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Abstract

The period of in utero development is one of the most critical windows during which adverse
conditions and exposures may influence the growth and development of the fetus as well as its
future postnatal health and behavior. Maternal substance use during pregnancy remains a relatively
common but nonetheless hazardous in utero exposure. For example, previous epidemiological
studies have associated prenatal substance exposure with reduced birth weight, poor
developmental and psychological outcomes, and increased risk for diseases and behavioral
disorders (e.g., externalizing behaviors like ADHD, conduct disorder, and substance use) later in
life. Researchers are now learning that many of the mechanisms whereby adverse in utero
exposures may affect key pathways crucial for proper fetal growth and development are epigenetic
in nature, with the majority of work in humans considering DNA methylation specifically. This
review will explore the research to date on epigenetic alterations tied to maternal substance use
during pregnancy and will also discuss the possible role of DNA methylation in the robust
relationship between maternal substance use and later behavioral and developmental sequelae in
offspring.

1. Introduction

The period of in utero development is one of the most critical windows during which
adverse conditions and exposures may influence the growth and development of the fetus as
well as its future postnatal health and behavior. Yet, a considerable proportion of women in
the United States continue to use substances while pregnant. The most frequently used
substance is tobacco, followed by alcohol, cannabis and other illicit substances (Forray and
Foster, 2015). According to the National Survey on Drug Use and Health, the Pregnancy
Risk Assessment and Monitoring System (PRAMS), and the Centers for Disease Control
(CDC), 12.3-15.1% of women in the United States report smoking during pregnancy (SDP;
Tong et al., 2013; United States Department of Health and Human Services et al., 2015),
with the rates of smoking among pregnant teenagers ranging from 19.5% to as high as 50%
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(Cornelius et al., 2002; Ventura et al., 2001). These rates persist despite a large literature
suggesting undesirable outcomes in children exposed to SDP (e.g., Knopik et al., 2016a;
Knopik et al., 2016b; Kuja-Halkola et al., 2014) as well as warnings encouraging women to
stop smoking while pregnant. Findings also suggest that there are a variety of placental
complications linked to prenatal exposure to cigarette smoke (Einarson and Riordan, 2009),
which could effectively translate into a number of sequelae (e.g., intrauterine growth
retardation and later behavioral problems; Joya et al., 2014; Knopik, 2009).

A number of women also report drinking alcohol during pregnancy. In fact, an estimated 16—
23% of US women report alcohol use during pregnancy (Marceau et al., 2016a). According
to the CDC Behavioral Risk Factor Surveillance System, about 1 in 10 pregnant women
(10.2%) report any alcohol use, and about 1 in 33 preghant women (3.1%) report binge
drinking (4+ drinks on one occasion) in the past 30 days (Tan et al., 2015). In a recent
review of the effects of prenatal alcohol exposure on fetal alcohol spectrum disorders, the
American Academy of Pediatrics concluded, “There is no known absolutely safe quantity,
frequency, type, or timing of alcohol consumption during pregnancy, but having no [prenatal
alcohol exposure] translates into no [fetal alcohol spectrum disorders]” (Williams and Smith,
2015).

With regard to illicit drugs, 5.9% of pregnant women report illicit drug use, with
approximately 2.5% of pregnant women admitting to consistent use of cannabis; although,
actual use is probably higher (Hayatbakhsh et al., 2011). Importantly, cannabinoids
(constituents of the cannabis plant that act on cannabinoid receptors in the human body and
brain) have been shown to cross the placenta as well as the blood brain barrier and can also
be concentrated in breast milk (e.g., Jaques et al., 2014). Cannabis has been associated with
preterm labor, low birth weight, intrauterine growth retardation, reduced attention and
executive function, as well as increased behavioral problems in exposed children (Warner et
al., 2014). Cocaine and methamphetamine use during pregnancy are also related to several
adverse pregnancy and birth-related outcomes, such as low birthweight, later developmental
issues, and behavioral problems (Dyk et al., 2014; Strathearn and Mayes, 2010). Finally,
consistent with the current epidemic of opioid use in the United States, between 2000 and
2009, there has been a fivefold increase in opiate use during pregnancy (Desai et al., 2014;
Forray, 2016; Hayes and Brown, 2012). Opiate use during pregnancy has been linked to
postnatal growth deficiency, neurobehavioral problems, and increased use of healthcare
modalities (Minozzi et al., 2013). Given the widespread use of substances during pregnancy,
it is important to understand the mechanisms by which substance use exposure can affect
child development. One highly plausible mechanism is epigenetic changes, as detailed
below.

Broadly, the field of epigenetics is focused on understanding a type of slow-motion,
developmentally stable change in certain mechanisms of gene expression that (i) do not alter
DNA sequence, and (ii) can be passed on from one cell to its daughter cells (Bird, 2007). It
may be through epigenetic modifications that environmental factors like diet, stress, prenatal
nutrition, and for the purposes of this review, prenatal substance exposure, can change gene
expression from one cell to its daughter cells and, in some cases, from one generation to the
next. Theoretically, epigenetic changes are an important part of any biological pathway that
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includes both genetic influences and environmental exposures, as epigenetic changes are one
mechanism by which environmental exposures can “‘get under the skin’ to affect the
underlying biology of a system.

Taken together, since substance use during pregnancy continues to be a common occurrence
and significant public health concern, understanding the potential pathways underlying the
associations between early life exposures and later health and behavior, therefore, has
important public health implications. Thus, the purpose of this review is to (i) highlight the
prenatal period as a critical window of development of adverse offspring health and
behavioral outcomes, and (ii) discuss the potential role that epigenetic modifications,
particularly DNA methylation, might play in this developmental relationship. We will briefly
summarize epidemiological data to establish the critical nature of the prenatal period. We
then outline results from genetically-informed studies that suggest that the relationships
between maternal substance use during pregnancy and later outcomes may be, in part,
confounded by genetic and environmental factors that families share (e.g., genetic
transmission from mother to child and aspects of the postnatal family environment). Finally,
we end with current theory and evidence in humans for epigenetic changes linked to
exposure to in utero substance use and how these epigenetic changes might play a potential
role in child and adolescent developmental and behavioral outcomes.

2. The critical window of prenatal development

A number of epidemiological studies have explored the links between adverse prenatal
conditions and increased risk for diseases, health problems, and psychological outcomes
later in development. Perhaps most notable are examinations of the Dutch Famine Birth
Cohort, which consists of men and women born as term singletons (single births) in The
Netherlands during or immediately following the Dutch Famine of 1944-45 (de Rooij et al.,
2010; Stein et al., 1972). Work on this cohort suggests that an adverse intrauterine
environment influenced by famine is associated with multiple negative outcomes, including,
but not limited to, increased risk for diabetes mellitus, cardiovascular disease, other
metabolic disorders, decreased cognitive function later in life (Argente et al., 2010; Barker
and Clark, 1997; de Rooij et al., 2010), and (in males) increased risk of affective disorders
(Brown et al., 1995). There is also some evidence that adverse health outcomes related to
prenatal famine exposure are not just limited to the children directly exposed to prenatal
famine, but are also evident in the grandchildren of the Dutch Famine Cohort individuals
(Painter et al., 2008). While these findings focus on famine as an adverse prenatal
environment rather than substance use, these studies underscore the importance of
considering timing of prenatal exposure to adverse conditions, as well as potential
confounding elements (Brown et al., 1995), when looking at outcomes across development
and generations.

Observations from the Dutch Famine Birth Cohort, in part, influenced the theory of fetal
programming, which was initially proposed in the 1980s and highlights the prenatal period
as a critical developmental window. More specifically, fetal programming (commonly called
Barker's hypothesis) explains the influence of the in utero environment on the development
of body structure, function, and metabolism and how these factors contribute to later disease
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(Barker and Clark, 1997; Hales and Barker, 1992). While there is ample research pointing
broadly to associations between the prenatal environment and fetal programming for later
childhood outcomes, causal pathways and specific mechanisms have been hard to pinpoint.
Research aimed at better understanding the underlying mechanisms of fetal programming is
ongoing. The focal points of this research include areas devoted to potential genetic and
epigenetic mechanisms as well as adaptive responses of the fetus to a broad range of
environmental cues, including exposure to viruses, such as influenza, increased levels of
stress during pregnancy, and of importance to this review, maternal substance use during
pregnancy.

3. Substance use during pregnancy: evidence from genetically informed

studies

Prenatal substance exposure, or to use a more specific example for descriptive purposes,
maternal smoking during pregnancy (SDP), certainly contributes to an adverse intrauterine
environment. In brief, epidemiological studies (i.e., non-genetically informed studies)
suggest that SDP is associated with multiple adverse birth related outcomes, such as preterm
delivery (Castles et al., 1999; Kaddar et al., 2009; Shah and Bracken, 2000), increased risk
for spontaneous abortion (Castles et al., 1999), and lower birth weight (e.g., Knopik et al.,
2016b; Marceau et al., 2016b; Smith et al., 2016). SDP has also been associated with
prenatal ischemia-hypoxia (Smith et al., 2016), respiratory disease (Cook and Strachan,
1999), cancer later in life (Doherty et al., 2009), and a host of later neurodevelopmental and
behavioral outcomes, including externalizing behaviors, such as conduct disorder, ADHD,
and later substance use (see Knopik, 2009 for a review). However, evidence that maternal
SDP is correlated with other potential contributors to an adverse in utero environment can
make causal attribution difficult (see Knopik, 2009; Knopik et al., 2012 for reviews). Indeed,
recent work from our own group and others suggests that maternal SDP is correlated with
many risk factors (e.g., obstetric complications, anxiety and depression during pregnancy,
prenatal infections) and exposures (e.g., exposure to toxins like chemicals, pesticides)
experienced during pregnancy (Marceau et al., 2013). SDP is also associated with lower
levels of maternal education (D'Onofrio et al., 2010), spousal/significant other substance
dependence (Knopik et al., 2006; Knopik et al., 2005), nicotine dependence (Agrawal et al.,
2008), as well as maternal ADHD and other psychopathology (D'Onofrio et al., 2010;
Huizink and Mulder, 2006; Knopik, 2009; Knopik et al., 2009), all of which may also
influence the intrauterine environment and thus, predict later offspring behavior. Of
additional note is evidence that SDP is genetically-influenced (or heritable; Agrawal et al.,
2008) and most of the outcomes that have been studied in children exposed to SDP are also
heritable. In fact, one of the main limitations of studying familial influence on child
development is that the parents are providing both the environment and the genes to their
offspring (D'Onofrio et al., 2003).

These findings as a whole have led to increased interest in understanding the nature of the
reported SDP-child outcome associations, particularly in light of more recent genetically-
informed studies that suggest that the SDP-externalizing link is less clear. Genetically-
informed approaches to the effects of substance use during pregnancy, sometimes called
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quasi-experimental designs, consist of adoption designs, twin designs and their extensions,
children-of-twin designs, sibling-comparison designs, and to a lesser degree, molecular
genetic studies (see Knopik, 2009 for detailed review of these designs). In general, the intent
of using these genetically-informed approaches is to attempt to control for genetic and
environmental variables that family members share as a means to disentangle a more robust
effect of prenatal exposure. Some genetically-informed approaches suggest that, even after
controlling for shared genetic and familial effects, SDP is potentially causally linked to
disruptive behavior (e.g., Gaysina et al., 2013; Knopik et al., 2016a; Marceau et al., 2017).
However, others suggest that certain SDP-externalizing associations seen in epidemiological
studies may be due to an inability to adequately control for shared familial influences,
including genetic and shared family environmental factors. In other words, after control for
confounding factors, they do not see a robust effect of SDP on certain outcomes, including
offspring conduct problems (D'Onofrio et al., 2008; Jaffee et al., 2012), criminality
(D'Onofrio et al., 2010; Kuja-Halkola et al., 2014), ADHD (Skoglund et al., 2014; Thapar et
al., 2009) and substance use initiation (Bidwell et al., 2017). While much less has been done
in terms of genetically-informed approaches and maternal use of alcohol during pregnancy,
there is a similar picture of inconsistent results (D'Onofrio, 2009; D'Onofrio et al., 2007). To
the best of our knowledge, at the time of this report, there are no genetically-informed
studies on prenatal cannabis or other illicit drugs in humans. Given the different conclusions
across studies on the nature of the effects of exposure to substances during pregnancy on
later offspring behavioral outcomes, there is growing interest in epigenetics as one potential
mechanism by which some of these inconsistencies might be explained.

4. Substance use during pregnancy: the role of epigenetics

Various subfields have emerged to explore epigenetic effects in a variety of settings. For
example, the field of “environmental epigenetics” studies how environmental exposures
affect epigenetic mechanisms (Reamon-Buettner et al., 2008). Many researchers are
interested in uncovering how environmental exposures at sensitive periods of development,
such as maternal substance use during pregnancy, might influence epigenetics and thus,
affect the developing fetus. There is ongoing research using animals (primarily mice and rat
models) to characterize the influence of environmental exposures, specifically prenatal drug
use, on epigenetic changes. While not the focus of this review, we summarize selected
animal work in Table 1 in order to provide a context within which the human data can be
considered. In brief, animal models of the epigenetics of prenatal substance exposure show,
in general, altered epigenetic profiles (as measured by DNA methylation, histone
modification, and microRNA) in a variety of tissues (most often brain tissue) of exposed
animals. In the animal models that then consider later behavioral outcomes, studies suggest
these differential epigenetic profiles have an effect on offspring locomotor activity,
hyperactivity, inattention, impulsivity, anxiety, increased drug sensitivity, and impaired
spatial learning and memory (see Table 1). The importance of animal work to human
problems cannot be overstated (England et al., 2017). For example, animal models have the
ability to design studies that incorporate a specific controlled dose of a specific drug thus
providing valuable information on the effects of specific doses of prenatal substance use on
tissues (e.g., brain) that are not generally available in human research. Animal work also
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provides support of a possible epigenetic mechanism by which prenatal substance exposure
leads to later offspring outcomes. However, the human condition is considerably more
complex. In humans, fetal drug exposure is typically correlated with polysubstance use, a
variety of doses, and environmental variables as well as genetic predisposition. In addition,
the human brain is very different from the rodent brain. The effects of prenatal substance
exposure in humans often show up as higher level cognitive functions, which are controlled
by the prefrontal cortex (Knopik, 2009), a structure which, according to functional and
structural studies, might not exist in the rodent brain (Preuss, 1995). Importantly, while we
can use the evidence of negative effects of prenatal substance exposure that we garner from
animal work as a guide to narrow our focus on potential effects in humans, we cannot
directly extrapolate from animal findings to the complex human condition (Knopik, 2009).

Importantly, research in both humans (the focus of this review) and animal models (see
Table 1) continues to characterize the influence of environmental exposures on epigenetic
changes. Despite the complexity in humans, this work is significant because epigenetic
mechanisms, such as DNA methylation profiles, may have utility not only as diagnostic
biomarkers capable of predicting increased risk for exposure, behavioral deficits, and
disease, but also as therapeutic targets (Ladd-Acosta, 2015; Maccani et al., 2013; Pajer et al.,
2012).

5. Epigenetics: DNA methylation

While there are multiple modes of epigenetic gene regulation (see Allis et al., 2015; Januar
et al., 2015; Maccani and Marsit, 2009; Nelissen et al., 2011), DNA methylation is the most
heavily studied (Bird, 2007). In human research, there are very few studies that look at other
modes of epigenetic regulation as they relate to prenatal substance exposure. There is only
limited work considering the effects of prenatal substance exposure on differential
microRNA expression (see Vrijens et al., 2015) or histone madifications, thus we focus this
review on DNA methylation. DNA methylation is performed by one of a number of DNA
methyltransferases which add a methyl group to a specific cytosine residue. These cytosine
residues often reside in cytosine- and guanine-rich stretches of DNA called “CpG islands.”
Research has determined that the blocking of transcription in a methylated gene is not due to
the methylation of DNA alone, but rather due to the irregular binding of a variety of
proteins. In the presence of DNA methylation, proteins which normally bind DNA and
enable transcription to proceed are unable to bind as well, or at all, which effectively limits
or stops transcription. Exactly how DNA methylation in a gene's promoter region controls
the complex regulatory environment necessary for transcription and thus gene expression
remains to be completely understood. There is some evidence to suggest that DNA
methylation in different regions of the gene can have different impact. For example,
methylation in the gene promotor region can reduce gene transcription due to altered binding
of transcriptional factors, while methylation in the body of the gene can increase gene
expression (Szulwach and Jin, 2014).

During the period of embryonic development, methylation patterns of the germline and
somatic cell lineages are beginning to be established (Maccani and Marsit, 2009; Reik,
2007). During the cleavage phase, which includes the early cell divisions that occur as a
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fertilized egg begins to develop into an embryo, methylation in the zygote's genome is
almost completely removed. After implantation, as the cells produced during the cleavage
phase begin to organize themselves, a process called gastrulation, the organism's methylation
patterns are reestablished by de novo methylation (Jaenisch, 1997; Ariel et al., 1992; Monk
et al., 1987; Razin and Shemer, 1995). Such patterning and re-patterning of methylation
marks also occurs in trophoblast lineages, the various specialized cells comprising the
placenta (Jaenisch, 1997; Wossidlo et al., 2011). These epigenetic marks are involved in
modulating functional pathways. Thus, proper setting and resetting of methylation marks
throughout development is key for the proper health and development of the embryo, setting
the stage for future protections and vulnerabilities.

There is growing evidence to suggest that direct exposure to toxins, such as drug use or
pollution, is associated with changes in offspring methylation patterns (Yang and Schwartz,
2012; Zhou et al., 2014). Of particular interest to the current review, a number of studies
have characterized associations between prenatal substance exposure and aberrant DNA
methylation patterns in a variety of tissues. The following sections, as well as Table 2,
briefly summarize these findings for the two most prevalent and common exposures: (i)
prenatal cigarette smoke exposure, and (ii) prenatal alcohol exposure. There is growing
interest in the epigenetic effects associated with prenatal exposure to other substances
(cannabis, opioids, and other illicit drugs), particularly given the rise in opioid use in the
United States; however, to date and to the best of our knowledge, there is a paucity of
research in humans.

5.1. DNA methylation and the placenta

The placenta is one of the most important functional organs that supports the development of
the fetus. In fact, it has been considered an important and accessible record or history of
prenatal events (Maccani and Marsit, 2009). It not only protects the fetus, but it also
provides nutrients, assists in waste transfer, and secretes hormones. These hormones help to
regulate the stages of pregnancy and protect the fetus from harmful exposures, such as
substance use during pregnancy (Sood et al., 2006). Finally, placental gene expression,
which is regulated by epigenetic markers, can also be affected by environmental insults,
such as drugs, pollution and maternal stress (Guo et al., 2008; Sood et al., 2006). Placental
DNA methylation patterns may serve as mechanistic links between prenatal exposures,
altered gene expression, and adverse outcomes across development (Maccani and Maccani,
2015).

5.1.1. Maternal smoking during pregnancy—Both epigenome-wide association
studies (EWAS) and gene-specific methylation studies have yielded significant associations
between maternal smoking during pregnancy (SDP) and placental methylation patterns (see
Table 2 and Maccani and Maccani (2015) for a comprehensive review of genes in which one
or more CpG sites show differential methylation associated with SDP). In short, epigenome-
studies of placental tissue have suggested association between SDP and methylation of
genes involved in (i) cellular differentiation and development in neuronal cells, and (ii)
normal brain development, synapse formation, and proliferation of various cell types in the
central nervous system (Maccani and Maccani, 2015). Candidate gene studies yielded
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associations between SDP and methylation of genes involved (i) in the metabolism of the
potentially carcinogenic compounds found in cigarette smoke (Suter et al., 2010), (ii) the
serotonergic and glucocorticoid systems (e.g., Paquette et al., 2013; Stroud et al., 2016).

5.1.2. Maternal alcohol use during pregnancy—While numerous animal models
have suggested that alcohol exposure is linked to methylation differences in placental tissue
(e.g., see Bekdash et al., 2014; Haycock, 2009; Mead and Sarkar, 2014; Varadinova and
Boyadjieva, 2015 for reviews), studies examining these effects in humans are exceedingly
rare perhaps because of (i) the difficulty of recruiting large samples of mothers who do and
do not drink during pregnancy prospectively, (ii) the reluctance to admit alcohol use during
pregnancy, and (iii) obtaining placental tissue samples at or after birth. Only one study was
identified that examines alcohol use during pregnancy and methylation differences in
repetitive elements (Wilhelm-Benartzi et al., 2012). However, in this study alcohol use
during pregnancy was very rare (3 cases compared with 377 controls reporting no alcohol
use during pregnancy). Thus, future work is needed before the reliability of this finding can
be ascertained.

5.2. DNA methylation in cord blood

5.2.1. Maternal smoking during pregnancy—Epigenome-wide association studies
using cord blood as the tissue of interest have also been conducted and suggest that prenatal
smoke exposure may alter the epigenome resulting in global DNA hypo-methylation (when
considering all CpG sites across the genome; Ivorra et al., 2015). In one of the largest EWAS
studies to date, Joubert et al. (2012) screened 1062 newborn cord blood samples and found
significant methylation changes at four genes (see Table 1). Similar patterns of methylation
changes associated with prenatal smoke exposure were also recently found in an
independent sample of 3-5 year old children, suggesting that prenatal-exposure driven
methylation changes persist and are still detectable in later childhood (Ladd-Acosta et al.,
2016). Specific interest has been paid to a gene (AHRR) that is involved in the detoxification
of chemicals found in tobacco smoke (i.e., the xenobiotic response) and which also acts as a
feedback inhibition modulator of the aryl hydrocarbon receptor (AHR). AHRR exerts its
effects by competing with AHR for binding with its related nuclear dimer partner, AHR
nuclear transporter (Haarmann-Stemmann et al., 2007). Both roles play a pivotal role in
AHR regulation and may be involved in altered immune function (Opitz et al., 2011).
Joubert et al. (2012) found the methylation levels of AHRR cg05575921decreased with
cotinine in a dose-dependent manner. All other statistically significant AHRR CpGs had
lower methylation with increasing cotinine levels except for cg23067299, which is upstream
of the other significant AHRR CpGs and had higher methylation with increasing cotinine
(Joubert et al., 2012). Lower methylation may be a cellular response to the presence of the
chemicals found in cigarette smoke, resulting in higher expression of this gene (Novakovic
et al., 2014). Four additional studies of AHRR in adult smokers have linked a decrease in
methylation to smoking exposure in multiple tissues: lymphoblasts and alveolar
macrophages (Monick et al., 2012), whole blood (Shenker et al., 2013; Zeilinger et al.,
2013), and lymphocytes (Philibert et al., 2012). Recent efforts replicated the finding of
decreased AHRR methylation in cord blood, but did not find similar results in placental
tissue or saliva cells (Novakovic et al., 2014). This is not surprising given that research
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suggests that AHHR is expressed at low levels in the placenta while cord blood cells show
high interindividual variation (Yamamoto et al., 2004). One particular challenge with AHRR
is that this gene contains at least 3 large CpG islands that are interspersed throughout the
gene and at least 11 AHRR transcripts, each of which codes for a differently sized protein
that may have unique competitive properties with respect to AHR (Monick et al., 2012).
Given this epigenetic complexity, considerably more work examining specific splice variants
altered by smoking is warranted. Taken together, these findings highlight the importance of
looking across tissue types and understanding the level of gene expression in various tissues.

5.2.2. Maternal alcohol use during pregnancy—To date, there has been limited and
inconsistent work in humans examining alcohol use during pregnancy and epigenetic
changes in offspring cord blood. Studies have investigated cord blood in infants for
methylation changes in genes involved in the dopaminergic pathway, the serotonergic
pathway, and genes which play key roles in controlling fetal growth and metabolism after
exposure to drinking during pregnancy (Lee et al., 2015). Depending on which gene was
considered, there was evidence of both increased and decreased methylation in infants
whose mothers reported drinking up to 14 drinks/week while pregnant. Interestingly, there
was also evidence of decreased methylation in the dopaminergic pathway in infants whose
fathers reported heavy binge drinking (5+ drinks per occasion), suggesting that alcohol
exposure pre-conception may also exert influence on epigenetic changes in offspring that
can affect fetal and postnatal development (Lee et al., 2015).

However, a more recent meta-analysis, including data from six independent cohorts within
the Pregnancy and Childhood Epigenetics consortium, examined the effects of sustained
exposure during pregnancy on DNA methylation in cord blood (Sharp et al., 2018). The
analyses incorporated 3075 mother-child pairs (V= 1147 mothers who consumed alcohol
both before pregnancy and during the second and third trimesters versus //=1928 mothers
who consumed alcohol before pregnancy or during the first trimester but not during the
second and third trimester). Despite the larger overall sample size, a higher prevalence of
alcohol use during pregnancy, and various ways of defining alcohol use during pregnancy
(i.e., including dose and timing of exposure), there was no consistent or strong evidence for
an association between sustained alcohol use and methylation changes in cord blood at
either individual level CpG sites or larger genomic regions (Sharp et al., 2018).

5.3. DNA methylation in other tissues

5.3.1. Maternal smoking during pregnancy—There are a handful of studies that have
examined the effects of SDP on DNA methylation in tissues other than placental cells and
umbilical cord blood (see Table 2). For example, Terry et al. (2008) analyzed DNA
methylation profiles in leukocyte, or white blood cell, DNA in a multiethnic birth cohort
from New York City. Multivariable models indicated that overall levels of DNA methylation
were significantly associated with maternal smoking during pregnhancy and a number of
other covariates. Flom et al. (2011) also used this same birth cohort to show that SDP is
associated with decreased methylation of certain repetitive elements in adult offspring (mean
age 43) who had been exposed prenatally. These data suggest that exposures experienced
throughout the course of life — from fertilization onward — may be associated with DNA
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methylation in adulthood, although replication is needed. Longitudinal studies capable of
measuring within-individual changes in DNA methylation in a variety of tissues over time
will yield important data informative of the intragenerational plasticity of DNA methylation
(Knopik et al., 2012).

5.3.2. Maternal alcohol use during pregnancy—Examining methylation differences
from buccal swab (i.e., cheek cell) samples, it has been shown that youth (aged 3-6 years;
Laufer et al., 2015) with fetal alcohol spectrum disorder (FASD) had increased methylation
in genes that (i) are expressed in the developing nervous system, (ii) mediate cell-to-cell
interactions, (iii) are related to the synaptic transmission of glutamate (the most abundant
excitatory neurotransmitter in the nervous system), and (iv) play roles in the regulation of
the growth of some stem cell precursors and for controlling organ size, when compared to
matched controls who were not exposed to alcohol during pregnancy. These findings were
replicated in two independent samples of FASD cases and controls, and mapped onto results
from the examination of mouse brains that were subjected to neurodevelopmental alcohol
exposure (Laufer et al., 2015). More recently, Portales-Casamar et al. (2016) corroborated
some of these findings when examining children (aged 5-18) with and without FSAD.
Results of this more recent study also found altered methylation patterns within genes
related to the immune response. Specifically, differentially methylated regions were found in
the body of the HLA-DPBI gene, an HLA class Il histocompatibility antigen, and in the
body of the /TGAL gene (integrin alpha L chain). Altered methylation patterns between
FASD cases and controls were also found in genes involved in the stress response (e.g., in
the 1st exon and 5° UTR region of UCN3, an antagonist of the CRF type 2 receptor).
Further, results held up to sensitivity analyses suggesting that DNA methylation is altered in
patients with FASD, but other factors (age, sex, medication history) should also be
considered (Laufer et al., 2015).

6. Implications and future directions

There is a great degree of interest in better understanding the biological pathways and
mechanisms underlying the reported associations between maternal substance use during
pregnancy and later developmental and behavioral outcomes, including child and adolescent
externalizing behavior and substance use. However, investigations considering epigenetic
pathways as a causal mechanism are only beginning to emerge. In general, research to date
suggests effects of prenatal substance use across specific biologically relevant epigenetic
systems; however, the literature is still in its infancy. All reviewed findings are in need of
further replication. Further, as observed by the review above and in Table 2, very few human
studies have examined behavioral outcomes in the offspring, particularly during childhood
and adolescence. Thus, while there is emerging evidence to suggest that prenatal smoke and
alcohol exposure result in epigenetic alterations, the role of these epigenetic changes in
manifesting later behavioral problems during childhood and adolescence remains unclear
(see Fig. 1). Taking the work of animal researchers into account, certain developmental and
behavioral deficits consistent with externalizing behaviors, including ADHD, conduct
disorder, and substance use are possible within the context of the human condition.
However, as also noted, humans are increasingly complex and the ability to disentangle
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genetic, epigenetic, prenatal and postnatal/familial environmental effects on child and
adolescent behavior is in many ways, a daunting task.

Nonetheless, an important goal of this epigenetic work is to delineate mechanistic pathways
by which prenatal exposures can increase risk for adverse health and behavioral outcomes.
However, there is variability across studies and debate in the field in terms of the nature of
the effects of prenatal exposures (Slotkin, 2013). Carefully designed genetic and epigenetic
studies, such as those focused on methylation changes that also account for appropriate
confounding variables, can help clarify whether there is a causal role for prenatal exposure
on child and adolescent developmental and behavioral outcomes. Thus, this kind of
mechanistic research is imperative in order to provide meaningful data on the timing and
level of exposures that predict poor outcomes and how those early exposures interact with
other risk factors in order to glean what information is best to provide to clinicians and
social workers on the frontline.

Based on current data, we know enough to say that asking pregnant women to stop using
substances during pregnancy is critically important; however, this is unlikely to be enough to
wholly improve outcomes for children who continue to be exposed to the myriad of
confounding genetic and environmental factors linked with maternal substance use during
pregnancy. Thus, expanding findings in order to understand which intervention points can
improve offspring health outcomes is critical. It may be that if data suggest a causal effect of
prenatal exposure on child and adolescent behavior via methylation changes, these findings
can be the basis for developing interventions focused on altering particular epigenetic
components in relevant biological pathways. For example, medications that focus on
methylation changes and epigenetic processes as treatment targets are already emerging for
cancer and psychiatric disease (e.g., Valproate for schizophrenia; Guidotti et al., 2009).
Additional data could lead to these types of targeted medication approaches for altering
epigenetic processes induced by prenatal exposures and linked with later child and
adolescent outcomes. In addition, findings that support a role for familial and other
environmental factors in contributing to the associations among prenatal substance exposure
and adolescent behavioral problems can be the basis for building interventions that treat the
entire maternal and family system. Such comprehensive approaches are key to affect better
child outcomes. For example, a mother may struggle in smoking cessation efforts during
pregnancy in part due to a co-occurring mental illness, which also requires treatment and
attention. However, given the nascency of the field and mixed and complicated findings, the
clinical implications of epigenetic work are speculative. Below we outline some critical
steps for future work in this area.

6.1. Quality data on the effects of exposure specific substances, timing, and quantity

Given that the use of particular substances is correlated (e.g., tobacco use is correlated with
alcohol use, cannabis use, and other illicit drug use), it can be hard to design human research
protocols that effectively test for effects of specific drugs, resulting in large gaps in the
scientific literature. Research efforts in this domain have primarily focused on maternal
smoking during pregnancy, while epigenetic research in the field of prenatal alcohol
exposure is more limited. In addition, although it is widely reported that in utero
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cannabinoid exposure is associated with a myriad of neurobehavioral consequences for the
individual as both a child and adolescent, including an increased tendency for drug abuse
(Jaques et al., 2014), no human studies have directly examined the effects of maternal
marijuana use during pregnancy on methylation changes (or any other epigenetic change) in
offspring tissue. Similarly, no human studies have examined the effects of maternal illicit
drug use during pregnancy on epigenetic changes. Quality data on the effects of specific
substances related to timing and quantity of exposure is needed in order to develop better
therapeutic targets (i.e., delivering certain interventions during specific points during

pregnancy).

6.2. Larger longitudinal studies with a wider range of epigenetic data

Much of the data on epigenetics as a mechanism for linking prenatal exposure to substance
use with later developmental outcomes is based on small cross-sectional studies that could
be subject to sampling biases. Epigenome wide studies with larger samples and longitudinal
tracking of mothers and offspring with carefully defined outcomes will help to clarify
findings and relevant biological systems over time.

6.3. Creative designs that appropriately control for confounders

Overall, conducting well-controlled human studies in this area is quite challenging. Because
maternal use of a particular substance during pregnancy is often correlated with other risk
behaviors and environmental risk factors, pinpointing specific effects, whether genetic,
epigenetic or environmental, is often difficult. In addition, effects can be magnified when
comparing groups of offspring whose mothers did or did not use substances during their
pregnancies without properly dealing with these correlated and confounding risk factors (see
Knopik, 2009). Some studies of offspring outcomes have dealt with this issue, for example,
by selecting comparison groups consisting of offspring of mothers who have a history of
smoking, but who did not smoke during pregnancy, providing a relative index of the risk of
smoking during pregnancy for mothers with a history of smoking (Palmer et al., 2016).
While this choice is expected to result in a smaller effect size than that of a comparison to
offspring of “non-smoking” mothers, it is a more clinically meaningful comparison group
(since it would be the rare case that a lifetime non-smoker would start smoking during
pregnancy). This approach also provides data on the impact of successfully avoiding and/ or
limiting offspring's smoke exposure during pregnancy (i.e., none, early part of pregnancy,
versus throughout; Palmer et al., 2016). A similar approach, noted above, is the sibling-
comparison design which compares siblings where mothers smoked in one pregnancy but
not another in order to control for familial confounds including maternal characteristics. In
this type of analysis, a significant within-family association of smoking during pregnancy
with child outcomes suggests a potentially causal effect of exposure to smoking during
pregnancy (Bidwell et al., 2017; Knopik et al., 2015; Marceau et al., 2017; Micalizzi et al.,
in press) This design, and others, can also account for the role of maternal and child genetic
background (e.g. at the DNA level) and how an individual's genetic variation impacts the
degree of possible or probable methylation at particular sites. Other studies have used
statistical approaches to control for confounders, such as propensity score matching, that
match families on relevant risk factors and attempt to isolate and quantify any specific
effects of a prenatal exposure to a particular substance (e.g., Boutwell et al., 2011).
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Despite the difficulty of disentangling risk factors, there are studies suggesting that prenatal
substance use exposure may exert a unique environmental influence on later developmental
and behavioral outcomes (e.g., O'Brien and Hill, 2014; Richardson et al., 2013; Sonon et al.,
2015). Given evidence of lasting effects of epigenetic changes on gene expression in
biological systems related to externalizing behavior and substance use (e.g., related to
various aspects of brain development, as well as serotonin, dopamine, and glucocorticoid
function), epigenetic changes are likely to be an important mechanisms of the influence on
prenatal substance use exposure on later behavioral outcomes. Although the literature on
epigenetic effects of prenatal substance use exposure is still in its infancy, data suggest the
importance of these marks as a potential mechanistic link between maternal substance use
and negative offspring outcomes. Sophisticated research designs will hone these findings
and could help define specific biological pathways by which substance use during pregnancy
can impact risk for adverse neurobehavioral and medical outcomes later in life. Eventually,
identifying specific epigenetic changes that lead to developmental outcomes and/or impact
disease risk is likely to advance prevention and intervention efforts at the individual and
family level.
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Prenatal Epigenetic Changes?

Smoking
Prevalence: ~12-15%

Associated Methylation of genes related to:

Metabolism of carcinogens (placental tissue)
Serotonergic system (placental tissue)

—# - Glucocorticoid system (placental tissue)
Global methylation (cord blood & other tissues)
Repetitive elements (cord blood)

Offspring Health &
Behavior

Alcohol Use
Prevalence: ~16-23%

\\\ - Xenobiotic metabolism (cord blood)

lllicit Drug Use
Prevalence: ~6%

- Repetitive elements (placental tissue)
- Nervous system development (other tissue)

- Cell-to-cellinteractions (other tissue)

. |- Synaptictransmissionof glutamate (other lissue)

- Growth of stem cell precursors & organ size (other tissue)| |

Fig. 1.

* 4 Tog little research in human populations

Limited data suggest
decreased fetal growth,
decreased infant
attention, self-regulation,
and quality of movement
Thus, effects of prenatal
epigenetic changes
related to prenatal
substance use exposure
on offspring health
outcomes is an open
area in need of future
research.

Prenatal substance use exposure, DNA methylation, and offspring health and behavior

outcomes — summary of human studies. *Prevalence of prenatal exposure from Tong et al.

(2013) and United States Department of Health and Human Services. Substance Abuse and
Mental Health Services Administration. Center forBehavioral Health Statistics and Quality

(2015).

Neurotoxicol Teratol. Author manuscript; available in PMC 2020 January 01.



Page 23

Knopik et al.

wB1em Apoq [els} paonpay

WB1em Apoq e84 paonpay

asuodsal Buizeaiy pausdwep
‘Sa[eway Uey sasuodsal

Jaybiy Apueayyiubis pamoys
sdnd ajew ‘101ABYaq 1|
-A181XUe pue ANAIOE 1010WO020]
snoauejuods paseasoul ‘Jybiam
Apog dnd 1o wep uo 19818 ON

1o1ARYaq Al8IXUR pasealoul
‘A1owsw pue Bulules|
Jeneds pasredwi ybiam
Yuig uo 10819 Juediiubis oN

J01ARY3( AjBIXUR

paseaJoul ‘asuodsailadAy ssens
‘pouiad Buisinu Inoybnoayy
ymolb Apoq paonpai

yB1am yuig Jamoj azis Jani|
Ja|ews ‘awiy uonelsah Jabuo

‘utelq

Buidojanap ay1 ui uoissaidxa
auab Y1V Jo uoissaidal

e pue Jajowoid Y1

03 (dg1) uioad Buipulg-viv.L
10 Buipuig ay} U1 aseasdap

e ul Bunnsas ‘Jerowold
auab Y21V Je uBWa|e V1V
3y} Jeau snaoj ¢S-9d) ajbuls
® JO uonejAylaW sasealoul
8INs0dxa auNodIu [efeuLIdd

b1

Wb

sjuswiredwod

3)IYM pue Xoe|q

10} d2uaJayald {AlIAnoe
10J0W020] SnosueuOds
‘Buruonipuoa Jeay

{(ddD) whipesed adualsyeld
99e|d pauoIIPUOd 8UILI0D

1B1am sa1 plaiy
uado ‘azej Js1ep SLLO

1yBram
‘aIenmyyos Burionuow
JeJoineyaq yorep dois

sdnd

alew pasodxa Ajereuaid

ur Aunfur o1wayasi-oixodAy
ureiq 03 Ajigesaujna

(sndwesoddiy) ureig

(sndwesoddiy) ureig

(sndwesoddiy) ureig

(sndwesoddiy) ureig

urelg

ureig

uonelAylsiN YNa

uonelAyBIN YNQa

uonejAyisw NG

uonelAyIBIN YNQa

uonelAyIBIN YNQa

uonelAylsiN YNa

191p pinbj
'S9110]BD PAALIBP-|OURYIS %G GE

BuiuLIp 881} ‘[oueYId A/A %0T

Alsnoauenagns Aep
Jay1o A1sna H13IN 0 Bx/Bw ¢

‘Aep

Jad a21Mm1 ('9°S) Ajsnoaurinagns
8UIe20 %/BW0Z 40 (10BN %6°0)
aules Jayua Jo uondalul ue ‘gT
ybnouy g sAep Jeuoneisab up

skep
0€ 104 (95/°9) Joueyla Bulurejuod
181p pInbi| © paAladal safeway 2

(A1snoaueinagns

pajuejdwi (uiwyby/6r

) sdwndiuiw onowso ybnoiyy)
yuiq Jaye o1 Aep 01 uoneisah
10 ¢ Aep wouy sjed Jueubaid

0] PaJalsIuIWpe Sem sulodIN

(spuepsayiaN
‘uejreH) 99y

[ 9/719.8D ‘paiqul
‘Wep |0uU0d
Buile1s0}-ss040 6T
pue (Buridsyo apew
G/ ‘Bundsyo L€T)
pasodxa-joueyla
6T ‘(Bundsyo
alew / ‘Bundsyo
€2T) 104U0d 8T

sdnd Y1\ 09
=\ pue sdnd auifes
29 =N ‘Aioreioqe

uosyaer 91w

£9/19.80 ‘22 =N

20IW [
9/19/60 ueubaid

‘Iany sajteyd
JO siel ajewsy
npe 09 =N

sdnd el Asjmeq
-anbe.ds sjeN

(s102)
‘e 18 1eBN

(sT02) "B
10 uauolley

(s102)
BunoA
‘InB13 “eyzi

(s102)
‘e 18 ORYZ

(9102)
‘e 39 Jeqaer

(€102) B 1R 1T

(Buiidsyjo
pesodxe) s1nse 1 jolig

So InsesW aW021NQ

soRIUI JoBNSSIL  PRIPNIS Uole Blfe olpUshids

ainsodxa [ereua.d Jo ainsea |\

pelpnis
fewiue pue
(N) 8zis a|dwes

akep
uoleol|gnd
pue sioyiny

Author Manuscript

"S19940 o11suabida pue Aoueubaid Burinp asn aduelSgNS [eUIBIEW JO S|9POW [eLIUR Palds|as

T alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Neurotoxicol Teratol. Author manuscript; available in PMC 2020 January 01.



Page 24

Knopik et al.

"OWN 8y} ut audb zaya
ay Jo uoneinBal onauabids ayy
Ul suolrelal|e paanpul-siqeuued

Aq ‘ped ui ises) 1e ‘paure]dxe
aq ued AJjIgeIau|NA UonIppe
pue ainsodxa siqeuued
Jereuasd UsamIaq UOIIRID0SSE
ayy eyl 1sabbins ereq

"JeJ a[ew 3npe ui AUAIRISUSS
premal ajeido pasealou|

‘pateaddesip 1o ‘suonoaip
asoddo 03 pasianal ‘painpus
€d 1€ S}0a)4a Paje1d0sse-aulednd
U} 40 awos ‘0ed Ad "P10}-6T
— Se yonw se Aq pasealoul 1o
paseasdsp AjBuipuodseliod sem
S19D palelAylaw Ajjewiouge
ayy 01 paxul| sausb palos|es

10 uoissaldxa snousbopu3
"0€d e pasealoul pue

£d 1e pasealdap Apuediiubis
sem uolejAylaw NG [eqo9

sulayed

uonejAysw NG apim-awoush
palaye ‘o11ed Xas Jo ‘Wybiam

dnd ‘azis J811| Ul 83UBIBHIP ON

sloineyaq anis|ndwi
‘uonusneul ‘AuanoesadAH
‘yBiam yuiq Ul aoualayip oN

WBIBM YLIG J8MO]

sdnouf |043U09 SNSIAA |ouURYID
ui sybiam o1luoAIquis paonpay

dnouib joueyls ui uonisinboe

yse} Jo uawiredwi ‘dnoib
JouByla Ul AJIAIOE 10J0W0I0]
Jamo| ‘yBiam sniay paonpay

"EH BUOSIY UO (FYEHAWE)
¥ aUISA| parejAyiawiL

pue (6MEHaWZ)

6 auIsA| palejAylawip

1oy 91319ads saipognue
yum parerdioaidounwiwi
pue ainsodxa

DHLL [ereuald yum syes
a[ew }Npe JO ON 8y} woly
pare|osI s1oeaxa uo (d1yD)
uonendioaidounwiwi
unrewoIyd

"Uu0198ssIpoIdIW ainjded
Jase| Ag pasioxa suoinau
lepiwesAd redwesoddiy

U1 pajen|ens alam ‘sisAjeue
uolssaldxa auab ¥Od

-1 ¥ awn-jeas aAneluenb se
119M se ‘Buiouanbas ayiy|nsiq
pue Buijiyoid Aelreoloiw
2190 Aq pamoy o4
uoneudioaidounwiwi

VNQ paelAyew
‘uonelAyiow VNG [eqo|9

11y uonduosuel ]

as1anay Aoede)

ybiH :(Sgyy3) burousnbas
alynsig uoieluasalday
paonpay paoueyul

181 Buuna

131 BAISIBAY Yo0YS
1004-04109|3 8y ‘1S9
9ZeIN-A ‘1591 pIaly uado

Wb

Wb

9ZeW J3TeM SLION
41591 pIaiy uado ‘ybrapn

sse1 Buluonipuo
aoe|d auydion

(sndwesoddiy) ureig

(snwejeyiodAy) ureig

urelg

urelg pue sjieg

ejuage|d pue oAiquig

urelg

UOI1EILIPOW BUOISIH

uonejAylsiN YNa

uonelAylsiN YNa

UO17BO1IPOW BUOISIH

uonelAyBIN YNQa

uonejAylsiN YNa

VNYoIW

(OHL Jo Bw 9T~)

$3)18.e619 Sigeuued 8sop Mo| 40
S3JRWIISA JUBLIND 0} 8|qesedwod
si whipeJted siy) ul pasn

OHL Jo asop ay L *(91) (syeam
02~ ‘uonesabpiw) uone|ndod
[e134 UBWINY INO Ul pauIWexs
pouad [eyuswdolanspolnau ayy
01 spuodsali09 pouiad Jusuiyess)
SIYL "2ZANd-5a9 woly (uonnjos
auI|es 3[1181S-08 USAM] %E"0
‘H3A) 8191yaA Jo (6%/6w GT°0)
OH.L Jayyia Jo suonasfut ‘'l
Alrep ynm pajeas] aiam sajewa

*Ajuo autfes 9%6°0 40 |1 00z YMm
g suonaalul Jo a|Npayds awes
:dnoub jonuod-aulfes ‘(613-83)
uonessab yo Aep YigT aup ybnoayy
Uig aup wody (INd 00:8 pue

INV 00:8 ¥e) Aep e 801m) ‘aulfes
9%6°0 40 |1l 00Z U1 panjossip
3p1I0JY20.pAY auresod By/bw
02 Ynm (398U 8y} JO winsiop
ay1 1e) paloalul Aisnoauelnogns
:dnouf yuswiean-aurednd

(uonnjos A/A 9%602)
1yBi1am Apoq 634/6 ¢ ‘whipeted
|Joyoaje uiened-abuiq payeadal

uolyegniui
oLsebenul eIA GT 01 9 Aep
|euonieisah wouy joueyls 40 9%
NG Kep/Bybg pue v ‘2 ‘T ‘0

uonezi|1Jay Jeye skep g 1oy
Joueyla (A/A) %0T 03 SS32e 9.

(66 6°2) 10ueyId %G
40 B/]w GTO'0 ‘0dp G2 pUB G'T

Kep/Bw60°9 10 0y ‘0°Z |oueylg

sdnouf jonuod
pue QH Jad

Syel ajew pasodxa (1T02)
Ajjereuard 9-G=yv ‘e 19 UBINIA
S3WO02IN0
Buridsyo Joy (Jan]
Jad T) sdnd sjew
0T ‘(jonuod-auifes
0T ‘pasodxa OT) 8002 “e
Swep 1ad 0¢ =N 19 BAONINON
Sled JeISINN [elus) L102
pue sjew zeT =N ““[e 18 SawWISy
Juswiadxa
uo Buipuadap
1e1 10} 62-9
pue sdlw Joj €T (e102)
0} ¥ Wouy pabuel i/ ‘e 18 Wiy
(0102)
asnow ‘e 18 BloyY
9/19.80 ‘etve =N -uauiwrey|

600z ‘Aeswey

(Buridsyjo
pasodxa) s1jnsa . Jolig

S InsesWl aW021NO

19.01U1 Joanssi|

paIpNIS uoite Blfe d1uebid]

ainsodxa [ereus.d Joaunses N

€S =N pue »209AeH

(6002 “[e 19

Buenn) (6002)

90L =N ‘[e 18 Buem
paipnis arep

fewiue pue uoireatjgnd

(N) @azs ajdures pue s.ioyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2020 January 01.

Neurotoxicol Teratol. Author manuscript



Page 25

Knopik et al.

alam sauab zz9

WB1em yuig ‘diyopesd ZT-OH vewnH

‘parejAyiaw Ajfenualapip ‘diyppeag /z uone|AyIBIAl UewinH wniuu| 099eq0} payiodal (T102)
alam sajs 9d9 20T ‘I uonelAyleW YNQ Z3 M dusbaind eusde|d uonelAysIN YNA -[eutarelN 9€ =NV ‘[e 18 48NS
(200
=) Wawanow Jo Alenb
pue UoNEIAYIBW USaMIB]
uole[a.1109 anljebau
jueorubis e pue (8000°0
=) 9102s uonuane
JueLUI pUR UOIBIAYIBW
VZLHH Ussmiag
uolleali0d aniisod
WeoHIUBIS “(%6°9€ "SA
%S Ti7) Uole|Aylaw ueaw
19yBI1Yy 9%¢g v e pey siaxows
‘uonejAyrew Jarowold Aoureubaud
VZ&.LH pue Bupjows ([SNNN] Buunp Bupjows
uaamiaq diysuone|as S3[eIS [BJOIARYSCOINSN YIOMIBN NDIN) 10 MaINaL (€102)
jueaiiubis Ajjeutbrely  JolAeyaqolnau Juesu| ‘BurousnbasolAd suynsig BIUAIR|d uone|AyBIA YNA 14eyD [e2IPaN Yy sV |e 18 anenbed
‘Aoueubaid Bunp Burjows
JeuJarew Ylm pareldosse
Apueoiiubis alem
ey susened uonelAylew siureyo walied
|enualayip pakedsip auab WwioJy papiodal
EXNNY 3y Jo suoibal Aoueubaid Burinp
Jajowoud pue o1uonul BurouanbasoiAd sy nsiq awn Aue je (€102)
3yl UIYNM 190] UaAaS  ‘Aedse diyDpeag /guonejAylsueWNH eujwn BlUaJe|d uonelAyBIN YNa sniels Bupjows 90Z =NV '|e1d 1uedJBN
‘anss1y
ainsodxa [ejuaoe|d Jo weih
BUI0DIU UM Pajeloosse Jad sweiboueu
uonejAyswodAy Ul UOIeIIUBU0D
anIze|al Jo uoifias aulunod
© 15966ns ausb GzHZHL D |ewuaoeld
puR DZHZHL O 3y} Ul SIS Buninsesw
od) ||e Joy anssn [eyuade|d Aq paulwisiap
pasodxaun pue pasodxa Aelre sem ainsodxa ¥T02)
Ul uotre|AyiaL JUdIad diyopeag 0Gruone|AYISINURLINH BUIWN|| euade|d uonelAysIN VNG aUNodIN 08 =V ‘leldeigeyyd
Aoueubaid Burinp Bupjows Aoueubaid
0} pasodxa 10U asoy} Burinp Bujows
01 paJedwod uonejAylsw ‘uoiiejAyiaW JO ainseall |[eIdaN0 10 alreuuonsanb
ZGTTASH SS9] %88 UM  Ue urelqo o3 pabelane sem sais 9dD ZgI7GSH painjonis
paye1oosse Apueayiubis N0} 3y} JO Ydea $s0.0e uonejAyIs|A "uoibal paJaisiuiwpe (€T02) 'I°
asn 022eqO] [eleudid ZATTASH 8yl Jo BuiouanbasolAd ayynsig BIUAIR|d uone|AyB A YNA -1aMBIAIRU| vy N 19 uoja|ddy
anss1y [ejuade|d uj uonejAylsw YNNG
2Insodxa arep
(Buridsyo rereus.d uolrealjgnd
pasodxe) s1|nsal jo1lg S9INSEaW BWO00INO  1S98IUI JoanssI]  palpnis uolle e dlpusbidg Joainsea |\ (A)ozsajdwes  pues.ioyiny

Author Manuscript

‘uonejAylsw wNQ pue Aoueubaid Bulinp asn aourISaNs eularew Jo Sjapow uewnH

¢ dlqeL

Author Manuscript

Author Manuscript

Author Manuscript

Neurotoxicol Teratol. Author manuscript; available in PMC 2020 January 01.



Page 26

Knopik et al.

poojq S|9A8] BUIUI0D
uonejAyswodAy snouan [esayduiad poojq ‘ainsodxa
0} S8INQLIIU0 diyopeag 0Si UOIRIAUIBIAI UBWINH Wwinjuyu] Jeusslew 092900} JO Hodas (ST02)
aInsodxa 022eq0} 0JaIN U] diyopeag oGy UoIRIAYIBIAl UBWINH Winjuyu| ‘poojq pi0D uonelAyBIN YNa -J18S [euJale|N suIogMaU {0z =N ‘[e 18 BLIOA|
poojq pJo2 ut uonelAyeW VNG
ymolb
1e18} Y}M pajerdosse AoueuBaid
8J9M SIxJew uonejAylsw Bunnp asn (z102)
‘uonre|Aylaw 03 pare|al yImoUb [e18y ‘siuswala anadal 8GANIY |0yo9[e JO MBI ‘e 18 1Z)ieUsg
Sem aInsodxa [0yodlyY Yyl pue T-INIT ay: Jo BuiousnbasolAd auynsig BlUaJE|d uonelAyBIN YNa p10231 [e2IPAN 6L =N -WiBy M
TOEHN
Aq uoIeIpaW 10§ 8IUBPING
ON "Yuow [eyeuisod 1si1}
3y} Jano Bulyloos Jsulwexa
10} paau pue ABJeyis)
paseaJoul pue ‘uoirejnbal ABreyrs| pue uoire|nbal Aoueubaud
-1]9S pue uonuane -J]8s ‘uonuane Juejul ‘wasAs BurouanbasolAd Burinp Bujows
JURJUI PaSeaIdBp ‘TOEYN AN MeNoiAd Buisn BuiouanbasolAd Jeusarew Jo
10 uone|Aylaw pasealdap annelnuenb ein paulwexa - uoibal MBIAIB)UI Yorg sired (9T02)
UMM PBJRID0SSE dASIN - J81owold 7OV 8up Je uolelAyiew Jo saifiag eusde|d UOHRIAYIBIN VNA  MO|[04 3UIjdWIL  JUBJUI/ISYIOW G =N ‘e 18 pnonis
auunod
wnjuodsw pue
BAIleS AQ palyLIaAn
‘MaIAIBIUI
Liuow [ereulsod 1s1y 32eqMo||0}
3y} JaA0 |0SIHI0D) BAIIRS) ABreyis| pue uole|nbal auljpwin
pue [eseq Juejul UM -J]8S ‘uonuane Juejul ‘walsAs BurousnbasolAd Aq passasse
pale1o0sse uolejAyaw AN YeNoiAd Buisn BurousnbasolAd sem Aoueubaid
TOEYN "Sluejul pasodxa ul aAlellIueRNb BIA paulWexa - 4] Uo X8 Burinp Bujows (¥T02)
TOS&N [ewuadeld pasealou| Jajowoud 7Og&/N 8yl 1e uonejAylsw Jo saifisq BluUade|d uonelAuIBIN YNa JeussleN Sy =V ‘e 18 pnonis
Sjuawa|a asuodsal
J1101ouaX Je uolrejAylaw Aoueubaud
[e1IUBIBLIP UM Paleloosse 1] UolelAyIdW WYNQ Z3 ‘1M uonduosues | Buninp aunsodxa
1 uoissaldxe IV TdAD 8s1anay WN@9 Aoede) ybiH swaisAsolg 029eq0] payodal (oT02)
Jejuaoe|d ul sasealou| paijddy 13 uidsoajonN [abeN Alayoen rlUddR|d uonelAyBIN YNa -[eutarelN € N ‘e 18 JaIns
Bunjows
UM pajeldosse 73/ pue
CETYdD VO THZHLD
‘V&Nd WM yuig
pue Bupjows y10q Yum
Ppayeldosse 1/9-4N pue
‘TNVH '€0SN1 ‘TTLNA
‘6XLS "uonelAyRW YNM
pale|ali0d alam passaldxa
Alrenualayip sauab jo gy Aoureubaud
‘passaidxa Ajjenuaiayip Burinp ainsodxa
aInsodxa arep
(Buridsyjo rereve.d uoireatjgnd
pasodxe) s1nsa . jo1ig S9INSESW BWO02INQ  1S98IUI JoanssI]  palpnis uolled)fe dipusbidg Joainsea |\ (A)ozsajdwes  pues.ioyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Neurotoxicol Teratol. Author manuscript; available in PMC 2020 January 01.



Page 27

Knopik et al.

VO4d wniss
UHIM UOII|3.1109 A[3SIanul
s1 uonelAyBW vNQ
leqolb :029eqo} 03 pasodxa
SUIOQMBU Ul JSBMO] dJam
uoneAylsW YNQ [Bg01D

2G410//0 pue Vragnws+
ur uonejAylsw pasesiou|

abe Jo ow QT 0}

dn 1oy abueyd uonejAylew
VNQ usisisiad

89npul ued ainsodxa
aupaINeul (o1y10ads
-anss11 ale pue ‘aloys
puejst 9dO ay3 01 panul|
a.le sabueyd uonejAylew
VN ‘S|9As] 8uIunod
ewse|d pue poojq |ejeuosu
Ul uoe|AYIBW HH Y

pue Bupjows [eulslew
U83MIaQ UOIIBI0SSY

sainyeubis wyNd
[enUBIaIP 0} SAINGLIUOD
a2.nsodxa 009BgO} 081N U]

"©I0AN) 9T

uisoAw jo uoibai Buipod
3U UIYNM 8JaM 7 pue ‘GT
3WOSOWO0IYI UO TV TAAD
WJ0J0SI 0Sid dWO0JY201Ad
40 weassdn uoibal e ul
3IBM ¥ ‘G BWOSOWOIYD U0
(&&/HV’) J0ssaidas 101dadal
uogJed0ipAyjAle Jo uoibal
Buipod ayy ulyum alem

‘T awosowouyd uo (r/49)
J0ssaidas uonduosues) T
juapuadapul J03oe} ymolh
10 uoiBal Buipod ayy ulylm
alam 9z ayp Jo g "sauab

0T 03 paddew s9dD 9z

104 (,-0T x 90'T > dN[en)
90uedIUBIS [B21ISIIEIS BPIM
-awouabida 1e uonejAylew
VNQ lenuaiagla

11| uonealnuenb wNQ 8feIN UewnH

A J91NUENY) 13 [BIOISWLLIOD Paseq WSIT3 poo|q pI0D

diyopeag M 05y IAHII poojq p10d

anss1} ejusoe|d pue
‘wnijaynds [eaong
'S[]80 Jeajonuouow

Q_covmwm_ oSy CO_«m_\A_.:m_\/_ uewiny eutwnij| poojq piod
Keite 3 oGy wniuyul poojq pJod
poojq pJod

uonejAylsN YNa

uoneljAyisIN YNa

uonejAyisIN YNa

uoneljAyisIN YNa

uonejAyisIN YNa

Aoueubaud

Burinp ainsodxa
000800} paledIpul
S|9A8] BUIUI0I
wnJas pio

Aoueubaud
Burinp ainsodxa
0998q0} JO
1iodal Janibale)

ainsodxa
0298(0} JO 1odal
-}19S [eulalR\l

(ma1niaul
Janibaled

@33s) ainsodxa
022e00} J0 Lodas
-119S [eulale|N

ainsodxa 029eq0}
10} BUIUNOD
ewse|d [eusare

0€ =V

wreiboud juswabeuey

BWLISY pooypiiyd
ayy wouy (04 ZT

—G) UaIpIyd /2§ =N

(S13d) Apmis
uim] sonausbidg
[ereusod/uad

3y wouy saroueubaid

umi oy =N

pIo/IAG—€ ‘2LG =N

suIogMaU ‘g90T =N

(0t02)
‘e 19 uolsaid
-0Jallsng

(¥102)
‘le 18 uolaig

(¥102) 12
19 JINOXEAON

(9702) "2 10
©1S00\/-ppe-]

(zT02)
‘le 18 yagnor

(Buridsyjo
pasodxe) s1nsa . jo1ig

S Insesw aWwod1NQ

1S9/01Ul JoBNSSI]  PRIpNIS Lol e o1eushid

ainsodxe
rereve.d
Joainsea \

(A azs9(dwes

akep
uoryedtignd
pue sioyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Neurotoxicol Teratol. Author manuscript; available in PMC 2020 January 01.



Page 28

Knopik et al.

uonelAyaw uoibal
Jajowoud Z4Dapy sesealoul
pue uonejAyaw uoibai
Jaj0woud /S sasesldsp

uonoeal

alnsodxa

asnods J1ay}

pouiad [euondasuoaniad sy} ureyd asesswAjod awil-jeal anzeluenb Joyooje jo uodal pue uswom jueubaid (5102)
Buninp ainsodxa |oyod|y ‘uonsabip aseajonuopus d1419ads-uoie|AyIa N poojq pi0D uonelAyBIN YNa -J19S [euJale|N Jo sied 9T =N/ ‘18 997
wBiem yuig Jaybiy oy
pale|al ale SUOIesU3IU0I SpJ093J [edlpaw
ureloud z49/ Uybnoay) patyLian
paseaoul ‘HINA 249/ ‘Aoureubaid
3y} Je S[9A8] uonelAyIBW Burinp asn
U1 9583199 SUOITRIIUAOU0D 022e00} J0 Uodal U3WOoM (z102)
u1sjold z49/ ul asealou| 1yBiam yuiq ‘BurousnbasolAd ayynsig poojq pi0D uone|AyBIA YNA -1]9S [eulaleln jueubaid 00g =N ‘e 18 0AoH
Jabuons Apualsisuod
9I3M SUOITRID0SSE
Jeulsjew ‘Buiows
Jeussjew pue [eutayed
U99MIaQ Suosiedwod
ulened paginuad
Apuaisisiad pamoys s1ayio uoneisab jo
sealaym ‘uonejAyiaw SY93M ZE pue 8T
10 sas 9d awos 1e palaisiuiwpe
18 A111GISI9A3) PAMOYS Aoueubaud
sieak /T pue / e sajdwes Buninp asn
‘suoiBal auab usnas ur sayis  diyopesg 0SyIANH wniulu) ‘diydpesg 0SyINH 029eq0} JO 1odal sited Bundsyo (5T02) 'I°
9dD GT Je UoelAyIBIN winiuRul i INLUoHRIAYIBN YN Z3 OWAZ poojq piod uonelAyBN VNG -}18S [eulsIBN -IBYIoW 008 =N 13 puowiyory
wBramyuiq pue SuI0gMmau pasodxaun
Aoueubaid Burinp Burjows 82T pue pasodxa
U99MIaQ UOITRIJ0SSE G/T Yum uonedrjdal
3y} palelpaw Ajjensed Aoueubaud ‘pasodxaun 9zT
uonejAyaw ybram Burinp ainsodxa SA Buijows [eulayew
yuig paonpal ‘uolejAylew diyopeag oGiuonejAyIBNUBWINH 0298(0} JO 1odal 01 pasodxa uaip|iyo (5102)
poojq plod ul ssousiafid winjuu] 31 uonelAylsw wNQ 96-Z3 poojq piod uonelAysIN YNQ -}18s [eulsleN yaina 6zt =N ‘[e 38 s1adn
SUETTTETETEN
pue ajew Joj Aj[eruaiapip
uone|Ayiow z49/
JuRLIaQR AQ pareIpaw sem
B1am yuig-moj pajejas
029eq0] ‘Buridsyo srew asesawAjod wNQ bel wnuneld N T Aoueubaud
ul pasunouo.d 1sow sem ‘asesswAjod wNQ bel wnuield N g ‘(usbeid) Burinp ainsodxa
uonejAylsw ‘YNA 4o/ JaouanbasolAd AN 960 HIewolAd ‘a1emyos 099eq0} payiodal (z102)
ay1 e uoneAyaw ybiH ubisa@ Aessy OS ‘siuabeay uabaind enuso poojq pi0d uone|AyIBIN YNA -1]9S [eulalen 8Ty =V  '[e18 Aydiny
swIap
21d0je YlIM UoIe10Sse
SI4 7S, UIP|IYd JO 1oyod Aoueubaud
aleJedas e Ul ‘uonelAylaw Burinp ainsodxa
[enualayip pakejdsip saush 022870} pajedlpul
(d75.2 ) unatodoydwA| SI3A3] BUIUNOD (e102)
[ewo.s a1wAy L sAe.te uonelAyIW M Lz wintuyu eutwnj| poojq piod uonelAysIN VNG poojq p10d T =V ‘[e 18 Bue
aInsodxa arep
(Buridsyjo rereve.d uoireatjgnd
pasodxe) s1nsa . jo1ig S9INSESW BWO02INQ  1S98IUI JoanssI]  palpnis uolled)fe dipusbidg Joainsea |\ (A)ozsajdwes  pues.ioyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2020 January 01.

Neurotoxicol Teratol. Author manuscript



Page 29

Knopik et al.

1180 Wa1s Wos Jo
UIMo.B ay) yum pareroosse
ale Jey) pue ‘erewein|d

10 UoISSILWISUR.) 0] palejal

epeue) ‘oLeuQ

‘suoljoRIaUI |]99-01-[|92 u1 ebuejedeyy
aleIpawW ‘wWalsAs snoAsau r Ag asv4
ul passaidxa :sauab diyppeag ospuonejAyis i\ UBWINH yum pasoubelp sS4 yum (pjo siesh (sT02)
ur uonejAyisw paseasou WY U YNNG dwey 1O SOBMS >88Y0 uonelAyBN VNG Arreauno 9-g)uaIpIyR 9 =N [ele JgyneT]
Kianijap Jaye
syluow y—¢ asn
uonejAylaw 0298(0} JO 1odal K1ani[ap Jaye Ajuioys (r102) 'I®
patalfe yum sodo G8T diyopeag oGruonelAyIBNUBWINH BUIWN]|| poojg sjoym uonelAysIN YNA -319S [euJsle N Sluejul 688 =N 19 seunxjie|\
"adAjouab [Inu TINLSO
UOWIWIOD 83U} YHM UaIp|Iyd
ur uotrel Ay TINIT
UO S108449 pale|al-020eqo}
lenuaiayid ‘0ddld Aoureubaud Apmis
pue XYV J0 uonejAyaw 1010918 92uanbas 00/ INSIdd Bunnp ainsodxa YI[eaH s,uaiIpjiyd
pasealoul ‘AN 19V Ue uo saqoid go\ 1y uole|ost WNQ 029eq0} JO 1odal ay1 u1 bunedionsed (6002)
Jo uonelAyiaw Jamo  INIDUNA WM PIOD-UoneIAYIBIN YNA 96-Z3 S[18D [e3dNng uonelAyBN YN uelpsenbjusied uaIpIiyd 8ve =N ‘[e 18 uojaig
Aoueubaid
uoxa Burinp asn
9-IN@4 U} Ul uolelAylew 0298(0} JO 1odal Apnis yinoA (0102) 'I®
YlIM pajeloosse anndadsonal Aeuanbes ay) woly 18 zanBLpoy
s1 ainsodxa 022eq0L VNG Jo Buiouanbas ayynsig pooig uone|AyBIA YNA |eusareN S1URDS3|0ope 9GT =N/ -0pajoL
Ao
pooyynpe ul uonejAyBW ainsodxa SIOA MBN Ul €96T
VN 01 paejal 000e(0} JO Hoda1 pue ST Usamiaq (TT02)
s1 ainsodxa 039eq0L (youeasay owAz) I uone|AyIBIN VNA Z3 poo|g uonelAuBIN YNa -}18S [euJale|N ul0g UsWOM 06 =N/ ‘e 18 woj4
uonejAylaw Aoueubaud
VNG 10 S[9A9] [|eJan0 Burinp ainsodxa
01 pajejal Apueayiubis 0298(0} JO 1odal (8002)
s1 ainsodxa 099eqo). uo1193]]09 poo|q ‘uoiejAylswodAy d1WouaD $]199 poojg aMYM uonelAyBIN YNa -J19S [euJale|N 292 =N ‘e 18 AiaL
SaNssI} Jay10 Ul uonejAylsW NG
J81S8W} pAIy} Jo/pue
puo2as ayx buunp
10U INq JaISaLLL
15414 8y} Bupnp
JAoueubald aiogeq
JOY09Je PaWNSU0d
OYM SJ3YIoW 8Z6T
‘Bunse) 'Sa1I0JeJI0qR] J14198dS-110Y09 Ul Jo eulwnj|| =N pue Aoueubaid
a1dnjnw Joy HunoaLI0d 1e Aesse diyppeag 0syuonejAyis i\ uewNH 1noybnouy) pue
Jayje uonejAysw 1uIU| eUIWN||| 8Y3 Buisn painseaw AoueuBauid 210J3( Y104 |oyodle
|BIIUBJIBYIP JO BOUBPING SeM uonejAylaw WNQ ‘1 uonejAylew Burinp uodal pPaWNSU0d oYM (8T02)
Buoss Jo JuaIsISUOd ON VN 96-Z3 8y Buisn uoisIanuod auy|nsig poojq ploD uonelAyBW YNNG -119S [eularelN slaylow JHTT =N ‘e 10 dreys
aInsodxa arep
(Buridsyjo rereve.d uoireatjgnd
pasodxe) s1nsa . jo1ig S9INSESW BWO02INQ  1S98IUI JoanssI]  palpnis uolled)fe dipusbidg Joainsea |\ (A)ozsajdwes  pues.ioyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Neurotoxicol Teratol. Author manuscript; available in PMC 2020 January 01.



Page 30

Knopik et al.

%G < abueyd

uone|Ayiaw juadad ul sisoubelp
saoualayip Buikeldsip 9T (aswv4) Japiosip S|0J1U02 96
!S|03U0D pue Sased QS S|190 3WOJPUAS  pue aWOJIPUAS [oyodJe (9102) 'I®
uaamiaq sais patejAylsw  diyppeag 0’| pend-G ziuwQueWNH wnjuyul [erjayyida jeaong Joyooe [e18} PaWIU0D 19 Jewese)
AllenuaiayIp 859 ‘Relte OGyuUoRIAYIBIASUBWINH BUIWNY|| ‘sa|dwes eAleS uonelAyBIN YNa [e18) PAWLIUOD UMM UBIPJIYD OTT =NV -safenod
az1s ueblo
10J3U03 Ty} siosindaid
aInsodxa arep
(Buridsyjo rereve.d uoireatjgnd
pasodxe) s1nsa . jo1ig S9INSESW BWO02INQ  1S98IUI JoanssI]  palpnis uolled)fe dipusbidg Joainsea |\ (A)ozsajdwes  pues.ioyiny
Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Neurotoxicol Teratol. Author manuscript; available in PMC 2020 January 01.



	Abstract
	1. Introduction
	2. The critical window of prenatal development
	3. Substance use during pregnancy: evidence from genetically informed studies
	4. Substance use during pregnancy: the role of epigenetics
	5. Epigenetics: DNA methylation
	5.1. DNA methylation and the placenta
	5.1.1. Maternal smoking during pregnancy
	5.1.2. Maternal alcohol use during pregnancy

	5.2. DNA methylation in cord blood
	5.2.1. Maternal smoking during pregnancy
	5.2.2. Maternal alcohol use during pregnancy

	5.3. DNA methylation in other tissues
	5.3.1. Maternal smoking during pregnancy
	5.3.2. Maternal alcohol use during pregnancy


	6. Implications and future directions
	6.1. Quality data on the effects of exposure specific substances, timing, and quantity
	6.2. Larger longitudinal studies with a wider range of epigenetic data
	6.3. Creative designs that appropriately control for confounders

	Summary
	References
	Fig. 1
	Table 1
	Table 2

