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BACKGROUND: Autism Spectrum Disorder (ASD) is a heterogeneous neurodevelopmental condition with complex etiology,
involving genetic and environmental influences on brain development and behavior. Dysregulation of mammalian target of
rapamycin (mTOR) signaling alters neuronal growth and synaptic plasticity, and has emerged as a potential underlying pathway in
ASD.
GOAL AND METHODS: To investigate mTOR dysregulation as a common mechanism in ASD, we performed a systematic review,
and a meta-analysis of 192 studies examining mTOR signaling in diverse genetic and environmental animal models.
RESULTS: Our random-effects model identified significant alterations in mTOR pathway-related proteins. For several proteins
(p-AKT, PTEN, p-mTOR, p-EIF4e, LC3-II, p-S6K and p-S6), subgroup analyses revealed clear species-, sex-, age-, or brain region-specific
effects. Interestingly, Beclin-1 was consistently downregulated across all subgroups.
CONCLUSION: Our findings support mTOR-pathway dysregulation in ASD. The observed consistent downregulation of Beclin-1
highlights autophagy as a common mechanism, and provides new leads for novel ASD biomarker and treatment development.
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INTRODUCTION
Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder
characterized by differences in communication and social interac-
tion, as well as restricted and repetitive behaviors and interests
[1, 2]. It is a heterogeneous disorder that varies in severity and type
of symptoms across individuals and is prevalent across all ethnic
and economic groups [3, 4].
Both genetic and environmental factors are believed to play a

role in the development of ASD. The heritability of ASD is
estimated to be around 80%, with multiple genes and gene-
environment interactions contributing to its etiology [5]. Environ-
mental factors, including prenatal exposure to chemicals such as
valproic acid and maternal infection have also been associated
with an increased risk of ASD [6]. It is thought that these genetic
and environmental factors interfere with neurodevelopment,
resulting in structural and functional abnormalities which lead to
altered synaptic function, neuronal connectivity and communica-
tion between brain regions in individuals with ASD [7, 8]. ASD-
associated genes reported by genome-wide association studies
encode proteins related to synaptic formation, transmission, and
plasticity [9, 10]. Still, the etiology of ASD is not well understood
and is considered highly heterogeneous given the diversity in
underlying factors and the individual variation in phenotypic
expression [3]. Although studies suggest the involvement of
synaptic plasticity [11], research has not yet led to the discovery of
a common mechanism underlying ASD development.

In search of such a common mechanism, a potential role for the
mammalian target of rapamycin (mTOR) pathway has emerged
[12, 13]. The mTOR pathway is a highly conserved signaling pathway
involved in a range of physiological processes, including protein
synthesis, cell growth, metabolism, and autophagy and, as such, it is an
important regulator of synaptic plasticity [14]. The mTOR pathway
consists of two mTOR complexes, mTORC1 and mTORC2, and its
regulation is controlled by several upstream signaling pathways,
including GSK3β, TSC1/TSC2, PI3K/Akt and various growth factors and
nutrients [15]. While mTORC1 mediates protein synthesis through S6K
and 4E-BPs and autophagy through the Ulk-1/Beclin/LC-3 autophagy
pathway, mTORC2 regulates processes related to cell survival,
proliferation and actin cytoskeleton regulation. mTORC2 also regulates
Akt upstream of mTORC1 (see Fig. 1) [14, 15].
Dysregulation of the mTOR pathway is associated with diseases

such as cancer, Alzheimer’s disease, diabetes, and epilepsy [14],
and recently has been implicated in neuropsychiatric disorders as
well. Several studies suggest that mTOR signaling plays a role in
the etiology of ASD through neuronal spine density regulation
mechanisms such as synaptic pruning [16, 17]. Variations in genes
involved in the mTOR pathway have been identified in individuals
with ASD [18, 19], and abnormalities in mTOR signaling have been
demonstrated in studies where ASD-characteristics are modeled in
laboratory animals [20, 21]. However, it remains unclear whether
mTOR-pathway dysregulation is a fundamental shared mechanism
in ASD, and if so, how mTOR signaling is involved.
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Animal studies are essential for understanding how specific
genetic and environmental changes impact brain function and
behavior [22]. In line with the heterogeneity observed in ASD,
animal studies investigating ASD etiology are highly diverse as
well, including a wide range of environmentally and genetically
induced models [23]. Integrating knowledge from these animal
studies may provide new insights into shared biological mechan-
isms underlying ASD etiology.
Therefore, we aim to compare mTOR regulation across a diverse

range of genetic and environmental animal models for ASD by
conducting a systematic review and meta-analysis. The effects of
species, age, sex, model type, and brain region are taken into
account by using subgroup analyses. Finding common alterations
in mTOR regulation can lead to a better understanding of ASD
etiology. Alternatively, differential regulation of mTOR across

different animal models can also help understanding the
heterogeneity of ASD.
This review and meta-analyses provide: (1) a comprehensive

overview of relevant experimental animal studies, (2) insights into
differentially expressed proteins in the mTOR pathway, (3) an
analysis of how various model and study characteristics impact
mTOR pathway regulation, and (4) the identification of consis-
tently dysregulated mTOR pathway proteins in ASD animal studies
that could serve as potential future biomarkers and/or new targets
for treatment development.

METHODOLOGY
This review seeks to answer the question how proteins of the mTOR
pathway are altered in the brains of animal models of ASD in

Fig. 1 Schematic diagram of the mTOR pathway with selected proteins. Phosphorylated versions are not shown.
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comparison to wild-type animals. The review protocol was preregis-
tered on PROSPERO (www.crd.york.ac.uk/prospero; CRD42023392578).
The reporting in this systematic review adheres to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
checklist [24] (Supplementary File 3).

Search strategy
PubMed and Web of Science were the two bibliographic
databases that were searched for relevant studies. The search
consisted of three components: one for animal models [25], one
for Autism Spectrum Disorder and the third for the mTOR pathway
(for full strategy see Supplementary File 1). On March 27th, 2023,
the comprehensive search was carried out, and updated
September 18th, 2024. Both indexed terms (i.e., MeSH) and title
abstract words were employed, when available. Utilizing Rayyan
[26] and Endnote software (version 21), bibliographic records were
imported and duplicates were removed before the remaining
references proceeded to blinded eligibility screening. Additionally,
all included studies’ reference lists were reviewed for published
research that the comprehensive bibliographic search had missed.

Eligibility screening
Studies were eligible for inclusion if they compared animal models
with an ASD-like phenotype to wild-type animals or animals where
the ASD-like phenotype is not induced. AA, CMD and CL
independently screened all identified records in duplicate in two
stages using Rayyan software [26] in blinded mode. Disagree-
ments were resolved by discussion after each stage.
During the first stage, titles and abstracts of the articles were

screened according to a predefined set of criteria by AA and CMD.
Studies were excluded if they were: (i) not an original primary
study (e.g., review, editorial or conference abstract), (ii) not
examining an animal model of ASD / ASD-like phenotype (see
explanation below), (iii) not analyzing molecular measurements of
proteins or a gene expression level related to the mTOR pathway
in the brain. In case the abstract screening gave no clear answer, it
was included in the following full text screening. In the second
stage, the full texts of the remaining articles were screened by AA,
CMD and CL in a blinded manner. Articles were excluded for one
or more of the reasons from stage one, plus the following
additional reasons: (iv) The study did not examine a genetic or
induced animal model for ASD / ASD-like phenotype (see
explanation below), (v) There was no comparison with wild type
or control animals, (vi) There were no molecular measurements for
at least one protein or gene related to the mTOR pathway in the
brain (see Supplementary File 1 for a list), (viii) There was no full
text available.
Regarding criterion ii) and iv), the definition of a genetic ASD

model was determined by using the SFARI database [27] to
identify genes that have been associated with ASD. Genes from
the categories S, 1 and 2 were included, while genes from
category 3 or genes that were not in the database at all were not
considered a model for ASD and therefore excluded. For these
included genetic models, the included studies did not need to
show a behavioral phenotype. For environmentally-induced
models, we included established models for ASD such as valproic
acid (VPA) treatment, propionic acid (PPA) treatment or maternal
immune activation. These were considered established models
with enough evidence and did therefore not need to show
behavioral phenotypes in the included study. However, we also
included more novel models that showed behavioral outcomes
suggesting autistic-like traits.

Extraction of study characteristics and outcome data
The extraction of study characteristics (if available) was carried out
by CL (for the initial set of studies and by AA for the studies
included after the search update). The following study character-
istics were collected:

(i) Study Information: This included the study’s ID, title, authors,
publication year, journal and the digital object identifier (DOI).

(ii) Animal Model Details: This category encompassed informa-
tion about the species, genetic background, sex, age, housing
conditions, model induction method, type of control and
analyzed brain areas.

(iii) Outcome Measures: This involved compiling a list of relevant
proteins from the mTOR pathway used in the study and a list
of the specific molecular methods used.

(iv) Measurement Characteristics: This involved documenting the
specific molecular method employed and identifying the type
of molecule under examination, including proteins, DNA, or
mRNA. This encompassed details regarding the molecule
being measured, the timing of the measurement (age at
which it was conducted), and the precise brain area in which
the measurement took place.

For each included study, outcome data extraction for all
outcome measures was conducted by a single reviewer (either
CL or AA) for both the ASD model group and the control group,
encompassing all molecular measurements undertaken through-
out the included studies. The mean, standard deviation (SD), or
standard error of the mean (SEM), as well as the total number of
animals (n) in both the experimental and control group were
extracted.
When exact values were readily available within the publica-

tions, they were directly extracted. In cases where such values
were not explicitly provided, the WebPlotDigitizer [28] (version 4),
a semi-automated web-based tool, was employed to reverse-
engineer numerical data from graphical figures. When standard
deviation (SD) was not explicitly indicated, it was calculated from
the available standard error of the mean (SEM) and sample size (n)
(SD= SEM * √n). If necessary data were missing for a comparison,
the corresponding author of the paper was contacted via email
and reminded after three weeks. If necessary data (mean, SD, n)
were still missing three weeks after the reminder, the study was
excluded from the meta-analysis due to missing data, except
when only the SD/SEM of one of the groups was missing. In that
case, the SD/SEM was assumed to be the same as the SD/SEM of
the experimental group.
Following data extraction, a standardization process was

employed, categorizing data by age groups (prenatal, juvenile
(<6 weeks), adolescent (6 - 9 weeks for mice and 6 - 21 weeks for
rats), and adult (>9 weeks for mice and >21 weeks for rats))
[29–31] and specific brain regions (as detailed in Supplementary
File 2).

Risk of bias assessment
The assessment of potential risk of bias was conducted to evaluate
the internal validity of the studies included in the meta-analysis.
Given the substantial number of papers encompassed within this
systematic review and the anticipation of a significant proportion
having ‘unclear risk of bias’ due to inadequate reporting, a random
sample of 50 papers (26%) underwent bias analysis using SYRCLE
risk of bias tool for animal studies [32]. Responses to these items
were categorized as “Yes” for low risk of bias, “No” for high risk of
bias, or “Unclear” in situations where bias assessment was
hindered by insufficient information. Item one and three from
the tool, concerning randomization and blinding of treatment or
group allocation respectively, were only assessed for studies
without genetic models for ASD in the current meta-analysis, since
randomization and blinding for group allocation in genetically
modified animals is not applicable.
Additionally, three questions regarding reporting quality were

assessed. The studies were checked for reporting on power
analyses, randomization at any level, and blinding at any level. Yes
indicated reported, and no indicated not reported. The risk of bias
assessment was conducted independently in duplicate by two
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individuals, AA and CL, with any disagreements resolved through
discussion.

Meta-analysis
We conducted a meta-analysis for each outcome with data from at
least two studies. The standardized mean difference (SMD) using
Hedges’ g correction, and 95% confidence interval (95% CI) for
each comparison was calculated. In case the same control group
was used in multiple comparisons, we corrected for multiple uses
of the control group by dividing the number of animals in the
control group by the number of times the control group was used
and rounding up to the nearest whole number (but never below
2). When multiple similar outcomes were reported from the same
cohort, we included the outcome with the highest effect size. If
sample sizes were reported as a range, the smallest number was
used in the meta-analysis. We employed a random-effects model,
which accounts for the precision of individual studies and the
variation between studies by weighting each study accordingly.
Meta-analyses were performed using Comprehensive Meta-
Analysis [33] (version 4.0). Forest plots were used to illustrate
the mean overall effect sizes, and the heterogeneity levels (I2).
Possible subgroup analyses were predefined in the protocol and
conducted only if at least 10 independent comparisons per
subgroup were available. Differences between subgroups were
assessed using the Q test for heterogeneity between subgroups.

Publication bias assessment
To detect the potential presence of publication bias, funnel plots
were created in R and evaluated on symmetry when more than
15 studies per outcome measure were present, using Duval and
Tweedie’s trim and fill analysis and Egger’s regression analysis for
small‐study effects [34, 35]. As standardized mean differences
(SMDs) may cause funnel plot distortion, the SMD was plotted
against a sample size-based precision estimate (1/√(n)) [36].

RESULTS
Comprehensive search
After conducting the comprehensive search in PubMed and Web of
Science according to our predefined keyword search string (see
Supplementary File 1), the elimination of duplicate records left a total
of 1,137 distinct and unique records, which then underwent a rigorous
screening process to determine their eligibility. Through a meticulous
assessment of titles and abstracts, 437 records were identified as
meeting the criteria for further evaluation (see definitions in the
methods section). After eligibility screening of the full articles, 213
articles met the inclusion criteria for the systematic review and
192 scholarly articles were suitable for inclusion in the meta-analyses
and the subsequent assessment of potential bias (Fig. 2).

Study characteristics
The characteristics of all 213 studies included in the review can be
found in Supplementary File 2. From the 213 studies that were
included in the review, 192 studies could also be included in the
meta-analysis and resulted in 793 comparisons overall for all
proteins investigated. Most comparisons were extracted for the
proteins (p-)AKT (200), (p-)S6 (118) and (p-)mTOR (116), followed
by LC3B (61), (p-)GSK3β (57) and Beclin-1 (47) (see Fig. 3c). From
the 793 included comparisons, 636 used mice, 151 used rats and
both zebrafish and drosophila were used 3 times as models (see
Fig. 3b). Of the mice, 439 comparisons were based on a C57BL/
6 strain, followed by the strains FVB (59), Balb/c (49), BTBR (16),
CD-1 (11), C3H (10), KM (8), ICR (5) and NMRI (3). In 32
comparisons, the background strain was not reported. For the
rat comparisons, Wistar rats were used 91 times, followed by
Sprague-Dawley rats (55) and Eker rats (4).
In terms of models, 537 comparisons used genetic models,

while ASD-like phenotypes were induced by valproic acid in 127

comparisons, followed by maternal immune activation (27) and
disturbed maternal sleep (16), proprionic acid (10) and inbred
phenotype models (9). Other environmental models made up the
rest (Fig. 3g). Data was reported either specifically for males (409)
and females (67), or for the two sexes combined (83). The sex of
the animals was not specified in 232 comparisons (see Fig. 3d).
The majority of studies used adolescent animals (247), followed by
adult (195), juvenile (180) and prenatal (22) animals. In 146
comparisons, the age of the animals was not reported (see Fig. 3f).
In most studies animals were group-housed (44). In only 3 studies
animals were individually housed during experiments and
121 studies did not report on housing conditions. Western blots
(631) were the most prevalent molecular methods used for
measuring the proteins of interest, followed by PCR (82),
immunostaining (53), ELISA (23), and RNAseq (1)(see Fig. 3e).
The analyses in the included comparisons comprised several
different brain areas, with the biggest focus on the hippocampus
(348) and the cortex (182) followed by total brain analyses (98)(see
Fig. 3h).

Study quality
A risk of bias evaluation was conducted utilizing the SYRCLE’s Risk
of Bias tool (32) and the assessment encompassed a randomly
selected subset of the included articles (Supplementary File 2). The
overall findings regarding the risk of bias in these articles (Fig. 4a)
indicated that randomized sequence generation as well as
allocation concealment was only reported in one out of the
50 studies. Randomization of animal housing was not mentioned
in any study. Blinded execution, random outcome assessment and
blinded outcome assessment was explicitly performed at a slightly
higher rate, but still lower than 20% of the sample. Our reporting
questions regarding the reporting on blinding, randomization and
power analysis (Fig. 4b) showed that only 4 out of 50 studies
report the use of power analysis to determine appropriate sample
sizes and only 17 studies report on some sort of randomization
within the study. The reporting of blinding was slightly higher
with over 50% of the studies mentioning some kind of blinding.

Meta-analysis
A separate meta-analysis was conducted for every protein with at
least two comparisons from two independent studies. The number
of included comparisons per protein alongside the descriptive
statistics can be seen in Fig. 5. For the proteins of interest mTOR
kinase, p-PTEN, p-Raptor, Rheb and TSC1, the minimum threshold of
two independent studies per protein could not be reached;
therefore there was no meta-analysis conducted for these proteins.
Out of the 31 proteins analyzed with our random-effects model,

13 proteins showed significant differences between the ASD
model and the control group. Decreased expression was seen for
PTEN, Beclin-1, LC3-II and Rictor, whereas increased expression
was seen for p-Rictor, p-Ulk1, p-EIF4e, EIF4e, Ulk1, p-mTOR, p-S6K,
p-AKT and p-S6 (phosphorylated at 235/236) (Fig. 5). Conse-
quently, upstream proteins and both downstream parts of the
pathway (mTORC1 and mTORC2) show relevant alterations.
Subgroup analyses were performed per protein if at least 10

comparisons per subgroup were available. For the proteins
p-GSK3β (phosphorylated at Ser9), mTOR and p-S6 (phosphory-
lated at 240/244/245) some significant subgroup effects were
found although the overall effect was not significant. An overview
of all results can be found in Supplementary File 2. For eight of the
31 proteins of interest with a significant overall effect, results of
the subgroup analyses are shown in Fig. 6.
Beclin-1 was significantly downregulated (Hedge’s G=−1.443

[−1.938; −0.942], n= 52, I2= 80.34) and showed a consistently
significant effect in all subgroups; the effects are significantly
stronger (p= 0.012) in environmentally-induced ASD models
(Hedge’s G=−2.251 [−3.028; −1.473], n= 21, I2= 86.54) com-
pared to genetic models (Hedge’s G=−0.937 [−1.541; −0.332],
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n= 31, I2= 65.46) as well as stronger (p < 0.001) in rat models
(Hedge’s G=−3.305 [−4.177; −2.432], n= 15, I2= 81.86) when
compared to mouse models (Hedge’s G=−0.764 [−1.27; −0.257],
n= 37, I2= 70.36) (Figs. 5, 6a).

While LC3-II showed a clearly significant overall downregulation
(Hedge’s G=−1.026 [−1.657; −0.396], n= 53, I2= 87.11), the
subgroup analysis (Fig. 6b) revealed that only certain subgroups
showed the same significant effect: While LC3-II downregulation

Fig. 2 PRISMA study flow chart. From the 213 studies included in this SR, 192 could be used for meta-analyses. The difference (n= 21) stems
from incomplete outcome data that prevented us from including some papers into the meta-analyses.
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Fig. 3 Characteristics of comparisons included in the meta-analyses. a) Number of comparisons and studies per year. b) Use of species in
the included comparisons. c) Number of comparisons per protein. d) Sex of the animals used in the included comparisons. e) Molecular
methods used in the included comparisons. f) Age of the animals used in the included comparisons. g) Type of model used in the included
comparisons. h) Brain regions analyzed in the included comparisons.
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was significant in the rat models (Hedge’s G=−2.685 [−3.885;
−1.486], n= 15, I2= 88.08), it was not in mouse models (Hedge’s
G= -0.342 [−1.109; 0.426], n= 37, I2= 86.85). Environmentally-
induced ASD models (Hedge’s G= -1.222 [−2.164; −0.279],
n= 24, I2= 88.67) also reflected the clear overall effect.
The subgroup analysis of p-Akt (Fig. 6c) also revealed that only

some subgroups showed significant effects. While only the brain
area subgroup ‘hippocampus’ (Hedge’s G= 0.744 [0.443; 1.046],
n= 97, I2= 83.66) showed a significant downregulation, the result
for total brain tissue (Hedge’s G= 0.521 [−0.062; 1,086], n= 25,
I2= 74.98) and ‘cortex’ (Hedge’s G= 0.299 [−0.0787; 0.678],
n= 62, I2= 80.53) were not significant. For the age groups, only
adolescent animals (Hedge’s G= 0.657 [0.201; 1.114], n= 50,
I2= 83.43) and adult animals (Hedge’s G= 0.541 [0.028; 1.054],
n= 39, I2= 77.91) showed a significant upregulation, while both
induction methods ‘environmental’ (Hedge’s G= 0.647 [0.166;
1.128], n= 45, I2= 83.69) and ‘genetic’ (Hedge’s G= 0.527 [0.237;
0.815], n= 122, I2= 81.09) showed significant effects. In contrast,
the subgroup analysis of rat studies did not show any significant
effects (Hedge’s G= 0.592 [−0.063; 1.248], n= 24, I2= 86.53).
The significant downregulation of PTEN was also visible in

almost all the analyzed subgroups (Fig. 6d) except the brain region
‘total brain’, where the effect was not significant (Hedge’s
G=−0.367 [−1.434; 0.701], n= 12, I2= 84.25).
While none of the GSK3β molecules showed significant overall

effects, the subgroup analysis revealed a significant upregulation
of p-GSK3β (Ser9) when only looking at the cortex (Hedge’s
G= 0.699 [0.107; 1.293], n= 17, I2= 46.97).
p-mTOR expression differences were highly dependent on age

and brain region. While adolescent animals (Hedge’s G= 1.341
[0.729; 1.953], n= 23, I2= 75.283) and adult animals (Hedge’s
G= 0.589 [0.008; 1.172], n= 24, I2= 81.17) showed a significant
upregulation, the effect was not significant in juvenile animals
(Hedge’s G= 0.198 [−0.504; 0.899], n= 17, I2= 82.7). Moreover,
the analysis of p-mTOR showed that the upregulation is only
significant in hippocampal tissue (Hedge’s G= 1.296 [0.901;
1.691], n= 41, I2= 77.01), but not in the cortex (Hedge’s
G= 0.234 [−0.204; 0.672], n= 32, I2= 74.19) or total brain
(Hedge’s G= 0.452 [−0.25; 1.155], n= 12, I2= 79.62) analyses
(Fig. 6e). Moreover, while mTOR did not show a significant overall
effect, some subgroups did show a significant upregulation: rat

models (Hedge’s G= 1.171 [0.319; 2.023], n= 12, I2= 92.4),
environmental models (Hedge’s G= 0.968 [0.249; 1.687], n= 16,
I2= 91.10) and hippocampus (Hedge’s G= 0.504 [0.015; 0.992],
n= 21, I2= 72.43)(Supplementary File 2).
For p-EIF4e (Fig. 6f), only two subgroups had enough

comparisons to be analyzed. Both subgroups (type of model
and brain region) showed a significant upregulation (genetic:
Hedge’s G= 1.353 [0.536; 2.169], n= 13, I2= 66.27; hippocampus:
Hedge’s G= 1.296 [0.4; 2.194], n= 12, I2= 72.18).
The subgroup analysis of p-S6K (Fig. 6g) provided another

example of results that vary by brain region, as studies focused on
cortical tissue did not show a significant effect (Hedge’s G= 0.194
[−0.463; 0.85], n= 16, I2= 81,17). The subgroup of ‘adolescent
animals’ also did not show an overall effect (Hedge’s G= 0.498
[−0.454; 1.45], n= 11, I2= 89.26). All other analyzed subgroups
did uncover a significant upregulation.
Phosphorylated S6 (at 235/236) also showed an overall

significant upregulation (Hedge’s G= 0.519 [0.093; 0.946],
n= 44, I2= 77.97). However, subgroup analyses showed that only
the subgroups ‘mouse model’ (Hedge’s G= 0.452 [0.019; 0.887],
n= 42, I2= 77.03) and ‘genetic model’ (Hedge’s G= 0.524 [0.053;
0.996], n= 37, I2= 79.28) confirmed this overall effect (see Fig. 6h).
In contrast, phosphorylated S6 (at 240/244/245) did not show a
significant effect across all included comparisons, while subgroup
analyses revealed a significant upregulation only in the hippo-
campus (Hedge’s G= 0.712 [0.143; 1.281], n= 26, I2= 82.19)
(Supplementary File 2).

Publication bias
Publication bias analysis was only assessed for outcomes with at
least 15 independent studies. Analysis of the funnel plots
suggested some asymmetry due to an underrepresentation of
studies. Egger’s regression test revealed a significance for p-AKT
(p= 0.0117), which indicates a potential publication bias in this
body of studies. Duval and Tweedie’s trim and fill analysis resulted
in extra data points for six of the analyzed proteins, namely LC3-II,
p-eIF4e-bp, p-mTOR, p-S6, p-S6K and PTEN, indicating the
presence of publication bias and a small overestimation of the
summary effect size for these proteins (see Table 1).

DISCUSSION
The aim of this study was to investigate mTOR dysregulation as a
common mechanism in ASD. Therefore, we analyzed and
compared regulation of proteins of the mTOR pathway across a
wide variety of genetic and environmental animal models, taking
into account species, age, sex, brain region and the way of
inducing an ASD-like phenotype.
Our systematic review and meta-analysis indicate that dysre-

gulation of the mTOR pathway may be a common mechanism
associated with ASD etiology, as evidenced by altered expression
of mTOR-related proteins across various animal models. Specifi-
cally, Beclin-1 expression showed a consistent downregulation
both as an overall effect and across all subgroup analyses that
could be assessed, pointing to autophagy dysregulation as a
possible common underlying mechanism in ASD.
Involvement of the mTOR pathway in ASD has received

increasing attention over the last years. Several studies have
found increased mTOR activity in individuals with ASD [37, 38].
Animal studies have identified several mechanisms through which
mTOR dysregulation could contribute to ASD etiology [16]. For
instance, increased activity of mTORC1 can, through phosphoryla-
tion of 4E-BP1 and S6K1, increase protein synthesis and thereby,
alter synaptic protein production, which is thought to contribute
to ASD-like phenotypes. In addition, increased mTORC1 activity
inhibits autophagy by preventing the formation of autophago-
somes. Autophagy impairment has been connected to disruptions
in cellular homeostasis, another factor implicated in ASD [16].

Fig. 4 Risk of bias assessment. The analysis was performed on a
random sample of 50 included studies by two independent
assessors. a) The assessment of 10 items was performed with
SYRCLE’s risk of bias assessment tool. b) Results of the three
reporting questions regarding randomization, blinding and power
analysis.
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The results from our meta-analysis, showing an overall decrease
in the expression of PTEN, Beclin-1, LC3-II, and Rictor, and an
increase in p-S6, p-Ulk1, p-Rictor, p-EIF4e, p-S6K, Ulk1, p-Akt, and
p-mTOR (Fig. 5), point towards an overall increase in mTOR activity
in ASD animal models. While the increase of p-Akt and p-Rictor are
indicative of mTORC2 activity, the other proteins point towards an
increase in mTORC1 activity. mTOR itself did not show an overall
effect in our meta-analysis, but subgroup analysis showed a
significant upregulation in rats, environmental models and
hippocampus. These results are in line with several syndromic
forms of autism resulting from mutations in genes such as PTEN,
TSC1 and TSC2, that lead to mTOR hyperactivation [12]. Moreover,
our results show that mTOR hyperactivation is also present across
environmental animal models for ASD. The increased expression
of EIF4e and p-EIF4e indicates upregulation of the translation
pathway downstream of mTORC1. Elevated levels of p-EIF4e have
also been found in ASD patients; especially in severe, compared to
mild cases [38].
Most notably, our results at the protein level point towards

reduced autophagy as a common mechanism in ASD, which is in
line with the effects of increased mTORC1 activity. Autophagy, a

cellular process essential for degrading damaged proteins and
maintaining neuronal homeostasis, has recently been associated
with intellectual ability in children with ASD [39]. Our results
revealed an overall downregulation of the autophagy pathway
downstream of mTORC1: Beclin-1 was decreased in all analyzed
subgroups and in addition, we found an overall decrease in LC3-II
expression. Beclin-1 converts LC3-I to LC3-II, which triggers
autophagosome formation, and this pathway starts with activation
of Beclin-1 by Ulk1 [40]. mTORC1 is known to inhibit this pathway,
by inactivating Ulk1 through phosphorylation at Ser757 [41, 42].
Indeed, our meta-analysis showed increased expression of p-Ulk1
and Ulk1 as well. During development, this impairment can affect
network organization and synaptic function, potentially contribut-
ing to the behavioral and cognitive symptoms seen in ASD [43].
Studies also suggest that reduced Beclin-1 and autophagy-related
proteins like LC3 can lead to neuroinflammation, further exacer-
bating ASD symptoms by promoting neuroimmune dysregulation
[44]. Moreover, interventions aimed at restoring Beclin-1 activity,
such as modulating the mTOR pathway or using histamine H3
receptor antagonists, have shown promise in alleviating some
autism-related behaviors in preclinical models [44, 45], Recently,

Fig. 5 Results of the meta-analyses per protein. The forest plot indicates the estimated effect sizes (Hedge’s G) with 95% confidence
intervals for each protein. The number of comparisons (n), the descriptive statistics as well as I2 as heterogeneity measure can be found on the
right side for every analysis. When possible, phosphorylation sites are indicated. For other phospho-proteins, phosphorylation sites that were
not functionally different were pooled.
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Fig. 6 Subgroup analyses of overall significantly dysregulated proteins. The gray area represents the 95% confidence interval of the overall
effect estimate (Hedge’s G). The data points indicate the effect estimate (Hedge’s G) with the 95% confidence interval of the subgroups.
Subgroup analyses were only considered when subgroups contained data of at least 10 comparisons. Subgroup analyses for a) Beclin-1. b)
LC3-II. c) p-Akt. d) PTEN. e) p-mTOR. f) p-EIF4e. g) p-S6K. h) p-S6 (235/236).
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downregulation of the autophagy pathway has been shown in
individuals with ASD [39, 46].
Taking into account that ASD exhibits clinical heterogeneity

with varied social, cognitive, and behavioral symptoms among
individuals, finding a shared underlying mechanism is valuable. In
this systematic review, the clinical heterogeneity in ASD is
reflected in the variety of animal models included. Since down-
regulation of Beclin-1 was found across genetically- and
environmentally-induced models, including various genetic mod-
els such as Cc2d1a KO, ADNP KO, Mhtfr KO, GluD1 KO, and
environmental models such as VPA, DEHP or Phenanthrene
treatment, and in all other subgroups, the autophagy pathway
emerges as a shared mechanism and might represent a potential
target for further research.
Through subgroup analyses we were able to identify differences

in mTOR regulation across species, age, sex, brain region and the
way of inducing an ASD-like phenotype (‘model type’). For Beclin-1,
while the effect was present in all subgroups, the downregulation
was even more pronounced in rats and environmentally-induced
models compared to mice and genetic models (Fig. 6a). This result
could reflect that most studies where ASD is induced environmen-
tally use rats. Likewise, the decreased expression of LC3-II was
primarily driven by rats (Fig. 6b).
For several other proteins, an increased expression was brain

area-specific: p-S6K, p-S6 (240/244/245), mTOR and p-mTOR was
upregulated in the hippocampus, but not in the cortex subgroups.
The same is true for the downregulation of PTEN, which is only
significant in the hippocampus. This highlights the role of the
hippocampus in ASD, consistent with recent work [45, 47].
Alternatively, it could reflect a dominant representation of the
hippocampus within the included comparisons (Fig. 3). Next,
subgroup analyses revealed age-dependent differences. For
p-mTOR and p-Akt, the increased expression was found in
subgroups ‘adults’ and ‘adolescents’ but not in ‘juvenile’,
indicating that mTOR hyperactivity may become apparent later
in development. Conversely, p-S6K and p-S6 (235/236) were not
upregulated when studying adolescents only. These puzzling
results could reflect the differences in mTOR regulation, and the
effects of brain plasticity, during different stages of neurodevelop-
ment [48]. Finally, the upregulation of p-Akt seems sex-specific: in
females, p-Akt was downregulated whereas in males, it was
upregulated (Fig. 6c). Although by far most studies used only
males or did not specify sex, leading to an underrepresentation of
females, this result warrants further research, especially since sex
differences in ASD are known and mTOR regulation could be
influenced by sex hormones such as estrogen [49, 50].

This review analyzed over 1500 references and ultimately
included 213 in the final review, and 192 in the final meta-analysis.
The substantial volume of evidence led to high precision and
enhanced the reliability of the overall findings for most proteins of
interest. For some proteins of interest (Beclin-2, mTOR kinase, p-
PTEN, p-Raptor, Rheb, TSC1) however, not enough studies could
be included in our meta-analysis.
Several limitations related to our inclusion- and exclusion

criteria can be identified. First, only reports measuring direct
protein or RNA levels were included, and reports in a different
language than English were excluded. The latter led to exclusion
of 8 reports in the title and abstract screening. Second, our search
strategy included all mTOR-related proteins known today. This
means that future studies could identify other new relevant
proteins not included in this analysis.
The definition of ASD models might be considered as another

limitation: genetic ASD models were considered an ASD model if the
gene met the SFARI-criteria specified in the methods. As a
consequence, genetic models that are employed to study related
disorders such as Fragile X are included when used to investigate ASD
characteristics, whereas the search strategy was restricted to pervasive
developmental disorders. Extending the search strategy to include all
disorders with an overlap/comorbidity with ASD may have led to a
more expansive dataset; yet, for this review we chose a more focused
approach accepting this limitation. Future studies could address
involvement of the mTOR pathway in related disorders in more detail.
Other limitations concern the risk of bias and indirectness. The

risk of bias analysis highlighted that essential details about the
design and execution of the included studies were often poorly
reported, making it difficult to estimate the risk of bias for most
studies. This lack of reporting may suggest that certain methods to
reduce bias were not adequately used, potentially skewing the
results and limiting the reliability of conclusions drawn from these
animal studies. Concerning indirectness, a limitation is that animal
models may not be able to reflect such a complex and
heterogeneous disorder as ASD. However, the large variety of
animal models included in this review is in line with the large variety
in ASD etiology, and provides insights into shared mechanisms
underlying ASD etiology.
An important note here is that most studies included in this

review utilized male animals, resulting in a significant under-
representation of females. While this is a common issue in many
research fields, it does affect the external validity of the findings.
Future studies should aim to include both sexes to enhance the
generalizability of the results, especially considering the ongoing
debate about sex differences in ASD [49].

Table 1. Summary of Publication bias analyses per protein with more than 15 studies.

Protein k Egger’s regression Trim and Fill

Akt 30 p= 0.8864 imputed studies: 0

LC3-II 69 p= 0.3033 imputed studies: 16

mTOR 44 p= 0.3124 imputed studies: 0

p-Akt 164 p= 0.0117* imputed studies: 0

p-EIF4e-bp 20 p= 0.2209 imputed studies: 4

p-GSK3β (Ser9) 44 p= 0.9740 imputed studies: 0

p-mTOR 108 p= 0.9698 imputed studies: 27

p-S6 (235/236) 65 p= 0.0075 imputed studies: 21

p-S6 (240/244/245) 66 p= 0.4698 imputed studies: 19

p-S6K 68 p= 0.9472 imputed studies: 18

PTEN 34 p= 0.7551 imputed studies: 9

S6 28 p= 0.5003 imputed studies: 0

k = number of included comparisons plus imputed studies.
* indicates asymmetry of the funnel plot, suggesting the presence of potential publication bias or small-study effects.
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Lastly, an analysis of between-study heterogeneity indicated
moderate to high levels of between-study variation, which is
common in animal research due to variability in study designs,
models and small sample sizes. To address this anticipated
heterogeneity, a random-effects model was employed, alongside
sensitivity analyses and subgroup analyses to explore possible
sources of heterogeneity. Investigating such heterogeneity is a
valuable aspect of meta-analyses in animal studies, as it can help
inform the design of future research.
In conclusion, our results point towards the Beclin-1 autophagy

pathway downstream of mTOR as a relevant common underlying
mechanism in ASD. These results do warrant future research. First,
the role of this pathway should be investigated by performing
intervention studies in various ASD models. Additionally, our
results warrant a systematic review of the proteins identified by
this meta-analysis in human individuals with ASD. An initial search
for human studies into the mTOR pathway resulted in 1019 studies,
of which nine human studies analyzed mTOR pathway proteins in
brain tissue of ASD patients. One of these studies also confirmed
our finding of a downregulated Beclin-1 [51]. Future research
could expand to peripheral measurement and in-vitro experi-
ments with patient-derived tissue, which was outside the scope of
our current meta-analysis. Next, the role of this pathway should be
addressed in clinical research, investigating potential biomarkers
related to Beclin-1 in autistic individuals. Ultimately, this could
lead to investigating this pathway as a potential therapeutic
target.
Our findings reveal that mTOR pathway dysregulation is a

common feature across ASD animal models. While the specifics
vary by age, sex, brain region, and ASD model type, the Beclin-1
downregulation and related autophagy impairment emerges as a
key mechanism shared in ASD etiology.

DATA AVAILABILITY
Supplementary information is available at MP’s website. Extracted and used data
from the included studies, analyses, R scripts and CMA files are available from the
corresponding authors, CMD or MJHK, upon reasonable request.

REFERENCES
1. Tick B, Bolton P, Happé F, Rutter M, Rijsdijk F. Heritability of autism spectrum

disorders: a meta-analysis of twin studies. J Child Psychol Psychiatry.
2016;57:585–95. https://doi.org/10.1111/jcpp.12499.

2. McCormick C, Hepburn S, Young GS, Rogers SJ. Sensory symptoms in children
with autism spectrum disorder, other developmental disorders and typical
development: a longitudinal study. Autism. 2016;20:572–9. https://doi.org/
10.1177/1362361315599755.

3. Fountain C, Winter AS, Bearman PS. Six developmental trajectories characterize
children with autism. Pediatrics. 2012;129:e1112–20. https://doi.org/10.1542/
peds.2011-1601.

4. Kas MJ, Glennon JC, Buitelaar J, Ey E, Biemans B, Crawley J, et al. Assessing beha-
vioural and cognitive domains of autism spectrum disorders in rodents: current
status and future perspectives. Psychopharmacology (Berl). 2014;231:1125–46.
https://doi.org/10.1007/s00213-013-3268-5.

5. Bailey A, Le Couteur A, Gottesman I, Bolton P, Simonoff E, Yuzda E, et al. Autism as
a strong genetic disorder: evidence from a British twin study. Psychol Med.
1995;25:63–77. https://doi.org/10.1017/S0033291700028099.

6. Sealey LA, Hughes BW, Sriskanda AN, Guest JR, Gibson AD, Johnson-Williams L,
et al. Environmental factors in the development of autism spectrum disorders.
Environ Int. 2016;88:288–98. https://doi.org/10.1016/j.envint.2015.12.021.

7. Hashem S, Nisar S, Bhat AA, Yadav SK, Azeem MW, Bagga P, et al. Genetics of
structural and functional brain changes in autism spectrum disorder. Transl
Psychiatry. 2020;10:229 https://doi.org/10.1038/s41398-020-00921-3.

8. Wang L, Wang B, Wu C, Wang J, Sun M. Autism spectrum disorder: neurodeve-
lopmental risk factors, biological mechanism, and precision therapy. Int J Mol Sci.
2023;24:1819 https://doi.org/10.3390/ijms24031819.

9. Moyses-Oliveira M, Yadav R, Erdin S, Talkowski ME. New gene discoveries high-
light functional convergence in autism and related neurodevelopmental dis-
orders. Curr Opin Genet Dev. 2020;65:195–206. https://doi.org/10.1016/
j.gde.2020.07.001.

10. Krishnan A, Zhang R, Yao V, Theesfeld CL, Wong AK, Tadych A, et al. Genome-
wide prediction and functional characterization of the genetic basis of autism
spectrum disorder. Nat Neurosci. 2016;19:1454–62. https://doi.org/10.1038/
nn.4353.

11. Delorme R, Ey E, Toro R, Leboyer M, Gillber C, Bourgeron T. Progress toward
treatments for synaptic defects in autism. Nat Med. 2013;19:685–94. https://
doi.org/10.1038/nm.3193.

12. Winden KD, Ebrahimi-Fakhari D, Sahin M. Abnormal mTOR activation in autism.
Annu Rev Neurosci. 2018;41:1–23. https://doi.org/10.1146/annurev-neuro-
080317-061747.

13. Drehmer I, Santos-Terra J, Gottfried C, Deckmann I. mTOR signaling pathway as a
pathophysiologic mechanism in preclinical models of autism spectrum disorder.
Neuroscience. 2024;563:33–42. https://doi.org/10.1016/j.neuroscience.2024.10.050.

14. Saxton RA, Sabatini DM. mTOR signaling in growth, metabolism, and disease. Cell.
2017;168:960–76. https://doi.org/10.1016/j.cell.2017.02.004.

15. Lipton JO, Sahin M. The neurology of mTOR. Neuron. 2014;84:275–91. https://
doi.org/10.1016/j.neuron.2014.09.034.

16. Thomas S, Jha NK, Ojha S, Sadek B. mTOR signaling disruption and its association
with the development of autism spectrum disorder. Molecules. 2023;28:1889
https://doi.org/10.3390/molecules28041889.

17. Tang G, Gudsnuk K, Kuo SH, Cotrina ML, Rosoklija G, Sosunov A, et al. Loss of
mTOR-dependent macroautophagy causes autistic-like synaptic pruning deficits.
Neuron. 2014;83:1131–43. https://doi.org/10.1016/j.neuron.2014.07.040.

18. Zhou J, Parada LF. PTEN signaling in autism spectrum disorders. Curr Opin
Neurobiol. 2012;22:873–9. https://doi.org/10.1016/j.conb.2012.05.004.

19. Yeung KS, Tso WWY, Ip JJK, Mak CCY, Leung GKC, Tsang MHY, et al. Identification
of mutations in the PI3K-AKT-mTOR signalling pathway in patients with macro-
cephaly and developmental delay and/or autism. Mol Autism. 2017;8:66 https://
doi.org/10.1186/s13229-017-0182-4.

20. Nicolini C, Ahn Y, Michalski B, Rho JM, Fahnestock M. Decreased mTOR signaling
pathway in human idiopathic autism and in rats exposed to valproic acid. Acta
Neuropathol Commun. 2015;3:3 https://doi.org/10.1186/s40478-015-0184-4.

21. Sharma A, Hoeffer CA, Takayasu Y, Miyawaki T, McBride SM, Klann E, et al. Dys-
regulation of mTOR signaling in fragile X syndrome. J Neurosci. 2010;30:694–702.
https://doi.org/10.1523/JNEUROSCI.3696-09.2010.

22. Doncheva NT, Palasca O, Yarani R, Litman T, Anthon C, Groenen MAM, et al.
Human pathways in animal models: possibilities and limitations. Nucleic Acids
Res. 2021;49:1859–71. https://doi.org/10.1093/nar/gkab012.

23. Li Z, Zhu YX, Gu LJ, Cheng Y. Understanding autism spectrum disorders with
animal models: applications, insights, and perspectives. Zool Res. 2021;42:800–24.
https://doi.org/10.24272/j.issn.2095-8137.2021.251.

24. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The
PRISMA 2020 statement: an updated guideline for reporting systematic reviews.
Br Med J. 2021;372:n71 https://doi.org/10.1136/bmj.n71.

25. Hooijmans CR, Tillema A, Leenaars M, Ritskes-Hoitinga M. Enhancing search
efficiency by means of a search filter for finding all studies on animal experi-
mentation in PubMed. Laboratory Anim. 2010;44:170–5. https://doi.org/10.1258/
la.2010.009117.

26. Ouzzani M, Hammady H, Fedorowicz Z, Elmagarmid A. Rayyan—a web and
mobile app for systematic reviews. Syst Rev. 2016;5:210 https://doi.org/10.1186/
s13643-016-0384-4.

27. Abrahams BS, Arking DE, Campbell DB, Mefford HC, Morrow EM, Weiss LA, et al.
SFARI Gene 2.0: a community-driven knowledgebase for the autism spectrum
disorders (ASDs). Mol Autism. 2013;4:36 https://doi.org/10.1186/2040-2392-4-36.

28. Rohatgi A WebPlotDigitizer. https://automeris.io/WebPlotDigitizer/ (2019).
29. Adriani W, Granstrem O, Macri S, Izykenova G, Dambinova S, Laviola G. Behavioral and

neurochemical vulnerability during adolescence in mice: Studies with nicotine. Neu-
ropsychopharmacology. 2004;29:869–78. https://doi.org/10.1038/sj.npp.1300366.

30. Ghasemi A, Sajad JKK. The laboratory rat: age and body weight matter. EXCLI J.
2021;20:1431–45. https://doi.org/10.17179/excli2021-4072.

31. Semple BD, Blomgren K, Gimlin K, Ferriero DM, Noble-Haeusslein LJ. Brain
development in rodents and humans: identifying benchmarks of maturation and
vulnerability to injury across species. Prog Neurobiol. 2013;106–107:1–16. https://
doi.org/10.1016/j.pneurobio.2013.04.001.

32. Hooijmans CR, Rovers M, de Vries R, Leenaars M, Ritskes-Hoitinga M, Langendam
MW. SYRCLE’s risk of bias tool for animal studies. BMC Med Res Methodol.
2014;14:43 https://doi.org/10.1186/1471-2288-14-43.

33. Borenstein M, Hedges L, Higgins J, Rothstein H Comprehensive Meta-Analysis
Version 4, Biostat, Englewood, NJ (2022).

34. Duval S, Tweedie R. Trim and fill: a simple funnel-plot-based method of testing
and adjusting for publication bias in meta-analysis. Biometrics. 2000;56:455–63.
https://doi.org/10.1111/j.0006-341x.2000.00455.x.

35. Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis detected
by a simple, graphical test. Br Med J. 1997;315:629–34. https://doi.org/10.1136/
bmj.315.7109.629.

A. Abromeit et al.

3827

Molecular Psychiatry (2025) 30:3817 – 3828

https://doi.org/10.1111/jcpp.12499
https://doi.org/10.1177/1362361315599755
https://doi.org/10.1177/1362361315599755
https://doi.org/10.1542/peds.2011-1601
https://doi.org/10.1542/peds.2011-1601
https://doi.org/10.1007/s00213-013-3268-5
https://doi.org/10.1017/S0033291700028099
https://doi.org/10.1016/j.envint.2015.12.021
https://doi.org/10.1038/s41398-020-00921-3
https://doi.org/10.3390/ijms24031819
https://doi.org/10.1016/j.gde.2020.07.001
https://doi.org/10.1016/j.gde.2020.07.001
https://doi.org/10.1038/nn.4353
https://doi.org/10.1038/nn.4353
https://doi.org/10.1038/nm.3193
https://doi.org/10.1038/nm.3193
https://doi.org/10.1146/annurev-neuro-080317-061747
https://doi.org/10.1146/annurev-neuro-080317-061747
https://doi.org/10.1016/j.neuroscience.2024.10.050
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.1016/j.neuron.2014.09.034
https://doi.org/10.1016/j.neuron.2014.09.034
https://doi.org/10.3390/molecules28041889
https://doi.org/10.1016/j.neuron.2014.07.040
https://doi.org/10.1016/j.conb.2012.05.004
https://doi.org/10.1186/s13229-017-0182-4
https://doi.org/10.1186/s13229-017-0182-4
https://doi.org/10.1186/s40478-015-0184-4
https://doi.org/10.1523/JNEUROSCI.3696-09.2010
https://doi.org/10.1093/nar/gkab012
https://doi.org/10.24272/j.issn.2095-8137.2021.251
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1258/la.2010.009117
https://doi.org/10.1258/la.2010.009117
https://doi.org/10.1186/s13643-016-0384-4
https://doi.org/10.1186/s13643-016-0384-4
https://doi.org/10.1186/2040-2392-4-36
https://automeris.io/WebPlotDigitizer/
https://doi.org/10.1038/sj.npp.1300366
https://doi.org/10.17179/excli2021-4072
https://doi.org/10.1016/j.pneurobio.2013.04.001
https://doi.org/10.1016/j.pneurobio.2013.04.001
https://doi.org/10.1186/1471-2288-14-43
https://doi.org/10.1111/j.0006-341x.2000.00455.x
https://doi.org/10.1136/bmj.315.7109.629
https://doi.org/10.1136/bmj.315.7109.629


36. Zwetsloot PP, Van Der Naald M, Sena ES, Howells DW, IntHout J, De Groot JAH,
et al. Standardized mean differences cause funnel plot distortion in publication
bias assessments. eLife. 2017;6:e24260 https://doi.org/10.7554/eLife.24260.

37. Onore C, Yang H, Van de Water J, Ashwood P. Dynamic Akt/mTOR signaling in
children with autism spectrum disorder. Front Pediatr. 2017;5:43 https://doi.org/
10.3389/fped.2017.00043.

38. Rosina E, Battan B, Siracusano M, Di Criscio L, Hollis F, Pacini L, et al. Disruption of
mTOR and MAPK pathways correlates with severity in idiopathic autism. Transl
Psychiatry. 2019;9:50 https://doi.org/10.1038/s41398-018-0335-z.

39. Ham D, Ha M, Park H, Hong Y-C, Kim Y, Ha E, et al. Association of postnatal
exposure to mixture of bisphenol A, Di-n-butyl phthalate and Di-(2-ethylhexyl)
phthalate with Children’s IQ at 5 Years of age: Mothers and Children’s environ-
mental health (MOCEH) study. Chemosphere. 2024;347:140626 https://doi.org/
10.1016/j.chemosphere.2023.140626.

40. Bento CF, Renna M, Ghislat G, Puri C, Ashkenazi A, Vicinanza M, et al. Mammalian
autophagy: how does it work? Annu Rev Biochem. 2016;85:685–713. https://
doi.org/10.1146/annurev-biochem-060815-014556.

41. Kim J, Kundu M, Viollet B, Guan K-L. AMPK and mTOR regulate autophagy
through direct phosphorylation of Ulk1. Nat Cell Biol. 2011;13:132–41. https://
doi.org/10.1038/ncb2152.

42. D’Incal C, Broos J, Torfs T, Kooy RF, Vanden Berghe W. Towards Kinase inhibitor
therapies for Fragile X Syndrome: tweaking twists in the autism spectrum Kinase
signaling network. Cells. 2022;11:1325 https://doi.org/10.3390/cells11081325.

43. Dana H, Tahtasakal R, Sener EF. Animal models of autism: a perspective from
autophagy mechanisms. J Transl Genet Genom. 2020;4:251–62. https://doi.org/
10.20517/jtgg.2020.25.

44. Thomas SD, Jayaprakash P, Marwan NZHJ, Aziz EABA, Kuder K, Łażewska D, et al.
Alleviation of autophagic deficits and neuroinflammation by histamine H3
receptor antagonist E159 ameliorates autism-related behaviors in BTBR mice.
Pharmaceuticals. 2024;17:1293 https://doi.org/10.3390/ph17101293.

45. Rexrode LE, Hartley J, Showmaker KC, Challagundla L, Vandewege MW, Martin BE,
et al. Molecular profiling of the hippocampus of children with autism spectrum dis-
order. Mol Psychiatry. 2024;29:1968–79. https://doi.org/10.1038/s41380-024-02441-8.

46. Deng Z, Zhou X, Lu JH, Yue Z. Autophagy deficiency in neurodevelopmental
disorders. Cell Biosci. 2021;11:214 https://doi.org/10.1186/s13578-021-00726-x.

47. Long J, Li H, Liu Y, Liao X, Tang Z, Han K, et al. Insights into the structure and
function of the hippocampus: implications for the pathophysiology and treat-
ment of autism spectrum disorder. Front Psychiatry. 2024;15:1364858 https://
doi.org/10.3389/fpsyt.2024.1364858.

48. Takei N, Nawa H. mTOR signaling and its roles in normal and abnormal brain devel-
opment. Front Mol Neurosci. 2014;7:28 https://doi.org/10.3389/fnmol.2014.00028.

49. Ferri SL, Abel T, Brodkin ES. Sex differences in autism spectrum disorder: a review.
Curr Psychiatry Rep. 2018;20:9 https://doi.org/10.1007/s11920-018-0874-2.

50. Enriquez KD, Gupta AR, Hoffman EJ. Signaling pathways and sex differential
processes in autism spectrum disorder. Front Psychiatry. 2021;12:716673 https://
doi.org/10.3389/fpsyt.2021.716673.

51. D’Incal C, Van Dijck A, Ibrahim J, De Man K, Bastini L, Konings A, et al. ADNP
dysregulates methylation and mitochondrial gene expression in the cerebellum
of a Helsmoortel–Van der Aa syndrome autopsy case. Acta Neuropathol Com-
mun. 2024;12:62 https://doi.org/10.1186/s40478-024-01743-w.

ACKNOWLEDGEMENTS
This project has received funding from a ZonMW subsidy (grant number 114024186,
2023). Any views expressed are those of the author(s) and not necessarily those of

the funders. The Aims-2-trials project has received funding from the Innovative
Medicines Initiative 2 Joint Undertaking under grant agreement No 777394. This Joint
Undertaking receives support from the European Union’s Horizon 2020 research and
innovation programme and EFPIA and AUTISM SPEAKS, Autistica, SFARI. Any views
expressed are those of the author(s) and not necessarily those of the funders.

AUTHOR CONTRIBUTIONS
AA, CMD and MJHK conceptualized the project. CRH consulted on methodology and
statistical analysis. AA, CM and CMD conducted the data collection and evaluation.
AA handled statistical analysis and visualization. AA and CMD wrote the original draft.
AA, CMD, MJHK, CM and CH reviewed the manuscript and AA, CMD and MJHK edited
the manuscript accordingly. MJHK obtained funding through the Aims-2-trials
project. Securing ZonMW funding was a joint effort by AA, CMD and MJHK.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41380-025-03028-7.

Correspondence and requests for materials should be addressed to CM Drion or
MJH Kas.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,

which permits any non-commercial use, sharing, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if youmodified
the licensed material. You do not have permission under this licence to share adapted
material derived from this article or parts of it. The images or other third partymaterial in
this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s
Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

A. Abromeit et al.

3828

Molecular Psychiatry (2025) 30:3817 – 3828

https://doi.org/10.7554/eLife.24260
https://doi.org/10.3389/fped.2017.00043
https://doi.org/10.3389/fped.2017.00043
https://doi.org/10.1038/s41398-018-0335-z
https://doi.org/10.1016/j.chemosphere.2023.140626
https://doi.org/10.1016/j.chemosphere.2023.140626
https://doi.org/10.1146/annurev-biochem-060815-014556
https://doi.org/10.1146/annurev-biochem-060815-014556
https://doi.org/10.1038/ncb2152
https://doi.org/10.1038/ncb2152
https://doi.org/10.3390/cells11081325
https://doi.org/10.20517/jtgg.2020.25
https://doi.org/10.20517/jtgg.2020.25
https://doi.org/10.3390/ph17101293
https://doi.org/10.1038/s41380-024-02441-8
https://doi.org/10.1186/s13578-021-00726-x
https://doi.org/10.3389/fpsyt.2024.1364858
https://doi.org/10.3389/fpsyt.2024.1364858
https://doi.org/10.3389/fnmol.2014.00028
https://doi.org/10.1007/s11920-018-0874-2
https://doi.org/10.3389/fpsyt.2021.716673
https://doi.org/10.3389/fpsyt.2021.716673
https://doi.org/10.1186/s40478-024-01743-w
https://doi.org/10.1038/s41380-025-03028-7
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Animal studies reveal downregulation of the Beclin-1 autophagy pathway as shared mechanism in Autism Spectrum Disorder: a systematic review and meta-analysis
	Introduction
	Methodology
	Search strategy
	Eligibility screening
	Extraction of study characteristics and outcome data
	Risk of bias assessment
	Meta-analysis
	Publication bias assessment

	Results
	Comprehensive search
	Study characteristics
	Study quality
	Meta-analysis
	Publication bias

	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




