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Abstract: Autism spectrum disorders (ASD) are a group of lifelong neurodevelopmental disorders characterized by
cognitive deficits and impaired social and communicative development that have been rising in prevalence in recent
decades. These disorders may be accompanied by disabling health issues and often lead to a substantial economic
burden. The causes and mechanisms of ASD have not yet been fully elucidated, although it has been reported that
genetic background, epigenetic modification, and environmental risk factors all contribute to the development of
ASD. Environmental factors, which include prenatal circumstances or events, all play a very important role in the
early development of autism, yet the exact mechanism remains largely undetermined. In this review, we promote a
‘rethinking’ of autism as a neurodevelopmental disease that originates from early life development. We focus on the
impact of the prenatal and maternal risk factors such as maternal diabetes, prenatal chemical exposure, and hor-
mone imbalances during pregnancy on the risk for ASD development in children and offspring, identifying important
pathological bases and prevention measures for future decades. Further research focused on understanding the
role of the environmental factors in the etiology of ASD will drive forward innovation strategies towards intervention
and the prevention of the maternal risk factors for autism.
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Introduction

Before the 21st century, serious mental disor-
ders and illnesses, leprosy, and tuberculosis
were some of the major public health issues
facing the world. Today, only mental disorders,
particularly autism spectrum disorders (ASD),
continue to have a large global prevalence and
remain incurable. Throughout the past 50
years, autism’s prevalence rate has increased
by a factor of over 100, from 1:10000 to 1:59
[1, 2]. Despite decades of research, however,
there is still no effective cure or prevention
strategy for autism. Thus, it is urgent to fully
develop basic and clinical applications for
autism research that break through traditional
thinking to integrate new and innovative con-
ceptualizations of ASD etiology. Past research
on autism has generally focused on identify-
ing genetic factors related to autism, but exten-
sive studies in recent years have found that

environmental factors are also largely involved.
On a relatively heterogeneous genetic basis,
the epigenetic network constructed by the inter-
action of environmental and genetic factors
is a key link in determining the risk of ASD
development.

Family studies, pedigree analysis, and twin
studies have previously suggested that autism
has a strong genetic basis, with genetic factors
accounting for 30-40% of autism cases [3, 4].
However, it is important to recognize that the
primary cause is not solely genetic; rather, epi-
genetics may play a more important role. Many
genetic studies have identified common muta-
tions, rare mutations, and copy number varia-
tions (CNV) in thousands of children with
autism; however, these identified genetic candi-
date genes often have low prevalence among
populations. For example, variants of CACNA1H
have only been identified in 6/~461 cases of
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Figure 1. The contributions of genetics, environmental exposure, and sex bi-
ases to the etiology of autism spectrum disorders. It is estimated that the ge-
netic and environmental factors contribute equally to ASD development. Sex
biases have been observed, with an autism prevalence of 4 males:1 female.

autism, and CNTN4 mutants have been identi-
fied in 7/~2000 cases [5]. On the other hand,
environmental factors can directly affect the
development of large populations of infants
and young children through neurotoxicity and
impacts gene expression by modifying epigen-
etic states, thereby greatly influencing autism’s
prevalence. Large-scale studies have found
that exposure to harmful environmental fac-
tors, including maternal disease and drug
abuse, air pollution exposure, family life behav-
iors, and metal exposure during the intrauter-
ine period and early life stages of development
may play a key role in ASD development, in
addition to other factors (Figure 1).

Maternal diabetes induces autism in offspring

Prenatal metabolic disorders are associated
with an increased prevalence of ASD and oth-
er disorders in offspring. A meta-analysis by
Wan et al., for example, identified evidence of a
significant association between maternal dia-
betes and psychiatric disorders in offspring
[6]. As diabetes affects up to 15% of pregnant
women worldwide [7], the role of maternal dia-
betes as a factor for autism development in
children and offspring should be given much
more attention.
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Environmental factors

Recent epidemiological stud-
ies have indicated that ma-
ternal diabetes, which inclu-
des type 1 diabetes (T1D),
type 2 diabetes (T2D), and
gestational diabetes mellitus
(GDM), diagnosed by the 26th-
week mark post-gestation is
highly associated with an
increased risk of autism in
offspring, as shown in Table
1. Maternal pre-existing type
2 diabetes is also significantly
associated with the risk of
ASD in offspring, while the
associated risk is slightly lo-
wer than the risk for GDM at
26 weeks [8-10].

However, the detailed mecha-
nism of the way in which ASD
development is mediated by
maternal diabetes remains
unclear. Our prior research,
which focused on using ro-
dent models of diabetes, fo-
und that the offspring of diabetic mothers ex-
hibited autistic-like behaviors, such as reduced
ultrasonic vocalizations and impaired social
interaction. To our knowledge, this is the first
time that such a study has been conducted.
Furthermore, we found that superoxide dis-
mutase (SOD2) in the amygdala of the offspring
of rats were inhibited as a result of oxidative
stress-mediated histone methylation (Figure
2). Thus, we suggested that hyperglycemia
induces the generation of persistent reactive
oxygen species (ROS) and that inhibition of
SOD2 is a possible mechanism of maternal dia-
betic pregnancy-induced autistic behavior [11].
Maternal diabetes is also assumed to impact
neurodevelopment in offspring through pro-
cesses including immune dysfunction, incre-
ased oxidative stress and suppressed SOD2 in
hematopoietic stem cells (HSCs) [12].

Elucidating the role of maternal diabetes in the
pathogenesis of ASD in offspring will help peo-
ple rethink the pathogenesis of autism from the
perspective of multi-factorial interaction, thus
expanding the understanding of the pathogen-
esis of ASD and providing a target for ASD diag-
nosis and drug treatment. As excessive glucose
exposure in utero can cause permanent fetal
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Table 1. The contributions of the environmental factors to ASD development

Environmental factors Odds ratio [OR]/Hazard ratios Increased Reference
(HR)/Confidence interval [CI] risk for ASD

Obesity OR 1.36, 95% Cl 1.08-1.70 36% [16]
Maternal diabetes OR 1.48, 95% Cl 1.26-1.75 62% [9]
Maternal gestational diabetes mellitus OR 1.63, 95% Cl 1.35-1.97 42% [9]
Polycystic ovary syndrome (POS) OR 1.59, CI 95% 1.34-1.88 59% [17, 18]
Maternal antidepressant (selective serotonin reuptake inhibitors) HR 2.17; 95% Cl, 1.20-3.93 N/D [19]
Maternal depression HR 1.75; 95% Cl, 1.03-2.97 87% [20]
Maternal hypertension OR 1.35,95% Cl 1.11-1.64 35% [20]
Maternal infection OR 1.13, 95% CI=1.03-1.23 30% [21]
Maternal dichlorodiphenyl dichloroethylene (p,p’-DDE) exposure OR 2.21, 95% ClI 1.32-3.69 N/D [22]
Prenatal exposure to organophosphate (dialkyl phosphates) OR 2.0,95% Cl 1.1-3.6 60% [23]
In vitro fertilization OR 1.14, 95% Cl 0.94-1.39 N/D [24]

All the analyses were performed using SAS statistical software (SAS Institute Inc., Cary, NC, USA). The distribution of the characteristics of the
pregnancy factors was calculated based on the autism and maternal statuses using two-tailed independent sample t-tests of continuous testing
and the chi-square tests of the categorical variables. The association between maternal status and ASD was determined using a multivariate
logistic regression model to evaluate the odds ratio (OR) and the 95% confidence interval (Cl). N/D-Not Defined.
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Figure 2. Diabetes during pregnancy induces autism-like behavior in offspring. A. Maternal diabetes-induced ASD-
like behaviors in offspring. The overexpression of the SOD2 or SOD mimics can partially reverse autistic behavior in
offspring, but inhibiting the expression of SOD2 will induce autistic behavior. B. Hyperglycemia suppresses SOD2
expression through oxidative stress-mediated histone methylation. Histone methylation at H3K9me2 of the SOD2
promoter triggers epigenetic changes, which subsequently lead to SOD2 inactivation. The inhibition of SOD2 activity
then aggravates the ROS generation and induces oxidative stress.

changes, maternal hyperglycemia may have
long-term effects on the development and func-
tion of the fetal brain. Maternal obesity and dia-
betes affect the development of the fetus’s
brain and nervous system, which may hint at a
mechanism for autism development. Previous
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evidence has shown that the presence of
maternal diabetes, in addition to obesity and
related metabolic disorders, both before and
during pregnancy can damage normal hippo-
campal development and cause abnormal neu-
robehavioral development in offspring [13].
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Additionally, we have also found that vitamin D
deficiency worsens maternal diabetes-induced
autism-like phenotypes in offspring through
epigenetic modification caused by maternal
diabetes [14]. By using this pre-established
maternal diabetes-induced autistic mouse
model, we have also found that offspring from
dams with maternal diabetes show significant
oxytocin receptor (OXTR) inhibition in the amyg-
dala region of the brain tissue, while prenatal
OXTR knockout mice show worsened maternal
diabetes-induced autism symptoms. Further
studies have shown that OXTR inhibition is
caused by persistent oxidative stress and
methylation by hyperglycemia, subsequently
causing estrogen receptor 3 (ERB) to dissociate
from the OXTR promoter [15].

Chemical exposure induces autism

Chemical exposure is one of the most common
pregnancy conditions associated with adverse
effects on offspring. For example, pregnant
women who used marijuana during pregnancy
were 1.5 times more likely to give birth to a
child with autism, and the risk of autism in off-
spring has also been found to be associated
with maternal pesticide exposure [25-27].
Table 1 lists prenatal exposure to chemicals
associated with autism. However, little is known
about the underlying mechanisms of these
relationships.

The use of animal models can serve to provide
insight on autistic offspring behavior and aid in
understanding the mechanisms of the effect of
xenobiotic exposure during pregnancy on autis-
tic behavior. Maternal exposure to pesticides
has been shown to change neuronal cell devel-
opment and behavior in animal offspring.
Epidemiological research has shown that
maternal exposure to the herbicide glyphosate
increases the incidence of autism in offspring;
in one such study, the researchers exposed
pregnant mice to glyphosate and found that
there was an increase in autistic-like beha-
viors in offspring, including social interaction
deficits and cognitive deficits, in addition to
alteration of the composition of gut microbiota.
Furthermore, there was significantly increased
expression of soluble epoxide hydrolase (SEH)
in the brains of offspring after maternal glypho-
sate exposure, while sEH inhibitors were able to
restore the effects of maternal glyphosate
exposure on inducing autism-like behaviors in
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offspring. These findings indicate that increased
sEH plays a vital role in ASD-like behaviors in
offspring [28]. Thus, the use of rat or mice mod-
els to study exposure to environmental factors
during pregnancy can help simulate the adverse
effects of environmental toxicant exposure that
cause human autism.

In addition, in terms of metal exposure, a study
by Holmes et al. [29] t-tested the levels of lead
and mercury in the blood of 203 normal chil-
dren and found that blood lead levels were pos-
itively correlated with autism, and the blood
mercury levels were related to an increase in
autism-like behavior. In another study, the
blood of 34 and 35 children with autism was
tested, and it was found that the lead and mer-
cury levels in the children with autism were sig-
nificantly higher than the corresponding levels
in the controls. Studies have shown that zinc
and manganese levels in hair are negatively
correlated with autism in subjects, and the
severity of autism symptoms is positively cor-
related with the presence of certain heavy met-
als such as lead and mercury [30-32].

Maternal hormone imbalances are a signifi-
cant risk factor for ASD

Epidemiological studies have shown that hor-
mone abnormalities in pregnant women are a
significant potential risk factor for autism in off-
spring and that sex hormones may be part of
the cause of autism. We conducted a popula-
tion case epidemiological survey in China and
found that prenatal progestin is closely related
to the prevalence of ASD. This includes the use
of progesterone to prevent abortion, the use of
progesterone pills, and maternal uptake pro-
gestin-contaminated seafood.

Progesterone has been shown to modulate
neurogenic responses and impair the develop-
ment of cognitive responses by down-regulat-
ing the expression of ERP. It has been reported
that the expressions of estrogen receptor
(ERB) and the estrogen receptor co-factors
were significantly suppressed in the brains of
autistic patients [33]. Therefore, it is speculat-
ed that prenatal exposure to synthetic proges-
terone can induce autism-like behaviors by
inhibiting ERP in offspring. An in vivo rat model
exposed to progesterone showed that prenatal
levonorgestrel exposure induced autistic be-
haviors in offspring and suppressed ER(B ex-
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Figure 3. Maternal exposure to hormones during pregnancy is linked to a higher risk of the development of ASD in
offspring. Dihydrotestosterone, progestin, and norethindrone exposure can induce significant ER promoter meth-

ylation and inhibit ERB expression in offspring.

pression in the brain. Furthermore, some in
vivo research have revealed ERB knockout
mice showed obvious symptoms of anxiety,
cognitive deficits and depressive behavior [34].
Since ERP inhibition has been found to induce
autistic behavior, estrogen receptor (3 agonists
and/or overexpression of ERB may help improve
autistic behavior. Further research found that
autism-like behaviors induced by prenatal pro-
gesterone exposure were rescued through
treatment with resveratrol, a drug that acti-
vates ERP [8].

Furthermore, a maternal diagnosis of polycys-
tic ovary syndrome (PCOS) has been found to
increase the risk of ASD in the offspring by 59
percent, and prenatal hyperandrogenism has
been found to induce autistic-like behavior,
such as impaired heterosexual recognition and
decreased ultrasonic vocalization frequency, in
offspring [35]. We believe that this is because
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hormones affect the development of neuroen-
docrine and neuroimmune systems in the early
stages of life, leading to the development of
ASD. Increasing evidence indicates that the
placenta may be particularly important as a
mediator of the actions of environmental endo-
crine hormones on the developing brain, which
makes hormone-induced ER( inhibition in the
male brain more sensitive (Figure 3). Under-
standing how various risk factors affect neuro-
development may assist in the process of iden-
tifying the etiology of ASD more clearly. Our cur-
rent research suggests that prenatal dihy-
drotestosterone exposure induces ASD devel-
opment through hypermethylation on the ER(
promoter, which suppress the expression of
ERB [36]. Previously, we have determined that
progestin and norethindrone can increase his-
tone H3 lysine9 dimethylation (H3K9me2) and
tri-methylation of H3K27 (H3K27me3) on the
ERB promoter in amygdala neurons, which is

Am J Transl Res 2022;14(2):1136-1145



The impact of maternal risk factors on ASD development

responsible for maternal hormone-induced
autism-like behavior [37].

Sex bias as a significant risk factor for autism

Males and females have significantly different
tendencies in the development of neurological
diseases. Females are more prone to mood dis-
orders such as anxiety, depression, and bipolar
disorder, while males are more likely to suffer
from disorders such as Parkinson’s disease
(PD), attention deficit hyperactivity disorder
(ADHD), and autism.

An interesting phenomenon in autism research
is that ASD affects males at a much higher rate
than females. The prevalence of autism in
males is about four times that of females [38],
especially in cases of severe autism, in which
the ratio of males to females is nearly 11 to
1. In addition to these differences in preva-
lence, males and females with autism also tend
to display different symptoms. Males with
autism tend to show external symptoms, such
as aggression and hyperactivity, while females
with autism tend to show less social communi-
cation in addition to restrictive and repetitive
behaviors [39].

Nevertheless, few researchers pay attention to
biological sex in the search for factors affecting
autism. A better understanding of the molecu-
lar mechanisms by which gender differences
affect the development of autistic brains will
help in designing the best diagnosis and treat-
ment strategies for each gender.

Prof. Donald W. Pfaff proposes a “three-hit the-
ory of autism”-that is, that the interactions
among genes, environment, and sex serve to
induce ASD development. Based on studies
using the Cntnap2 mouse model of autism, the
three hits have various synergistic effects on
social behavior and social recognition [40].

A possible mechanism for the gender differ-
ences in autism prevalence and symptom
expression may be understood through the dif-
ferent effects of sex hormones. Many investiga-
tions reinforce the notion that estrogen has a
certain neuroprotective effect, and a particu-
larly interesting study has found that the
expression of estrogen receptor (3 in children
with autism is very low and is not enough to
mediate the protective effect of estrogen. Thus,
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it is suggested that the reduced expression of
estrogen receptor beta, in addition to the inac-
tivation of the enzyme aromatase that helps
convert testosterone to estrogen, may have a
significant impact in autistic individuals and
can lead to the higher autism prevalence rates
seen in males [33]. Additionally, some interest-
ing studies have shown that the protein and
gene expression levels of retinoic acid-related
orphan receptor alpha (RORA) and aromatase
are down-regulated in the cerebral cortex of
males with autism, and it is speculated that
deficiencies of RORA and aromatase lead to
higher testosterone levels, which may increase
the risk for ASD [41]. Thus, testosterone may
serve as a male-specific factor that increases
susceptibility to autism. In a zebrafish model
with mutants of the autism risk gene CNTNAP2,
it was found that estrogen receptor agonists
can reverse the mutant behavioral phenotype,
indicating that sex hormones contribute to
genetic backgrounds [42].

Through gender-based de novo enrichment
analysis, we can identify candidate gene muta-
tions that affect male and female differences.
Recently, Eichler et al. investigated how autism
genes differ by sex by combing through the de
novo enrichment of 2,133 girls and 4,641 boys
diagnosed with autism. They found that only 17
genes were unique to the female patients with
autism, and only 18 genes were found exclu-
sively in the males. Another 19 genes were
found in both sexes [43]. Thus, if there are any
genes on the Y chromosome with de novo
enrichment, they may serve to provide informa-
tion central to uncovering the sex factors that
affect the gender bias for autism. In this study,
the authors also found that the rare genetic
mutations associated with ASD are abundant
in female cases at a rate that is much higher
than in male cases. A female protective effect
(FPE) against autistic behavior was thus identi-
fied, and it is predicted that females can have
mutations of greater severity or number with-
out the development of ASD and can tolerate
more genetic risk variants for autism than
males (Figure 4) [44].

Conclusion & future prospects

As a neurodevelopmental disorder, ASD is life-
long, irreversible, and incurable, posing large
economic burdens in addition to bringing sig-
nificant impacts on families and societies. At
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Figure 4. It is speculated that sex hormones and genetic variations play an important role in ASD pathology in both
males and females. The three-hit theory of autism: genes, environment, and sex, in addition to the female protec-
tive effect (FPE), may be important factors that determine gender differences in autism prevalence and symptom

expression.

present, the causes of ASD have not yet been
fully clarified, although it has been known that
genetic and environmental factors are both
involved. According to our research and knowl-
edge, the majority of research on autism to
date primarily focuses on genetic variations,
although many epidemiological studies have
established a strong association between
prenatal environmental factors and adverse
autism outcomes in offspring. Little is known
about the environmental factors in the etiology
of ASD. The influence of genetics and environ-
ment is inseparable when discussing ASD, yet
there are relatively few studies on the linkag-
es between genes and environment in affect-
ing ASD. Thus, more convincing studies are
needed to support the influence of current sim-
ulated environmental exposure on causing epi-
genetic changes that may lead to ASD develop-
ment. We believe that environmental factors
can govern gene expression by changing epi-
genetic markers such as DNA methylation and
histone acetylation, with histone methylation
likely being the most important marker, and
affecting the different stages of the biological
pathway to brain development, including neuro-
nal differentiation, migration, and the forma-
tion of neural tubes, synapses, and myelin,

1142

eventually affecting the cognitive and commu-
nicative functions of individuals and triggering
ASD. Analyzing early development from the per-
spective of epigenetics enables us to show how
environmental factors may influence autism
development in children, and approaches such
as next-generation DNA sequencing and epi-
genetic analyses may further reveal the detail-
ed mechanism of the environmental factors
affecting gene transcription and epigenetic in-
teractions. Furthermore, the use of induced
pluripotent stem cell (iPSC)-derived neuron mo-
dels and/or brain organoid technology to under-
stand the effects of the environmental factors
on early processes during neurogenesis will
hold clues to the origins of autism (Figure 5).

Ultimately, the goal of all research on autism
must be to provide prevention and intervention
strategies with real-world potentials for applica-
tion. Future research aimed at understanding
the role of the environmental factors in the eti-
ology of ASD will promote innovation that helps
achieve this goal.
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