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Abstract Autism spectrum disorder (ASD) is a rapidly growing global pandemic
that affects an estimated 1 in 59-68 children. It is a complex disease with both
genetic and environmental etiologies. Due to the rapid increase in the incidence of
ASD, environmental causes for ASD are gaining attention. Efforts to probe several
environmental exposures that could contribute to causing ASD are underway. In this
regard, this chapter is directed towards understanding prenatal exposure to key envi-
ronmental factors i.e., drugs and dietary nutrients that may act via the same molecu-
lar pathway - epigenetics as a potential etiological factor for ASD. Epigenetic
regulation is a molecular mechanism known to be a significant contributor to neuro-
developmental disorders. It also offers a means to explain how environmental expo-
sures can impact genetics. We discuss the impact of maternal exposures to certain
drugs, and dietary intake, on the developing fetus during pregnancy. Maternal
Exposure to some drugs during gestation are associated with a higher risk of ASD,
while exposure to other dietary compounds may offer promise to rescue epigenetic
regulatory insults related to ASD. However, more work in this important area is still
required, nevertheless preliminary research already has important implications in
the understanding, prevention and treatment of ASD.
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1 Introduction to NDs in General and ASD in Particular

Autism spectrum disorder (ASD) is an umbrella term used to describe an expanse
of neurodevelopmental disorders (NDs), mainly characterized by deficits in social
interaction and communication and repetitive patterns of behavior (see Box 1 for a
summarized definition of ASD from the most recent edition of the American
Psychiatric Association handbook, The Diagnostic and Statistical Manual of Mental
Disorders (DSM-5), a globally accepted standard [1]). In this context it is important
to note that ASD is one of several types of NDs. Symptoms found in ASD can also
be found in other types of ND, notably in intellectual disability (ID) [2], as each is
an umbrella term encompassing a wide spectrum of disease presentations.

Both ASD and ID are not considered single disorders, rather they are on a spec-
trum defined by a set of common criteria that are broad in nature. ASD often appears
as a co-morbidity in children primarily diagnosed with ID and vice versa, with
reports of up to 70% of ASD patients’ having ID [3, 4]. In addition, several other
co-morbidities, such as; major congenital anomalies, blindness, deafness, motor
dysfunction, cerebral palsy, and epilepsy for example, are found among patients
with ID/ASD or both [4]. This is important as it implies that evidence for causation
of other ND conditions and co-morbidities, when discussing prenatal exposure to
possible ASD environmental risk factors, may also play a role in the development of
ASD. Therefore in this chapter, while we will focus on ASD, we will not restrict
ourselves to it alone, and consider what is known about the role of epigenetics in
prenatal exposures to the etiology of ND in general, when necessary.

Currently, NDs are among the most commonly diagnosed conditions, globally.
According to a parental survey, around 15% of children aged between 3 and 17 years
were affected by NDs, in the USA alone. These include ASD, attention deficit
hyperactivity disorder (ADHD), learning disabilities, ID, cerebral palsy, seizures,
stuttering or stammering, moderate to profound hearing loss, blindness, and other
developmental delays [5, 6]. A study in 2016 found that an estimated 1 in every 68
children in the USA had ASD [7], and it is currently recognized as one of the most
common disorders worldwide [8]. However, an update of the estimated prevalence
of ASD among children in the USA released by the Centers for Disease Control and
Prevention (CDC) reported a 15% increase from 2012 to 2014 (1 in 68 children in
2012 to 1 in 59 children in 2014) [9]. Estimated ASD prevalence was at 2.47%
among US children and adolescents in 2014-2016 (95% confidence intervals,
2.20-2.73%) [9, 10]. Alarmingly these data do not stand alone, as ASD is currently
recognized as being a burgeoning global pandemic [11, 12].

Therefore taken together, NDs are among the most prevalent disorders globally,
and as they appear in childhood, they present an extreme burden of cost of care over
lifespan, accounting for costs greater than that combined for heart disease, cancer
and stroke [13]. This underscores the urgent need to find effective prophylactic and
therapeutic strategies. The first step toward combating any disease condition is to
understand what causes it. We will now provide an overview of what is known about
causes and other risk factors for ASD below.
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Box 1 Autism Spectrum Disorder Definition as given by DMS V [1]
ASD is diagnosed when all five of the following major symptoms are present
in a child.

A.

B.

Persistent deficits in social communication and social interaction across
multiple contexts.

Restricted, repetitive patterns of behavior, interests, or activities, as mani-
fested by at least two of the following, currently or by history (examples
are illustrative).

1. Stereotyped or repetitive motor movements, use of objects, or speech
(e.g., simple motor stereotypies, lining up toys or flipping objects,
echolalia, idiosyncratic phrases).

2. Insistence on sameness, inflexible adherence to routines, or ritualized
patterns of verbal or nonverbal behavior (e.g., extreme distress at small
changes, difficulties with transitions, rigid thinking patterns, greeting
rituals, need to take same route or eat same food every day).

3. Highly restricted, fixated interests that are abnormal in intensity or
focus (e.g., strong attachment to or preoccupation with unusual objects,
excessively circumscribed or perseverative interest).

4. Hyper- or hypo-reactivity to sensory input or unusual interests in sen-
sory aspects of the environment (e.g., apparent indifference to pain/
temperature, adverse response to specific sounds or textures, excessive
smelling or touching of objects, visual fascination with lights or
movement).

. Symptoms must be present in the early developmental period (but may not

fully manifest until social demands exceed limited capacities or may be
masked by learned strategies in later stages of life).

. Symptoms cause clinically significant impairment in social, occupational,

or other important areas of current functioning.

. These disturbances are not better explained by ID (intellectual develop-

mental disorder) or global developmental delay. ID and ASD frequently
co-occur; to make comorbid diagnoses of ASD and ID, social communi-
cation should be below that expected for general developmental level.

Note: Individuals with a well-established DSM-IV diagnosis of autistic disor-
der, Asperger’s disorder, or pervasive developmental disorder not otherwise
specified should be given the diagnosis of ASD. Individuals who have marked
deficits in social communication, but whose symptoms do not otherwise meet
criteria for autism spectrum disorder, should be evaluated for social (pragmatic)
communication disorder.
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2 ASD Etiology

ASD is considered a complex disorder; one caused by the interaction of genetics
with the environment. Although ASD is known to be highly heritable [14, 15], only
10-20% of patients are diagnosed with a definitive genetic cause [15]. Very low
diagnostic yield despite comprehensive genetic screens has led to a significant
“missing heritability” problem in ASD research.

The missing heritability conundrum has shifted attention to the environmental
component as a likely explanation for the increased rates of ASD diagnoses. Several
environmental risk factors have been suggested to contribute to the development of
ASD in existing literature, including air pollution, pesticide exposure via food and
otherwise, plastics, psychosocial and socio-economic factors that influence lifestyle
and family, maternal obesity and metabolic conditions such as diabetes during preg-
nancy, maternal mental illness, prenatal and delivery complications and the use of
certain supplements and medications during pregnancy [16, 17]. Importantly, the
breadth of possible environmental risk factors, taken together with the extremely
low percentage of ASD caused by 100% penetrant genetic factors (i.e., only a small
fraction of ASD patients are found to have disease due to purely genetic causes,
despite it being known to be a highly heritable disorder), emphasizes that ASD is
truly a complex disorder. Multifactorial “causal pies” [16] comprising of more than
one environmental and/or genetic factor that act in concert, may often be what
causes this disorder to manifest.

It is possible that some environmental factors exert their adverse developmental
effects via mechanisms that influence the genome, in which context a genome regu-
latory mechanism termed epigenetics is of particular interest (see Box 2 for a brief
primer on Epigenetics). Epigenetics refers to control of the genome by external fac-
tors by a process termed epigenetic regulation. These factors are of two main types:
(a) enzymes that catalyze epigenetic regulatory reactions, which themselves are
encoded by genes, such as DNA methyltransferases, which add methyl groups onto
the DNA strand, and (b) chemical moieties which are substrates (e.g., methyl
groups, ethyl groups, etc.), that are supplied by the cellular environment.
Physiological disturbances of either via maternal environmental exposures during
prenatal developmental, may have the potential to contribute to ND/ASD
development.

3 Epigenetics and ASD

The initial interest in epigenetic deregulation as a mechanism important in the
development of ASD was fueled by the observation that several single gene disor-
ders, that include ASD in their presentation, are caused by perturbation of the genes
that encode enzymes involved in epigenetic regulation [18-20]. The subsequent
recognition that genes having a role in epigenetic programming are among the most
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frequently mutated genes related to ASD [21, 22], further shone the spotlight on
epigenetic deregulation as a possible prime etiological mechanism for ASD/
ND. Recently, epigenetic deregulation was recognized to be as significant a cause
for ND, as the long-time lead molecular causative mechanism—defects in synapto-
genesis [23]. As genome-wide epigenome screens started becoming more afford-
able, efforts got underway to profile the epigenome (i.e., the DNA methylation
profile, and histone modification profiles for example) in an attempt to search
for etiological clues, with the focus shifting to characterization of epigenomic
changes, regardless of the underlying genetics, as causative profiles for ND in gen-
eral, and ASD in particular. Epigenetic profile alterations such as DNA methylation
for example, have been suggested as key contributing factors for ASD development
at the genome- [24] and gene-level [25]. Eshraghi et al. [26], provide a comprehen-
sive summary of epigenomic profile changes associated with ASD. These include
DNA methylation changes that are associated with maternal health conditions [27],
DNA methylation changes in the placenta of subjects with ASD [28], histone acety-
lation changes in syndromic and non-syndromic ASD cases [29], and even RNAi
signatures associated with ASD [30].

Box 2 Epigenetics Primer

The term Epigenetics comes from the Greek word “epi” for “over/above/on
top of,” thus, epigenetics refer to heritable traits that are not encoded in the
DNA sequence, rather they are formed by changes to factors that sit “on top”
of the genome and thereby regulate gene expression. Epigenetic processes
include three main components;

1. DNA methylation
2. Histone modification
3. Chromatin remodeling

Together, all three processes cause genes to be either turned on, or shut
down, as well as control fine-tuning of gene expression via non-coding RNA
dependent mechanisms [31]. Particularly, histone modification and chromatin
remodeling act in concert. DNA methylation at gene promoter sites which
often contain CpG islands, is a driver of both histone modification and chro-
matin remodeling [20]. Figure 1 below is a reproduction of Figure 1 from the
Zahir and Brown review paper [20] of the impact of epigenetic processes on
neurodevelopment, and shows the cross-talk between the three pro-
cesses above.

In addition a fourth component, RNAi (RNA interference) is a mecha-
nism by which non-coding RNA interacts with some epigenetic compo-
nents, or with gene transcripts directly in order to regulate genic expression,
and is gaining prominence in regulation for neurodevelopmental and
neuro-functional processes. It is often included as a fourth epigenetic pro-
cess; RNA interference based gene expression regulation.
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Box 2 (continued)
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Fig. 1 Modified reproduced Figure 1 from Zahir and Brown. Ped. Research. 2011. Caption
for the image — Interactions between DNA methylation, histone modification and chromatin
remodeling. The DNA strand is wrapped around histone protein cores to form repeating
nucleosomes that make up chromatin. Histone tail modifications, are attached to histone
tails, and DNA methylation marks are attached to the DNA strand. Epigenetic regulators
that have DNA methylation, histone modification or chromatin remodeling interact with
each other and display cross-recruitment

4 Environmentally Controlled Epigenetic Regulatory
Impacts in utero and its Role in ASD

As noted previously, epigenetic regulation can be disrupted during the neurodevel-
opmental phase by an environmental stimulus either by altering the enzymes that
lay down epigenetic marks, or by altering the substrate concentrations. In this
regard, maternal ingestion of certain substances during pregnancy, such as drugs
and nutritional supplements, that are suggested to induce epigenetic changes, is of
prime importance in impacting embryonic and fetal neurodevelopment. We dis-
cuss the evidence of their influence below.

4.1 The Impact of Drugs Taken in utero on Epigenetic
Regulation During Development

Epigenetic regulation is impacted by drugs primarily via disruption of the enzy-
matic processes involved, while nutritional supplements on the other hand, influ-
ence the concentration of substrate available (see Box 1). However, both drugs and
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Table 1 Compounds and drugs that act via epigenetic mechanisms

Epigenetic mechanism involved Example compounds/drugs
DNA methyltransferase (DNMT) inhibitors 5-Azacytidine

Reviewed by Yang et al. [34], Gnyszka et al. [35], | Decitabine

and Ahuja et al. [36] Zebularine

Non-nucleoside DNMT inhibitors
(hydralazine and procainamide)

Histone deacetylase (HDAC) inhibitors Short chain fatty acids such as valproic acid
Reviewed by Eckschlager et al. [37], Ahuja et al. | Benzamides such as entinostat and
[36], and Goey et al. [38] tacedinaline

Hydroxamic acids such as resminostat,
abexinostat, quisinostat, rocilinostat
Cyclic tetrapeptides such as romidepsin

Histone acetyltransferases (HAT) inhibitors Anacardic acid and its derivatives
Reviewed by Dekker et al. [39]

Exact mechanism unclear—Informative studies | Methotrexate [40]

are given next to drug/compound Selective serotonin reuptake inhibitors
(SSRIs) [41]

Thalidomide [42]

Sirtuin modulators such as resveratrol and
polyphenol [43]

supplements have been identified and used traditionally, based not on the mecha-
nism of action, but on observed clinical or health outcomes. This is no longer the
case, especially with respect to drugs. In the past few decades as synthetic drug
development, fueled by the large and powerful pharmaceutical industry (so called
“big pharma”), has grown to dominate drug provision world-wide, the focus has
shifted to mechanism of drug action. This is primarily due to big pharma-led large
scale efforts to develop advanced targeted synthetic therapeutics [32, 33]. During
the process of synthetic drug development, the mechanism of action of traditionally
prescribed drugs was studied and many well-known drugs were found to act via an
epigenetic mechanism. This, in turn, fueled interest in a new wave of “epigenetic
drugs” [32, 33]. In Table 1, we present an overview of well-known classes and
examples for drugs that have been shown to act via epigenetic mechanisms.

As epigenetic deregulation has been highly implicated in the development of
ND/ASD, it could be hypothesized that maternal intake of drugs that act via epi-
genetic mechanisms during pregnancy may be associated with adverse neurode-
velopmental outcomes. While information is presently scarce due to the novelty of
the field, some examples of maternal drug treatments during pregnancy that are
associated with ASD have been suggested in the literature and are discussed below.
However, we note that with the exception of valproate, there is very limited infor-
mation on the role of possible epigenetic mechanisms that could be induced by the
drugs discusse below and their association with ASD.
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4.2 Associations of Maternal Drug Treatment in Pregnancy
with the Diagnosis of ASD in the Prenatally Exposed
Children

4.2.1 Thalidomide

In a report of 100 thalidomide embryopathy patients, four cases met the criteria of
autism diagnosis (DSM 3), which was a high prevalence of the disorder at the time
compared to the general population [44] (Table 2). However, with thalidomide not
prevalently used during pregnancy, it would probably account for very few
cases of ASD.

4.2.2 Anti-Epileptic Drugs

Animal studies on rats have demonstrated that exposure to AEDs in utero may carry
an increased risk of the development of autism [55]. In a study of 260 children
exposed to an anti-epileptic medication (AED) during pregnancy, an increased risk
of ASD was reported among mothers prenatally exposed to valproate alone, or in
combination with other AEDs as well as among mothers exposed to carbamazepine
alone or in combination with other AEDs [56]. However, the strongest association
in this study was found with valproate exposure. Similarly, 6.3% of children prena-
tally exposed to valproate monotherapy had a diagnosis of ASD, compared to 0.9%

Table 2 Drug treatments in pregnancy and risk of ASD in the infants

Influential
studies and
Medications Summary of positive associations reviews (R)
Thalidomide Reports of a 100 thalidomide embryopathy patients with [44]
elevated risk to autistic disorder diagnosis (DSM 3)
Antiepileptic drugs | Associations of several AEDs, including valproic acid, [45, 46]
(AEDs) with increased risk of ASD and other neurodevelopmental
outcomes.
Selective Serotonin | Associations of SSRI use during pregnancy and risk of [47-52]
Reuptake inhibitors | ASD in the infants have been reported in several large
(SSRIs) cohort and case—control studies. However, confounding by
indication could not be excluded, and most studies that
have adjusted for indication of use found conflicting
results.
Acetaminophen An increased risk of ASD is suggested with maternal [53]
acetaminophen use in pregnancy, but empirical data is
lacking.
B-2 adrenergic An increased risk of ASD is suggested with maternal use | [54]
receptor agonists in pregnancy, but large empirical data is lacking.
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of children of mothers who did not take antiepileptic medications during pregnancy
[57]. In a larger, population-based Danish study of mothers prescribed with valpro-
ate monotherapy during pregnancy, elevated risks of ASD among school-aged chil-
dren have also been demonstrated compared to children of mothers unexposed to
valproate or another AED during pregnancy [58]. Recently, a large systematic
review and meta-analysis of 29 cohort studies of maternal exposure to AED during
pregnancy and neurological development of their children concluded that valproate
monotherapy, or valproate in combination with other AEDs, showed the strongest
association with adverse neurodevelopmental outcomes. On the other hand, oxcar-
bazepine and lamotrigine in utero exposure were mostly associated with risk to
ASD in children compared to unexposed healthy mothers [46] (Table 2). In utero
exposure to valproate is also a recognized risk factor for several developmental
abnormalities, such as spina bifida, cardiac, skeletal, and craniofacial defects. The
proposed mechanisms for valproate teratogenicity that have an epigenetic compo-
nent include interference with folate metabolism and inhibition of histone deacety-
lases [59].

4.2.3 Selective Serotonin-Reuptake Inhibitors

Various studies on animals and humans have suggested that increased serotonergic
activity during fetal brain development may be one of the causal pathways leading
to the development of ASD [60-62]. As a result, the hypothesis that maternal treat-
ment with a specific type of antidepressant termed selective serotonin reuptake
inhibitors (SSRIs), during gestation may increase the risk of having a child with
ASD, has emerged [48]. As SSRIs are the most commonly prescribed antidepres-
sants, the literature has since been expanding with regard to studies suggesting that
such an association probably exists [50, 63], specifically when mothers take an
SSRI in the first trimester of pregnancy [49, 64, 65]. A recent, large systematic
review of the literature and meta-analyses assessing such an association from pre-
conception and across all trimesters of pregnancy included 10 studies, and con-
cluded that a positive association between SSRI exposure and ASD risk is consistent
across all trimesters [51]. However, the calculated odds ratio was 1.8, which is still
considered small at the population level. When partially adjusted by controlling for
the underlying maternal condition, the association remained significant but with an
even lower odds ratio of 1.5. In conclusion, and in light of the current evidence, it
remains difficult to separate the effect of the underlying disease and/or related
comorbidities, lifestyle and other risk factors from the effect of the medication used
[52]. Therefore, it is hard to attribute risk to one causal factor when it is more likely
the interaction of the psychological status, pharmacological treatment, genetic fac-
tors, and other associated factors present in each individual case that determines the
risk of an adverse outcome [66].
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4.2.4 Other Suspected Drugs Associated with ASD

Acetaminophen is an over-the-counter drug that is currently recommended as a safe
pain and fever treatment during pregnancy. However, in recent years, studies have
suggested a possible association between maternal acetaminophen use during preg-
nancy and ASD, but evidence remains controversial [53, 67].

A few reports have indicated a possible association of maternal exposure to -2
adrenergic receptor agonists, used for treatment of asthma, during pregnancy and
risk of ASD [47, 54], but such results need to be replicated in future studies to estab-
lish a definite link.

4.3 Epigenetic Diet: The Impact of Nutritional Supplements
on Epigenetic Regulation During Development

Nutritional supplements are categorized as part of complementary and alternative
medicine (CAM) practices: a diverse group of medical and health care systems,
practices, and products that are not generally considered part of conventional medi-
cine or standard medical care. They include interventions such as massage, acu-
puncture and dietary supplements [68]. Currently, however, very little information
is available about mechanisms of action for most CAM, precluding an in-depth
discussion of possible links to ASD etiology.

Nutritional supplements that have epigenetic impacts (termed epigenetic diet
nutrients) are however, gaining ground as an emerging area of research [69].
Epigenetic diets may influence epigenetic regulation by changing the concentration
of available substrate for epigenetic regulatory reactions. Contrary to the scenario
with drugs taken by pregnant women and the possible adverse effects upon the
fetus discussed above, the effects on the developing fetus due to maternal epigenetic
diet are predominantly positive [69, 70]. While a comprehensive review of an epi-
genetic diet is beyond the scope of this chapter, we shall highlight research foci
showing associations of neurodevelopmental outcomes, especially with respect to
ASD/ND, and maternal epigenetic diet.

4.3.1 Gestational Intake of Methyl Donors

The earliest report of maternal intake of methyl donors’ ability to alter fetal out-
come was reported in 1998 by Wolff et al., in a seminal paper that paved the way for
a new area of research. Wolff et al. [71], showed that feeding mice dams a methyl
supplemented diet was able to alter the coat color of their pups. Albeit the experiment
was conducted on a carefully controlled genetic background, it showed that mater-
nal diet can impact fetal development via epigenetic mechanisms.

Subsequently several studies have shown that gestational intake of various forms
of methyl donors are able to influence fetal development. A recent report from the
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Maternal Nutrition and Offsprings’ Epigenome (MANOE) study of 115 mother—
infant pairs, found that maternal intake of methyl donor groups, via diet (in this case
methionine, betaine, choline, folate) and via supplementation (folic acid), both before
and during pregnancy, was able to significantly alter DNA methylation in cord-blood
[72]. However, Boeke et al. [73] conducted a similar study in a folate-replete popula-
tion, estimating maternal intake of methyl donors nutrients via vitamin B12, betaine,
choline, folate, cadmium, zinc, and iron among mother—infant pairs, and found a
negative association to DNA methylation levels in male offspring. This study is
important for two reasons: firstly it shows that for a healthy population, there is likely
no potentially adverse effect due to intake of methyl donor nutrients, and secondly, it
also highlights a possible sex-specific signature that requires further study.

Additionally, work in animal models has shown that methyl donor supplementa-
tion exerts a protective effect; in chick embryos, it was found that maternal dietary
zinc addition was able to protect the growing embryo against negative impacts of
maternal heat-shock, by increasing antioxidant activity in the embryo [74]. While in
rats, it has been shown that late pregnancy supplementation with folate is able to
rescue structural and functional defects of the brain [75, 76].

4.3.2 Gestational Intake of Epigenetic Diet Nutrients of Unknown
Mechanism

As epigenomic profiling techniques become more accessible, researchers are dis-
covering that dietary elements are able to exert DNA methylation and histone acety-
lation profile changes, though the exact mechanism of doing so is unknown. While
the reader is referred to more comprehensive reviews [77, 78], we highlight selected
dietary nutrients for which epigenetic profile alterations important in neural devel-
opment and function have been documented, following prenatal exposure.

Fish Oils

Fish oils have long been consumed during pregnancy as a dietary supplement. They
contain polyunsaturated fatty acids (PUFA) whose role as epigenetic diet nutrients
important for brain development is increasingly gaining attention [79]. In a large
scale randomized control trial, Van Dijk et al. [76] investigated epigenetic profile
changes upon the child following high dose maternal gestational supplementation
with docosahexaenoic acid (DHA), a long-chain PUFA. They found a sex-specific
increase in differentially methylated regions genome-wide in children of high-dose
exposure mothers, interestingly with a higher impact on boys than girls [76].
Another group probed changes in DNA methylation due to prenatal DHA exposure,
using a targeted approach. In two separate publications, they screened for DNA
methylation differences in a cohort of pregnant Mexican women who were given
dietary supplements of 400 mg of DHA daily. They showed small changes in DNA
methylation of imprinted loci and repetitive elements [80, 81].
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Curcumin

Curcumin (diferuloylmethane), is a component of turmeric (Curcuma longa), one of
the most common Asian spices. Turmeric has been recognized and used for its many
medicinal properties in both Ayurvedic and Traditional Chinese Medicine for sev-
eral centuries, if not millennia. In the past decade, interest has grown exponentially
in exploring the pharmacological benefits and pharmacoepigenomical effects of
curcumin [82, 83]. Currently, epigenetic regulatory roles as a modulator of DNA
methylation, histone acetylation and epigenetic programming via RNAi have been
identified [84]. Curcumin health benefits are most documented for cancer. However,
it also shows therapeutic potential for neurological and inflammatory disorders [84,
85]. Salehi et al. [86] have presented the most up to date review of clinical trials of
curcumin, while Lopreseti [83] reviewed evidence for clinical and animal trials of
curcumin in neuropsychiatric disease. The interested reader is referred to these
papers. However, while we could find no specific information related to ASD, we
note that the well-documented effects of curcumin as an anti-oxidative and anti-
inflammatory agent, coupled with its ability to influence epigenomic programming
broadly, suggests the hypothesis that curcumin may have an impact on ASD etiol-
ogy, is plausible.

Others

Other important epigenetic dietary components that may impact fetal brain devel-
opment via epigenetic mechanisms include polyphenols such as those found in
green tea; which was shown to have a potential protective effect. In a mouse model
of fetal alcohol spectrum disorder, pregnant dams fed on epigallocatechin-3-gal-
late (EGCQG), the major anti-oxidative component of green tea [87], showed rescue
of embryo size back to normal. Trans-resveratrol, another polyphenol, has been
shown to be able to rescue aberrant epigenetic programming in rats following
perinatal asphyxia [88], an important finding as perinatal asphyxia may cause
ND [89].

5 Prevalence of Pregnant Women’s Exposure to Drugs
with Potential for Adverse Fetal Outcomes,
and Epigenetic Diet

Given the importance of maternal intake of drugs, that may exert an adverse effect
on the developing embryo or fetus, and dietary supplements that induce epigenetic
mechanisms influencing neurodevelopment, we discuss exposures below.
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5.1 Drug Intake in Pregnant Women and Potential for Adverse
Developmental Effects

Current evidence has suggested that 65-94% of women take at least one prescrip-
tion drug during pregnancy [90-92]. Lupattelli et al. [93] showed that more than
80% of the pregnant women in the USA, Europe, and Australia use at least one
prescribed drug during pregnancy. Importantly, the rate of pregnant women’s expo-
sure to drugs has seen a rapid increase in the past few decades [94]. Furthermore,
approximately 70% of women have been reported to be taking medication in the
first trimester (encompassing the period of organogenesis, when the fetus’s impor-
tant organs are developing) [92, 95], including both over the counter drugs and
herbal medications [90, 92].

Unfortunately there has not been a concomitant increase in the amount of infor-
mation available with respect to the potentially adverse effects of drugs on the
developing embryo or fetus. This is because the effect of drugs on development
cannot be studied in humans through clinical trials [91] becuase such studies are
ethically unacceptable. According to the Automated Teratogen Information System
(TERIS), the teratogenic risk in human pregnancy is undetermined for 92% of the
drug treatments approved by the US FDA system between 1980 and 2000 [96]. In
another review of the safety of 172 drugs approved by the US FDA between 2000
and 2010, it was found that the teratogenic risk in human pregnancy was undeter-
mined for 98% of drugs, and for 74% there were no available data about the risk in
pregnancy [97]. However, while clear clinical trials of drug safety in pregnant
women is often unavailable, information on potentially adverse outcomes is usually
gathered via a collection of animal and model organism studies and epidemiological
investigations that usually occur several years after a drug has been put on the market.

Nevertheless, given the growing interest in drugs that act via epigenetic mecha-
nisms (Table 1), and already emerging associations of certain drugs that may act via
epigenetic mechanisms with ASD (Table 2), we raise a note of caution that further
studies specific to possible teratogenic effects of drugs with epigenetic mechanisms
of action are warranted.

5.2 Complementary and Alternative Medicine (CAM) Intake
During Pregnancy

Parallel to the rise of drug intake among pregnant women, there is also a rising trend
of CAM use, though it is less well documented. A literature review of CAM usage
in industrialized countries in 2011, found that 1-87% of pregnant women use CAM
[98]. On the other hand, a representative survey of pregnant women in the USA,
published in 2008, found that over half of the respondents used CAM [99].
Furthermore, a European study found that approximately 60% of pregnant women
use a dietary supplement [100].
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Pregnant women use CAM to relieve specific pregnancy related problems such
as nausea, vomiting, tiredness, and back pain [98, 101]. Examples include the use of
ginger root, shown to be a safe and effective non-pharmacological option for nausea
and vomiting during early pregnancy [102], and supplementing with Vitamin B6,
also considered a safe alternative pharmacological treatment for nausea and vomit-
ing [102, 103].

Thus, the widespread use of CAM during pregnancy, makes it clinically relevant
[68, 104].

6 Conclusion

Epigenetic mechanisms are a molecular mechanism by which the environment is
able to impact the genome. Recognizing ASD as a complex condition with a likely
substantial causative environmental component [16], epigenetic modalities, by
which the environment may cause disease, is receiving increased research attention.
However, here we only discuss efforts in this area which focus on a key environ-
ment: that which the developing fetus is exposed to in utero. There are two main
exposures in this regard: fetal exposure to drugs that may have adverse neurodevel-
opmental potential, and fetal exposure to an epigenetic diet, both of which are
emerging areas of research.

Additionally, understanding epigenetic modes of action in disease causation
accurately, is important as there the possibility of correcting them [59, 105]. Indeed,
the entire field of epigenetic drugs is a direct result of efforts probing how epigen-
etic deregulation can be corrected back to the normal. Such precision-based medi-
cine efforts, where treatment is based on directly addressing the molecular cause of
disease, have seen success, especially in cancer research [106]. However, in this
chapter, we drew attention to an overlooked area of epigenetic drugs: those that
when injested by a pregnant mother, may impact ASD risk for their unborn child.
We emphasize that more research is needed to specifically understand both their
epigenetic mechanism of action and their potential to cause harm to the develop-
ing fetus.

On the other hand, encouragingly, the emerging area of epigenetic diet is gaining
attention due to its potential for prevention and rescue from adverse effects for the
developing fetus. Studies in epigenetic diet have focused on elucidating molecular
mechanisms by which nutritional supplements act, and evidence is growing for pos-
sible epigenetic deregulation rescue outcomes of these “nutraceuticals.” Current
reports, while few in number, predominantly detail protective and beneficial effects
on neurodevelopment. Especially important in context of this discussion is the abil-
ity of epigenetic diet components to ameliorate known harmful environmental
exposures for pregnant women; an area of research we highlight here and for which
future studies hold promise.

In summary, the significant role epigenetics plays in ASD, as a molecular mecha-
nism translating environment into genomic or genetic control, and the recognition
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that there are both drugs and diet that a pregnant woman can be exposed to, which
act via epigenetic mechanisms, highlight the importance of more focused research
on what such exposures in utero could mean for the baby. Thus, we end this chapter
calling for further research to understand the epigenetic mechanisms underlying
gestational exposures to drugs and diet, and highlighting the remarkable potential of
epigenetic regulatory compounds to serve as therapeutics.
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