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Abstract

Recent research on the etiology of autism spectrum disorder (ASD) has shifted in part from a
singular focus on genetic causes to the involvement of environmental factors and their gene
interactions. This shift in focus is a result of the rapidly increasing prevalence of ASD coupled
with the incomplete penetrance of this disorder in monozygotic twins. One such area of
environmentally focused research is the association of exposures to endocrine disrupting
compounds (EDCs) with elevated risk for ASD. EDCs are exogenous chemicals that can alter
endogenous hormone activity and homeostasis, thus potentially disrupting the action of sex and
other natural hormones at all stages of human development. Inasmuch as sex hormones play a
fundamental role in brain development and sexual differentiation, exposure to EDCs in utero
during critical stages of development can have lasting neurological and other physiological
influences on the developing fetus and, ultimately, the child as well as adult. This review will
focus on the possible contributions of EDCs to autism risk and pathogenesis by first discussing the
influence of endogenous sex hormones on the autistic phenotype, followed by a review of
documented human exposures to EDCs and associations with behaviors relevant to ASD.
Mechanistic links between EDC exposures and aberrant neurodevelopment and behaviors are then
considered, with emphasis on EDC-induced transcriptional profiles derived from animal and
cellular studies. Finally, this review will discuss possible mechanisms through which EDC
exposure can lead to persistent changes in gene expression and phenotype, which may in turn
contribute to transgenerational inheritance of ASD.
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Introduction

Autism spectrum disorder (ASD) describes a complex set of neurodevelopmental disorders
characterized by repetitive behaviors and restricted interests as well as impairments in many
areas of social functioning and communication (American Psychiatric Association, 2013).
ASD currently affects 1 in 68 children according to the latest estimate from the CDC
(Christensen et al., 2016). Studies on the concordance of autism diagnosis between identical
twins and among siblings have indicated a strong genetic component contributing to ASD
(Bailey et al., 1995). The fact that some genetically-defined disorders such as Fragile X
Syndrome, tuberous sclerosis, and Rett Syndrome are also associated with autistic traits
further reinforces the notion of ASD as a genetic disorder (Cohen et al., 2005). However,
genetic factors alone do not explain all of the pathogenicity and variability in ASD. Studies
examining concordance rates between monozygotic twins reveal that although the
concordance rate of ASD between monozygotic twins was significantly higher than that of
dizygotic twins, the penetrance was still incomplete, suggesting that environmental factors
may play a significant role in the etiology and/or pathogenesis of ASD (Hallmayer et al.,
2011; Tordjman et al., 2014). Because of the rapidly increasing prevalence of ASD, recent
research has focused on potential environmental contributors to the development of ASD
(Hu, 2013; LaSalle, 2013). One such area of research is in the effect of prenatal hormone
exposure, both endogenous and exogenous, on neurodevelopment and behavior, a subject
comprehensively reviewed by Gore et al. (2014). Among the exogenous factors considered,
endocrine disrupting compounds (EDCs) include environmental, agricultural, industrial,
nutritional, as well as pharmaceutical chemicals that alter hormone activity by either
mimicking natural hormones or antagonizing their actions and/or homeostasis in cells and
organisms as a whole, since maternal exposure to EDCs could expose developing fetuses by
way of the placenta during pregnancy. In addition, persistent EDCs that often accumulate in
fatty tissues can be passed postnatally to the newborn through mother’s milk (Grandjean et
al., 2004). Table 1 provides examples of ubiquitous EDCs, divided into those with either
short (days to <1 year) or long (>1 year) half-lives, and their uses to provide context with
respect to possible routes of human exposures.

This review will focus on the possible contributions of EDCs to autism risk and
pathogenesis by first discussing the impact of EDCs on endogenous hormones and the
influence of endogenous hormones on the autistic phenotype, followed by consideration of
evidence for human exposures to EDCs that correlate with behaviors relevant to ASD, and a
review of evidence for the impact of EDCs on neurodevelopment and behavior derived from
animal and cellular studies. Finally, this review will discuss possible mechanisms by which
EDC exposure can lead to persistent changes in gene expression and phenotype, which may
in turn contribute to transgenerational inheritance of ASD. The schematic in Figure 1
summarizes the ways in which EDCs, in combination with genetic predisposition, can
impact various functions and pathways (as well as their cross-talk) to lead to the clinical
manifestations and behaviors of ASD.
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Impact of EDCs on endogenous hormones

During development, the fetal brain is exposed to endogenous hormones from both the fetus’
own developing reproductive system as well as that of its mother. These prenatal hormones
play important roles not only in brain development but also in sexual dimorphism in the
brain, with changes persisting into adolescence and adulthood during which sexually
dimorphic behaviors are manifested (Berenbaum and Beltz, 2016; Cohen-Bendahan et al.,
2005; Gore et al., 2014; McCarthy, 2016). Sex-specific manifestations encompass both
reproductive and non-reproductive behaviors. It has been known for a long time that
injection of testosterone into animal models causes masculinization of behavior (Phoenix et
al., 1959). Because the enzyme p450 aromatase converts testosterone to estradiol, injection
of estradiol has a similar masculinization effect (McEwen et al., 1977). More recent research
has found that androgens directly cause masculinization in nonhuman primates rather than
going through an estradiol intermediate as in rodents (Wallen, 2005). However, the precise
pathways through which the sex hormones induce masculinization as well as sexually
dimorphic brain development and behavior in humans are still not clear. Nevertheless, the
condition known as Androgen Insensitivity Syndrome (AIS) in which genetically male
individuals exhibit a female phenotype both physically and behaviorally due to mutations in
the gene for androgen receptor clearly demonstrates a role for androgens in these
developmental processes in humans (Brown et al., 1993; Galani et al., 2008).

Endocrine-disrupting chemicals have been shown to alter endogenous hormone levels in
humans. Exposure to multiple types of phthalates was correlated with reduced levels of
thyroid hormones and progesterone in pregnant mothers (Johns et al., 2015). Maternal
exposure to EDCs during pregnancy has also been linked to hormonal changes in the
exposed children. For example, maternal exposure to the flame retardant BDE-153 was
associated with a 92.4% increase in their sons’ testosterone levels at age 12 as well as
changes in gonadotropic hormones (Eskenazi et al., 2017). Bisphenol A has also been linked
with reductions in thyroxine (T4) levels in pregnant mothers in addition to reduced thyroid
stimulating hormone (TSH) in their sons but not daughters (Chevrier et al., 2013). Thus,
aside from serving as agonists and antagonists of the steroid hormone receptors to interfere
with normal hormonal signaling, EDCs can also affect the levels of endogenous hormones
and hormonal homeostasis, in part by modulating the activity and expression of key steroid
metabolizing enzymes (Alléra et al., 2004; Whitehead and Rice, 2006). These and other
mechanisms through which EDCs affect hormone action and homeostasis together with
outcomes of EDC exposures have been extensively reviewed in the literature (Diamanti-
Kandarakis et al., 2009; Lee and Jacobs, 2015). With respect to developmental disorders,
such as ASD, the timing of exposure is also important, with most epidemiological studies
focusing on prenatal and early-life exposures during critical periods of development in
which hormonal contributions are especially important (Braun et al., 2017a; Braun, 2017;
Vrijheid et al., 2016).

The relationship between sex hormones and ASD

Autism spectrum disorder is approximately 4.5 times more prevalent in males than in
females according to the latest prevalence estimates reported by the U.S. Centers for Disease
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Control and Prevention (Christensen et al., 2016). The male dominance in ASD suggests that
sex hormones could play a role in the diagnostic gap between males and females. The
“extreme male brain theory” of autism in particular postulates that excess prenatal androgen
exposure could be a possible cause of this male bias (Baron-Cohen et al., 2005). In support
of the extreme male brain theory of autism, elevated levels of testosterone in amniotic fluid
have been associated with poor social relationships and the development of restricted
interests in the exposed child (Knickmeyer et al., 2005). Additional studies by the Baron-
Cohen group associated elevated fetal (but not postnatal (Auyeung et al., 2012)) testosterone
levels with a variety of autistic traits, including reduced frequency of eye contact at 12
months of age (Lutchmaya et al., 2002), reduced vocabulary size from 18 to 24 months
(Lutchmaya et al., 2001), and reduced scores on the Empathy Quotient (EQ) with increased
Systematizing Quotient (SQ) at 96 months (Auyeung et al., 2006; Chapman et al., 2006).
Moreover, studies of endocrine disorders such as congenital adrenal hyperplasia (CAH) and
polycystic ovary syndrome (PCOS), which are both associated with higher levels of
testosterone in females, have found a higher prevalence of autistic traits in female children
of the affected women (Knickmeyer et al., 2006; Palomba et al., 2012), further associating
higher fetal exposures to testosterone with ASD phenotypes. However, a recent study on
androgen levels in umbilical cord blood and ASD phenotypes in infants with an older sibling
already diagnosed with ASD did not replicate this direct association (Park et al., 2017).
Interestingly, the study revealed a positive association between cord blood testosterone levels
and ASD traits in the at-risk younger sibling only when the diagnosed older sibling was a
female (regardless of the sex of the infant), suggesting an interaction between the male
hormones and a genetic liability factor present in families with females affected by ASD.
Without any information on the implied gene-hormone interaction, the mechanistic link
connecting testosterone to ASD remains unclear.

A study by Sarachana et al. (2011) offers a plausible explanation for the elevated
testosterone levels as well as the male bias in ASD. This study demonstrated the opposing
effects of androgen (specifically, dihydrotestosterone) and estrogen (beta-estradiol) on the
expression of retinoic acid-related orphan receptor-alpha (RORA), a gene previously found
to exhibit reduced expression in both lymphoblastoid cell lines as well as postmortem brain
tissues derived from individuals with ASD (Hu et al., 2009; Nguyen et al., 2010). It was
noted that dihydrotestosterone reduced the expression of RORA while estradiol increased its
expression in SH-SY5Y neuroblastoma cells, a neuronal cell model (Sarachana et al., 2011).
Moreover, RORA, a nuclear hormone receptor that functions as a transcriptional modulator,
was shown to regulate the expression of aromatase whose protein level was highly correlated
(r2 = 0.91) with that of RORA in brain tissues. Collectively, these observations may explain
the higher testosterone levels associated with autism inasmuch as lower aromatase levels are
expected to lead to a buildup of its substrate testosterone, which can further inhibit RORA
expression, thus exacerbating RORA deficiency. Because estradiol has been shown to
increase RORA expression, higher estradiol levels in females may protect against conditions
that lead to RORA deficiency, thus lowering female susceptibility to ASD. The influence of
sex hormones on RORA expression may thus contribute to the sex bias present in autism.
Moreover, genome-wide analysis for transcriptional targets of RORA revealed over 2500
other genes potentially regulated by RORA, including more than 400 autism risk genes
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identified by genetics and functional analyses (Sarachana and Hu, 2013). Based on these
findings, we proposed that dysregulation of RORA expression by hormones or hormone-like
substances, such as EDCs, may trigger a cascade of transcriptional deregulation of genes
relevant to autism pathogenesis (Hu, 2012). The fact that RORA is expressed in the human
frontal cortex and cerebellum before birth (from 12-37 weeks post-conception) leaves open
the possibility that this gene may be subject to prenatal dysregulation by EDCs as well as by
aberrant levels of endogenous hormones (Hu et al., 2015).

Aside from testosterone and estradiol, other steroid hormones, such as progesterone, 17a.-
hydroxy-progesterone, androstenedione, and cortisol, measured in amniotic fluid of pregnant
women, have also been linked to ASD in their children (Baron-Cohen et al., 2014). This
finding suggests that an overall elevated fetal steroidogenic activity is associated with
autism. Lower thyroid stimulating hormone (TSH) response has also been correlated with
autism in boys (Singh et al., 2017; Tareen and Kamboj, 2012). This observation is significant
because TSH, like the sex hormones, is also essential for brain development (Howdeshell,
2002; Zoeller and Rovet, 2004), and is a well-known target of EDCs (Miller et al., 2009). In
fact, prenatal bisphenol A (BPA) concentrations in maternal serum from late pregnancy has
been shown to be associated with reduced TSH in newborn girls, but not boys (Romano et
al., 2015).

Human exposure to EDCs

Humans are exposed to low levels of ubiquitous EDCs throughout their lives (Braun, 2017;
Colborn and Carroll, 2007; Gore et al., 2014; Heindel et al., 2015; Schug et al., 2016). For
example, over 92% of the U.S. population were found to have detectable levels of bisphenol
A (BPA), a component of plastics and resins, in their urine (Calafat et al., 2008), and over
57% of the U.S. population had exposure to 4-tertiary-octylphenol (tOP), which is used in
rubber tire production as well as in inks for printers. As illustrated in Table 1, many EDCs
are organic pollutants, but some can be pharmaceuticals, such as valproic acid (VPA),
ethinyl estradiol, and diethylstilbestrol (DES). Interestingly, VPA when taken during
pregnancy is a known risk factor for ASD (Christensen et al., 2013), while DES (now
discontinued as a medication to prevent miscarriage) has been shown to associate with clear
cell adenocarcinoma and other cervical abnormalities in the daughters of women who used
DES during pregnancy (Smith et al., 2012). In addition to pharmaceuticals, some foods, such
as soy, also have been shown to have hormonal or endocrine disrupting activity. A large part
of the exposure to organic pollutants comes from contact with a diverse group of common
consumer items, such as the plastic linings inside food and beverage containers, soft toys,
thermal receipts, dental sealants, household materials (e.g., flooring, non-stick cookware),
flame-retardants in clothing in upholstery as well as air and water pollution from vehicular,
agricultural and industrial waste products, with some chemicals (e.g., PFOA, PFOS, PCBs,
and PBDEsS) persisting in the environment well beyond the initial contamination. These
long-lived EDCs, which tend to accumulate in fatty tissues of exposed individuals, can thus
pose a threat to human health even years after they are banned from production or use.
Humans can be exposed to EDCs via contamination of groundwater by agricultural chemical
runoff containing pesticides, such as dichlorodiphenyltrichloroethane (DDT) and herbicides,
such as atrazine (Winchester et al., 2009). People living near motorways are also at risk of
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higher exposure to EDCs (such as PAHs) which are often components of hazardous air
pollutants in vehicular exhaust (Windham et al., 2006). Other possible routes of EDC
exposure in humans is through personal care products such as cosmetics, soaps, and
sunscreens, many of which contain phthalates (Philippat et al., 2015a; Philippat et al.,
2015b). Although most human exposures to EDCs are at low dosages which are often below
the presumably safe lower limits for exposure established by regulatory agencies, such as the
Environmental Protection Agency, they still have the potential to disrupt normal hormonal
activity, typically at the levels of endogenous hormones (e.g., in the nanomolar range), that
are well below those established as “safe” by toxicological studies (Vandenberg et al., 2012).

Impact of EDCs on risk for ASD and neurodevelopment

Due to the importance of sex hormones on brain development, it has been proposed that
prenatal and perinatal exposures to EDCs may increase risk for ASD by inducing long-
lasting neurological and behavioral effects through the disruption or dysregulation of normal
hormonal signaling pathways (Braun, 2012; Rebuli and Patisaul, 2016; Schug et al., 2015).
Early epidemiological studies based on geographically or temporally exposed populations
have correlated residential distance from agricultural pesticide applications, poundage of
pesticide application, and distribution of hazardous air pollutants with an increased risk for
ASD (Roberts et al., 2007; Windham et al., 2006). More recent studies based on
biomonitoring of EDCs in bodily fluids, such as urine or serum, from pregnant women
sought to establish a link between the prenatal body burden of the measured chemicals and
risk for ASD in the children of these women. A Finnish case-control study investigating risk
associated with exposure to persistent organic pollutants (including a variety of PCB
congeners, DDT, and DDE) measured in archived maternal serum and diagnosis of ASD in
the child found no significant differences in odds ratios for ASD due to EDC exposures
among 75 ASD cases and 75 controls, although the adjusted odds ratio was 1.91 (p = 0.29)
for subjects with total PCB levels above the 90t percentile (Cheslack-Postava et al., 2013).
A later study on PCBs and organochlorine pesticides which included 545 children with ASD
and 418 controls corroborated the findings for at least some of the PCB congeners measured
in mid-pregnancy serum, with adjusted odds ratios of 1.79 and 1.82 for PCB138/158 and
PCB153, respectively, when comparing the highest and lowest quartiles of exposures (Lyall
et al., 2016). Moreover, prenatal exposures to polybrominated diphenyl ether (PBDE) flame
retardants that are commonly used in furniture and construction materials, have been found
to associate with poorer prefrontal cortex functions, including attention and executive
functions (Eskenazi et al., 2017; Sagiv et al., 2015). In contrast to the studies showing
associations of PCB and PDBE exposures with ASD-related behaviors, a nested case-control
study which focused on exposure to perfluoroalkyl subtances showed no association
between prenatal exposure to these long-lived EDCs and risk for ASD (Liew et al., 2015). In
fact, another study showed that increasing PFOA exposure was associated with fewer
autistic behaviors (Braun et al., 2014). This latter study, which also investigated a wide
variety of EDCs including both long-lived (PCBs, PDBEs, and PFOA) and short-lived
(phthalates and BPA) compounds for links between maternal exposures and ASD-relevant
neurobehaviors revealed a complex pattern of associations (direct, inverse, as well as null)
with reciprocal social, repetitive, and stereotypic behaviors in children. With respect to
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short-lived EDCs that are typically assayed in urine of pregnant women, a series of studies
by Braun and colleagues investigating the impact of BPA exposures in utero on
neurobehaviors in the exposed children revealed associations with a number of behaviors
often impacted by ASD. The affected behaviors included executive function (Braun et al.,
2011) and cognition as well as social and repetitive behaviors, some of which were
manifested in a sex-dependent manner (Braun et al., 2017a). A recent longitudinal study on
the associations between prenatal EDC exposures and neurodevelopmental behaviors further
showed that some of the affected behaviors associated with BPA and PBDE exposures
persisted in the children for at least 8 years, and were in part sex-dependent (Braun et al.,
2017b). Collectively, these studies focusing on prenatal exposures and their outcomes are
important because social impairments, repetitive behaviors, and deficits in executive
functions are key features of ASD that are generally manifested throughout the individual’s
lifetime.

Although the majority of epidemiological studies have focused on the association between
exposure to a specific EDC (e.g., BPA) and ASD, most human exposures involve mixtures
of EDCs (Braun et al., 2016). These “real-world” exposures complicate the analyses and
interpretation of data associating a particular EDC within the mixture with autistic traits. As
mentioned above, a recent attempt to correlate gestational exposure to a wide variety of
EDCs with autistic behaviors in the children of the exposed mothers revealed a complex set
of relationships, with the levels of some EDCs associating with certain ASD behaviors, and
other EDC:s either having either negligible or opposite associations with the autistic
behaviors (Braun et al., 2014). Thus, there is a need to design animal studies that take into
consideration exposures to mixtures of EDCs, mimicking the actual exposures at a given
location or point in time. One such study which investigated the effects of murine maternal
exposures during gestation until weaning to mixtures of four EDCs (atrazine,
perfluorooctanoic acid, BPA, and 2,3,7,8-tetrachlorodibenzo-p-dioxin) versus the effects of
separate exposures to each of these four chemicals found differences in behavioral responses
in the offspring to the mixture of EDCs in comparison to responses induced by the
individual EDCs (Sobolewski et al., 2014). Notably, they also reported sex-specific effects
where males and females exhibit different behavioral outcomes as a result of the maternal
exposures, with males generally displaying more sensitivity to the mixtures as well as to
individual chemicals. Identification of the biochemical, physiological, and neurological
mechanisms of this differential response to environmental agents may provide clues to the
differential susceptibility of males and females towards ASD.

Mechanistic links between EDCs and ASD

Although prenatal exposure to EDCs has been correlated with ASD and autistic traits in
humans, the mechanism through which this occurs is largely unknown. One approach
towards elucidating this mechanism is to investigate changes in gene expression in both
animal and cellular models exposed to EDCs, and to compare the EDC-altered genes to
those specifically associated with the etiology and pathogenesis of autism. With respect to
animal models, a recent study showed that gestational exposure to BPA induced
transgenerational changes in the expression of several estrogen receptors as well as that of
the “social” hormones, oxytocin and vasopressin (Wolstenholme et al., 2012). This prenatal
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exposure to BPA was also found to have transgenerational effects on social recognition and
locomotor activity, although no sex differences were noted (Wolstenholme et al., 2013).
However, a more recent study reported sexually dimorphic effects of EDC mixtures
(administered to dams from gestation day 7 until weaning) on postnatal gene expression in
rat brains (Lichtensteiger et al., 2015). Gene expression changes were associated with
components of glutamatergic synapses as well as with migration and pathfinding of both
glutamateric and GABAergic neurons. These findings may relate to proposed deficits in the
excitatory-inhibitory balance in synaptic activity in ASD (Gogolla et al., 2009; Hussman,
2001; Rubenstein and Merzenich, 2003). Fetal exposure to BPA has also been shown to
reduce serum estradiol, altering genes involved in X-chromosome inactivation (i.e., X/stand
7six), and suppressing X-linked ASD candidate genes, including Fmrland Nlgn3, as early
as 3 weeks postnatally in the cerebrums of prenatally exposed mice (Kumamoto and Oshio,
2013). Aside from /n vivo exposures in animals, a recent study showed that /n vitro
exposures of primary murine neuronal cells to certain pesticides and fungicides, such as
rotenone and pyraclostrobin, can induce transcriptional changes associated with ASD
(Pearson et al., 2016). Although the majority of animal studies utilize rodents, a recent study
using zebrafish as an experimental model has shown that embryonic exposure to BPS (a
BPA substitute used in BPA-free plastics), even at a concentration equivalent to 0.1% of the
accepted human exposure level of BPA/BPS, can disrupt neurogenesis and cause
hyperactivity by mediating androgen receptor activation which leads, in turn, to disrupted
aromatase transcription in the brain (Kinch et al., 2015). Because of their rapid maturation,
capability of complex behaviors, clear chorion and embryo, as well as the ease of dosing
with various chemicals which can be directly added to the holding tanks, zebrafish are
rapidly becoming a useful model for environmental studies (Bailey et al., 2013).

With respect to human exposures, a comprehensive survey of the impact of various
environmental pollutants on gene expression concludes that many commonly used industrial,
agricultural, and pharmaceutical chemicals, including EDCs, can alter gene expression of
hundreds of autism susceptibility genes (Carter and Blizard, 2016). A recent review
summarizing the effects of estrogenic EDCs, such as BPA, polychlorinated biphenyl
compound (PCBs), and phthalates, emphasized alterations in estrogen and nuclear
respiratory factor 1 (NRF1) signaling pathways which are impacted in many neurological
diseases, including autism (Preciados et al., 2016). Although it is not ethical to deliberately
expose humans to EDCs, transcriptional profiling of human peripheral blood mononuclear
cells cultured in the presence of PCBs revealed genome-wide deregulation of gene
expression, with some genes involved in pathways leading to endocrine system disorders,
metabolic diseases, as well as developmental disorders (Ghosh et al., 2015). Collectively,
these studies and others which report large-scale changes in gene expression as a result of
exposure to EDCs suggest that environmental chemicals may be eliciting epigenetic changes
in the genome that may have lasting and widespread changes in gene expression and
resultant phenotypes.
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Long-lasting influence of EDCs on behavioral phenotypes and the

epigenome: implications for ASD

Endocrine disrupting compounds are likely to exert lasting influences on the development
and behavior of organisms through the induction of epigenetic modifications of their
genome (referred to as the epigenome) which, in turn, can potentially result in heritable
changes in gene expression and phenotype without causing changes in DNA sequence.
These sometimes reversible epigenetic modifications include DNA methylation, histone
modifications, and chromatin remodeling, which together regulate the availability of DNA to
transcriptional activators and repressors, as well as microRNA expression which regulates
gene expression at post-transcriptional levels (Allis et al., 2006; Kaminsky et al., 2006).

DNA methylation, in particular, has been extensively studied in the context of development
and endocrine disruption. Briefly, DNA methylation refers to the process in which a methyl
group is reversibly attached to a cytosine base in DNA. Depending on the location of the
cytosine in the genome as well as its proximity to specific genes, methylation can either
silence or activate gene expression. Importantly, methylation changes may be heritable. For
example, if germ cells (e.g., sperm and egg cells) are affected, there is a potential for
transgenerational transmission of the altered epigenome, which could influence both gene
expression and behavioral phenotypes even in unexposed descendants. Thus, the timing as
well as target tissues of environmental chemicals are important, with epigenetic
modifications that occur early at critical stages of development likely to be the primary
mechanism linking environmental exposures to EDCs with neurodevelopmental disorders
(Ladd-Acosta and Fallin, 2016; LaSalle, 2011). Moreover, an individual’s vulnerability to
environmental agents can also be influenced by both genetic as well as non-genetic factors,
such as diet, metabolic profile, and physical activity.

Epigenetic modifications in response to endogenous hormones play a fundamental role in
sexual development and differentiation (McCarthy and Nugent, 2013). For example, both
DNA methylation and histone modifications have been associated with epigenetic control of
puberty (Lomniczi et al., 2013). With respect to sexual development, a recent study found
that feminization of the rodent brain requires active methylation to suppress masculinization
(Nugent et al., 2015). The discovery of epigenetic contributions to sexual development and
differentiation, pathways that are generally thought to be hormone-mediated, has led to the
notion that EDCs may contribute to neurodevelopmental disorders by disrupting the
epigenome in addition to the endocrine system.

There is increasing evidence from animal studies that a wide range of EDCs can induce
nonlethal phenotypic changes in behavior, ranging from male sexual and maternal nurturing
behaviors to learning impairments, increased anxiety, and altered stress response (Kajta and
Wijtowicz, 2013; Ottinger et al., 2008; Patisaul and Adewale, 2009). Furthermore, studies
have shown that some of these behavioral phenotypes may be manifested in F3 individuals
(i.e., third generation removed from the EDC-exposed animal), thus raising questions as to
the mechanisms of transgenerational transmission of behavioral and even neurological
phenotypes (Anway and Skinner, 2008; Crews et al., 2012; Skinner, 2011; Skinner et al.,
2011). In mice, BPA exposure during gestation caused impairments in social behaviors down
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to the F3 generation (Wolstenholme et al., 2013). Social dysfunction is a central feature in
autism, but the transgenerational effects of EDCs in humans are unclear. Such
transgenerational effects, if mediated through epigenetic modifications, would provide an
additional mechanism through which ASD traits may be inherited.

Indeed, EDC-induced transgenerational phenotypic changes have been linked to epigenetic
changes in specific genes in rat brain, resulting in altered bionetworks that are revealed by
transcriptomic analyses (Skinner et al., 2014). More recently, Skinner and colleagues
reported that transient exposure of gestating female rats to atrazine (a common herbicide)
induced epigenetic transgenerational inheritance of testis disease, early onset of puberty in
females, behavioral changes, and a lean phenotype in both males and females, which were
manifested through the F3 generation (McBirney et al., 2017). These investigators further
showed that atrazine exposure was associated with DNA methylation changes (called
epimutations) in sperm in the F1, F2, and F3 generations, thus providing a mechanism for
the transgenerational transmission of disease as well as behavioral and metabolic
phenotypes. In mice, /n utero EDC exposure has also been shown to induce epigenetic
changes in fetal brains which correlated with significant behavioral changes in the offspring
(Kundakovic et al., 2013). Briefly, this study showed that environmentally relevant low-
doses of BPA induced sex-specific, dose-dependent, and brain region-specific expression
changes in genes encoding estrogen receptor 1 (£5r1), estrogen receptor 2 (£sr2), estrogen-
related receptor gamma (£srrg), DNA methyltransferse 1 (Dnmtl), and DNA
methyltransferase 3a (Dnmi3a), with the latter two enzymes directly responsible for
epigenetic modifications (i.e., DNA methylation). The dose-response trends were often
curvilinear, which may reflect the non-monotonic effect of EDCs, and male and female mice
were oppositely affected. Kundakovic et al. (2013) also determined that /n utero BPA
exposure had sexually dimorphic and lasting effects on pup behaviors, specifically social
and anxiety-like behaviors in male and female pups. In particular, they found a reduction in
play behaviors (e.g., chasing other pups) as a result of in utero BPA exposure of males, but
not female pups. Although this study correlated epigenetic changes in the brain of mice with
changes in social and anxiety-like behaviors, animal studies do not always directly translate
to humans. However, animal studies have provided strong evidence that low-doses of EDCs
can significantly induce epigenetic modifications as well as produce behavioral phenotypes
relevant to ASD. In fact, a recent study found that the prevalence of traits associated with
ASD is higher in children whose grandmothers smoked during pregnancy (Golding et al.,
2017). Since PAHSs in tobacco smoke are considered EDC pollutants, this study further
supports the concept that environmental EDCs can mediate transgenerational effects in
humans leading to ASD, although the mechanism for this specific association is unknown.

Evidence for epigenetic changes in ASD

There is already significant evidence for large-scale epigenetic changes in ASD (Ciernia and
LaSalle, 2016; Hu, 2013; Keil and Lein, 2016; Siu and Weksberg, 2017). An early study
examining global DNA methylation profiles in lymphoblastoid cell lines derived from
diagnostically discordant monozygotic twins and sibling pairs (with only one of each twin or
sib pair diagnosed with ASD) revealed a number of differentially methylated genes
(including RORA,) affecting neurodevelopment and neurological functions (Nguyen et al.,
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2010). Additional large-scale methylation studies on primary lymphocytes (Wong et al.,
2014), buccal cells (Berko et al., 2014), as well as postmortem brain tissues (Ginsberg et al.,
2012; Ladd-Acosta et al., 2014) derived from individuals with ASD and unaffected controls
confirmed the link between changes in the epigenome and ASD diagnosis, although the
causes for the epigenomic changes are unknown. In this respect, a study of levels of PCB
and PBDE congeners in postmortem brain tissues from individuals with genetically defined
and idiopathic ASD in comparison to non-ASD controls showed elevated levels of PCB 95
only in the brain tissues of individuals with maternal 15g11-q13 duplication or paternal
deletion in this region, but not in the brain tissues of individuals with idiopathic autism,
suggesting an interaction between environmental exposures and genetic predisposition
resulting in ASD (Mitchell et al., 2012). This report also noted that methylation of repetitive
DNA (specifically LINE-1 elements) was reduced in the PCB 95-exposed brain, which is
consistent with the concept of epigenetic changes contributing to the manifestation of ASD.
A recent study by the same group demonstrated the interaction of PCB 95 exposure and the
ASD-associated 15g911.2-q13.3 maternal duplication on DNA methylation and gene
expression in a neuronal cell culture model, offering additional support for the hypothesis of
environment by epigenome interactions (Dunaway et al., 2016). Importantly, some of the
differentially methylated genes identified in the cellular model overlapped with those found
in differentially methylated regions in postmortem brain tissues from individuals with the
15911.2-q13.3 duplication, but not in brain tissues from individuals with idiopathic ASD or
other related syndromic forms of ASD, thus mirroring the earlier findings on the postmortem
brain tissues which suggested a specific genetic vulnerability to PCB 95 (Mitchell et al.,
2012).

Aside from DNA methylation, additional gene regulatory epigenetic mechanisms, such as
histone modifications (Shulha et al., 2012; Sun et al., 2016) and altered microRNA
expression (Abu-Elneel et al., 2008; Ander et al., 2015; Ghahramani Seno et al., 2011; Hicks
et al., 2016; Kichukova et al., 2017; Mundalil Vasu et al., 2014; Sarachana et al., 2010;
Schumann et al., 2017; Talebizadeh et al., 2008; Wu et al., 2016) were also found to be
associated with ASD. However, transgenerational inheritance of these ASD-associated
epigenetic changes has not been demonstrated so far. Because epigenetic modification is the
likely mechanism through which gene by environment interactions occur, further
understanding of the impact of EDCs on the epigenome may provide more insight into the
role of EDC exposure in the pathogenesis of ASD.

Summary and future research

Although recent studies have found associations between EDC exposure and ASD traits,
behaviors, and diagnoses, there is limited research on the exact mechanisms through which
EDC:s affect neurodevelopment and behavior. Emerging areas of research on EDCs in both
animal and cellular models have revealed large-scale changes in gene expression,
particularly in pathways relevant to the pathogenesis and pathobiology of ASD. Such
genome-wide changes in transcriptional profiles can be mediated by specific master
regulator or “ASD-driver” genes, such as RORA, which can have significant downstream
consequences through dysregulated transcription of many neurologically relevant target
genes, or by epigenetic mechanisms that can coordinately affect large batteries of genes.
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Additionally, much research is still needed on the identification of pathways (both
biochemical and neurological) through which EDC-sensitive genes actually lead to the
behaviors and phenotypes associated with autism, with particular attention to sexually
dimorphic patterns in susceptibility to EDCs. There is also a paucity of research regarding
epigenetic changes as a result of low-dose exposures to EDCs in humans, as most studies are
done with rodents. Human studies can involve studying the epigenetic effects of low-dose
EDCs on human primary cells and cell lines in culture, or determining epigenetic changes in
the DNA of human populations that are chronically and environmentally exposed to specific
types of EDCs which are measurable in blood or urine. Furthermore, as most epigenetic
analyses to date involved identifying differential DNA methylation, there is a need to
understand the impact of EDCs on other epigenetic mechanisms, such as miRNA expression
and histone modifications as well as to determine the mechanisms of transgenerational
inheritance of such changes, if they occur. Finally, as our understanding of the epigenetic
effects of environmental EDCs grows, future studies must also describe the mechanisms by
which inherent genetic susceptibilities interact with environmental factors to produce the
phenotypic variations observed in ASD.

Finally, aside from the physiological and social impacts of EDCs on individuals, it is
important to realize that the potential for increased risk for ASD as a result of exposure to
EDC:s has significant economic implications. The disease burden of ASD attributed to EDC
exposures in the United States is about 1500 cases per year, with an estimated annual cost of
over $1.9 billion in U.S. dollars (Attina et al., 2016). In the European Union, approximately
316 cases of ASD per year are attributable to EDC exposure with an estimated annual cost
of $265 million (in U.S. dollars). Because the diseases and conditions (such as ASD)
associated with EDC exposures are chronic and associated with life-long disability,
ubiquitously dispersed EDCs can potentially affect large numbers of individuals worldwide,
and exert a significant impact on both the affected individual and their families as well as on
society as a whole.
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Highlights

. The rapidly increasing prevalence of autism spectrum disorder (ASD) coupled
with incomplete penetrance of the disorder in monozygotic twins has
stimulated research on environmental factors contributing to autism.

. Human exposures to a broad group of ubiquitously dispersed endocrine
disrupting compounds (EDCs), a class of chemicals that can interfere with
normal hormonal processes /n vivo, are steadily increasing.

. Because aberrant levels of sex hormones have been implicated in the male
bias in ASD, exposures to EDCs are being studied in relation to association
with autistic traits.

. Prenatal EDC exposures have been shown to associate with ASD-traits as
well as neurobehaviors in both humans and animals, with some animal
behaviors mimicking the autistic phenotypes.

. Large-scale gene expression studies on animal models and cultured human
cells exposed to EDCs reveal genome-wide changes in the transcriptome
which, in many cases, reflect the transcriptomic profiles associated with ASD.

. The long-lasting and transgenerational effects of some EDCs on complex
behaviors suggest a role for epigenetic mechanisms that may contribute to the
heritability of ASD.
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Figure 1.
Schematic diagram illustrating the various ways in which endocrine disrupting compounds

can impact genes and gene regulatory mechanisms (i.e., epigenetic machinery) to cause
large-scale changes in gene expression (i.e., the transcriptome) as well as protein and
metabolite profiles (i.e., the proteome and metabolome) that may lead to altered neural
functions and pathways leading to the clinical manifestations and behaviors associated with
ASD. The diagram also suggests feedback interactions between the metabolome and the
gene regulatory mechanisms affecting the transcriptome and proteome.
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Table 1

Examples of ubiquitous endocrine disrupting compounds and their uses

Short-lived EDCs (half-lives: days to < 1 year) Found in:
Atrazine Herbicides
Bisphenol A Plastics, thermal receipts, dental sealants

Diethylstilbestrol (DES) *

Drug to prevent miscarriage

Ethinyl estradiol

Birth control contraceptives

Genistein (and other phytoestrogens)

Soy and other plant products

Soft toys, cosmetics, air fresheners, flooring material, enteric coatings

Phthalates of pharmaceutical pills, personal care products
Antibacterial soaps, toothpaste, detergents, personal care and cleaning
Triclosan products, surgical cleaning solutions

Valproic acid (VPA)

Pharmaceutical for epilepsy, bipolar disorder, major depression

Vinclozolin Pesticides
Long-lived EDCs (half-lives > 1 year) Found in:
Organochlorines * Pesticides

Perfluorooctanoic acid (PFOA)

Flame retardant, surfactant, nonstick cookware

Perfluorooctane sulfonic acid (PFOS)

Flame retardant, surfactant, fabric stain repellents

Polychlorinated biphenyls (PCBs) *

Coolants, lubricants

Polybrominated diphenyl ethers (PBDEs) *

Flame retardant, textiles

Polycyclic aromatic hydrocarbons (PAHSs)

Coal, tobacco smoke, automobile emissions, sewage sludge

Dichlorodiphenyldichloroethylene (p,p’-DDE) and parent

compound Dichlorodiphenyltrichloroethane (p,p’-DDT) *

Pesticides

Note: Most of the short-lived EDCs are water soluble and measured in urine while most of the long-lived EDCs are fat-soluble and measured in

serum.

*
No longer allowed or manufactured in the US.
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