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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 Assess-
ment 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% (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 pregnant women
(3.1%) report binge drinking (4+ drinks on one occasion) in the past
30days (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
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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 five-
fold 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 un-
derstand 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 biolo-
gical pathway that includes both genetic influences and environmental
exposures, as epigenetic changes are one mechanism by which en-
vironmental 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, un-
derstanding the potential pathways underlying the associations be-
tween 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 me-
thylation, 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 be-
tween 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, car-
diovascular 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
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(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, influ-
enced 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 (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 spe-
cific 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 re-
sponses 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), cer-
tainly 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, in-
cluding 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 de-
pression 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/sig-
nificant 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-influ-
enced (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 de-
velopment 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
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understanding the nature of the reported SDP-child outcome associa-
tions, 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 quasi-experimental designs, consist of adoption de-
signs, twin designs and their extensions, children-of-twin designs, sib-
ling-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 pre-
natal 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 epidemio-
logical studies may be due to an inability to adequately control for
shared familial influences, including genetic and shared family en-
vironmental factors. In other words, after control for confounding fac-
tors, they do not see a robust effect of SDP on certain outcomes, in-
cluding 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 conclu-
sions across studies on the nature of the effects of exposure to sub-
stances 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 epige-
netics” studies how environmental exposures affect epigenetic me-
chanisms (Reamon-Buettner et al., 2008). Many researchers are inter-
ested 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 tis-
sues (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 over-
stated (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 provides
support of a possible epigenetic mechanism by which prenatal sub-
stance 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
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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 struc-
tural studies, might not exist in the rodent brain (Preuss, 1995). Im-
portantly, 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 diag-
nostic 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 sub-
stance exposure. There is only limited work considering the effects of
prenatal substance exposure on differential microRNA expression (see
Vrijens et al., 2015) or histone modifications, 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 cyto-
sine- 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 ir-
regular binding of a variety of proteins. In the presence of DNA me-
thylation, 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 pro-
moter 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 estab-
lished (Maccani and Marsit, 2009; Reik, 2007). During the cleavage
phase, which includes the early cell divisions that occur as a 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 mod-
ulating functional pathways. Thus, proper setting and resetting of me-
thylation 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,



Neurotoxicology and Teratology 71 (2019) 50-63

V.S. Knopik et al.

(28pd 12U UO panunuU0d)
Jo awos ‘0gd Ag "PloJ-6T—F Se yonui se £q
Ppasea1dul 10 pasea1dap A[3urpuodsariod
sem S[DD paje[Aypouwr A[euriouqe
91 0] paYUI[ S9UDT PaIDI[As JO
uoissa1dxa snouadopuy ‘Qgd e paseaIour

‘uopoassIpordIw a1nided 1ase|

Aq pasmxs suoinau [eprurerid reduresoddry
Ul pajen[ead a1om ‘sisA[eue uorssardxa

Sua8 ¥YDJ-Iy Swn-[eal aaneinuenb se [[om se
‘Burouanbas ayynsiq pue Surpyoid Aerreordrwr

Jonuod-aures ‘(6 Td-8H) uonelsasd jo Aep
W61 P Y3noIy yig oy} woxy (Nd 008 pue
NV 00:8 18) B € 301M] ‘DUI[ES %6°0 JO 1 00T
Ul PIAJOSSIP SPLIOIYI0IPAY aured0d 8y/3ur 0g

sawodno 3uridsyjo 10§ (1911]

pue ¢4 Je pasea1dap Apueoyrudis 219D 4q pamojjoj uoneydardounuuy (sndurecoddry) uone[AyIsIN PIM (3P3U Y] Jo wnsIop 3y 1e) paydafur  1ad 1) sdnd spewr o1 {(Jonuod-aulfes 800C
sem uoneAyaw yNd [eqo[D VN paie[Ayouw ‘uoneAyaw yNQG [eqorD urerg VNd Ajsnoaueindqns :dnoid jusunear-aureds0) 01 ‘pasodxa Q1) swep 1dD 0T = N I 39 BAOMNIAON
suia)yed uoneAylouwr 1] uondrosuel],
VNQ pIM-2UWIouad paId)[e ‘0nel Xas 10 as1aAdy A1peded Y3y ((Sguyd) Surouanbag (snurereyjod4y) uone[AyIsN (uonmjos A/A 9%07) 1y3om Apoq 3y/3 ¢ L10T
9y8rom dnd ‘oz1s IoNI] UT 9DUIIYIP ON y[nsig uonejuasaiday pasnpay paduequy ureig VNa ‘widrpered joyodre wieyed-adulq pajeadar  sjel IBISIM\ S[RWIDJ PUR I[RW ZET = N “Ie 19 souwIsy
sI01ARYDq uoneqmur drnsedenur JuauILIadxo
aarsnduir ‘uonuapeur {AiandersdAH 1591, SUDJULI J9JBA DAISIDAY YIOUS uonedyIpow BIA GT 0} 9 Aep [euone)sas woiy [ouey’d uo Surpuadap jer 10j 62—9
9y3rom YMIqQ UI QUSISJIP ON  100J-0XI3[H ], 1S9, 9ZBIN-A 1s9) p[dy uado ureig QUOISTH JO %A/AGZ ‘Aep/3Y/39 pue ¢ ‘7 ‘T ‘G0  pue IdIW IO €T 0] { woxj paduer N (£107) e 12 W]
uoneAyIaIN UONeZINId) 1. (0102) ‘Te 10
1YS1oM [IIq IOMOT YSOM ureig pue s[reJ, VNA  sAep g 10j [oueysa (A/A) %01 01 SS2IJe 1] asnowr [ 9/74LSD ‘THC = N B[OYY-UdUTUIR)]
600¢C
sdnoid [onuod snsioa ejuaoeld uone[ AN 34/36°2) ‘Aesurey
[OUBYID Ul SIYS1oM JIUOAIQUIS PINPaY WM pue oA1quig VNAd  [OUBYId %ST JOo 3/[W GT0°0 9dp G pue §'T LEE =N puE 2024eH
(6002
dnoi3 joueyya ur uonismboe yse) “Ie 10 3uep)
Jo Juaunredurr ‘dnoid joueyia ur A)1anoe (6002)
J10J0WO0D0] JOMO] JYS1oM SNJdJ Pasnpay 9Zew I9)em SLLIOIN 9153} p[oy uado 9ySom ureg VNYOIO T Kep/3y/80°9 10 0’y ‘0" ToURRA 90L =N ‘Te 30 Suep
(sndurecoddrty) uone[ Ay
1ySrom £poq [e19] pasnpay ySrom ureig VNa 191p pmbI] {S3LI0[ED PIALIDP-[OURYID %G SE (ST02) 'Te 12 1eSN
(spueiayIaN ‘Ue[IeH) 9 [ 9/T4LSD
{paIqul ‘wrep [onuod 3ULI2)SOJ-SSOID
61 pue (3uridsyo sewr gz ‘Suridsyo
(sndurecoddry) uone[AyIBIN LET) pasodxa-[oueyle 61 ‘(Suridsyo (S102)
1y31om £Apoq Te1s) pasnpay YSTOM ureig VNa BunjuLIp 931 {JOURYID A/A %01 arew 4/ ‘Bunidsygo £g1) [0NU0d T ‘Te 39 usuofIey
asuodsar 3urzeaj
pauadurep ‘safewd) uey) sasuodsax
1ay31y Apuedyruldis pamoys sdnd sjuounteduwod AYm pue yde[q I10j
S[eW ‘I0TARYDq] IYI[-AISIXUR pUB AJIANDR douaIajaId (A)1ATIoR 10J0W0D0] snosuejuods sdnd qIoN 09 = N (S102)
10J0W020] snodurjuods paseadur ‘Buruonipuod 1edj {(ddD) wdipered (sndureocoddry) uonerAyour Arsnosueindqns  pue sdnd aurfes g9 = N ‘AI10je1oqet Bunox
9y8rom £poq dnd 10 urep uo 123jJ9 oN souaiajard aoerd pauonipuod suredon ureig VNd Aep 19190 A19A9 HIAIN jo Sy/3w UOSYIRl I [ 9/14/SD ‘T = N % ‘M31g “yeyz
*Aep 1od
I0TARY(q AJDIXUR PIsBAIdUT 90IM] (2°S) A[snoaueIndgns aured0d y/3w 0g
‘Krowawr pue Surures] feneds parredurt (sndurecoddry) uone[AyIsIN 10 (IDBN %6°0) dUI[es I Jo uondafur (S102)
yS1om T1IIq U0 1093 JuedYIUSIS ON 1yS1om 159) p[oy uado 9zeJy I9JeA SLLION ureg VNA ue ‘g1 ySnoIy g sep [euonelsad ug 01w [ 9/Td/SD Iueudaid ‘Te 39 oeyz
JI0TARYRq
Lya1xue paseanur asuodsariadAy
ssans ‘porrad Sursmu jnoySnoryy
Imo1d Apoq padnpair 9ydrom YiaIq Jomo| 1y3rom uone[AyIPN skep 0g 10J (%/°9) [OUBRYId ‘IoATy (9102)
£9z1s 1oN[ Ja[ews Dwn) uone)sad 8uo  oremijos Suriojuour [eiolAeydq yoyep dolis urerg VNd  Sururejuod 121p pimbi| e paAledal sa[ewa) g SI[IRYD JO SIel 9[ewd) INpe 09 = N ‘Te 19 Ieqqer
‘ureiq
Burdoroaap a3 ur uorssaidxad auad YLy
Jo uorssaxdal e pue 1ajoword YLy 03
(dg1) uroxd Surpulq-yLV.L Jo Surpuiq
oY) ur 9sea129p ke ur Sunnsal ‘1vjowold (A1snosueinoqns pajuerdurr
Quad YCLV Je JUSW[R VLV oY) Ieau (uru/3y/31 ) sdumdruruu snowso y3noayy)
snooj ¢S~ ndp 9[3uls e Jo uoneIAYIoW sdnd arew pasodxe Areeusid ur uone[AyPIN  Yliq 19k T Aep 0] uonelsad jo  Aep woiy
s3seaIdUl aInsodxs SUNOJIU [eleuldd  Am(ur dTwaydsI-d1xodAy urelq o) AIfiqersumA ureig VNa sye1 Jueu3aid 0) paIs)STUTWIPR SEM SUTOJIN sdnd je1 Aoymeq-andeids arey (£102) TR IT
parpms
(Bunrdsygo pasodxa) uoneiale a1ep uonedriqnd
s)nsaI Jorg S2INSEAW WO 1S9193UT JO ONSSLL, onouadidyg amsodxa Tejeuaid jo amsed]N  pIIpnIs [ewue pue () 9z1s ajdures pue sioymny

's109p39 onpuadids pue Adueudard Surmp asn 2dURISqNS [RUISIEUI JO SPPOUI [RWIUR PIJII[S

1 9IqeL

53



V.S. Knopik et al. Neurotoxicology and Teratology 71 (2019) 50-63

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.

(exposed offspring)
epigenetic regulation of the DRD2 gene

exposure and addiction vulnerability can
in the NAc.

endured, reversed to opposite directions,
be explained, at least in part, by

the cocaine-associated effects at P3

or disappeared.

Increased opiate reward sensitivity in
adult male rat. Data suggest that the
association between prenatal cannabis

cannabis-induced alterations in the

Brief results

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 hor-
mones 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).

extracts isolated from the NAc of adult male

rats with prenatal THC exposure and
trimethylated lysine 4 (3meH3K4) on histone

immunopreciptated with antibodies specific
for dimethylated lysine 9 (2meH3K9) and
H3.

Chromatin immunoprecipitation (ChIP) on

Outcome measures

5.1.1. Maternal smoking during pregnancy

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

Tissue of interest
conditioning task

Morphine place

Epigenetic
alteration
studied
Histone
modification

5.1.2. Maternal alcohol use during pregnancy

While numerous animal models have suggested that alcohol ex-
posure is linked to methylation differences in placental tissue (e.g., see
Bekdash et al.,, 2014; Haycock, 2009; Mead and Sarkar, 2014;

vehicle (VEH, 0.3% Tween 80-sterile saline
solution) from GD5-PND2. This treatment
neurodevelopmental period examined in our
human fetal population (midgestation,

~20 weeks) (16). The dose of THC used in
this paradigm is comparable to current

group: same schedule of injections but with
period corresponds to the

200 pl of 0.9% saline only.
injections of either THC (0.15 mg/kg) or

estimates of low dose cannabis cigarettes

Females were treated with daily i.v.
(~16 mg of THC)

Measure of prenatal exposure

E 9 Varadinova and Boyadjieva, 2015 for reviews), studies examining these
= £ % effects in humans are exceedingly rare perhaps because of (i) the dif-
Tés "g §° ficulty of recruiting large samples of mothers who do and do not drink
g &5 during pregnancy prospectively, (ii) the reluctance to admit alcohol use
2 ; S during pregnancy, and (iii) obtaining placental tissue samples at or
é ?3 E after birth. Only one study was identified that examines alcohol use
g g 2 during pregnancy and methylation differences in repetitive elements
g ® : (Wilhelm-Benartzi et al., 2012). However, in this study alcohol use
g N ;“ during pregnancy was very rare (3 cases compared with 377 controls
3 z £ reporting no alcohol use during pregnancy). Thus, future work is

9 N needed before the reliability of this finding can be ascertained.

E =] § =

S| 58 g = 5.2. DNA methylation in cord blood

= 2 % E 5.2.1. Maternal smoking during pregnancy

& Epigenome-wide association studies using cord blood as the tissue of
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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 sig-
nificant methylation changes at four genes (see Table 1). Similar pat-
terns of methylation changes associated with prenatal smoke exposure
were also recently found in an independent sample of 3-5year 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 sig-
nificant 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
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, con-
siderably 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 preg-
nancy (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 methy-
lation 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 in-
dependent cohorts within the Pregnancy and Childhood Epigenetics
consortium, examined the effects of sustained exposure during preg-
nancy on DNA methylation in cord blood (Sharp et al., 2018). The
analyses incorporated 3075 mother-child pairs (N = 1147 mothers who
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consumed alcohol both before pregnancy and during the second and
third trimesters versus N = 1928 mothers who consumed alcohol be-
fore 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 de-
fining 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 mul-
tiethnic birth cohort from New York City. Multivariable models in-
dicated that overall levels of DNA methylation were significantly as-
sociated with maternal smoking during pregnancy 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 re-
petitive elements in adult offspring (mean age 43) who had been ex-
posed prenatally. These data suggest that exposures experienced
throughout the course of life — from fertilization onward — may be as-
sociated with DNA 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 3-6years; 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 sy-
naptic transmission of glutamate (the most abundant excitatory neu-
rotransmitter in the nervous system), and (iv) play roles in the reg-
ulation 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 re-
cently, 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 pat-
terns within genes related to the immune response. Specifically, dif-
ferentially methylated regions were found in the body of the HLA-DPB1
gene, an HLA class II histocompatibility antigen, and in the body of the
ITGAL gene (integrin alpha L chain). Altered methylation patterns be-
tween 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 pa-
tients 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 bio-
logical pathways and mechanisms underlying the reported associations
between maternal substance use during pregnancy and later develop-
mental and behavioral outcomes, including child and adolescent



V.S. Knopik et al.

Neurotoxicology and Teratology 71 (2019) 50-63

Prenatal

Prenatal Epigenetic Changes?

Offspring Health &

Substance Use*
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Behavior
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- Metabolism of carcinogens (placental tissue)
Serotonergic system (placental tissue)
Glucocorticoid system (placental tissue)

- Global methylation (cord blood & other tissues)
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attention, self-regulation,
and quality of movement

- Thus, effects of prenatal

Alcohol Use
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-

lllicit Drug Use -
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- Repetitive elements (placental tissue)
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Nervous system development (other tissue)
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Cell-to-cell interactions (other tissue)

Synaptic transmission of glutamate (other tissue)

epigenetic changes
related to prenatal
substance use exposure
on offspring health
outcomes is an open

Too little research in human populations

area in need of future
research.

Fig. 1. 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 for Behavioral Health Statistics and Quality

(2015).

externalizing behavior and substance use. However, investigations
considering epigenetic pathways as a causal mechanism are only be-
ginning to emerge. In general, research to date suggests effects of pre-
natal 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
genetic, epigenetic, prenatal and postnatal/familial environmental ef-
fects on child and adolescent behavior is in many ways, a daunting task.

Nonetheless, an important goal of this epigenetic work is to de-
lineate 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 mean-
ingful 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 im-
portant; 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
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biological pathways. For example, medications that focus on methyla-
tion changes and epigenetic processes as treatment targets are already
emerging for cancer and psychiatric disease (e.g., Valproate for schi-
zophrenia; Guidotti et al., 2009). Additional data could lead to these
types of targeted medication approaches for altering epigenetic pro-
cesses induced by prenatal exposures and linked with later child and
adolescent outcomes. In addition, findings that support a role for fa-
milial and other environmental factors in contributing to the associa-
tions 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-occur-
ring 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., to-
bacco use is correlated with alcohol use, cannabis use, and other illicit
drug use), it can be hard to design human research protocols that ef-
fectively test for effects of specific drugs, resulting in large gaps in the
scientific literature. Research efforts in this domain have primarily fo-
cused on maternal smoking during pregnancy, while epigenetic re-
search in the field of prenatal alcohol exposure is more limited. In ad-
dition, although it is widely reported that in utero 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 preg-
nancy 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
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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 ge-
netic, 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 si-
milar 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 as-
sociation 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 pro-
pensity score matching, that match families on relevant risk factors and
attempt to isolate and quantify any specific effects of a prenatal ex-
posure to a particular substance (e.g., Boutwell et al., 2011).

Summary

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 out-
comes (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 develop-
ment, 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 out-
comes. Although the literature on epigenetic effects of prenatal sub-
stance 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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