Environmental Epigenetics, 2018, 1-18

23 ENVIRONMENTAL
N EPIGENETICS

doi: 10.1093/eep/dvy022
Perspectives

PERSPECTIVES
Impacts of bisphenol A (BPA) and phthalate exposures
on epigenetic outcomes in the human placenta

Rita S. Strakovsky’* and Susan L. Schantz*?

'The Department of Food Science and Human Nutrition, Michigan State University, 236C Trout Building, 469
Wilson Road, East Lansing, MI 48823, USA, ?Beckman Institute for Advanced Science and Technology, and
*Department of Comparative Biosciences, 2347 Beckman Institute, University of Illinois Urbana-Champaign,
405 N. Mathews Ave, Urbana, IL 61801, USA

*Correspondence address. The Department of Food Science and Human Nutrition, Michigan State University, 236C Trout Building, 469 Wilson Road,
East Lansing, MI 48823, USA. Tel: 517-353-3352; Fax: 517-353-8963; E-mail: strakovs@msu.edu
Managing Editor: Dana Dolinoy

Abstract

The placenta guides fetal growth and development. Bisphenol A (BPA) and phthalates are widespread environmental
contaminants and endocrine disruptors, and the placental epigenetic response to these chemicals is an area of growing
research interest. Therefore, our objective was to summarize research linking BPA or phthalate exposure to placental
outcomes in human pregnancies, with a particular focus on epigenetic endpoints. In PubMed, studies were selected for
review (without limiting start date and ending on 1 May 2018) if they reported any direct effects of BPA or phthalates on the
placenta in humans. Collectively, available studies suggest that BPA and phthalate exposures are associated with changes
to placental micro-RNA expression, DNA methylation, and genomic imprinting. Furthermore, several studies suggest

that fetal sex may be an important modifier of placental outcomes in response to these chemicals. Studies in humans
demonstrate associations of BPA and phthalate exposure with adverse placental outcomes. Moving forward, more studies
should consider sex differences (termed “placental sex”) in the measured outcomes, and should utilize appropriate
statistical approaches to assess modification by fetal sex. Furthermore, more consistent sample collection and molecular
outcome assessment paradigms will be indispensable for making progress in the field. These advances, together with
improved non-invasive tools for measuring placental function and outcomes across pregnancy, will be critical for
understanding the mechanisms driving placental epigenetic disruption in response to BPA and phthalates, and how
these disruptions translate into placental and fetal health.

Key words: BPA; epigenetics; endocrine disrupting chemicals; phthalates; placenta

Introduction

The placenta’s critical roles in nutrient transport and fetal
growth are well-established. In humans, toward the end of the
first trimester, deep trophoblast invasion and conversion of ma-
ternal spiral arteries allow for the uninterrupted supply of

nutrient-rich maternal blood to the placenta and fetus [1, 2].
Furthermore, hormones secreted by the human placenta
include human placental growth hormone, human chorionic
gonadotropin (hCG), progesterone, estradiol, and human
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chorionic somatomammotropic hormone/placental lactogen,
all with critical functions for pregnancy and fetal development
[3-10].

Maternal diet, environment, and lifestyle all impact fetal de-
velopment, and the placenta has become an important element
of the Developmental Origins of Health and Disease (DOHaD)
hypothesis, which suggests that our experiences in utero pro-
gram the way in which we respond to our postnatal environ-
ment [11]. Recently, the Human Placenta Project was launched
to “understand the role of the placenta in health and disease,”
stating: The placenta is the least understood human organ but argu-
ably one of the most important. It influences not just the health of a
woman and her fetus during pregnancy, but also the lifelong health of
both [12]. The impact of environmental chemicals on the pla-
centa is relatively unstudied in humans, despite the fact that
reproductive-age women are exposed daily to a barrage of
chemicals, including bisphenol A (BPA) and phthalates.
Phthalates are stabilizers and plasticisers found in many con-
sumer products, including toys and personal care products
(perfumes, cosmetics, lotions, deodorants, and many others)
[13-16]. They are also used in blood bags, medical devices, as
well as in adhesives, solvents, and pesticites [17-19]. Exposures
to bisphenols (including BPA), primarily come from polycarbon-
ate plastics used for food packaging and storage containters, as
well as from thermal paper receipts and some plastic toys
[16, 18, 20-22]. Greater than 90% of pregnant women in the USA
have measurable urinary levels of BPA and phthalate metabo-
lites [23]. Specifically, reproductive-age women have higher
concentrations of urinary phthalate metabolites than men,
likely because of greater use of cosmetics and personal care
products, which are important exposure sources [24]. Table 1
summarizes several phthalate parent compounds and their
commonly measured metabolites [25]. While exposure to other
phenols (e.g. triclosan) and parabens is equally widespread
among pregnant women [26], at this time research linking these
chemicals with fetal and placental outcomes remains too scarce
to warrant a review. However, studies in humans (reviewed in
[27]) suggest that maternal BPA and phthalate exposures are as-
sociated with numerous alterations in fetal and pregnancy out-
comes, including increased risk of pregnancy loss, alterations in
the timing of labor (either longer gestation or preterm birth),
and changes to infant birth weights [28-31]. Importantly, as will
be discussed throughout this review, there is recent research

proposing that the effects of these chemicals on the placenta
may mediate these associations.

Epigenetic (“above” genetic) modifications alter gene tran-
scription without affecting the underlying DNA code [32], which
make them especially responsive to dietary and environmental
cues [33]. Epigenetic modifications described here include geno-
mic imprinting and other measures of DNA methylation, as well
as the expression of non-coding RNAs. Imprinted genes are
expressed solely from the maternal or paternal allele [34]. In
early gestation, genomic imprinting regulates placental and fetal
development (reviewed in [35]), and is maintained in the pla-
centa by DNA methylation and histone modifications [36, 37].
Long interspersed nuclear elements (LINEs) and short inter-
spersed nuclear elements (SINEs) are retrotransposons that,
along with other repetitive DNA sequences, represent >50% of
the human genome [38]. Because of their pervasive nature within
the genome, the methylation of these repetitive sequences has
been assessed to represent whole genome methylation in re-
sponse to environmental exposures [39-41], and as a marker of
placental epigenetic disruption. miRs are small non-coding RNAs
that post-transcriptionally regulate gene expression, and several
miR clusters within the placenta have been shown to regulate
placental development and function (reviewed in [42]). For exam-
ple, the miR 17~92 and miR 106a~363 clusters were shown to
target human cytochrome p45019A1/aromatase (CYP19A1) and
glial cells missing 1 (GCM1) - a transcription factor important for
mouse placental labyrinth development [43], while miR-367c was
shown to induce trophoblast proliferation and invasion [44].
Although most downstream gene targets of these miRs have not
yet been elucidated, these miR clusters have been proposed to be
promising biomarkers of the effects of maternal chemical expo-
sures on the placenta. While not much is known about other
types of non-coding RNAs, long non-coding RNAs (IncRNAs) have
been shown to epigenetically regulate gene transcription [45],
with roles in development and disease [46, 47].

A critical question in the field of reproductive environmental
epidemiology is whether there is placental epigenetic disrup-
tion in response to BPA and phthalate exposures that could be
mediating fetal outcomes. Several studies have shown associa-
tions between phthalate or BPA exposure and altered placental
gene expression patterns [48-51], and there is reason to hypoth-
esize that the effects of environmental chemicals on the placen-
tal epigenome may impact placental and fetal growth. Early

Table 1: phthalates and their most commonly measured urinary metabolites

Parent phthalate compound (abbreviation)

Metabolite (abbreviation)

Dimethyl phthalate (DMP)
Diethyl phthalate (DEP)
Di-n-butyl phthalate (DBP)
Di-iso-butyl phthalate (DIBP)
Butylbenzyl phthalate (BBzP)
Di(2-ethylhexyl) phthalate (DEHP)

Di-iso-nonyl phthalate (DiNP)

Monomethyl phthalate (MMP)

Monoethyl phthalate (MEP)

Mono-n-butyl phthalate (MBP)

Mono-iso-butyl phthalate (MiBP)

Monobenzyl phthalate (MBzP)

Mono(2-ethylhexyl) phthalate (MEHP)
Mono(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP)
Mono(2-ethyl-5-oxohexyl) phthalate (MEOHP)
Mono(2-ethyl-5-carboxypentyl) phthalate (MECPP)
Mono(2-carboxy-hexyl) phthalate (MCMHP)
Mono-iso-nonyl phthalates (MiNP)
Mono(hydroxy-iso-nonyl) phthalate (MHiNP)
Mono(oxo-iso-nonyl) phthalate (MOiNP)
Mono(carboxy-iso-octyl) phthalate (MCiOP)

Adapted from [25].



placentation occurs under strict epigenetic control (reviewed in
[52]), making it a sensitive process for disruption by maternal
environmental exposures. Furthermore, as pregnancy pro-
gresses, toxicant-induced epigenetic modifications to genes in-
volved in placental function have the potential to alter
placental development and efficiency. For example, several
studies described here have reported associations between
chemical exposures and placental gene expression (Table 2), but
additional studies will be needed to assess the epigenetic basis
for these changes.

While experimental animal or cell studies assessing placen-
tal epigenetic disruption by BPA and phthalates are somewhat
limited, there is evidence that these chemicals target the mam-
malian placental epigenome. A study in mice showed that BPA
affected placental loss-of-imprinting and decreased both global
and CpG-specific DNA methylation [53], while also in mice,
DEHP was shown to increase maternal bias (via imprinting) of
the Rasgrfl gene [54]. An in vitro study in 2 placental cell lines
(HTR-8/Svneo and 3A) showed that BPA treatment affected 25
and 60 (respectively) miRs [55], while two studies in HTR-8/
Svneo cells showed that treatment with MEHP (the primary oxi-
dative metabolite of DEHP) increased the expression of numer-
ous miRs, including miR-16, which was shown to mediate
MEHP-induced decrease in the BCL-2/BAX ratio, a measure of
cellular apoptosis [56, 57]. Given the findings from these mecha-
nistic studies, and the established role of epigenetics in placen-
tal and fetal development, researchers have begun the arduous
task of assessing associations between BPA/phthalate exposure
and placental epigenetic disruption in humans. Here we present
a comprehensive review of what is currently known about the
impacts of BPA and phthalates on placental outcomes in
humans, specifically focusing on epigenetic endpoints. In addi-
tion, we have provided examples and perspectives of future
directions for the field of environmental placental epigenetics.
To do this, PubMed was searched (through 1 May 2018) using
any combination of the following terms: “BPA,” “bisphenol A,”
“phthalate,” “phthalates,” and “placenta” or “placental.”
Although numerous studies in non-human placental tissues or
cells were identified, only studies with direct measurement of
placental physiological or molecular endpoints in human preg-
nancies were selected for review (n = 18). Those only mention-
ing methodologies for chemical measurement within the
placenta, the placenta’s role in fetal outcomes, or review papers
(remaining n = 38) were not included. Information extracted
from each study is reflected in the headings of Table 2.

Epigenetic Consequences of BPA or Phthalate
Exposures in the Human Placenta

To date, ten studies focusing on associations between placental
outcomes and BPA or phthalate exposures in humans have
measured epigenetic endpoints (shaded light yellow in Table 2).
As will be described in the sections below, these studies provide
evidence that the placenta is an epigenetic target of these
chemicals.

Placental Genomic Imprinting

One important and well-studied gene cluster linked to placental
and fetal development is placental IGF2/H19. Disruption of
methylation and imprinting status within the placental IGF2/
H19 domain has been associated with altered nutrient alloca-
tion and poor fetal growth [58]. Di(2-ethylhexyl) phthalate
(DEHP) is a plasticizer with widespread exposure in pregnant
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women [59-61] that is used in food packaging, toys, medical
devices, and other PVC-containing products, and human expo-
sure occurs primarily from consuming processed and packaged
foods [14, 16]. Exposure to DEHP is most often estimated by
measuring the urinary concentrations of its major metabolites
(molar sum of MEHP + MEHHP + MEOHP + MECPP = ~DEHP) [62,
63]. A recent study in women with fetal growth restriction (n =
80) and healthy controls (n = 101) assessed phthalates in third-
trimester first-morning urine, and observed that higher SDEHP
and 2 of its individual metabolites (MEHHP, MEOHP) were asso-
ciated with position-specific decreased methylation of placental
IGF2 at delivery in biopsies pooled from the maternal side. No
associations were observed for MEHP, mBP (metabolite of dibu-
tyl phthalate), or mMP (metabolite of dimethyl phthalate) [64].
After stratification of placentas by pregnancy outcome (fetal
growth restricted vs. healthy pregnancies), the negative associa-
tion between IGF2 methylation with urinary MEHHP, MEOHP,
and XDEHP persisted only in fetal growth restricted cases.
While it is unclear from this study whether the methylome in
fetal growth restricted pregnancies is especially sensitive to
phthalate exposure when compared to healthy pregnancies
(thus precluding a greater generalization to all pregnancies),
this study does suggest that DEHP may be associated with dis-
ruption of placental DNA methylation.

In another study, placental imprinting was assessed at birth
in placental samples (n = 179) collected from the upper layer of
the placenta near the cord (primarily consisting of fetal cells) in
relation to first-trimester concentrations of 11 urinary phthalate
metabolites. Increases in either phthalate metabolites or Zlow
molecular weight phthalates were associated with decreased
methylation of placental H19 and IGF2 differentially methylated
region (IGF2DMRO), whereas increased deviation of allele-
specificity of the H19 gene was associated with XDEHP and
*high molecular weight phthalate metabolites. Furthermore,
some findings were sex-specific, where increased MECPP,
MEHHP, MEHP, and IDEHP were associated with decreased
IGF2DMRO methylation in females only [65]. While these find-
ings suggest that there may be a relationship between phthalate
exposure and placental imprinting in humans, the discrepancy
between gestational age at exposure assessment (first trimes-
ter) and methylation analysis (birth) is an important consider-
ation when interpreting these results in terms of the direct
effects of these chemicals on the placenta. There is evidence
that placental methylation increases across pregnancy [66-68],
and genomic imprinting may also be temporal. When compared
to human third-trimester placentas from term healthy pregnan-
cies, first-trimester placentas from elective terminations
showed some level of loss-of-imprinting (biallelic expression) in
the 14 genes tested, including IGF2/H19 [69]. Moreover, H19 has
been shown to be biallelically expressed until week 10 in
humans, when it becomes monoallelically expressed [70]. While
these temporal differences in imprinting could be due to mater-
nal contamination or could stem from a small number of cells
with low baseline methylation, these timing considerations are
especially critical for chemicals like BPA and phthalates that
have short half-lives, and for which there is considerable day-
to-day and within-day exposure variability [71-73]. Although
challenging, future studies would ideally assess exposure at
timepoints approximately age-matched to placental sampling.

Measures of Placental DNA Methylation

In a sub-sample from the study described above of women with
fetal growth restricted (n = 55) and healthy pregnancies (n = 64),
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BPA, phthalates, and the human placenta
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Table 2: (Continued)

10

Ref. Year

Outcomes

Gestational age at Sampling site Population size (n) Sex

placental sampling

BPA or phthalate

Study design

assessment

Environmental Epigenetics, 2018, Vol.

(93]

* Phthalates: only MBzP was positively correlated

Plasma extracellular 10 twin (divhorionic/ Analysis between

Phthalates and phe- Prior to delivery

Small pilot analysis

2018

* Methyl paraben: positively correlated with

diamniotic) gender-concor- with miR_518e

micro-RNA identi-
fied as being

nols in urine at

admission

dant twins found
no differences

pregnancies

miR_518e, negatively correlated with miR_373-3p

and miR_543

uniquely placental

¢ Ethyl paraben and propyl paraben: negatively cor-

related with miR_543

® 24-DCP, 25-DCP, and triclosan: 