that do not align with the
previously delineated classifications. These studies may offer
novel insights and significant results that are pertinent to the
broader field. Carreno-Mufioz et al. [98] observed that treatment
with BMS-204352 (a BKCa agonist) resulted in a reduction of
repetitive and anxious behavior in Fmr1-KO mice [98]. In a similar
study, Rapanelli et al. [99] observed increased levels of self-
grooming in Shank3t"® and Cul3”~ mice treated with GSK-LSD1 (a
LSD1 inhibitor) or ORY-1001 (another LSD1 inhibitor) [99]. The
researchers also noted an increased sociability index, with no
changes in anxiety behavior. Furthermore, Feng et al. [100]
demonstrated that the treatment with calcium hexacyanoferrate
(Ill) nanocatalysts resulted in enhanced time spent in the social or
social novelty chambers, as well as improved exploratory and
cognitive behavior [100]. A single study, namely Alhamami et al.
[101], yielded contradictory findings [101]. This study demon-
strated that the administration of 6-hydroxydopamine led to an
increase in self-grooming duration.

At the molecular level, 6-hydroxydopamine treatment has been
observed to increase the levels of mRNA for /-6, Tnf-a, and NF-k,
while decreasing the protein expression of GPX-1 and COX-2 in
the PFC [101]. Treatment with calcium hexacyanoferrate (lll)
nanocatalysts in RNA-seq analysis has been shown to result in the
identification of 280 differentially expressed genes in the
hippocampus [100]. This treatment has been found to lead to a
decrease in the levels of ROS, Iba-1, and GFAP immunoreactivity.
In addition, GSK-LSD1 treatment (5mg/kg, 3 days) resulted in
alterations to 230 differentially expressed genes, including Egr1
and Egr4, in the PFC. Furthermore, it led to an increase in the level
of H3K4me2 immunoreactivity in Shank3™“< mice [99].

Several novel interventions, including BKCa agonists, LSD1
inhibitors, and calcium hexacyanoferrate (lll) nanocatalysts, have
been observed to exert varied effects on repetitive, social, and
cognitive behaviors in mouse models. These interventions have
also been shown to induce corresponding molecular changes in
gene expression and inflammatory markers. However, it should be
noted that some findings remain contradictory.

RISK OF BIAS ASSESSMENT

The risk of bias assessment revealed low risk of bias in selected
studies. A total of 21 studies exhibited no signs of bias, with an
overall low risk (Fig. 3). More than half (31) of the studies showed
at least some concerns, primarily due to insufficient methodolo-
gical reporting or unclear information related to selection,
performance, and detection biases. 10 studies exhibited signs of
insufficient reporting in at least two categories. This pattern likely
reflects broader flaws in the reporting standards of preclinical
animal research rather than issues specific to the included
publications. A summary table of risk of bias across the included
studies was generated to visualize the distribution of potential
biases and to inform the interpretation of results. Given the
substantial behavioral variability characteristic of ASD, insufficient
sample sizes represent an important source of bias in preclinical
studies. It has been suggested that, when using rodent models of
ASD, approximately 15-20 animals per genotype, treatment, and
sex are required to ensure adequate power and reliability of
behavioral outcomes [102]. Therefore, studies employing smaller
experimental groups should be interpreted with caution and may
require independent replication before firm conclusions can be
drawn. Additionally, the authors acknowledge the general
positive bias of the published results, the lack of replicative
validation studies, and the resulting risk of overestimating
treatment efficacy in preclinical models that would provide
confidence for the current findings and improve translational
significance.

SPRINGER NATURE

DISCUSSION

This systematic review comprehensively evaluated the efficacy
and underlying mechanisms of both pharmacological and
microbiota-based therapeutic strategies in preclinical models of
ASD. We specifically focused on behavioral outcomes, which
highlights the functional significance of the findings. The reviewed
studies have demonstrated that a variety of interventions can be
effectively utilized to ameliorate typical ASD behavioral deficits.
Despite heterogeneity in ASD animal models and experimental
design, most studies reported significant improvement in at least
one key ASD behavioral trait. Together, these findings highlight
the diverse nature of ASD pathophysiology, in which inflamma-
tory, metabolic, and synaptic mechanisms all contribute to the
behavioral symptom presentation (Fig. 4). This mechanistic
diversity strengthens the growing recognition that treatment
strategies extending beyond the CNS, particularly those involving
the gut microbiota or peripheral metabolic pathways, may offer
complementary therapeutic benefits.

Among all the pharmacological and microbiota-based interven-
tions reviewed, treatment with oxytocin has been the most
extensively investigated. Eight studies have assessed its direct
impact on the amelioration of core ASD symptoms. The rationale
for this strategy lies in both the physiological profile of oxytocin
and clinical observations indicating lower circulating oxytocin
levels in children with ASD compared to neurotypical individuals.
However, these differences diminish during adolescence and
adulthood [103, 104]. This age-dependent variability in oxytocin
signaling may delineate a developmental window in which such
therapy could be most effective.

In the preclinical studies, exogenous oxytocin administration
proved to be a promising therapeutic approach, effectively
enhancing social behaviors while reducing repetitive behaviors
in rats prenatally exposed to VPA [31, 41] and BALB/cByJ mice [39].
In other ASD models, such as 15g dup mice [34], Oprm1-KO mice
[42], Oxtr-KO mice [33], and C58/J mice [38], oxytocin selectively
improved social deficits, without influencing other ASD symptoms.
Notably, in models including 16p71.2™, Fmr1-KO, and Shank3-KO
mice, oxytocin failed to rescue ASD-like phenotypes [40]. An
intriguing observation was reported in Oprm1-null mice, in which
prior studies identified oxytocinergic dysfunction. Chronic intra-
nasal oxytocin administration improved social behaviors, whereas
the same regimen in wild-type mice induced pronounced and
lasting social impairments [42, 105]. This suggests that a pre-
existing deficit in the oxytocinergic system may be a prerequisite
for beneficial outcomes of oxytocin treatment. Supporting this,
VPA-exposed rats characterized by reduced cerebrospinal oxyto-
cin levels and a decreased number of oxytocin-immunoreactive
cells in the hypothalamus exhibited normalization of these
parameters as well as rescue of the ASD-like phenotype following
treatment [31].

Other important factors influencing oxytocin’s therapeutic
efficacy may include the developmental stage, treatment
schedule, and environmental context. Acute intranasal oxytocin
improved social behavior in Oprm1-KO mice within 5 min after
administration [42]. Nevertheless, acute exogenous oxytocin
supplementation produced only a temporary prosocial effect
[106, 107], likely due to short half-life of oxytocin in the brain
[108, 109]. In contrast, treatment during the early postnatal
period had a long-term benefit on sociability, which was
observed in VPA-exposed rats during adolescence and in adult
15 dup mice [31, 34]. These findings confirm that repeated
oxytocin exposure during sensitive periods may upregulate
endogenous oxytocinergic function and remodel social neural
circuits [31, 38]. Furthermore, social-contextual administration
enhanced and prolonged oxytocin’s prosocial effects in Oprm1-
KO mice [42]. Sex differences represent another crucial aspect in
the optimization of ASD therapies. While in male rats in the VPA
model, exogenous oxytocin was effective in treating core ASD
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Fig. 3 Risk of bias assesment using modified SYRCLE’s RoB criteria for animal studies. A Weighted bar plots of the distribution of risk-of-
bias judgements within each bias domain; (B) “Traffic light” plots of the domain-level judgements for each individual result. Figure was
produced using RoB visualization tool (robvis) [139].
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Fig. 4 Overview of the investigated interventions, their primary targets in systemic circulation and the CNS with their associated
behavioral outcomes. Created in BioRender.com.
symptoms due to deficits in the oxytocin pathway [31], in [43]. Liu et al. [43] linked this effect to restoration of synaptic
females in the same model (characterized by increased

hippocampal and cortical levels of oxytocin and OXTR), the
OXTR antagonist Atosiban demonstrated therapeutic efficacy

SPRINGER NATURE

plasticity impairments in females. These findings suggest sex-
specific pathophysiology and the utility of oxytocin antagonists
in selected subgroups [43].
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The pharmacological limitations of oxytocin, including its short
half-life and poor blood-brain barrier penetration, have prompted
the search for more bioavailable synthetic analogues, as well as
research into its active metabolites [38, 39]. Moy et al. [39]
reported that two synthetic OXTR agonists, TC-OT-39 and
carbetocin, despite showing activity in vitro, did not show
prosocial effects in BALB/cByJ mice, although TC-OT-39 reduced
marble-burying behavior. In contrast, the oxytocin metabolite
OT(4-9) enhanced sociability in BALB/cBy) mice in a dose-
dependent manner, with effects persisting up to 12 days after
treatment, though without changes in repetitive behaviors [39].
This dissociation suggests that some prosocial effects of oxytocin
may be mediated by downstream metabolites acting through
noncanonical mechanisms beyond OXTR activation.

Beyond behavioral outcomes, mechanistic investigations have
linked oxytocin treatment to modulation of neurotransmitter
systems, including serotonin and dopamine, and to neuroprotec-
tive effects, such as reduced expression of the necroptosis markers
RIP3 and MLKL in the hippocampus and amygdala of VPA-exposed
rats [41]. These molecular alterations may underlie improvements
in cognitive function and social memory. Examples include a study
indicating functional interactions between oxytocin and serotonin
systems in shaping social behavior. Supporting this interaction, in
15 dup mice, postnatal activation of 5-HT 5 receptors normalized
sociability in @ manner blocked by OXTR antagonism, indicating
an interaction between serotonin and oxytocin in the develop-
mental programming of social circuits [34].

Despite mostly promising preclinical data, meta-analyses of
clinical trials indicate that oxytocin treatment does not signifi-
cantly improve impaired social and repetitive behaviors in adults
with ASD [110], with only a moderate effect observed in children
[111]. Collectively, these analyses indicate the need for more large-
scale, rigorous, and multi-site randomized controlled trials to
confirm the effectiveness of oxytocin as a treatment for ASD
[110, 111]. Equally critical is the identification of biomarkers
capable of defining ASD subgroups in whom intervention with
oxytocin, a synthetic analog or even an antagonist of OXTR, might
yield beneficial outcomes, given the heterogeneity in ASD
etiology, phenotype, and treatment response [112, 113].

The therapeutic success of another large group of interventions
often depends on correcting the underlying neurochemical
disturbances observed in patients with ASD, in particular the
excitation/inhibition (E/I) imbalance, and modulating key neuro-
transmitter systems [45, 114]. The efficacy of this approach has
been demonstrated in studies showing improvements in social
behaviors achieved by inhibiting excitatory activity through the
use of NMDA receptor antagonists, e.g., subanesthetic doses of
Xenon [50] and memantine in VPA-exposed rats [51] and
NitroSynapsin in Mef2c’~ mice [52], as well as through
modulation of AMPA receptors by risperidone in a VPA model
[53]. In addition to restoring glutamate/GABA balance, additional
mechanisms may contribute to the observed behavioral effects.
For example, therapy may work by enhancing CREB/BDNF
signaling, increasing hippocampal mRNA level of Glt-1, thereby
preventing neuronal apoptosis and reducing oxidative stress, as
shown in the case of memantine treatment [51]. The results of a
recent randomized clinical trial in which memantine was
administered for 12 weeks confirmed the observations from
preclinical studies, significantly improving social impairments in
youths with ASD [115].

Beyond targeting ionotropic receptors, several studies have also
reported the alleviation of core ASD symptoms through modula-
tion of mGlu receptor activity, particularly mGlu4 and mGlu5
receptors [54-56]. Their involvement may result from their
regulatory role in synaptic plasticity, which is impaired in
numerous ASD models [116]. Similar to disturbances in glutama-
tergic signaling, preclinical and clinical data point to the primary
inhibitory neurotransmitter of the CNS as important for a better
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understanding of the pathogenesis of ASD and for identifying new
therapeutic strategies [117]. Thus, the use of PAMs of GABA-A
receptors (MP-IlI-022 and 2-261) has been shown to alleviate
symptoms characteristic of ASD in environmental and idiopathic
models of ASD [53, 55].

In addition to modulating the two main neurotransmission
pathways, other neurotransmitters, including dopamine, seroto-
nin, and choline, should not be overlooked. The dopamine system,
known for its role in reward, motivation, and memory, and
serotonin, important in the regulation of anxiety and neurodeve-
lopmental processes, have been implicated in ASD pathophysiol-
ogy [118, 119]. Preclinical studies using intranasally administered
dopamine have demonstrated therapeutic effects in two different
mouse models of ASD - BTBR and Fmr1-KO mice [60]. Activation of
serotonin receptor 7 (5-HT;R) using its agonist LP-211 showed
beneficial effects on anxiety-like behaviors, social and cognitive
deficits, in the VPA model [62]. However, a specific limitation of
studies focusing on monoaminergic signaling is the omission of
tests assessing aggressive behaviors (characteristic of patients
with ASD) that appear to be modulated by dopamine and
serotonin in individuals with ASD [59]. Furthermore, allosteric
modulation of a7 nAChR with AVL-3288 alleviated social approach
deficits and repetitive grooming behaviors in a BTBR mouse
model [56]. The efficacy of compounds with such a broad
spectrum of mechanisms of action confirms the complexity of ASD
as a disorder [120]. It highlights the enormous challenges of
developing targeted and safe and pharmacotherapy.

Gut-microbiota-based interventions represent a promising
strategy for the treatment of neuropsychiatric disorders, including
ASD. Although mechanistic understanding is only emerging, the
importance of gut microbiota in ASD is supported by lower
microbiota diversity in ASD patients [121]. Our analysis included
six studies utilizing both targeted (probiotics) and broad-spectrum
(FMT) intervention strategies. FMT-based strategies proved
effective in reducing key ASD symptoms and inducing extensive
metabolomic changes [70, 71]. However, a number of limitations,
such as safety concerns for different populations, unclear duration
of positive changes, and difficult donor selection limit the clinical
application [122]. Despite these limitations and differences in
protocol, FMT demonstrated more consistent improvements in
social behavior compared to targeted interventions. Furthermore,
recent methodological improvements in FMT delivery, particularly
the development of encapsulated formulations, have reduced
procedural complexity and enhanced standardization and repeat-
ability [123].

Targeted microbiota interventions have a more predictable
safety profile and higher translational significance [124]. However
using individual bacterial strains produced modest [67] or limited
benefits to a single behavioral trait [68]. Selected studies focused
on classical probiotics (Lactobacillus and Bifidobacteria spp.) and
future studies utilizing next-generation probiotics with a higher
potential to synthesize biologically relevant metabolites could
have better treatment outcomes [125]. Combining prebiotics and
probiotics to achieve a synergistic synbiotic effect appears to be
more effective strategy. Administration of Lactobacillus reuteri
(501 with inulin improved sociability, social novelty, and reduced
repetitive self-grooming [69], indicating a more effective syner-
gistic effect. Furthermore, specific bacterial and prebiotic inter-
ventions are generally well tolerated, easily standardized and
repeatable, and present a lower practical and ethical barrier
compared to FMT. Overall, microbiota-based interventions show
promise in alleviating behavioral deficits associated with ASD
though further mechanistic studies are required to establish
molecular pathways underlying these beneficial effects.

The effectiveness of microbiota-based interventions highlights
the importance of the host's metabolic profile on the CNS. The
consistent improvement in sociability and repetitive behaviors
following metformin and pioglitazone treatment supports the
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effectiveness of metabolic modulators to treat both metabolic and
behavioral symptoms of ASD. These effects are likely achieved
through a reduction of oxidative stress, which is elevated in ASD
patients [126]. Both metformin and pioglitazone were able to
downregulate pro-inflammatory mediators in multiple brain
regions, indicating a global anti-inflammatory effect. Additionally,
both treatments had a positive effect on glutathione levels,
suggesting regulation of redox activity. Overall, it can be theorized
that alleviation of behavioral deficits was induced by a broad
oxidative neuroprotective effect rather than modulation of
neuronal activity or a single neurotransmitter pathway.

Metformin and pioglitazone exerted their beneficial effects
without adverse metabolic effects, indicated by no changes in
body weight during or after the treatment. This is particularly
important since most of the antipsychotic medications used in
ASD patients carry a substantial metabolic burden with well-
known weight gain effects [127]. Naturally, the combination of
metabolic agents and antipsychotic drugs becomes a potential
strategy for reducing the metabolic side effects of current
treatments. The synergistic effect of combined metformin and
risperidone therapy in reducing levels of proinflammatory
cytokines more effectively than either of these drugs alone,
supports this theory [75]. These findings bring importance to
systemic pathophysiology of ASD and the potential for metabolic
drugs in a clinical setting.

Cannabinoid-based treatments represent another emerging
strategy that targets the neuromodulatory and inflammatory
components of ASD pathophysiology. The ECS regulates social
behavior, synaptic plasticity, and neurodevelopment in general
[128]. Current preclinical studies indicate that both phytocanna-
binoids (CBD, CBDV, THC) and complex cannabinoid mixtures
(Avidekel, Erez oils, JZP541) can modulate ASD-like behaviors.
However, these effects appear to be highly dose-dependent and
cannabinoid-specific. Higher doses are reported to lower activity
levels. The behavioral outcomes are caused by extensive
transcriptional and neuroimmune changes that suggest a broad
modulatory role on neuronal excitability and neuroinflammation.
These transcriptional changes are especially prominent in the PFC
and cerebellum with hundreds of affected genes. Most of these
changes are connected to synaptic signaling and neural
excitability, which are important molecular mechanisms affected
in ASD. While promising, these findings do not address challenges
in translating cannabinoid therapies to clinical practice, including
regulatory and societal constraints, highlighting the need for
changes in policy and public perception.

Analysis of selected studies suggests that interventions target-
ing the purinergic system, inflammation, and vitamin metabolism
can yield measurable behavioral benefits in models of ASD. The
common denominator of these approaches is the goal of restoring
balance between metabolic, immunological, and neuroplastic
processes. These results support the increasingly well-established
systems approach, which views ASD as a disorder encompassing
interdependent biological networks, ranging from mitochondria
to the immune system to the gut-brain axis [129, 130]. Anti-
purinergic interventions based on suramin administration appear
to act by inhibiting the excessive signaling of ATP and related
nucleotides released from stressed cells. This finding is consistent
with the “cell danger response” and "hyperpurinergy” hypotheses
as possible pathogenic mechanisms of ASD [129]. Experimental
studies report that suramin treatment improves social behavior
while modulating mitochondrial gene expression and P2-receptor
activity, suggesting coordinated regulation between purinergic
metabolism and mitochondrial function. In contrast, anti-
inflammatory approaches have produced the most consistent
outcomes, including reductions in pro-inflammatory cytokines (IL-
1B and TNF-a), elevations in anti-inflammatory mediators (IL-10
and LXA4), and structural restoration within the hippocampus and
cerebellum, particularly increased neuronal density and Purkinje
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cell number. These neurobiological improvements align closely
with enhanced social and cognitive performance, underscoring
neuroinflammation as a promising therapeutic target [93, 96, 97].
Effective therapeutic paradigms appear to converge on modula-
tion of the mitochondrial function, purinergic signaling, and
neuroinflammation, often supplemented by nutritional regulators
such as vitamin Ds; and retinoids. This integrative perspective
supports the notion that persistent disruption of metabolic,
immune, and nutritional signaling may sustain the ASD pheno-
type. It is also worth considering the roles of the gut-brain axis and
the microbiota-immune-brain axis in modifying inflammation, gut
barrier integrity, and neuroimmune signaling [131]. Dysbiosis and
increased intestinal permeability (“leaky gut”) may amplify
neuroinflammatory state of the brain, further justifying the need
for research into interventions combining metabolic and
microbiota-based therapies.

The current evidence base supports the idea that multi-pronged
therapies targeting cellular metabolism, inflammation, and vitamin
metabolism simultaneously have the greatest potential for translat-
ing into effective treatments for ASD. However, multiple limitations
in preclinical studies reduce the significance of current findings.
Less than 6% of the evaluated studies included male and female
subjects. The absence of a standardized approach to examining
both sexes in parallel limits the understanding of sex-related
differences underlying the varying prevalence of ASD in boys and
girls, as well as the potential for sex-dependent individualization of
therapy within the development of personalized medicine. Another
limitation is that many studies included in this review rely on single-
dose designs; incorporating multiple-dose regimens and
dose-response analyses could reduce potential misinterpretations
and improve the robustness and interpretability of the findings, as
study design critically influences effect estimation and translational
validity in animal research [132]. An important point to emphasize
here, in the context of current preclinical research on ASD, is
that many behavioral tests assess domains that are relevant
but not specific to autism alone. Commonly used measures,
such as deficits in social interaction or repetitive behaviors, are
present in many neuropsychiatric disorders, which limits the
construct and face validity of the models used [102, 133]. This
lack of specificity complicates the interpretation of treatment
effects and underscores the need to develop more refined,
translation-oriented behavioral paradigms. Additionally, a lack of
standardization was observed in selecting and applying behavioral
tests to assess ASD-like symptoms, which limits the ability to
properly address key ASD behavioral deficits. Addressing these
challenges would improve scientific rigor and increase the
translational significance of interventional studies. It should also
be emphasized that the role of the gut microbiota in ASD remains
the subject of lively debate, and recent studies point to significant
conceptual and methodological limitations, including issues related
to causality, reproducibility of results, and confounding variables,
which should also be kept in mind when interpreting the existing
research findings, particularly with respect to causal inference and
reproducibility [134]. Addressing these challenges will likely require
improved stratification of ASD models, increased use of cross-model
validation, and a stronger focus on mechanistically informed and
translationally relevant endpoints [134]. While the presented
preclinical findings constitute a significant contribution to the
search for novel ASD therapies, it is crucial to exercise caution
against premature clinical extrapolations that might detract from
established evidence-based interventions, including behavioral and
educational support [3, 135].

FUTURE DIRECTIONS

The results presented in this study suggest that targeting
fundamental biological mechanisms holds promise for the future
development of ASD therapies; however, their direct application in
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clinical practice remains limited at this time. The modest efficacy
observed in human studies, such as in the case of oxytocin, likely
reflects the significant heterogeneity of autism, differences in
developmental trajectories, and the limited validity of existing
preclinical models [136]. Therefore, although these approaches
may provide a basis for hypothesis-driven interventions, their
translation into effective treatments will require validation in large,
statistically powerful, and rigorously controlled clinical trials.

Future research should investigate the current translational and
methodological challenges highlighted in this review by adopting
more standardized and integrative approaches. More studies
should focus the preclinical study design on the clinical
application. This could be achieved through the inclusion of both
sexes, age-specific interventions, and the use of multiple ASD
models that reflect the disorder’s genetic and environmental
heterogeneity. Expanding behavioral analysis beyond sociability
and repetitive behaviors to include anxiety, cognition, and activity
could enhance the understanding of the full spectrum of
behaviors. Mechanistic studies should increasingly combine
molecular, transcriptomic, and metabolomic profiling to identify
convergent pathways linking pharmacological, metabolic, and
microbiota-targeted interventions. From the intervention side, the
development of next-generation therapeutics such as stable
oxytocin analogues, selective cannabinoid formulations, or syn-
biotic formulations would enable precision treatment.

The latest findings derived from large-scale longitudinal clinical
data highlight the importance of distinguishing between two
forms of autism exhibiting different developmental trajectories
and polygenic architectures depending on the age at diagnosis
[137]. Children diagnosed in early childhood (before age seven)
are more likely to exhibit social and behavioral challenges during
infancy and early childhood. At the same time, those identified
later often showed typical early development but developed more
subtle cognitive and behavioral difficulties over time. They were
also more likely to have comorbid conditions, including ADHD and
depression [137]. Consequently, a new challenge is to identify or
develop preclinical models of both forms of ASD and to refine
behavioral research paradigms to capture disorder-specific profiles
more accurately when evaluating the efficacy of novel therapeutic
interventions. This approach is essential for enhancing the
translational relevance of preclinical research.

Given the rapid development of tools based on artificial
intelligence and machine learning algorithms, it is essential to
harness their potential for advanced analyses and integration of
large-scale multi-omic datasets to identify novel early biomarkers
of ASD, define molecular targets for new therapeutics, and
develop libraries of new compounds with the potential to alleviate
behavioral disturbances characteristic of individuals with ASD
[137, 138]. Finally, longitudinal and cross-disciplinary studies
integrating neuroscience, immunology, and microbiome research
will be essential to translate preclinical insights into clinically
effective, personalized therapeutic strategies for ASD.
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