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ABSTRACT 

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder typically diagnosed in children in the first few years of 
life. Genetic studies have demonstrated a moderate to high heritability of ASD, but only a limited number of single nucleo-
tide polymorphisms (SNPs) have been identified. Meanwhile, numerous single de novo rare variants and copy number vari-
ations have been detected in patients with ASD, which are likely caused by environmental factors. Here we provide an over-
view of genetic and environmental factors that may contribute to the risk of ASD and we recommend that further study sh-
ould be focused on both genes and environmental factors, as well as their interactions with the expectation that epigenetic 
studies will lead to understanding the link between the environment and risk of ASD.  
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INTRODUCTION 

Autism Spectrum Disorder (ASD) is a neurodevelopme-
ntal disorder characterized by 1) persistent deficits in 
social communication and social interaction across multi-
ple contexts and 2) restricted, repetitive patterns of beha-
vior, interests, or activities [1]. Symptoms of ASD are pre-
sent in the early post-natal developmental period, and 
more than 70% patients with ASD have co-morbdities 
with other somatic diseases, developmental disorders, or 
behavioral conditions, such as epilepsy, gastrointestinal 
problems, intellectual disability, attention-deficit hypera-
ctivity disorder, anxiety, depression, aggressive and self-
injurious behaviors, etc [2]. Therefore, ASD is considered 
to be a serious disorder that adversely affects individual 
health and often times leads to lifelong disability. How-
ever, in the absence of any effective pharmacological tre-
atments and the need for special education and training 
as the major approach to care for the children with ASD, 
this disorder imposes a heavy burden on the family and 
society. The lifetime cost of individuals with ASD was 
estimated at 1.4–2.4 million dollars in the United States 
and 0.92–1.5 million pounds (the US $1.4–2.2 million) in 
the United Kingdom [3]. In addition, in regions that lack 
special education resources, more than half of parental 
employment is greatly affected by the burden of child-
care with the average loss of annual household income 
associated with having a child with ASD estimated to be 
RMB 44,077 ($7,226) in China [4].  

                         
* Correspondence: Jingping Zhao, Email: zhaojingping@csu.edu.cn. 

The prevalence of ASD has increased greatly over the 
past decades. While expanded diagnostic criteria may be 
a significant contributor to the rising prevalence in ASD, 
prevalence has increased from 0.5/1000 in the 1960s to 
6.2–26.4/1000 in the 2000s [5–9]. Recent data for auti-
sm and developmental disabilities from a monitor-ing 
network show the estimated prevalence of ASD to be 
16.8/ 1000 (one in 59) in the United States [10]. A large-
scale study tracking 677,915 Danish children over seve-
ral decades reported that changes in reporting pra-ctices 
might account for more than half (60%) of the incr-ease 
in the observed prevalence of ASD [11]. However, this 
study did not consider other factors such as changes in 
envir-onmental exposures, which are likely to contribut-
te to the continuing rising in prevalence [12,13]. In this 
review, we present recent findings in genetic and envi-
ronmental studies with discussion of their roles in the 
pathogenesis of ASD and we provide our perspective of 
gene-environment interactions that may help to dis-sect 
the etiology of ASD. 

GENETIC VARIANTS ASSOCIATED WITH RISK OF ASD 

ASD is a complex disorder with strong genetic compon-
ents. Twin and population-based studies have demonstr-
ated that the heritability of ASD was high to 50–95% [14–
16]. In the past ten years, multiple approaches have been 
used in the genetic study of ASD, including a genome-
wide association study (GWAS) [17], copy number varia-
tions (CNVs) analysis [18], whole-exome sequencing 
(WES) [19] and whole genome sequencing (WGS) [20]. 
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These studies provide insight into the genetic etiology of 
ASD and implicate biological processes in the occur-
rence of ASD [21]. 

Common variants 

GWAS have identified a few common genetic risk factors 
associated with ASD. The first large-scale GWAS was 
conducted in a cohort of 780 families (n=3,101 subjects) 
with ASD children of European ancestry populations and 
a second cohort of 1,204 ASD patients and 6491 control 
subjects, and identified six single nucleotide pol-
ymorphisms (SNPs) at an intergenic region between cad-
herin 10 (CDH10) and cadherin 9 (CDH9) [17]. These two 
genes encoded neuronal cell-adhesion molecules, sugg-
esting a role of neuronal cell-adhesion molecules in the 
pathogenesis of ASD. Meanwhile, linkage and associatio-
n mapping study were conducted with 1031 multiplex 
autism families (1,553 affected offspring). While the ini-
tial analysis did not yield genome-wide significant asso-

ciations, genotyping of top hits in additional families ide-
ntified an SNP on chromosome 5p15 (−80 kb upstream 
of SEMA5A, a gene implicated in axonal guidance) asso-
ciated with autism at genome-wide significance. The exp-
ression of SEMA5A was reduced in post-mortem human 
brains from subjects with autism, further implicating ax-
onal guidance in the pathogenesis of ASD [22]. Subs-
equently, common variants located within MACROD2, 
CNTNAP2, CACNA1C, and CACNB2 were associated with 
ASD; however, all these studies were conducted in Euro-
pean ancestry populations [23–25]. Later, the first GWAS 
in a Han Chinese population identified multiple genes 
including TRIM33, BCAS2, AMPD1, DENND2C, and NRAS-
CSDE1 on 1p13.2 as genetic susceptibility loci to autism, 
and these findings were replicated in three additional 
cohorts of family-based samples of European ancestry 
despite some genetic heterogeneity noted for these loci 
[26]. Table 1 presents a summary of these findings. 

Table 1. Common variants associated with Autism Spectrum Disorder. 
Chr Gene  SNP Pubmed ID   
1 ACTN2 rs2297956 19812673  
1 AMPD1 rs926938, rs761755 24189344  
1 CSDE1 rs8453, rs11558867, rs10489525 24189344  
1 DENND2C rs6537841, rs7539721 24189344  
1 RASSF5 rs11118968 22843504  
1 SLC22A15 rs12726299 22843504  
1 TRIM33 rs6537825, rs1102800,rs383773, rs3827735 24189344  
1 TRIM33 rs11582563, rs11585926, rs7511633, rs6661053 24189344  
2 DNER rs6752370 22843504  
2 ERBB4 rs1879532 22843504  
2 GALNT14 rs10205350 22843504  
2 PARD3B rs4675502 22843504  
3 YEATS2 rs263025, rs263030 22843504  
4 ZNF827 rs12331851 22843504  
5 CTNND2 rs6891903 22843504  
5 FER rs3797817 22935194  
5 FLJ46010 rs29456 22843504  
6 CDKAL1 rs7741604 22843504  
6 SLC22A3 rs12194182 22843504  
7 CNTNAP2 rs1718101, rs7794745 22843504  
7 RAC1 rs836474 22843504  
7 SDK1 rs17134117 22935194  
8 FAM135B rs2056412 22935194  
10 PCDH15 rs1930165 22843504  
10 SORCS1 rs7910584 22843504  
11 GUCY1A2 rs11211996 22843504  
11 NELL1 rs1429793 22935194  
11 PC rs7122539 22843504  
11 PICALM rs669556, rs618679, rs527162, rs2077815 24189344  
11 ZBTB16 rs3782000 22843504  
12 TMEM132B rs16919315 22843504  
14 PPP2R5C rs7142002 20663923  
14 SYNE2 rs2150291 22843504  
16 TAF1C rs4150167 22843504  
17 RPH3AL rs7207517 22843504  
17 SLC39A11 rs9302952 22843504  
18 LAMA1 rs600695 22843504  
18 LIPG rs2000813 22843504  
18 MYOM1 rs10853291 24189344  
20 MACROD2 rs4141463, rs14135, rs6110458, rs1475531 20663923  
20 SLC23A2 rs6053022 22843504  
21 ERG rs2836439 22843504  
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Common variants are very significant as genetic determi-
nants of autism. A recent study using the whole-genome 
SNPs from a unique population-based family sample in 
Sweden estimated the narrow-sense heritability to be 
52.4%, which is mostly attributed to the common varia-
nts. However, no specific variant was found at a genome- 
wide significance in this study [16]. This implies that 
many genetic variants remain undetected, possibly due 
to the limited sample size. Few previous genetic studies 
have considered thepossible role of environmental fact-
ors as well as their interactions with genetic variants. Un-
like rare variants that may directly cause biological dys-
function, common genetic variants may affect the risk of 
ASD through their interaction with environmental facto-
rs, influencing the expression of genes and then leading 
to the development of ASD. Furthermore, the common 
variants found so far implicate many biological mechan-
isms including cell-adhesion molecules, axonal guidance, 
histone acetylation, calcium channel signal and transcri-
ption. This range of possible mechanisms certainly war-
ants further studies that incorporate genetic and envi-
ronmenttal factors simultaneously. 

Rare de novo variants 

The substantial research effort has been invested in ate-
mpts to discover rare variants that contribute to autism 
through copy number variations analysis, whole-exome 
sequencing and whole genome sequencing. The first sig-
nificant copy number variations analysis was perform-
ed in 111 families with sporadic cases of autism, 47 fam-
ilies with multiple cases of autism and 99 control fam-
ilies. De novo CNVs were identified in 10% of patients 
with sporadic cases of autism, 3% of patients with affect-
ted first-degree relatives, and 1% of controls without a 
diagnosis of autism. This indicates that de novo germline 
mutations account for a proportion of ASD [18]. Subseq-
uently, more studies have searched for de novo mutati-
ons and found several sites or genes with de novo CNVs, 
located at 15q11-13, 16p11.2, 15q24 or disrupting NRXN 
1, CNTN4, NLGN1, UBE3A, PARK2, RFWD2, FBXO40, SHA-
NK3, NLGN4X, DPP6, DPP10, PCDH9, ANKRD11, DPYD, PT-
CHD1, SHANK2, SYNGAP1, DLGAP2 and DDX53-PTCHD 
[27–31] (Table 2). 

Table 2. Copy number variations detected in individuals with Autism Spectrum Disorder. 

Chr CNV Type  Region Disrupted Genes Pubmed ID 
1 dup 1q25.1-q25.2 RFWD2 19404257 
1 del 1p21.3 DPYD 18252227 
2 del 2p15-p16.1 PEX13, FANCL 16963482 

2 ins 2p16.3 NRXN1 18179900 
2 del 2p16.4 NRXN1 17322880 
2 dup 2q14.1 DPP10 18252227 
3 del/dup 3p26.3 CNTN4 18349135 
3 dup 3q26.31 NLGN1 20010541 
3 dup 3q13.33 FBXO40 19404257 
6 del 6q25.2-q27, PARK2 19404257 
6 del 6p21.32 SYNGAP1 19196676 
7 del 7q36.2 DPP6 18252227 
8 dup 8p23.3 DLGAP2 17630015 
11 del 11q13.3-q13.4 SHANK2 20531469 
13 dup 13q21.32 PCDH9 18252227 
15 del/dup 15q13 FAN1, MTMR10, TRPM1, KLF13, OTUD7A, CHRNA7 27459725 
15 dup 15q11-13 UBE3A 19404257 
15 del/dup 15q24 More than 50 genes 21480499 
16 del/dup 16p11.2 ATP10A, GABRB3 18184952 
16 del 16q24.3 ANKRD11 18252227 
22 del 22q13.3 SHANK3 17173049 
X del/dup X  NLGN4X 12669065 
X del Xp22.11 PTCHD1 18252227 

A whole exome study of ASD first identified de novo single 
point mutations in 4 out of 20 probands, particularly amo-
ng more severely affected individuals, in FOXP1, GRIN2B, 
SCN1A and LAMC3 [19]. Later, more than one hundred mu-
tational variants were detected; for example, at CHD8, 
POGZ, NTNG1, KATANAL2, SCN2A, GIGYF2, MYT1L, CUL3, 
DOCK8, and ZNF292 [32–34]. Some rare variants have been 
reported in multiple studies. Recently, 18 new candidate 
genes were found in ASD by using a large whole-genome 
sequencing in more than five thousand ASD families; and 
there were an average of 73.8 de novo single nucleotide 
variants and 12.6 de novo insertions and deletions or copy 

number variations per ASD subject [35]. Many rare muta-
tions have been identified in at least three independent 
studies (Table 3). 

While contributing little to the heritability, all these studies 
suggest that de novo rare variants play a role in the etiology 
of ASD. The major pathways implicated for biological me-
chanisms include synaptic formation and stabilization, the 
growth of dendrites and axons, neuron branches and migr-
ation [36]. A whole-exome sequencing study in more than 
2,500 simplex families, each having a single child with ASD, 
estimated that coding de novo mutations contribute to abo-
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ut 30% of all simplex diagnoses [32]. A whole-genome seq-
uencing study of 85 family-Quads (i.e., parents with one aff-
ected and one unaffected child) found 69.4% of the un-
affected siblings carried different ASD-relevant mutations 
[20]. These studies indicate that rare de novo mutations 

contribute substantially to individual liability and emphas-
izes that substantial genetic heterogeneity exists in ASD. 
However, these rare de novo variants may be due to envir-
onmental exposures. 

 

Table 3. Rare mutations that have been identified by at least three studies of Autism Spectrum Disorder. 

Chr Gene Pubmed ID 
2 PRKCQ, CELF2, CAMK1D 29700473, 28965761, 26749308 
2 TCERG1L 28965761, 25363768, 26749308 
2 ECHS1, ANO9, PHRF1 28965761, 25363768, 25961944 
2 MS4A4A, VWCE 28965761, 29700473, 25363768 
2 C2CD3 28965761, 25961944, 26749308 
2 MMP8 25363768, 28965761, 26749308 
3 NLRX1, CBL, MCAM 25961944, 28965761, 25363768 
3 MFRP, GRIK4 25363768, 26749308, 28965761 
3 MED13L 26749308, 28965761, 25363768 
3 NCOR2, TMEM132B 25363768, 28965761, 26749308, 29700473 
4 CARKD, DCUN1D2, GAS6-AS2 25363768, 28965761, 29700473 
4 CCDC88C, SMEK1, TRIP11 25961944, 28965761, 25363768 
5 CREBBP, ADCY9, C16orf96 25961944, 25363768, 26749308 
6 MYO1D, ASIC2, TMEM132E 25363768, 26749308, 28965761 
7 ANKFN1, MSI2 29700473, 26749308, 28965761 
7 TRAPPC8, KLHL14 28965761, 25363768, 25961944 
7 HDHD2 25363768, 28965761, 29700473 
7 PIK3R2, IFI30, ZNF43 28965761, 25363768, 29700473 
8 BRSK1, NLRP11 26749308, 25961944, 28965761 
8 CPSF3, PDIA6 25961944, 26749308, 28965761 
9 SRBD1, PRKCE 25363768, 28965761, 29700473 
9 FLJ30838, BCL11A 26749308, 29700473, 25363768 
9 MBD5 26749308, 23160955, 25363768 
9 NR4A2, UPP2 25363768, 29700473, 26749308 
12 CSRNP1, CTNNB1 29700473, 26749308, 23160955 
12 CACNA1D, CACNA2D3 25418537, 26749308, 28965761, 29700473 
15 TRIO, FBXL7 25363768, 28965761, 26749308 
21 FBXO10, CNTNAP3, PIP5K1B 25363768, 28965761, 26749308 
21 PIP5K1B, APBA1, PTAR1 26749308, 28965761, 25363768 
21 FBXO10, CNTNAP3, PIP5K1B 25363768, 28965761, 26749308 
22 DNM1, PTGES 28965761, 25363768, 25961944 

ENVIRONMENTAL RISK FACTORS 

The range of environmental risk factors in etiological 
studies of ASD is very broad and includes not only factors 
in the physical environment such as air pollution, heavy 
metals, toxic substances, microorganism, and pharmacy-
ological medications, but also includes physiological, infe-
ctious and psychosocial environmental exposures to which 
parents and/or offspring were exposed before or after bir-
th. For example; advanced parental age, allergic and auto-
immune diseases, mental stress and disorders, delivery mo-
de and premature birth have been suggested as risk fact-
ors for ASD [37]. A rigorous quantitative estimate of gene-
tic heritability of ASD and shared environment with twin 
pairs have indicated that a large proportion of the variance 
in the liability of ASD (58%) can be explained by the shared 
environment in addition to moderate genetic heritability 
(38%) [38]. Furthermore, many environmental factors 
that may interact with genes have been associated with the 

onset of ASD, and their influence may distribute across a 
wide range of the early life, from germ cell to the early pos-
tnatal development [37,39] (Table 4).  

Advanced parental age 

Advanced parental age has been suggested as a risk factor 
for ASD. A Western Australia population-based study com-
prising 465 cases, 481 siblings of the cases and 1,313 con-
trols has shown that ASD patients tend to be offspring of 
older parents [40]. Additionally, a meta-analysis of epide-
miological studies showed that advanced paternal age is a 
risk factor for ASD in the offspring [41]. Another review 
and meta-analysis also supported an association between 
advancing maternal age and risk of autism [42]. The poss-
ible underlying biological mechanism might be that de 
novo genomic aberrations such as CNVs, mutations, or epi-
genetic alterations are associated with aging [43,44]. 
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Table 4. Main environmental factors associated with Autism Spectrum Disorder. 

Main Type  Details 
Physical factors 
 Air pollution PM2.5, PM10, NO2, O3, etc. 
 Heavy metals Lead, mercury, etc. 
 Toxic substances Pesticides, herbicides, other endocrine-disrupting chemicals (fragrance, 

testosterone, etc.) 
 Medication drugs Exposure to selective serotonin reuptake inhibitor (SSRIs), Benzodiazepines, 

Valproate, or Antiviral drugs (acyclovir, etc.) medication during pregnancy 
Physiological and pathological factors  
 Advanced age Paternal and maternal age 
 Delivery mode Cesarean delivery 
 Allergic and autoimmune diseases Asthma, Atopic Dermatitis, etc. 
 Infection and parasite Bacterial or viral infections, Toxoplasma gondii during pregnancy 
 Abortion Induced and threatened abortion 
 Premature birth The gestational week of childbirth <37 weeks  
Psychological factors 
 Mental stress Family issues and psychosocial stress during pregnancy  
 Mental disorders Major depressive disorder and other psychiatric problems 

Gestational conditions 

The association between infections in pregnancy and ASD 
has long been noted. In the 1970s, Stella Chess found a 
high prevalence of autism in children with congenital 
rubella syndrome (CRS), which was 200 times that in the 
general population [45]. Although rubella infections 
have been greatly reduced in the past few decades, rec-
ent evidence linking ASD to rubella are still found [46]. 
In addition, viral, bacterial and parasitic infections inclu-
ding flu, measles, mumps, chickenpox, polio, pneumonia, 
sinusitis, tonsillitis, and toxoplasma gondii, have also 
been associated with ASD in retrospective and prospe-
ctive studies [47–49]. Recently, in a large prospective 
study comprising 874 ASD and 874 matched controls 
from the Finnish national birth cohort (n=1.2 million) 
and the national psychiatric registries, parasitic infection 
with toxoplasma gondii was consistently associated with 
ASD [50]. The hypothesis of maternal immune activation 
(MIA) may explain the link between diverse maternal 
infections and ASD [51]. 

Psychosocial stress during pregnancy may increase the 
risk of developmental abnormallities in offspring and has 
been identified as a risk factor for mental disorder in chi-
ldren [52–54]. In the early 1990s, Ward reported that 
mothers of autistic children were more likely to experi-
ence family issues and diagnoses of psychiatric problems 
than the mothers of normal children [55]. A subsequent 
study found that mothers of children with ASD were 
more likely to have suffered from psychosocial stress in 
pregnancy than mothers of typically developed children. 
A higher number of maternal psychosocial stressors was 
observed at 21–32 weeks gestation, with a peak at 25–28 
weeks, who gave birth to children with autism [56]. Al-
though genestress interaction might be a potential expl-
anation, empirical studies are relatively scarce [54].  

Mothers who used medications during pregnancy might 
increase the risk of ASD in offspring. A Danish populat-
ion-based case-control study comprising 473 ASD and 
4,712 controls showed that maternal use of medicine 

during pregnancy may have a 1.5 fold increase in the risk 
of ASD in offspring. Additionally, a detailed analysis of 
different types of medications used during pregnancy 
indicated that the use of psychoactive drugs was asso-
ciated with ASD [57]. Subsequently, a number of studies 
reported that maternal exposure to selective serotonin 
reuptake inhibitors (SSRIs) during pregnancy could incr-
ease the risk of ASD in offspring [58–60]. However, the 
evidence of the association between SSRIs and ASD lacks 
consistency [61,62]. Additionally, some neuropsychiatric 
drugs such as benzodiazepines, valproate, and antiviral 
drugs such as acyclovir are banned for pregnant women 
due to their severe adverse effect on fetal nervous sys-
tem development. 

Obstetric and perinatal conditions  

Threatened abortion has been considered a risk factor 
for ASD. A meta-analysis of studies showed that threat-
ened abortion could increase the risk of ASD in offspring 
by 81% [63]. This possible association is confounded by 
the fact that threatened abortion (a) has been associated 
with many child developmental disorders and (b) is 
likely caused by many factors such as fetal genetic def-
ects, the maternal reproductive environment, maternal 
exposure to a toxic and harmful substance as well as phy-
sical and psychological trauma. Therefore the associ-ation 
between threatened abortion and ASD might be compli-
cated and the two conditions might simply share a num-
ber of common risk factors. One population-based study 
indicated that mothers of children with ASD had a higher 
prevalence of threatened abortion than mothers of cont-
rols, however the cases did not differ from that seen in 
their siblings [40]. Another population-based study inve-
stigated all live singleton births in Western Australia be-
tween January 1984 and December 1999 (n= 383,153) 
and found that threatened abortion was only associated 
with an increased risk of ASD with intellectual disability, 
but not for ASD without intellectual disability [64]. The-
refore, further studies are needed that account for com-
prehensive phenotype measurements of children with 
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ASD, the possible causes of threatened abortion as well 
as other potential genetic and environmental factors. 

Premature birth (<37 weeks) is associated with many 
developmental disorders due to the immaturity of the 
nervous system and has been identified as a significant 
risk factor for ASD [65]. A previous small retrospective 
study (n=91) found twenty-six percent of extremely pre-
term infants were positive in autism screening [66]. In a 
subsequent prospective study investigating all births at 
less than 26 weeks of gestation in the United Kingdom 
and Ireland in 1995, extremely preterm births had signi-
ficant impairment in social communication compared to 
their classmates, and 8% of extremely preterm births 
were diagnosed with ASD [67]. In a recent report from 
the Autism and Developmental Disabilities Monitoring 
(ADDM) Network, the average population attributable 
fractions of premature delivery were 4.2% for the 1994 
cohort (n =703) and 2.0% for the 2000 cohort (n=1,339) 
[68]. However, there are still some inconsistencies. For 
example, the significant association between preterm 
birth and ASD was not found in a cohort study in Sweden, 
which was with 408 ASD and 2,040 matched controls 
[69]. In another cohort study in Denmark with 473 ASD 
and 4,712 matched controls, the association between 
preterm birth and ASD was significant in the crude analy-
sis but became less significant when adjusted for mother 
and fathers age, mothers citizenship, birthweight, Apgar, 
birth defect and irregular fetal position [57]. It must be 
noted that premature delivery is not an exogenous vari-
able since it may be affected by many other environmen-
tal factors and the maternal genetic background. In some 
cases, prematurity may indeed be a key mediator of risk 
for autism. Therefore, one or more studies with rigorous 
design and sophisticated analyses may be needed to val-
idate or invalidate this association. 

Cesarean delivery is common in more developed countr-
ies and has increased rapidly along with economic gro-
wth in less developed countries such as China [70]. Alth-
ough cesarean birth can avoid many adverse events of 
natural childbirth, it may increase the risk of ASD in 
offspring significantly [71]. Two population-based studi-
es found that ASD patients were more likely to be deli-
vered by an elective or emergency cesarean section [40, 
69]. In a recent cohort study of ASD, the average popu-
lation attributable fractions for cesarean birth were 7.9% 
for the 1994 cohort and 6.7% for the 2000 cohort [68]. 
Nevertheless, the association between cesarean birth 
and ASD in offspring is still inconclusive. A Danish popu-
lation-based study found that only scheduled cesarean 
sections were associated with infantile autism, and its 
significance was influenced by many factors such as par-
ental age, birth weight, birth defects and aberent fetal 
presentations [57]. Although the mechanism underlying 
this association is unclear, anesthesia during childbirth, 
the absence of passage through the birth canal, lack of 
exposure to the maternal vaginal microbiome, and possi-
bly other factors might be involved. 

Environmental pollution 

Environmental pollution such as air pollution, pesticides, 
herbicides, endocrine-disrupting chemicals (EDC), and 
heavy metals can persistently affect offspring from expo-
sures across a range of developmental stages from the 
germ cell stage through postnatal early childhood and 
lead to an increased risk of ASD [37,72–74]. Most studies 
focus on exposure in one or more of critical windows, 
including (1) the first to the third trimester of pregnancy, 
(2) the entire pregnancy, and (3) the postnatal period. 
Fewer studies have been conducted to examine the effect 
of exposure throughout all of the critical developmental 
windows. Flores-Pajot et al. reported that exposure to 
PM2.5 and NO2 during pregnancy or after birth was asso-
ciated with an increase in the risk of ASD while exposures 
to O3 was weakly associated with ASD during either the 
third trimester of pregnancy or the entire pregnancy 
[75]. These findings imply that the effect of maternal exp-
osure to air pollution on neural development in offspr-
ings may vary with the type of pollution and the period 
of pregnancy. Although many studies from the United 
States indicate that exposure to air pollution in early life 
is associated with ASD in children, European data sho-
wed that early-life exposure to low levels of NOx and 
PM10 from road traffic did not appear to increase the risk 
of ASD [76]. 

Furthermore, the effect of environmental factors or hor-
mone exposures may have differences by sex of the off-
spring. First, exposure to fragrances may lead to male 
bias in the risk of ASD, and the possible mechanism is 
that men may lack OXYP+ and AVPR+ neurons [77]. Sec-
ond, maternal exposure to prenatal and neonatal testo-
sterone of fetal origin may be associated with sexual dim-
orphism in ASD [78]. Finally, some toxic exposures may 
interfere with conduction of electrical or chemical sign-
als during development and cause neurodevelopmental 
disorders, whereas other exposures may disturb the en-
docrine and immune systems and evoke abnormal mate-
rnal immune responses which may, in turn, increase the 
risk of ASD [73]. 

SUMMARY  

While many genetic variants and environmental risk 
factors have been identified in ASD, more attention shou-
ld be paid to the interacttion between genes and the 
environment. To conduct these types of studies, cohorts 
will need to be well-characterized in terms of genetics 
and in terms of accurate measurements of maternal exp-
osures to environmental factors. Accounting for both 
classes of variables (gene and environment) should incr-
ease the power to detect genetic variants that may be 
more robustly associated with ASD. In the MIA hypo-
thesis, maternal immune activation during pregnancy is 
considered as a general liability of risk of ASD and it may 
make an individual more vulnerable to the influence of 
genetic and environmental factors [51]. In terms of epi-
genetic mechanisms, environmental factors can mod-ify 
the expression of genes via epigenetic changes which 
may thereby lead to an increased risk of ASD [79]. All of 
these hypotheses and potential interactions among them 
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need to be further tested with more empirical studies. 
For example, based on data from the Childhood Autism 
Risks from Genetics and Environment (CHARGE) study 
which started in 2006 [80], Kim et al. reported in 2017 
that global copy number variation (duplication) may int-
eract with certain environmental factors (ozone) to incr-
ease the susceptibility of ASD [81].  

We acknowledge the challenges in conducting such stud-
ies, especially when it comes to the interaction between 
genes and the environment. First, quantitative measures 
of the exposure to many environmental factors of many 
types are a challenge to perform and many will need to 
be carried out over various periods of time in order to 
adequately document the levels and duration of such 
exposures and how those attributes relate to various 
developmental intervals. Not only are those measure-
ments of environmental factors costly and time-consu-
ming, genotyping large numbers of samples also dem-
ands substantial research resources. 

Study of both genetic and environmental factors asso-
ciated with ASD can provide new evidence for effective 
prevention or to identify novel drug targets for develo-
ping future therapies for ASD. Given that, the cost of chip-
based whole genome genotyping has dropped, it will be 
possible to conduct one or more large-scale studies on 
population-based samples. A cohort study with a follow-
up of a number of parents, especially for those exposed 
to specific environmental factors of interest to examine 
how the environment may cause the development of ASD 
or other neurodevelopment disorder should be under-
taken. Those studies would provide opportunities to id-
entify high-risk sub-populations for prevention or early 
therapeutic treatment(s). Finally, additional patient coh-
orts need to be established in order to monitor other co-
morbidities of ASD children during their critical stages of 
development.  
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