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ABSTRACT

The placental exposome represents the sum of all placental exposures, and through its influence on placental function can affect an individual’s susceptibility to
cardio-metabolic disease later in life. The placental exposome includes direct exposures during gestation, as well as those prior to gestation that affect the gametes or
aspects of maternal physiology that influence placental function. This review will discuss the evidence for placental responses to environmental signals and its
involvement in programming offspring health. A wide range of exposures may influence the placenta including maternal metabolic and endocrine status, nutrition,
stress and toxins. Epigenetic changes within the placenta induced by these exposures may mediate persistent effects on placental function. Identifying which ex-
posures are most influential in terms of placental function and offspring health is key to focusing future research and developing stratified and personalised

interventions.

1. Introduction

Placental function supports fetal development and builds the foun-
dations for lifelong cardio-metabolic health. The placenta is a fetal organ
at the interface between the fetus and the mother and provides the fetus
with nutrients, removes toxins and has a role in protecting the fetus from
external influences. The ability of the placenta to carry out these func-
tions depends on the interplay between gene expression and the
placental exposome, the sum of all placental exposures (Lewis et al.,
2012). If placental function is compromised, this can lead to develop-
mental trade-offs, reducing the physiological resilience of the offspring
and increasing susceptibility to disease in later life (see Fig. 1).

This review will discuss the placental responses to environmental
exposures, whether they are pre- or peri-conceptional, or act at later
stages of gestation, which could subsequently influence fetal develop-
ment. Epidemiological studies identified the initial associations between
maternal exposures, the placenta and fetal programming. Where
possible this review will focus primarily on human data, introducing
data from animal models as necessary to supplement gaps in the human
data. Placental structure and function will be discussed in order to un-
derstand how the placenta adapts to translate signals from the maternal
environment and influence fetal development. In addition, we will re-
view the maternal and environmental factors that influence the
placenta, evidence for placental involvement in programming offspring
health, together with the role of epigenetic mechanisms in contributing
to these events.
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1.1. The placenta and fetal programming of cardio-metabolic health in
later life

An individual’s risk of developing chronic disease in adult life is in
part determined by how they developed in utero (Hanson and Gluckman,
2014). Epidemiological studies show associations between the in utero
environment, as represented by birth weight, and cardio-metabolic
health in later life (Barker et al., 1989). These studies are supported
by animal models that are helping to elucidate the mechanisms under-
lying these associations, which include changes in epigenetic markers
(Christoforou and Sferruzzi-Perri, 2020). As the placenta is a central
determinant of fetal development, its structure and function may have
long-term influences on health (Burton et al., 2016). As a selective
barrier to the maternal environment and gatekeeper to the supply of
oxygen and nutrients, placental structure and function are responsible
for providing the resources to support appropriate fetal development.
Where adequate nutrients are not provided, the resulting developmental
compromises may lead to the programming of postnatal
cardio-metabolic health.

Demonstrating the role of the placenta in human population studies
is complicated by the difficulties of assessing placental function in utero.
As a result, most studies have focused on birth weight, a surrogate in-
dicator of the intrauterine environment and of the placenta’s ability to
support fetal development. Large epidemiological studies report that a
higher placental to birth weight ratio is associated with postnatal car-
diovascular disease; including coronary heart disease and higher systolic
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blood pressure (Hemachandra et al., 2006; Risnes et al., 2009; Wen
et al., 2011). These findings suggest the fetus has not grown to its op-
timum size despite having an appropriately sized placenta and suggest
that there may be maternal or external environmental exposures that
influence how the placenta functions and supports the developing fetus.
In addition, placental size and shape are associated with postnatal hy-
pertension in a sex specific manner (Eriksson et al., 2010).

Knockout mouse models show associations between an abnormal
placental phenotype and embryonic defects in the heart and vascular
system, which supports the idea of a placental-heart axis during devel-
opment (Perez-Garcia et al., 2018). Changes to utero-placental hemo-
dynamics influence the blood flow to and from the fetus and can alter
normal development of the fetal heart and circulation (Linask et al.,
2014). As development of the placenta and heart occurs at similar times
in gestation and both rely on common nutrients and genes, any alter-
ations to these factors may influence both organs (Cohen et al., 2021).
Interactions between the placenta and the fetal cardiovascular system
may therefore help elucidate how placental insufficiency has
long-lasting effects on cardiovascular health (Matthiesen et al., 2016).

2. Placental determinants of fetal programming
2.1. Placental structure

The placenta originates from the embryonic trophectoderm and de-
velops over the course of gestation to meet increasing fetal re-
quirements. Placental development is described elsewhere (Turco and
Moffett, 2019) but in brief, following implantation, in the first trimester
placental villi form and become vascularized. Maternal blood flow starts
around 12 weeks of gestation, before which the fetus is nourished by
histotrophic secretions from endocrine glands. In the second trimester
the villi, now in direct contact with maternal blood, grow and branch,
increasing the surface area available for exchange. The placental villi
therefore provide a physical barrier between the maternal circulation
and their core of fetal blood vessels. The layers of the barrier include a
multinucleate syncytiotrophoblast in direct contact with maternal
blood, a discontinuous layer of cytotrophoblast cells, then the connec-
tive tissue and the fetal capillary endothelium. In the third trimester, the
villi stop growing but assume a more mature form with terminal capil-
laries in close association with the syncytiotrophoblast thus reducing
diffusion distance between maternal and fetal blood.

The placenta responds to a wide range of exposures including
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maternal metabolic and endocrine status, nutrition, stress and toxins by
altering its structure and function, which can influence fetal resource
supply and thereby fetal growth and the subsequent effects on lifelong
cardio-metabolic health (Sferruzzi-Perri and Camm, 2016). Exposures
that affect the early development of the placenta may have persistent
effects across the remainder of gestation. For instance, disruptions in
placental development in the first or second trimester can reduce the
number or branching of the villi. Reducing villous number can reduce
the size of exchange area, limiting the capacity for nutrient and waste
transfer. Smaller placentas are associated with smaller babies, suggest-
ing exchange area is a determinant of fetal growth. In addition, impaired
vascularisation of the placental villi can increase placental vascular
resistance and increase the demands on the fetal heart. This may man-
ifest clinically as growth-restricted fetuses with absent or reversed end
diastolic umbilical flow, which may have long-term consequences
(Mayhew et al., 2004).

2.2. Placental function

To support fetal development the placenta must provide maternal
nutrients to the fetus and clear waste products from the fetal blood.
Understanding how these placental functions are affected by in utero
exposures is necessary to understand how they could influence fetal
development and ultimately mediate long-term effects on cardiovascu-
lar health.

2.2.1. Placental nutrient transport

The placenta is responsible for transporting both macro and micro-
nutrients to the fetus. There is clear evidence that the processes medi-
ating the transfer of these nutrients is regulated by maternal signals.

Placental amino acid transport is affected by maternal hormone,
nutritional and endocrine signals as well as by fetal growth promoting
signals. Signals of low maternal resources decrease placental amino acid
transport, whereas signals of maternal resource abundance increase
placental amino acid transport to optimize fetal fitness (Vaughan et al.,
2017). In maternal nutrient restriction, impaired placental amino acid
transporter expression and activity is associated with fetal growth re-
striction (Cetin, 2003; Jansson et al., 2002). Rodent models of maternal
dietary restriction demonstrate that the decreased placental transport
precedes the fetal growth restriction as an adaptation to match fetal
growth to the environment and enhance survival (Jansson et al., 2006a).
These models result in compensatory responses such as changes to
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placental transport capacity and placental efficiency to protect devel-
opment, they are also associated with adult offspring cardiovascular,
metabolic and behavioural dysfunction (Caetano et al., 2021).

Specific membrane transporters are up-regulated in placentas from
pregnancies with gestational diabetes mellitus (GDM), including those
for amino acids (Vaughan et al., 2017), fatty acids (Segura et al., 2017)
and glucose (Stanirowski et al., 2018). Altered placenta function may
therefore underlie the abnormal fetal growth observed in this disorder
(Jansson et al., 2006b) and the associated range of cardio-metabolic
disorders seen in offspring of obese and/or GDM mothers that include
obesity and type 2 diabetes (Gallo et al., 2017).

The pregnancy complication preeclampsia is also associated with
altered placental membrane transporters, specifically the aquaporins
(AQPs), which transport water and small uncharged molecules across
cell membranes. The human placenta expresses several aquaporins in a
special and temporal manner and these play key roles in maternal-fetal
fluid balance (Escobar et al., 2012). Disruption of maternal-fetal fluid
exchange may result in abortion, premature birth, malformation and
fetal growth restriction. In placentas from pregnancies with pre-
eclampsia there is altered expression of the aquaporins AQP3 and AQP9,
implicating placental water, urea, and glycerol transport in this disorder
(Pérez-Pérez et al., 2020). Placental function may therefore underlie the
associations between maternal hypertension disorders, fetal growth re-
striction and effects on the blood pressure of the children (Falkner,
2020).

2.2.2. The renin angiotensin system (RAS) and placental function

Maternal and fetal circulating and tissue renin-angiotensin systems
(RASs) play key roles in pregnancy, regulating maternal blood pressure
and fluid volume, promoting placentation and regulating uteroplacental
blood flow (Pringle et al., 2011; Ito et al., 2002; Valdés et al., 2013).
Dysregulation of this endocrine system therefore affects placental
function and may contribute to cardiovascular effects in the offspring.

Angiotensin (ANG) II causes vasoconstriction within the feto-
placental vasculature and activation of this system can increase perfu-
sion pressure and potentially place stress on the fetal heart (Lofthouse
et al., 2019). ANG II acts via the AT1 and AT2 receptors, with AT1
present in the syncytiotrophoblast and AT2 predominantly in the fetus.
Angiotensin-converting enzyme 2 (ACE2) within the placenta converts
ANG II to Ang-(1-7), in order to protect against the oxidative stress,
inflammation and vasoconstrictior effects of ANG II (Santos et al., 2003;
Tallant et al., 2005; Khajah et al., 2016; Simoes e Silva et al., 2013).

A potential imbalance in the two opposing RAS pathways, favouring
the ANG II/AT1R pathway is observed in the placentas of women with
preeclampsia and fetal growth restriction along with reduced ACE2
expression (Tamanna et al., 2020). Furthermore, reduced placental
expression of Ace2 following maternal protein restriction may
contribute to the fetal growth restriction and associated adulthood hy-
pertension observed in rats (Gao et al., 2012). As the drugs that target
the ANG II/AT1R pathway cannot be given in pregnancy, the protective
ACE2/Ang-(1-7)/MasR arm could be a target for therapeutic interven-
tion (Tamanna et al., 2021).

2.2.3. Effects of the placenta on early life microbiome

The gut microbiome is important for nutrient synthesis and absorp-
tion, immunological roles and growth and development. Disturbances to
the early gut microbiome are thought to contribute to adverse health
outcomes later in life including obesity, diabetes and allergic disease
(Butel et al., 2018; Young, 2012). There is evidence that birth mode can
influence the early-life gut microbial composition (Kapourchali and
Cresci, 2020), however whether the placenta plays a direct role in the
development of the neonatal gut microbiome is unclear. While some
researchers identify a placental microbiome and suggest transfer of
maternal bacteria to the fetus (Collado et al., 2016; Aagaard et al., 2014;
Satokari et al., 2009), other researchers have suggested that when
contamination is accounted for no placental microbiome can be detected
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(Olomu et al., 2020).

However, the placenta may also have indirect effects on neonatal gut
colonisation via its effects on gut development and maturation for
instance via fetal exposure to glucocorticoids. The composition and ac-
tivity of bacteria in the early life gut may be modulated by the maternal
environment potentially via the placenta and this could programme
poor cardio-metabolic health. Infants from overweight mothers are born
with so-called obesogenic gut microbes, increased risk of postnatal
obesity and a reduced community of bacteria that contribute to energy
regulation and metabolic signalling (Tun et al., 2018; Mueller et al.,
2016). Further work is required to determine the placenta’s role in fetal
microbial colonization.

2.3. Epigenetic mechanisms in the placenta

Epigenetic regulation plays an important role in determining
placental function. Exposures which affect placental epigenetic mecha-
nisms are likely to be key determinants of programming effects on the
fetus. Epigenetic mechanisms include both DNA methylation within
gene regulatory regions and histone modifications that control the
packaging of DNA (Januar et al., 2015). Epigenetic modifications within
the placenta can be demonstrated in response to environmental expo-
sures and where these affect placental function may lead to dysregula-
tion of normal development or epigenetic programming in the fetus.

Critical windows for establishing the epigenetic profile occur during
gametogenesis and in the preimplantation embryo, with DNA de-
methylation and re-methylation resulting in lower methylation in
trophoblast-derived cells (Reik et al., 2001). The placental exposome
therefore includes exposures that occur during gestation, as well as those
that occur before or around conception. Examples of pre-conceptional
exposure are factors that affect gametogenesis as well as the mother’s
physiology and anatomy in ways that influence placental development
or function. For instance, the grandmother’s diet may affect epigenetic
markers within the oocytes developing in her fetus’s ovary, which could
go on to affect placental function in her daughter’s pregnancy many
years later. DNA methylation also regulates genes involved in tropho-
blast migration and invasion that establishes embryo implantation and
form the placenta (Rahnama et al., 2006).

The human placenta has a unique epigenetic profile of low global
DNA methylation (Gama-Sosa et al., 1983) with specific epigenetic
marks that could make them more susceptible to environmental pro-
gramming. The placenta also expresses imprinted genes, which are
linked to fetal growth alterations (St-Pierre et al., 2012). Imprinted
genes are expressed in a parent-of-origin manner, with their DNA
methylation profile established in the germ cell and protected from the
early methylation remodelling (Reik et al., 2001). Disruption of the
methylation levels of genomic imprinting regions potentially due to
environmental stressors can have major consequences on both fetal and
placental development.

Maternal factors such as nutrition (Heijmans et al., 2008), obesity
(Hoyo et al., 2012), depression and anxiety (Oberlander et al., 2008) or
smoking (Suter et al., 2010) during pregnancy have been shown to in-
fluence placental epigenetic mechanisms. Placental DNA methylation
levels may also change over the course of gestation suggesting potential
for further modification by environmental factors (Simner et al., 2017).
As the epigenome regulates placental development and function, any
alterations could affect subsequent fetal development (Novakovic and
Saffery, 2012). In humans increased global placental DNA methylation
is associated with being born large for gestational age (Dwi Putra et al.,
2020) and increased or decreased methylation of specific genes occurs in
placentas from both small and large for gestational age babies, both
factors associated with increased risk of adulthood cardio-metabolic
disease (Banister et al., 2011; Filiberto et al., 2011). How the placenta
responds to its exposome may also depend on the sex of the fetus, for
example the placentas of female fetuses are more sensitive to gluco-
corticoid levels in humans (Stark et al., 2009), possibly due to sex
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differences in placental glucocorticoid receptor expression (Saif et al.,
2014). This may in part be mediated by sex DNA that is observed within
the placenta (Andrews et al., 2021).

Although it is difficult to determine causality in human studies, as-
sociations between placental DNA methylation and fetal growth suggest
that the outcome of altered placental DNA methylation or factors
affecting placental DNA methylation affect fetal growth, which is a risk
factor for postnatal cardio-metabolic disease. Studies in rodent dietary
restriction models suggest reduced placental size is accompanied by
altered DNA methylation of placental genes associated with fetal growth
restriction (Reamon-Buettner et al., 2014). This rodent model also in-
duces changes in gene expression and DNA methylation in the offspring,
including those related to growth and metabolism (Gong et al., 2010),
and is known to induce cardiovascular and metabolic dysfunction in the
adult offspring. The changes observed in the placenta may therefore be
adaptive mechanisms aimed at protecting the fetus from an adverse
environment, but at the risk of programming later disease.

3. Effects of exposures on the placenta

The placenta may be able to fully or partially protect the fetus from
certain exposures, reducing their impact on the fetus and its postnatal
health, but there will be other exposures from which the placenta cannot
protect the fetus. To understand the role of the placental in protecting
fetal development, and thus the foundations for lifelong cardio-
metabolic health, it is necessary to have a better understanding of
what exposures affect the placenta, which have the greatest impact, and
the potential mechanisms involved.

Environmental exposures may occur in the pre-conceptional period,
for example affecting gametogenesis, around the time of conception, or
throughout gestation, via changes in the uterine environment or
maternal biology (Fleming et al., 2018). Changes in placental structure,
growth, and function induced by a sub-optimal maternal environment
may affect placental nutrient transfer to the fetus and the release of
placental molecules into the maternal and fetal circulation (Jansson and
Powell, 2013). The placenta perceives the maternal environmental via
signals from the maternal circulation, although the identity of these
signals remains unclear. Proposed candidates include glucocorticoids
and IGFs, which could be representative of the maternal nutritional
status. Indeed, changes in placental growth and nutrient transfer ca-
pacity, with associated effects on fetal growth, can be observed in
response to environmental signals such as mTor, hormones, or IGF2
(Diaz et al., 2014; Constancia et al., 2002).

A better understanding of the effects of environmental exposures on
the placenta will help to identify appropriate and timely interventions to
optimise placental function and offspring cardio-metabolic health.

3.1. Pre- and peri-conceptional exposures

The pre or peri-conceptional period has been show to significantly
impact offspring health with cardiovascular, metabolic and behavioural
effects on adult offspring (Fleming et al., 2018). Pre-conceptional in-
fluences can span generations via effects on gametogenesis in utero. The
peri-conceptional period covers oocyte meiotic maturation, spermato-
zoa differentiation, fertilisation and mitotic cell cycles in the zygote and
the onset of morphogenesis up to implantation. Although the placenta
does not form until after implantation, pre- or peri-conceptual exposures
may still have effects on placental structure and function.

3.1.1. Oocytes and sperm

The ovarian reserve of primordial follicle oocytes, which make the
lifetime supply of oocytes, form during fetal life while a woman is in her
mother’s womb, meaning the grandmother’s environment can affect the
egg that makes the grandchild. Indeed, maternal low-protein diet is
associated with low ovarian reserve in mouse offspring (Winship et al.,
2018). In vitro studies of bovine and murine oocyte maturation indicate
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that this early nutritional environment can reduce oocyte development
with alterations to the blastocyst transcriptome and epigenome and
altered metabolism in the embryos (Sunde et al., 2016). Adult males
produce sperm continuously and the epigenetic programming of these
sperm may reflect their current environment. This is reflected in mouse
studies that show effects of paternal and grand-paternal factors such as
obesity and diet on offspring health (Cropley et al., 2016; Watkins et al.,
2018). These paternal signals may be transmitted via sperm quality and
epigenetic status and seminal fluid effects on the uterine environment,
with corresponding effects on the placenta (Cropley et al., 2016; Wat-
kins et al., 2018).

3.1.2. Peri-conceptional uterine environment

Data from mouse studies suggests maternal environment in the peri-
conceptual period may influence the embryo and subsequent placenta-
tion. A preimplantation maternal low protein diet influences tro-
phectoderm cell proliferation and spreading, correlating with increased
risk of postnatal cardiovascular dysfunction (Eckert et al., 2012). This is
thought to be via mTOR signalling acting as a sensor for maternal
nutrient levels. This has the potential to reduce the effectiveness of the
trophectoderm in mediating invasion of the maternal endometrium and
alter the trajectory of placental development. In sheep, pre-implantation
progesterone treatment can alter placental amino acid transporter
expression and fetal amino acid levels in the third trimester (Halloran
et al., 2021). Progesterone’s effects on the uterine epithelium are likely
to have influenced how the placenta developed. This provides an
example of how the interplay between maternal and fetal exposures can
have long-term effects across gestation.

In conceptions achieved using assisted reproductive technologies,
where in vitro manipulations are implemented during times of epigenetic
reprogramming, changes in epigenetic regulation in mammalian gam-
etes and embryos are observed (Rivera, 2019). This has implications for
the placenta, since assisted reproductive technologies may induce
altered DNA methylation in embryonic tissues which form the placenta.
Effects on the imprinted genes, known to be highly expressed in placenta
and to regulate growth (e.g. the IGF2/H19 locus) may be a particular
concern here (Turan et al.,, 2010; Chen et al., 2010). People born
following assisted reproductive technologies show increased prevalence
of altered DNA methylation resulting in imprinting disorders, which
have adverse clinical features associated with growth, development, and
metabolism (Lazaraviciute et al., 2014). The effects of assisted repro-
ductive technologies on the placenta are also seen in rodents, where
embryo culture (early nutritional exposures) can disrupt allele-specific
expression of imprinted genes such as the H19/IGF2 locus, along with
aberrant embryonic, placental and fetal DNA methylation patterns
(Rivera et al., 2008). Specifically, a reduction in methionine can alter
DNA methylation in bovine embryo culture, again including imprinted
genes linked to fetal over-growth (Clare et al., 2021).

3.1.3. Pre-gestational maternal factors

Many factors which affect the placenta during gestation have their
origin in the mother’s health and body composition. These factors may
reflect past maternal environment, such as her diet, exercise levels and
exposure to environmental toxins. Maternal body mass index (BMI) is a
consequence of past diet and activity and has been shown to affect
placental function (Hirschmugl et al., 2017), while maternal obesity
induces effects on oocyte metabolism (Leary et al., 2015). Maternal
muscle mass, also linked to diet and activity, may affect the activity of
placental amino acid transporters (Lewis et al., 2010).

Given that placental function can be influenced by environmental
exposures even before pregnancy is established, interventions to
improve placental function in the pre-gestational period may be the
most effective.
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3.2. Maternal metabolic and endocrine environment during pregnancy

The effects of metabolic and endocrine status in pregnancy are most
obviously illustrated by maternal diabetes and obesity, however studies
suggesting muscle mass also influences placental function suggest more
subtle influences are also at play. While past maternal nutrition will be
reflected in maternal body composition, nutrient availability during
pregnancy can also affect the placenta’s ability to deliver nutrients to the
fetus.

3.2.1. Maternal diabetes and obesity

Maternal diabetes is associated with poor infant and maternal out-
comes, in particular the development of fetal macrosomia. Neonates
from mothers with diabetes have increased adipose tissue and may be
predisposed to obesity in later life, creating a lifelong health burden and
perpetuating intergenerational cycles of disease (Feig et al., 2017).
While there is clearly an association between poor maternal glycaemic
control, as determined by HbA;., and macrosomia, the association is
complicated (Feig et al., 2017). Higher rates of macrosomia are also
found in women with diabetes using insulin pumps, which typically
improves glycaemic control, and in women with a high BMI (Kallas--
Koeman et al., 2014). It is clear that additional factors beyond maternal
glucose levels must be important, and we propose that differences in
placental glucose transfer capacity may explain this complexity (Day
et al., 2013).

Offspring are also at increased risk of developing obesity and other
metabolic complications in later life if exposed to maternal obesity
(Maffeis and Morandi, 2017). Although there are clear relationships
between maternal obesity or diabetes and fetal adiposity, the underlying
mechanisms are unclear. It is likely that the placenta responds to signals
in the intrauterine environment by altering function such as glucose and
lipid transport or by increasing growth and therefore its functional ca-
pacity. Increased fetal growth could therefore be due to maternal obesity
or weight gain in pregnancy affecting placental size (Diouf et al., 2014)
(Swanson and Bewtra, 2008). Membrane transporter abundance or ac-
tivity in the placenta could also be regulated by nutritional and endo-
crine signals reflecting the maternal body composition or metabolic
status (Lewis et al., 2013). Corresponding changes to the pattern of
expression and DNA methylation of placental glucose transporters
across gestation implicate epigenetics as a potential mechanism regu-
lating these transport processes (Novakovic et al., 2013).

3.2.2. Maternal diet

Studies in humans and animal models suggest that macro and micro
nutrient composition of the maternal diet during pregnancy can have
long-term postnatal consequences in the offspring (Christoforou and
Sferruzzi-Perri, 2020; Stephenson et al., 2018). Maternal diet can affect
placental structure (Jansson et al., 2006a; Lewis et al., 2001) and human
placental growth can be influenced by maternal nutrient restriction or
periods of fasting during pregnancy (Alwasel et al., 2010; van Abeelen
etal., 2011). Some effects of maternal diet are dependent on fetal sex, as
are the associations between placental shape and hypertension in the
offspring (van Abeelen et al., 2011; Alwasel et al., 2014). Maternal
over-nutrition also has sex-specific placental effects, influencing
placental weight in rats (Vickers et al., 2011). These findings suggest
that placental responses to maternal environmental exposures are
involved in the sex differences in the fetal programming of lifelong
cardio-metabolic health.

Nutrient availability can also regulate placental nutrient transport,
both due to nutrient availability and in response to placental sensing of
maternal nutrient levels. For instance amino acid levels are sensed by
the mTOR system which in turn regulates amino acid transporter levels
and is linked to fetal growth restriction (Roos et al., 2005, 2009).
Placental amino acids transport capacity decreases before the onset of
fetal growth restriction (Jansson et al., 2006a) suggesting that the
placenta alters its function in response to the maternal environment in

Molecular Aspects of Medicine 87 (2022) 101095

order to match fetal growth to the prevailing environment. Reducing the
demands of the fetus in periods of undernutrition, for example, may
maintain the pregnancy, but may come at the expense of adverse
long-term consequences induced by growth restriction that include
obesity, diabetes and cardiovascular disease.

Micronutrient undernutrition during gestation includes deficiency of
minerals and vitamins, such as zinc, iron, calcium, vitamin A, and
vitamin D, which are essentially for biochemical and metabolic pro-
cesses. Micronutrients are important for epigenetic regulation as they
are involved in methylation reactions and contribute to DNA and histone
modifying enzymes (DNA methyltransferases, histone lysine methyl-
transferases and histone deacetylases enzymes). For example, zinc
deficiency during gestation contributes to the programming of several
chronic diseases in adult life, such as atherosclerosis and related
vascular diseases, congestive heart failure, coronary heart disease, renal
insufficiency, hypertension, diabetes (Tomat et al., 2011), effects which
may be mediated by epigenetic modifications.

Vitamin D deficiency is common during pregnancy and is associated
with maternal preeclampsia and gestational diabetes, which influence
the risk of cardio-metabolic disease in the offspring (Ideraabdullah et al.,
2019). Vitamin D is transferred across the placenta (Ashley et al., 2022)
and is important for both fetal and lifelong health, with low pregnancy
concentrations linked to low birth weight, obesity and insulin resistance
(Harvey et al., 2014; Crozier et al., 2012; Hrudey et al., 2015). Rodent
models support the association between in utero vitamin D deficiency
and poor postnatal cardio-metabolic health in the offspring such as in-
sulin resistance, hypertension and altered fat mass or metabolism
(Ideraabdullah et al., 2019). Furthermore, vitamin D induces effects on
the placental transcriptome and proteome that are dependent on the
underlying epigenetic landscape and in patterns relevant to placental
function and therefore its influence on fetal development and subse-
quent lifelong health (Ashley et al., 2022).

3.3. Placental exposure to toxins during pregnancy

The role of environmental pollutants on the placenta and fetus is of
growing interest and relevant exposures include air pollution, endocrine
disrupting chemicals and heavy metals. Exposure of the fetoplacental
unit is mediated directly via maternal exposures, but the fetus may also
be affected indirectly via dysregulation of maternal physiology. Toxins
may also derive from products of maternal metabolism that can be
harmful if they build up in the mother’s circulation. While the placenta
acts as barrier for many substances, potentially harmful substances can
reach the fetus by crossing the placenta either via diffusion or by uti-
lising existing transport proteins.

3.3.1. Maternal metabolic toxins

An example of maternal disorders which increase exposure of the
placenta to toxins is intrahepatic cholestasis of pregnancy where
maternal bile acid levels become elevated, which is associated with an
increased incidence of fetal death thought to be caused by heart failure
(Williamson et al., 2001). Maternal bile acids can cross the placenta via
OATP transporters and induce vasoconstriction in placental vessels,
potentially reducing its perfusion and placing stress of the developing
fetal heart (Lofthouse et al., 2019). In untreated intrahepatic cholestasis
of pregnancy, high fetal and maternal serum bile acid concentrations are
associated with fetal cardiac dysfunction (Vasavan et al., 2021). Other
examples may include genetic disorders such as phenylketonuria where
high maternal phenylalanine levels may impair placental amino acid
transport (Panitchob et al., 2015).

3.3.2. Air pollution

Air pollution includes that from gases (e.g. nitrous oxides), volatile
organic compounds (e.g. Benzene or formaldehyde) and particulate
matter (PM, e.g. nanoparticles from diesel combustion). Air pollution is
associated with reduced population heath including in early life. While
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the mechanisms are unclear, exposure to air pollution during pregnancy,
particularly PMy s, is associated with low birth weight and preterm
birth, factors which predispose the offspring to increased risk of cardio-
metabolic disorders in later life (Stieb et al., 2012). It has been proposed
that air pollution affects the placenta by oxidative stress, systemic
inflammation, epigenetic changes and ageing mechanisms, which could
result in placental insufficiency with decreased transport of nutrients to
the developing fetus (van den Hooven et al., 2012; Saenen et al., 2019).
Vitamin D deficiency increases the adverse effects of air pollutant
exposure (PMys) during pregnancy with placental DNA methylation
mediating this effect (Yang et al., 2020). Changes in placental DNA
methylation associated with pollution have been suggested to affect a
range of gene pathways that may regulate placental function. These
placental epigenetic changes induce abnormal fetal development,
resulting in persistent changes in organ function, leading to develop-
ment of disease (Saenen et al., 2019). The detection of particulates from
air pollution within the placenta itself provides a mechanism by which
this form of pollution could affect the placenta and potentially be
transported to the fetus, inducing direct effects (Liu et al., 2021; Bové
et al., 2019). In utero exposure to air pollution in China has been linked
to congenital heart defects in the fetus (Zhang et al., 2016), however
further studies are warranted in this area.

3.3.3. Endocrine disrupting chemicals

Endocrine disrupting chemicals (EDCs) are exogenous substances
that interfere with endogenous hormones and their signalling, disrupt-
ing key biological processes. The range of potential EDCs is vast,
including bisphenols (BP; e.g. BPA, BPS and BPF), organochlorine pes-
ticides, diethylstilbestrol and phthalates (e.g. di-2-ethylhexylphthalate).
Analysis of human tissues reveals exposure is near ubiquitous, with
presence in maternal plasma, urine, amniotic fluid and milk. This is of
particular concern during sensitive periods of fetal and neonatal life
where exposure may disrupt normal development. Transfer of EDCs to
the fetus via the placenta is associated with miscarriage, fetal growth
retardation and preeclampsia, all of which can associate with postnatal
cardiovascular or metabolic health (Tang et al., 2020). BPA exposure
occurs primarily through the diet (Rolfo et al., 2020) and can affect
placental development, causing abnormal development of trophoblast
cells and altered hCG secretion in early trimester trophoblast (Mgrck
etal., 2010) (Paulesu et al., 2018), as well as having direct effects on the
fetus, since the placenta is permeable to BPA (Corbel et al., 2014). EDC
exposure may also derive from natural chemicals in foods, such as
phytoestrogens that are abundant in soy-based products.

Maternal exposure to EDCs in the first trimester is associated with
infant cord blood DNA methylation, suggesting EDCs may have effects
across generations via epigenetic mechanisms (Montrose et al., 2018).
There is also evidence for effects on the placenta itself, as measured by
gene expression and some evidence for epigenetic changes in animal and
in vitro studies (Strakovsky and Schantz, 2018).

3.3.4. Heavy metals

Heavy metals are present in the environment from a variety of
sources, including lead in paint and arsenic in ground water. Heavy
metals cross the placenta: heavy metal accumulation in the placenta
correlates with maternal and fetal levels, suggesting it may be used as a
biomarker for fetal exposure (Punshon et al., 2016). The mechanisms
involved, however, are not clear but placental transport of non-essential
metals may in part be mediated by the endogenous iron transporter in
the basal membrane of the syncytiotrophoblast. Different metals may
also affect the placenta differently, for example, one study reported high
levels of cadmium in growth restricted fetuses but not in the placentas of
these fetuses (Sabra et al., 2017).

Exposure to arsenic is a global problem due to contaminated drinking
water, with in utero arsenic exposure associated with susceptibility to
disease in later in life. In humans, early life arsenic exposure is linked to
cardiovascular disease, which is supported by animal models that
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indicate a role for transplacental arsenic exposure in the development of
atherosclerosis (Farzan et al., 2013; Srivastava et al., 2007). Inorganic
arsenic is reported to act as an endocrine disruptor in choriocarcinoma
cell lines, affecting the glucocorticoid receptor (GR) pathway (Meakin
et al.,, 2020a). Animal models demonstrate epigenetic alterations and
changes in gene expression in the offspring following transplacental
exposure to arsenic with human placental DNA methylation changes in
response to prenatal arsenic exposure supporting a role for epigenetics
in transmitting the effects on disease risk (Cardenas et al., 2015).

3.4. Placental exposure to drugs during pregnancy

3.4.1. Pharmaceutical drugs

Exposure to pharmaceuticals during pregnancy is often necessary to
protect the mother’s health. It is important to note that maintaining
maternal health also protects fetal health. Drugs are used to treat
maternal asthma (e.g. steroids), metabolic disorders (e.g. statins) and
psychological issues (e.g. antidepressants); however, if these drugs
affect or cross the placental they may have adverse effects on fetal
development.

Maternal use of selective serotonin reuptake inhibitors (SSRIs) to
treat depression during pregnancy has been associated with lower birth
weight and poor birth outcomes. SSRI use has also been associated with
placental histopathological abnormalities, suggesting a mechanism by
which they could affect fetal growth and subsequent cardio-metabolic
health (Levy et al., 2020). There are also changes in gene and protein
expression in placentas from mothers with depression who took SSRIs
compared to controls (Edvinsson et al., 2019). Further work to better
understand this relationship could help develop safer treatment strate-
gies and reassure mothers about the safety of these drugs.

Placental exposure to corticosteroids can result from maternal stress
or pharmacological sources including inhaled steroids to treat asthma
or, more acutely, from corticosteroid treatment in women at risk of
premature labour. Antenatal corticosteroid treatment for prematurity is
highly effective at improving neonatal outcomes but there has long been
a concern about longer-term risks for cardio-metabolic health. While
follow up studies in children and adults have not identified cardio-
metabolic risks, other studies have identified neurophysiological dif-
ferences (Cartwright et al., 2018). These neurophysiological differences
may align with work in rodents showing fetal steroid exposure alters
epigenetic regulation of stress responsiveness mechanisms in the brain
(Meaney et al., 2007). While the evidence currently indicates that
effective asthma treatment in pregnancy does not affect fetal growth
(Meakin et al., 2020b), the use of inhaled steroids are associated with
altered placental structure and activity of the enzyme 113-HSD2 which
inactivates corticosteroids (Clifton et al., 2006; Mayhew et al., 2008).
Epigenetic regulation of key placental genes involved in the response to
corticosteroids (11B-HSD2 and glucocorticoid receptor) has been shown
to relate to birth weight (Banister et al., 2011; Marsit et al., 2012).
Another potential source of fetal corticosteroid exposure is maternal
consumption of foods containing 11p-HSD2 inhibitors, such as glycyr-
rhetinic acid present in liquorice, which reduce the effectiveness of the
placental as a barrier to corticosteroids.

3.4.2. Recreational drugs

As with pharmaceutical drugs, recreational drugs may also affect
placental function or cross the placenta to affect the fetus directly.
Smoking and alcohol are likely to be the most common placental
exposures.

Smoking cigarettes during pregnancy is particularly dangerous as
both the nicotine and the toxic combustion products can mediate bio-
logical effects. Reduced birth weight, infant morbidity and mortality and
later disease risk have been associated with exposure to smoking during
gestation (Mund et al., 2013). Exposure to maternal smoking can have
serious effects on the placenta, influencing placental structure (Jauniaux
and Burton, 2007), gene expression (Walker et al., 2019; Day et al.,
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2015) and DNA methylation (Markunas et al., 2014), which may impact
on fetal development and subsequent postnatal health. Maternal ciga-
rette smoking alters DNA methylation in the placental genome at re-
petitive elements and in specific genes (Wilhelm-Benartzi et al., 2012)
such as cytochrome P450 1A1 (CYP1A1) (Suter et al., 2010). This is
potentially a placental protective response to the increased toxin expo-
sure since CYP1A1 detoxifies the harmful compounds in tobacco smoke.

Maternal alcohol consumption has implications for fetal develop-
ment as alcohol crosses the placenta (Kelly et al., 2000; Floyd et al.,
2005). Alcohol can also affect fetal development by reducing placental
size, nutrient transport capacity and endocrine function, all factors that
can influence the programming of cardio-metabolic disease (Burd et al.,
2007). Placental effects may be mediated via epigenetic mechanisms as
increased placental global DNA methylation is seen with maternal
alcohol intake (Loke et al., 2018).

Maternal use of illegal recreational drugs also affects the placenta,
with opiate or cocaine use altering placental vasculature, which may
underlie the decreased fetal growth observed with use of these drugs
(Ortigosa et al., 2012). Cocaine exposure is associated with silencing of
genes important for placental function, suggested to be via DNA
hypermethylation in their promoter regions (Salisbury et al., 2009).
Delta-9-tetrahydrocannabinol in cannabis can cross the placenta (Hatch
and Bracken, 1986) to affect the fetus in terms of growth restriction
(Zuckerman et al., 1989), placental abruption, preterm birth, stillbirths
and spontaneous miscarriages and therefore the subsequent impacts on
postnatal health (Hatch and Bracken, 1986; Felder and Glass, 1998).
There may also be direct effects on placental function as the placenta
expresses cannabinoid receptors (Helliwell et al., 2004).

4. Placental biomarkers of past exposures and future risks

The term placenta contains biomarkers that can identify its past
exposures, referred to as the ‘placental phenotype’. If these biomarkers
could be clearly linked to patterns of fetal growth or future health out-
comes, then these could be an invaluable source of information for
predicting future risk of cardio-metabolic disease. Although making
predictions of risk of a disease that may not be manifest for 5 or 6 de-
cades is difficult, research to collect and analyse placental biomarkers
now will be important to determine any such future relationships.

It has been suggested that placental phenotypes, such as epigenetic
markers, structural or biochemical features, could be used to distinguish
between fetal growth restriction due to early life environmental expo-
sures versus those determined by the baby’s genetic propensity to be
small (Sibley et al., 2005). It could also allow identification of babies
born within the normal birth weight range that did not reach their ge-
netic growth potential. Indeed, placental biomarkers may also help to
identify abnormalities that may influence later disease risk, in the
absence of any of changes in birthweight, which is only a surrogate, but
imperfect, marker of a poor intrauterine environment.

5. Conclusion

The placental exposome has significant potential to influence
placenta function and future cardio-metabolic health. There are clear
examples of exposures leading to changes in placental epigenetics and
structure in ways that may affect placental function and thus fetal
development. However, clearly demonstrating the link between
placental factors and health outcomes in humans is difficult, both
because placental factors are often not measured and because any
adverse outcomes may not manifest for many decades. This highlights
the importance of population studies, which have collected and banked
placental tissue samples for future research purposes. A focus of this
research should be to identify how specific exposures affect placental
function and which exposures are most likely to have adverse outcomes
for the fetus. These studies will inform public health initiatives to reduce
exposure to environmental risk factors, providing prospective parents
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with information on how to optimise health before, during and after
pregnancy, for the long-term benefit of their children.
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