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Abstract. While much of our understanding of genetic inheritance is based on the genome of the organism, it is becoming clear
that there is an ample amount of epigenetic inheritance, which though reversible, escapes erasing process during gametogenesis and
goes on to the next generation. Several examples of transgenerational inheritance of epigenetic features with potential impact on
embryonic development and subsequent adult life have come to light. In placental mammals, the placenta is an additional route for
epigenetic information flow. This information does not go through any meiotic reprogramming and is, therefore, likely to have a more
profound influence on the organism. This also has the implication of providing epigenetic instructions for several months, which is
clearly a maternal advantage. Although less well-known, there is also an impact of the embryo in emitting genetic information to the
maternal system that remains well beyond the completion of the pregnancy. In this review, we discuss several factors in the context of
the evolution of this mammal-specific phenomenon, including genomic imprinting, micromosaicism, and assisted reproduction. We
also highlight how this kind of inheritance might require attention in the modern lifestyle within the larger context of the evolutionary
process.
Keywords. placenta; epigenetics; transgenerational inheritance; mammals; foetus; imprinting.

Introduction
Epigenetic factors are only recently being investigated as
a global and dynamic way used by the genome to respond
to environmental cues, and the mechanisms by which this
regulation is fine-tuned are not yet understood. Some of
the responses to environmental cues are passed on to the
progeny as adaptations of the present generation, distinct from the faithful transmission of DNA sequence
information. Epigenetic modifications present the genome
with a mechanism to propagate changes that are not in
the germplasm and have been introduced during the life
of the parent. DNA methylation, histone modifications,
chromatin packaging, and miRNA expression changes
are a few of the best known epigenetic mechanisms as
summarized in appendix. Somatic cells faithfully maintain and transmit epigenetic marks between successive
rounds of cell division. Typically, strict mechanisms exist to
ensure the faithful transmission of epigenetic information
during mitosis, when chromatin undergoes condensation
and decondensation for replication. Transgenerational
inheritance assumes significance because, unlike in mitosis,
the genome is largely reprogrammed between successive

generations. This is achieved during gametogenesis as well
as in the embryonic stage prior to implantation (Feng
et al. 2010). This provides a window during which the
epigenetic profile is being reset for the genome to factor
in environmental effects to tweak gene expression in the
next generation. Germline transmission has the potential
for subtle, yet significant alterations to be brought about
through epigenetic mechanisms, and these are increasingly
gaining significance in the context of human disease.
The beginning of this century saw a new understanding emerge of how environmental effects can harm health
in more ways than simply through carcinogenic and toxic
activity at the cellular level. Studying the origins of disease now includes investigating the effects of epigenetic
mechanisms on genome regulation, starting with preconception and foetal influences, and continuing into
childhood and adulthood. Several studies indicate that
some epigenetic changes occurring in the germline have
the potential to be transmitted to the offspring. This has
been defined as transgenerational inheritance and can be
considered as the burden of the epigenetic inheritance
passed on from the parental generation to the offspring.
In this light, investigation of epigenetic mechanisms in the
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context of environmental contaminants and lifestyle stressors becomes crucial. Although alterations in both the
male and female gametes have the potential to be inherited,
in this review we focus especially on transmission through
the mother through exposure to the in utero environment.
The placenta is formed transiently to support foetal
development and defines the interactions of the foetus
within the maternal environment. As such, the placental epigenetic landscape is likely to be highly dynamic
and complex to support the rapid transcriptional changes
required during the gestational period, after which the
placenta is discarded. Recent studies have focussed on
placental epigenetic mechanisms and their role in healthy
foetal development as well as diseased states, the so-called
developmental origins of health and disease (DOHaD).
The impact of the in utero environment on the foetus
is reviewed completely elsewhere (Babenko et al. 2015;
Fernandez-Twinn et al. 2015), but not much is known
about the effects that are inherited not just by the growing embryo but also by its subsequent progeny through
transgenerational transmission. In recent years, mounting evidence suggests that the effects of in utero epigenetic
changes go beyond influencing the mother and the child;
they are carried forward through the adulthood of the child
as well as into its germline, to the detriment of successive
generations.
The widespread use of next generation sequencing
(NGS) technologies (Buermans and den Dunnen 2014)
has led to a new emerging field of studying placental transgenerational effect by investigating changes in chromatin
state. Investigating placental epigenetic mechanisms has
already revealed a surprising potential of the foetal genome
to sample and adapt to the environment for maximum
postnatal survival success. However, this also means that
exposure to a harmful environment can have long term
consequences on health and future fitness. Therefore, it
becomes relevant to analyse the effects of environmental
exposure on developmentally inherited epigenetic adaptations and their transmission.
The lasting influence that the previous generations have
on an individual’s wellbeing is a relatively unexplored field
of study and the mechanisms by which nongenetic effects
are inherited are yet to be understood. In this review, we

focus on the placenta–foetal connection in the context of
information transmission through epigenetic mechanisms.

Placenta as an organ
Placenta: a historical and evolutionary perspective

The evolution of the placenta conferred mammals with
the advantage of in utero embryonic development. The
placenta as an organ has intrigued many scholars since
the time of Aristotle, when it was used for medication,
cosmetics and other purposes. The placenta is a transient,
flattened circular organ in the uterus of pregnant eutherian
mammals that connects the vascular system of the mother
with that of the foetus. The mode of establishing this connection is not the same in all mammals and there are many
unique features amongst different eutherians. Afrotherians, the first placental mammals, appeared to have had
a choriovitelline extension to provide nourishment to the
growing foetus (O’Leary et al. 2013; Buckley 2015). The
significant advantage this offered to the survival of the offspring probably paved the way for greater diversification.
Subsequently, various modifications of the placenta have
arisen, with humans showing the haemochorial placenta
(table 1).
The invasive haemochorial placental type in humans
and the great apes has two aspects namely, haemorrhages
in the mothers, and effects on foetal growth and survival
(Abrams and Rutherford 2011). The formation of this
transient organ is a result of an array of genes that have
a link to its functional significance. The phylogenetic origin of some of these genes has been studied in an effort to
understand its origin. For example, the syncytin genes are
derivatives of the retroviral envelope genes. These genes
have membrane fusogenic properties and are essential for
the formation of the syncytiotrophoblast layer in the placenta at the maternal and foetal interface (Dupressoir et al.
2012). The placental growth factor gene (PGF) belongs to
the growth factor gene family of VEGF genes (such as
FGF) that play a role in angiogenesis and vasculogenesis across organ systems and in foetal development (Cross
et al. 2003).

Table 1. The placenta is classified into diverse groups.
Basis

Type 1

Shape

Diffuse (horse, pigs)

Layers attached

Epitheliochorial
(ruminants)
Chorioallontoic (horse,
pigs, ruminants)

Epithelial point of contact

Type 2
Cotyledonary
(ruminants)
Endotheliochorial
(carnivores)
Choriovitelline (rodents
and lagomorphs)

Type 3
Discoid (human, apes,
rodents)
Hemochorial (human,
apes rodents)

Type 4
Zonary (dog, cat)
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Table 2. Basic functions of placenta.
Role
Nutrition
Excretion
Signalling

Immunity
Aeration
Hormone secretion
Sampling the environment

Importance
Supply of micronutrients and
macronutrients for foetal
development
Removal of waste products and
cellular debris
Communication between the
mother and foetus depending
on the stage and need for
growth and development
Protection for the foetus and
filtering of harmful microbes
Supply of oxygen to the foetus
Secretion of prolactin for milk
production, oxytocin for milk
let down
Transmission of information of
in utero conditions in the form
of epigenetic memory that sets
foetal gene expression

The placenta and foetus are thus linked to each other
in the mother’s womb not only through a physical connection but also because of genetic mechanisms. In fact, the
expression of some placental genes varies depending upon
the sex of the foetus (Sood et al. 2006). The early placenta depends on the trophoblast layer for development;
placental and foetal birth weight ratios indicate a clear
genetic link between foetal and placental defects (Watkins
et al. 2015). Hence, a thorough investigation of placental
regulation is extremely significant in the context of understanding foetal health.
Functions of placenta

The word ‘placenta’ comes from the Roman word ‘cake’.
It is a derivative of the trophectoderm cells present in the
outer rim of the blastocyst stage embryo and forms a barrier between the maternal and the foetal blood supply. The
placenta itself can be divided into layers based on point
of contact, with each layer playing a definite role in maintaining the foetus. The overall function of the placenta is to
provide nutrition to the growing embryo, however the multiple layers regulate a diverse array of functions (table 2).
Being fetomaternal in origin and extraembryonic in nature,
the placenta is influenced and regulated both by the maternal and the foetal genomes. This link is lost immediately
after birth and the placenta is thus transient in its presence.
During the gestation period, dynamic epigenetic mechanisms orchestrate its gene expression profiles to allow
tight regulation of placental function. The significant role
played by the placenta is increasingly being revealed by
investigating the epigenetic mechanisms involved in its
complex regulation. Studying the human placenta during
pregnancy is difficult, and inferences from studies in model
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organisms are confounded by the fact that while a single
placenta is present in humans, many other mammals have
more than one foetus per gestation and, thereby, more than
one placenta.
Nevertheless, a large number of studies over the last few
years have dissected the role of placental function on foetal
development and its wellbeing as a neonate and into adulthood. The foetus is influenced by many factors including
the nutritional status of the mother (Wildman et al. 2006),
diseases that have affected the mother during pregnancy
(Adams Waldorf and McAdams 2013) and exposure to
toxins, teratogens and pathogens, including the recent Zika
virus (Plessinger and Woods 1993; Sachdeva et al. 2009;
Adibi et al. 2016). The intensity of these influences also
varies depending on the stage of gestation at which the
stress was imposed on the mother. These are discussed in
detail in the following sections along with their lingering
effects on the child and on the succeeding generations.
Developmental role of placenta

The growth of the placenta is interlinked with foetal growth
from the moment of implantation of the embryo in the
uterus of the female. As mentioned above, the placenta
grows as an extra embryonic tissue and is fetomaternal
in origin. The placenta grows depending on the needs of
the foetus as per the stage of gestation. The functional
role of placenta varies depending on the stage of foetal
growth linked to the demands of the foetus but not according to the maternal environment. During the primary
stages of implantation, the placenta acts as an endocrine
gland by secreting cortisone, prolactin, human chorionic
gonadotropin, etc., which are required for foetal growth
and also equip the foetus with these hormones (Burton
and Fowden 2015). The functional role of the placenta is
analogous to those of the lung, pituitary, liver and other
vital organs, prior to their organogenesis in the foetus.
The placenta also plays a role in immune suppression to
allow implantation and the growth of what is essentially
foreign tissue in the uterus without causing rejection. This
immunity suppression of the mother to permit the growth
of the foetus is localized to the foetal development zone
but not to the rest of the immune system functions. The
defence mechanisms of the mother, in fact, confer resistance to both the mother and the foetus during pregnancy.
The placenta is selectively permeable to the immunoglobulins carried from the mother into the foetus (Pentsuk and
van der Laan 2009; Palmeira et al. 2012) and this, sometimes, is carried as memory cells for certain antigens in the
baby. This is the first form of acquired passive immunity
in the growing foetus, received from the mother through
the placenta, and can thus be considered as one of the
first forms of crosstalk between the mother and foetus.
The immunity acquired from the mother is unique even
amongst siblings born to the same mother through the
differential influence of the placenta in each case.
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As the foetus grows in size, due to cellular differentiation and development of the various organelles, the womb
of the mother is stretched. The effect of this stretching
will be perceived by the mother, so the placenta secretes
antiinflammatory substances to the maternal body to suppress the pain (Kawakatsu et al. 2013). This is essential
for continued growth of the foetus without severe discomfort to the mother. As the growing foetus increases in size,
it requires greater nourishment, for which the placenta
signals for a higher metabolic rate of the mother (Diaz
et al. 2014). After the formation of the organs of the foetus, the functional role of the placenta becomes restricted
and the hormones needed for such restriction are synthesised by the placenta. During foetal development, the
placenta monitors the demands of the foetus, such as differential needs of nutrition and oxygen supply, and sends
signals to the mother. Placental deregulation can thus have
disastrous effects on foetal growth. Intrauterine growth
restriction (IUGR) is a complication encountered due to
the unregulated growth restriction of the mother on the
foetus (Chen et al. 2015), which lowers the nourishment
sent to the foetus by the placenta.

Signalling through placenta

Placental signalling through the mTOR pathway is critical
for foetal growth–inhibition of placental mTOR is associated with IUGR implicated in maternal nutrient restriction
while overactivation is observed in obese women and is
associated with large-sized babies (Jansson et al. 2013).
The placenta thus not only carries nutrients from the
mother to the foetus, but also signals the needs of the
foetus to the mother through hormonal regulation. The
placenta functions as an endocrine gland and produces
many cytokines and hormones such as progesterone, which
reduces the effect of foetal antigens, thereby minimizing
the chance of maternal rejection at the time of foetal
implantation (Guleria and Sayegh 2007). The precursor
of progesterone, 17α-hydroxy progesterone, is also a vital
indicator of foetal wellbeing. High levels of this hormone
are an indicator of congenital adrenal hyperplasia, involving the activation of the adrenal gland and foetal sex
hormone deregulation leading to infertility (Nagamani
et al. 1978). Deficiency of the hormone, on the other hand,
leads to sexually unique phenotypes (Yanase et al. 1992).
Progesterone is also produced by the placenta later in
the pregnancy and may help avoid ovarian cancer (Han
et al. 2013). Progesterone probably has the same regulatory effect on cell proliferation in the placenta, helping to
regulate placental growth in the context of foetal growth
during the late stages of pregnancy.
High levels of cortisol are essential for the proper growth
of the foetus and this is produced by the mother during
the early stages of pregnancy (Davis and Sandman 2010).
The placenta converts cortisol into cortisone through the

action of 11β-hydroxyl steroid dehydrogenase. The converted cortisone serves to elevate blood pressure, reduce
inflammation of maternal tissues, and set the pituitary axis
in the foetus (Yang 1997). Prolactin, a hormone secreted by
the placenta during the final stages of gestation, signals to
the maternal mammary glands to produce milk for feeding
the neonate. The hormonal functions of the placenta end
with the production of oxytocin needed for the delivery of
the foetus. The role of this hormone is to initiate contractions in the uterus and activate the mammary glands for
the letdown of milk.
Other maternal hormones influence the placenta without being produced by it, such as IGF-I, insulin, and leptin
that increase supply of nutrients through the placenta,
thereby governing foetal growth (Jansson and Powell 2007;
Baumann et al. 2014). Exposure to maternal androgen
in polycystic ovary syndrome (PCOS) pregnancies has
been associated with mood disorders in offspring and with
changes in amygdala and hippocampal signalling, causing anxiety-like behaviour and excess androgen in adult
females (Hu et al. 2015). The excess androgen could act in
a fashion reminiscent of the progesterone effect and produce variegated phenotypes. The transgenerational impact
of androgen excess in the future pregnancies of affected
females needs to be assessed, but the observation that
increased maternal stress affects foetal wellbeing (Diego
et al. 2006) indicates the potential for PCOS effects to be
indirectly transmitted to subsequent generations.
Production of maternal inflammatory cytokines and
placental inflammation associated with obesity and gestational diabetes (Challier et al. 2008) affects placental
function and nutrient transport. This may be associated
with a propensity for disease and metabolic disorders in
the adult life of the offspring. Subnormal environments,
such as hypoxic condition of the foetus (Spungin et al.
1987) are communicated to the mother through cross talk
but defects in maternal supply are not compensated by the
placenta; rather they are carried as a memory in the foetus
in the form of developmental defects or malnourishment
effects. It is increasingly being realized that such effects can
manifest as postnatal or adult disorders at later stages of
life.

Placenta and foetus: dynamic connections and
exchanges
Placenta is a vital organ for intrauterine foetal development. A healthy and functionally active placenta plays
a major role in conception and delivery of the foetus
while placental misregulation as seen in placental infarcts,
preeclampsia, placenta previa, placental abruption, placental acreta etc. is to the detriment of both mother and
child, and can lead to IUGR, low birth weight, premature
delivery or miscarriage. Preterm birth can be caused by
many factors (Varner and Esplin 2005) but there is also a
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clear genetic predisposition to this in humans, manifested
in the form of previous occurrences. Many of these cases
can be averted by gene product therapies, namely administration of immunoglobulin IgG (Diejomaoh et al. 2015),
which has been shown to be present in both healthy and
pathologically determined pregnancy failures (Palmeira
et al. 2012). Insulin resistance also appears to be preponderant in cases of low foetal birth weight (Jahan et al.
2009), inherited due to maternal genes or due to factors
during pregnancy and manifested through the placenta.
The exchange that takes place between the placenta and
the foetus is very complex (figure 1). The foetus is entirely
dependent on the mother’s resources and there is no extra
nourishment available from the placenta to the foetus. This
kind of interaction is both beneficial to the foetus, due
to the availability of nourishment from the mother, and
harmful as it is not only the excess but also the shortage
that is communicated. The influence of maternal deficit is
generally more harmful as the effects of maternal deficiencies can lead to metabolic and growth related problems
in the foetus. Vitamins function as precursors to major
metabolic processes. Subtle changes in the levels of vitamins can cause harmful effects in the neonate or even
manifest in adulthood: scurvy, bow leg syndrome, night
blindness due to the activation or inactivation of specific
genes. For example, vitamin A deficiency affects the TNF-α
gene leading to cell necrosis (Antipatis et al. 2002). Besides
nutritional deficits, pregnant women exposed to pollutants
and toxins can transmit their harmful effects to the developing foetus. The effects of such environmental changes,
as well as genome regulation changes, e.g., at imprinted
genes are discussed in the following sections.

Placental influence on foetal development

Placenta is a highly dynamic organ that is under the constant influence of the mother from the point of formation.
The nourishment provided to the foetus through the placenta depends on the dietary patterns of the mother and
environmental conditions. The influences accrued during
development, the so-called effects of ‘foetal programming’,
can have short term influence on the foetus affecting its
growth and development as well as long lasting consequences during its adulthood and sometimes even on the
progeny in the next generations. One of the most popular
examples of this kind of programming includes the predisposition for type 2 diabetes, as explained by the thrifty
gene and thrifty phenotype hypotheses (Hales and Barker
1992). These states that certain ‘thrifty’ genes evolved
because they conferred a survival advantage by allowing
deposition of fat reserves during periods of abundance for
utilization during famines. But in the context of plentiful food supply in the current human society these genes
have become detrimental, causing diabetes, obesity and
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the related spectrum of diseases. Similarly, placental mechanisms developed to adapt to limited intrauterine food
supplies through foetal programming now correlate with
coronary diseases, stroke and metabolic syndromes later
in life.
Epigenetic mechanisms regulate foetal programming
by modifying gene expression, e.g., by DNA methylation
or demethylation leading to gene silencing or activation,
respectively. Such changes occur in the womb of the mother
due to her dietary pattern (Gabory et al. 2011) and the
impairment of the supply of nutrition through the placenta (Lof et al. 2005). They are heritable in the offspring
(Holness and Sugden 2006) and transmitted transgenerationally in rodent experiments (Gheorghe et al. 2010).
Exposure to the external environment through placental
sampling also leads to epigenetic alterations during gestation. The extent of the effect of environmental exposure
faced by the mother on the next generation(s) through the
placenta is still unclear, although emerging data suggests
that it has a critical influence on the health and wellbeing of
individuals not just at birth but throughout their lifetime,
including the late onset and age related disease spectrum
(Gluckman et al. 2007). Contributing factors experienced
by the mother that can lead to undesirable consequences
can be as diverse as diet, environmental toxins and pollutants such as heavy metals, stress and lifestyle issues. These
are briefly discussed here in the context of the placental
influence on transgenerational inheritance.

Maternal nutrition and diet

Not only does the nutrition taken by the mother during gestation directly impact the foetus but the overall
maternal health, malnutrition or obesity also influence the
growth of the foetus (Leddy et al. 2008). The placenta acts
as a conduit to transport nutrients to the developing foetus and, hence, controls nutrient availability that governs
growth. Apart from direct effects, the link between maternal malnutrition or obesity and subsequent metabolic
disorders found in the child is one of the key contributors
towards DOHaD.
Maternal hormones regulated by the placenta govern
supply and thus directly dictate the extent of foetal growth,
with specific growth hormones like IGF1 and insulin fluctuating from normal physiological levels in cases of IUGR
at one end and obesity or diabetes at the other (Holmes
et al. 1997; Jansson et al. 2008). The placenta is a key
player in determining foetal health as a direct consequence
of maternal health. It is also believed to play a role in
information transmission from the preconception stage
exposure of the foetus (Gronowitz et al. 1987). In mammalian species that bear multiple offspring from a single
pregnancy, the nutritional distribution from the mother to
each foetus is even more complex. In the case of single offspring in a litter, the nutrition source is a single placenta,
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Figure 1. Fetomaternal interaction occurs through the placenta. Diagrammatic representation of the information flow across the
placenta which forms a closed unit of exchange between the mother and the foetus affected by external factors.

but with an increase in litter size, the numbers of placenta
match the litter size leaving the maternal resources to be
divided amongst them. In suboptimal in utero environment
caused by maternal malnutrition, decreased blood flow or
hypoxia, resources need to be reallocated through placental nutrient sensing through mechanisms such as placental
downregulation of transplacental transporters of amino
acids, glucose and lipids (Diaz et al. 2014). IUGR babies
are known to have depleted lipid stores (Padoan et al.
2004) with possible consequences in adult life. In humans,
the glucose transporter GLUT1, encoded by the SLC2A1
gene, is unaffected in the placenta, while amino acid transporters show reduced activity if placental blood flow is
decreased (Jansson et al. 1993). However, SLC2A1 expression drops with altitude-induced hypoxia (Zamudio et al.
2006).
Examples of known maternal nutrition related foetal
health issues include folate deficiencies, long known to
be important for preventing neural tube, heart and placental defects. Folate deficiency found in mouse models
has recently been shown to cause congenital malformation defects that persists up to five generations probably by
a transgenerational mechanism. The 5-methyltetrahydrofolate-homocysteine methyltransferase reductase (MTRR)
gene that encodes the methionine synthase reductase
enzyme possesses a hypomorphic phenotype in the F4 generation of female mice and likely gets transmitted through
epigenetic mechanisms from the maternal grandparent
bearing a similar phenotype (Padmanabhan et al. 2013).
The placenta has receptors for many nutrients including
folate and transmits signals depending on the maternal
nutrition (Farkas et al. 2013). Nutritionally deficient

mothers produce children affected by malnutrition, as
was seen during the ‘Hunger winter’ in Amsterdam and
western Holland in November 1944–45 when only low
calorie diet supply was available for pregnant and lactating
women. This led to changes in the health of children born
during this period by the time they reached adulthood (El
Hajj et al. 2014). The ill-effects were underscored by epigenetic changes such as the hypomethylation of Igf2, an
imprinted growth factor gene (Heijmans et al. 2008).
Several studies have pointed out that maternal body
composition has detrimental effects on the growing foetus (Bell and Ehrhardt 2002) but what is less understood
are the subtle effects caused due to maternal nutrition
deficiency on foetal development (Godfrey 2002; Nelissen et al. 2011). Triplets and twin studies in primates have
helped to address this question. The physiological effect
of nutrient supply on triplets (litter size of three) has been
compared to single pregnancies in marmoset monkeys; the
titration of hormonal levels of insulin was checked among
the triplets, revealing that each of the triplets showed a
value that was not comparable to the average of the three
(Rutherford 2009).
Toxic exposure through placenta

With increasing realization of the effects of man-made pollution on human health, researchers are trying to address
the interaction between the environment and the unborn
child through the sampling provided by the placenta.
Many lines of evidence indicate that just as maternal nutrition and health impact the adult life of the offspring,
exposure to harmful toxins also reprogrammes the foetus
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in a manner that can impact it and its succeeding generations.
Many agents used in agriculture including pesticides
have a lot of side effects on future generations, though
many of these effects may not be global due to the usage
of different compounds in different areas in the world and
the cumulative effect of multiple exposures. The use of
pesticides in agricultural fields has been shown to affect
pregnant females living in close proximity, with defects
documented in the cranial growth and head circumference in newborns (Petit et al. 2010). The transgenerational
effect of pesticide exposure has been studied using a mix of
permethrin and DEET injected into rodents at gestation
days 8–14 (Manikkam et al. 2012). A clear phenotypic
effect was seen in the reproductive organs of both male
and female progeny up to the F3 generation. Air pollution
involves exposure of the respiratory tract to nonnatural
gaseous emissions such as ozone and nitrogen dioxide due
to industries, vehicle emissions etc. Exposure of pregnant
women to these pollutants during the first trimester of
gestation creates oxidative stress in the developing foetus that can result in preterm birth (Olsson et al. 2012).
The effects of preterm birth are felt most dramatically on
neural development and the child may have ensuing neurological problems (Ment and Vohr 2008). Further studies
in this direction are needed since an understanding of the
effects of similar exposure at different gestational stages is
missing.
Different toxins have different effects on the foetus
depending on the stage of development. Alterations in
DNA methylation patterns in placenta have been noticed
to occur due to maternal smoking resulting in exposure
of the foetus to tobacco smoke (Maccani and Maccani
2015). For example, RUNX3, a transcription factor gene
associated with cellular differentiation, is differentially
methylated upon exposure to tobacco smoke from the
mother. Runx3 is known to transcriptionally attenuate a
chemokine receptor CCR7 through TGF-β mediated pathway which has been associated with asthma like aetiology
(Fainaru et al. 2005). First trimester exposure is also associated with effects on the mental development of the foetus.
The exact link between the exposure and the frequency
with which it occurs or the mechanism involved in this
phenomenon is as yet unexplained. These kinds of lacunae
need to be filled since relevant interventions during pregnancy can go a long way towards preventing problems in
early childhood as well as adulthood.

Microbiome of foetus: derivation and influence from mother

The microbiome (microorganisms that symbiotically share
our body) of an individual is unique and defines the phenotype and response to the environment. Studies indicate
that the placental microbiome is similar to the gut microbiome of the foetus (Satokari et al. 2009). This implies
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that the maternal microbiome is inherited by the progeny
and hence encompasses the maternal phenotype. Other
studies have elucidated that the placental microbiome is
unique and most similar to the oral microbiome indicating that the microbiota of the foetus may have been
established through the placenta from the oral cavity of
the mother (Stout et al. 2013; Aagaard et al. 2014). The
derivation of the microbiome in the neonate from the
maternal microbiota may probably give the advantage of
metabolising milk. This thus constitutes the first microbial
colony to be established in the human body. The origin
of foetal microbiome is expected to additionally include
sources from the vaginal microbiome, mammary gland
microbiome and placental microbiome (Romano-Keeler
and Weitkamp 2015). The specific role the placental microbiome plays in the developing foetus and its postbirth
effects are still under scrutiny (Guttmacher et al. 2014),
however since it is now clear that the microbiome is passed
on along the maternal line, it can be considered a part of
the transgenerational inheritance of an individual.
Indeed, an emerging theory suggests that the increase in
Caesarean births in society today are depriving the newer
generation from colonization by the maternal microbiome.
This, coupled with the increased use of antibiotics and
an unhealthy diet and lifestyle, creates a predisposition
towards asthma (Russell et al. 2012), obesity (Cho et al.
2012), and reduced immune regulation in terms of autoimmunity and inflammation (Belkaid and Hand 2014). A
study in mice demonstrated that unhealthy diet in pregnant mice caused increased cancer risk and accelerated
ageing in the progeny as well as in the F2 generation, while
early exposure to beneficial microbes mitigated the risk
of succumbing to transgenerational obesity and cancer
(Poutahidis et al. 2015).

Genomic imprinting and placenta
The term imprinting was used in the 1930s in relation to
behaviour patterning in animals. Genomic imprinting is
defined as parental-specific gene expression in diploid cells
(Fowden et al. 2011; Barlow and Bartolomei 2014) i.e., certain genes are selectively expressed from a single parent
owing to restrictions put forth by as yet unclear determinants. Most imprinted genes play an important role during
development and are involved in foetal growth. In fact, the
first imprinted gene to be understood was Igf2r, the receptor for the growth factor IGF-2 (Reik and Lewis 2005).
The growth-specific nature of many imprinted genes led
to the development of the ‘parental conflict’ hypothesis,
explained below. Changes affecting imprinted genes thus
have direct consequences on foetal wellbeing. Changes can
be induced in imprinted genes through exposure to environmental stimuli occurring at any stage in the life of an
individual, including early foetal development stages. The
placental cohorts of certain foetal samples have shown that
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the effects of environmental stimuli are transmitted to the
next generations. This kind of transgenerational inheritance of epigenetic influence of environmental stimuli on
the foetus can even be used as a diagnostic tool (Lambertini 2014).

Maternal and paternal imprinting theories

Genomic imprinting is an evolutionarily advanced mechanism of fine-tuning the contributions of the paternal
and maternal genomes. It appears to have coevolved with
viviparity, where maternal investment and expenditure
per pregnancy are much higher than the paternal contribution. One of the hypotheses in this connection is
the ‘conflict of the genomes’ hypothesis (Iwasa 1998).
This states that the reproductive success of the species is
ensured by the males focussing on passing on their genes
to the maximum number of healthy offspring while the
female invests in a long gestation period, and suckling
and nurturing of all her young to ensure their survival till
reproductive age. The paternal genome thus has a vested
interest in promoting foetal intake during gestation while
the maternal genome needs to balance the distribution of
resources for itself and among multiple potential pregnancies (Kinoshita et al. 2008). A large number of imprinted
genes are thus expressed in the placenta (Tunster et al.
2013), and many of the growth and development genes are
maternally imprinted and paternally expressed.
Imprinted genes are remarkably stable and resistant
to evolutionary selection pressures, as changes in their
monoallelic expression affect dosage detrimentally. They
are shielded from the genomewide reprogramming that
occurs during fertilization by protection from demethylation and active maintenance of the original imprint (Li
et al. 2008; Bian and Yu 2014). The placental phenotype is greatly influenced by imprinting, studied best in
mice. Imprinting in the gametes can be manipulated by the
maternal environment both during the process of fertilization and further during gestation (Gabory et al. 2012). This
kind of effect was clearly observed when sperms collected
from alcohol administered mice were compared to those
from normal mice showing that there was an adverse effect
on the reproductive performance of the sperms produced
in the alcohol-exposure condition (Siervo et al. 2015). Further, analysis of offspring born from alcohol administered
mice indicated spermatogenesis defects not only in the parent mice but also in the progeny. The litter size of pups born
was low and these pups also showed changes in characters
related to maleness, such as testis structure, motility and
count of sperms at adulthood. Poor-quality oocyte also
leads to multiple defects such as poor establishment of
pregnancy, poor survival of the foetus, retarded development of the foetus and also adulthood diseases (Krisher
2004). This has been attributed to differential DNA methylation in the germ cells which affects the pattern of cell

division that are essential for foetal growth (Smallwood
and Kelsey 2012).

Influence of placental imprinted genes in embryonic development
and growth

As described above, imprinted genes form a special group
that follow distinct mechanisms to escape genomewide
reprogramming effects but the role of transgenerational
epigenetic mechanisms in this context is not yet clearly
defined. There are many genes which are involved in
placental growth such as the pluripotency gene for the
transcription factor Oct-4 (Pou5f1). Its promoter shows
distinct methylation pattern in embryonic stem cells versus trophoblast cells with aberrant methylation leading to
the formation of smaller placentas in rats (Serman et al.
2007).
It is believed that imprinting and mammalian brain
development have coevolved with many imprinted genes
showing placental/hypothalamic coexpression that coincides with critical developmental periods and feed back
into signalling in the maternal adult hypothalamus (Keverne 2014). Many of the placental imprinted genes, such
as Grb10, Phlda2, p57kip2 (maternally expressed) and Dlk,
Gnas, Magel2, Nnat, Necdin, Peg1, Peg3, Zac1 (paternally
expressed) are also in fact involved in foetal hypothalamic
development. This is interesting as it implies an ability for
environmental influences acting on the mother to impact
brain development and behaviour in subsequent generations. In line with this hypothesis, it has been seen that
a healthy pregnancy and good maternal care are consistent with improved nurturing behaviour in the offspring
that later encourages them to provide optimal lactation
and nourishment to their own progeny, i.e., the F2 generation. A classic example along these lines is evidence gained
from the Rwandan genocide, where the mother’s exposure
to maltreatment as a child rather than her posttraumatic
stress disorder (PTSD) profile subsequently affected her
children in the form of a ‘cycle of violence’ (Roth et al.
2014).
During maternal food deprivation, expression of some
genes like Peg3 (a paternally expressed gene involved in
cell proliferation and p53-mediated apoptosis) decreases
in the placenta while increasing in the developing foetal
hypothalamus, thereby protecting the foetus (and potentially its next generation) from the effects of deprivation
(Broad and Keverne 2011). Thus, imprinted genes can help
buffer the transmission of harmful effects transgenerationally and many of these changes in the transmission
occur due to hypomethylation or hypermethylation at
specific loci. DNA methylation has been associated with
other brain function linked genes such as MAP2K1 or
BDNF resulting in psychosis associated disease aetiologies (Mill et al. 2008). Even psychotic diseases such as
schizophrenia and bipolar disorder have been associated
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Table 3. Key epigenetic features studied in placenta.
Epigenetic mark
G9/G9a
Ezh2/Ezh12

Function

Placental effect

Histone methyl transferase for
H3K9 methylation
Polycomb group family protein
for H3K27 methylation

Placental defects due to
chorioallontoic fusion
Placental defects due to
failed chorioallontoic
attachment; lethal
Mechanistic link between
hypoxia and histone
acetylation in placenta
Impaired vascularization of
labryrinth
Decreased expression causes
placental syndromes
Hypoxia, Preeclampsia (e.g.
miRNA210 upregulation)
Transgenerational silencing
of retrotransposons

HDAC sirtuin1

Histone deacetylase associated
with HIF-2alpha

HIF factors
Syncitin1

Reduced progenitor
proliferation
Hypermethylation of ERVW-1

MiRNA

Noncoding RNA

LncRNA and piRNA

Noncoding RNAs

with methylation effects, as seen in monozygotic twins
(Dempster et al. 2011). Further, an occurrence of later
life effects, instead of at birth, has also been observed in
monozygotic twins. Discordant monozygotic twins with
monochorionic placenta show higher DNA methylation
at cell division genes than such twins with dichorionic placenta (Gordon et al. 2012). DNA methylation, discussed
in the subsequent section, is thus one of the main markers when studying placental transmission. It also marks a
large number of developmentally important genes, e.g. the
CNTNAP2 gene, or the ‘language gene’. It is hypothesized
to be one of the key genes involved in the evolution of
the human brain, possibly due to different DNA methylation percentages when the phylogenetic split between
monkeys and apes occurred (Schneider et al. 2014). The
role of the placenta in contributing to epigenetic variation
in humans is best addressed using twins, demonstrating
variations in DNA methylation profile among neonates
from twin births (Gordon et al. 2012). Monozygotic twins
have a common genetic makeup as well as intrauterine
environmental exposure while dizygotic twins share only
the latter during development. Twin studies thus make for
an excellent model for delineating the role of the placenta
in programming the foetal epigenome (Cordova-Palomera
et al. 2015; Malki et al. 2016).
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functional genes. The epigenetic effects on this organ have
effects on the phenotype of the offspring sometimes even
causing lethality of the embryos (Rossant and Cross 2001).
Recent studies have identified a few epigenetic mechanisms
associated with placental dysregulation, some of which are
listed in table 3.
The effect of placenta-derived factors produced by
maternal genes for foetal growth and foeto-maternal
immunity (Chu et al. 1998) have been known but not much
is studied about the epigenetic mechanisms that govern
these modulators and their transgenerational effects. Igf2,
the first imprinted gene studied, appears to play a key role
in placental permeability and transport processes (Coan
et al. 2008). Upregulation of porforin under hypoxic condition (Iwaki et al. 2004) is associated with greater number of
natural killer cells, immune system cells that have the ability to invade the placenta (Parham 2004). Changes such as
elevated circulating cortisol concentration and increased
mean arterial blood pressure have been noticed which is
caused due to a reduced supply of food (70% of normal
chow) to guinea pig dams in either the first or the second
half of the gestation period. The epigenetic effects caused
due to the reduced chow were seen to persist through to
the F2 generation (Bertram et al. 2008).
Transgenerational epigenetic mechanisms

Transgenerational inheritance through the placenta
Epigenetic modifications, as discussed so far, can involve
temporal, spatial or global changes in gene function and
can be heritable across generations. ‘Transgenerational
transmission’ is the term used to describe those changes
that get conveyed to future generations. The placenta is
a complex organ which is influenced by a complex set
of genes for growth and transcriptional factors, as well
as extracellular matrix, cell signalling and various other

The embryo changes and resets its gene expression profile
by depletion of histone marks postfertilization (Puschendorf et al. 2008). Many changes are also brought about
by the waves of methylation and demethylation as well
as the paternal reprogramming at the time of fertilization
and implantation (Oswald et al. 2000). As we have seen
in the previous sections, foetal programming is regulated
by the changes induced during gestation under the influence of a range of factors. Such changes may have evolved
due to survival advantages to the foetus in a dynamic and
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changing environment, and there is no known correction
mechanism to reverse them. Some of the changes that
add up to the genome of individuals from the point of
conception thus depend on the lifestyle and exposure of
their parental generation, which further accrue on to their
progeny, and become transgenerational.
Transgenerational epigenetic mechanisms also include
the gene expression changes in the offspring that can
be associated with preconception exposure in the parents or grandparents. DNA methylation, being the most
stable epigenetic mark for propagation, is an ideal candidate to look for transgenerational effects. Approximately
37% of the placental genome contains partially methylated domains (PMDs) otherwise seen only in cancer
tissues (Schroeder et al. 2013). Maternal nutrition significantly affects the establishment of DNA methylation at
metastable epialleles—locations where CpG methylation
is established stochastically in the embryo, and maintained
through differentiation for propagation in the individual—
correlating with environmental conditions that define food
availability at the time of conception (Waterland et al.
2010). Folate and methionine in the maternal diet act as
methyl donors while high homocysteine and cysteine levels
correlate with lower DNA methylation levels in the embryo
(Dominguez-Salas et al. 2014).
A recent study has identified changes in methylation
patterns at key cardiovascular and metabolic genes that
appear to be associated with low birth weight and hypothesized a correlation between epigenetic regulation and
disease risk in later life (Gordon et al. 2012). Another
recent study revealed the role of altered DNA methylation
at genes involved in Wnt signalling and lipid metabolism
defects due to placental dysregulation in cases of severe
IUGR (Roifman et al. 2016). Altered methylation during in utero development has also been associated with
susceptibility for impaired glucose metabolism and diabetes by multiple studies (e.g., Zheng et al. 2014). Changes
in expression profiles of insulin signalling and glucose
transport genes such as GLUT4 have been shown in undernourished rat foetuses and have been correlated with low
birth weight in humans (Ozanne et al. 2005).

Maternal and paternal effects

Undernourishment at foetal stages in mice results in underdevelopment in pups leading to a decreased ability to
suckle and chew as a neonate (Perez-Torrero et al. 2001).
This has been linked to malnourishment in the pups leading to poor health in adulthood. Further, it is associated
with the prevalence of metabolic disorders in adulthood,
as a consequence of the epigenetic modification in the
placental supply of nutrients (Maccani and Marsit 2009;
Aguilera et al. 2010). The foetus adapts itself to the available nutrition, but studies suggest that such adaptations
are unhealthy for the adult life of the foetus (Godfrey

2002). For example, when a condition such as hypoxia
occurs, foetus adapts itself through placental interference
to the lower oxygen levels (Krebs et al. 1997; Penninga and
Longo 1998; Roh et al. 2005). This adaptation to hypoxic
conditions results in transmission of the oxygen rich blood
more to the foetal brain by both autonomic and metabolic
mechanisms. This adaptation by placenta is referred to as
‘brain-sparing’ adaptation, but it generally results in the
growth impairment of different organs (Giussani 2016). A
similar kind of effect is seen on the epigenetic profile of
human placental trophoblasts when exposed to hypoxic
conditions (Yuen et al. 2010). The net evolutionary advantage of such foetal adaptations is unclear and most of them
may not get fixed for long on the evolutionary time scale.
Not only undernourishment but also exposure to various environmental contaminants including endocrine
disrupting chemicals have been demonstrated to have epigenetic effects on the germline and promote disease across
several generations (Crews et al. 2007). Gestational exposure to vinclozolin, known to have an antiandrogenic effect
that alters differentially methylated region (DMR) methylation at imprinted genes (Stouder and Paoloni-Giacobino
2010), causes infertility in male progeny up to the F4 generation (Anway et al. 2005). Although the focus of this
review has been on effects through placental transmission,
it is worth noting that paternal influence is also significant in terms of long term effects transmitted through the
sperm genome. For example, obesity in the father has been
shown to be associated with differential gene expression
through changes in cell signalling pathways that lead to
metabolic disorders and stress in the progeny (Binder et al.
2015). Paternal nutritional deficit in mice causes changes in
serum glucose levels (Andersen et al. 2006) or metabolism
(Carone et al. 2010) in the progeny. Genotoxic stress such
as paternal radiation exposure causes hypomethylation of
retrotransposons in the genome of the progeny (Filkowski
et al. 2010).

Microchimerism

Another form of communication between the mother and
the foetus through the placenta involves the reverse transmission of foetal fibroblasts into the maternal plasma
(Dawe et al. 2007; Miech 2010). Microchimerism is defined
as the presence of a small number of cells that do not
belong to the host organism and have distinct features of
another organism from which they have originated. Foetal
microchimerism is a complex term coined to understand
the presence of foetal origin fibroblasts in the maternal
plasma during gestation of the foetus. The presence of
foetal fibroblasts demonstrates a leakiness in the placenta
as a filter, which allows the foetus to send signals that
affect both placental development and maternal behaviour
(Bocheva and Boyadjieva 2011). The foetal fibroblasts act
as information carriers to the maternal organs and persist
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in the mother even after the delivery of the foetus by their
eventual grafting into maternal tissues.
Foetal fibroblasts are believed to lead to changes in the
mother which may be transmissible to other offspring in
subsequent pregnancies, with long lasting effects influencing the major histocompatability genes postdelivery
(Stevens 2016). These long lasting effects are referred to
as telegony (Crean et al. 2014). Telegony can be explained
as those changes in the mother which have been brought
about by the first offspring that are transmissible to future
siblings. The acceptance of these cells has parallels with tissue grafting with similar issues of immunological rejection
(Yusuf and Kliman 2008).
Finally, foetal fibroblasts play a role in a unique mechanism of resistance that confers protective immunity to the
mother even after the delivery. Studies have shown that
foetal ES cells can confer resistance to breast cancer till
15 years from the last delivery (Mosca et al. 2003; Tan
et al. 2005; Dawe et al. 2007). There is a nonlinear relationship between the incidence of breast cancer and the date
of last child birth (Albrektsen et al. 1995). This implies
that there is a possible effect of foetal microchimerism
on the mother’s immunity to cancer development (Gadi
and Nelson 2007; Gadi 2009). Another interesting observation in this context is the increased risk for autoimmune
response seen in females who have had abortions, linked to
the increased transfer of foetal cells into maternal circulation during the surgical abortion procedure (Miech 2010).
It is not yet clear whether the mother imports the foetal
cells for healing or if the foetus transfers these cells trying
to take over the maternal environment for its own benefit.
Such effects are yet to be understood for other diseases,
but it is well established that BP, heart rate, and weight
of the female during gestation correspond to the foetal
demands (Godfrey 2002). Interestingly, certain placental
miRNAs (miR-141, miR-149, miR229-5p and miR135b)
are also secreted into maternal plasma and have the ability
to travel to various maternal tissues, though their concentrations significantly reduce postparturition (Chim et al.
2008). It would be useful to explore the therapeutic potential of such fetoplacental phenomena lingering in the adult
female body.

Artificial reproductive technology (ART) and its
effect on placentation
ART is the mode of choice when there is a problem in
the natural fertilization process. Infertility can result from
problems ranging from male or female gametes production
or their fertilization to issues with the prospective mother
in carrying the pregnancy to term, in which case surrogate mothers can play a role. Procedures such as in vitro
fertilization (IVF) and intracytoplasmic sperm injection
(ICSI) are a boon for infertile couples who otherwise cannot conceive and become parents. However studies in the
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last few years have explored changes in gene expression
patterns in children conceived through such interventions
(Katari et al. 2009). There is evidence of epigenetic dysregulation brought about due to the ART procedure, which
has the potential to contribute to DOHaD as in the case of
diabetes or obesity. Studies documenting the role of epigenetic factors in ART have gathered momentum relatively
recently and the mouse has been used as a model system
to test the effects of super ovulation, in vitro culture and
embryo transfer (reviewed in van Montfoort et al. 2012).
Until now, not much is established regarding the causes
and effects of the use of this technology. It also remains
unknown if such effects are transgenerationally transmitted.

Epigenetic consequences of ART

ART involves collection of sperms and oocytes in vitro and
creating favourable conditions for fertilization to produce
an embryo. After the embryo is cultured, it is transferred
into the uterus of the female for conception. Exposure to
in vitro conditions, such as culture medium faced by the
gametes and the embryo is unique as these conditions are
not experienced in vivo (El Hajj and Haaf 2013). There
is thus the fear of introducing epigenetic changes due to
even minute factors in media and its nutrient composition.
This is especially relevant for imprinted genes, which are
very sensitive to environmental stimuli and many of them
directly affect foetal growth. The H19/Igf2 locus is known
to be modified during various steps of ART such as super
ovulation and media changes (Fowden et al. 2011). Since
imprinted loci escape the genomewide reprogramming in
the early embryo, changes at these loci have the potential
to get carried over and have transgenerational effects.
It is thus important to conduct a detailed study of the
methylation patterns of the gametic and early embryonic
genomes in a stepwise pattern during the in vitro culture
till the blastocyst stage (Mayer et al. 2000; Oswald et al.
2000). The paternal genome is expressed first during the
oocyte fertilization process (Suzuki et al. 2014), possibly
correlated with the wave of its demethylation at this stage;
the maternal genome is not demethylated to the same
extent (Santos et al. 2002). Changes introduced due to
ART in the normal methylation patterns of genes may have
implications at various stages of life (Zheng et al. 2014).
For example, interference with genes performing functions
linked to extra embryonic membrane production leads to
effects on the placenta (Jaenisch 1997).

ART and foetal defects

ART involves medicating both or either of the gamete
donors to collect sperms and ova. Following in vitro fertilization, the healthiest and most viable embryos are selected
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for implantation. The embryos formed by these procedure, however, can carry some epigenetic changes in their
genome owing to the effect of various steps in the protocol
(Edwards and Ferguson-Smith 2007) and in vitro exposure
of the gametes (Kobayashi et al. 2009). The use of fresh and
frozen embryos can also have an effect on the context of
low birth weight, presumably prompting placental adaptations to micronutrient availability from the environment
in which the embryo is conditioned (Bloise et al. 2014).
It has been reported that the frequency of children possessing visually obvious birth defects born after ART is
higher than that observed in those born through natural
conception (Hansen et al. 2002). Drastic defects are generally not viable and result in abortion of the foetus, but
many epigenetic changes can be more subtle. For example,
epigenetic modifications induced during preimplantation
embryo culture affects imprinting genes important for
foetal and placental development (Mann et al. 2004). A
higher incidence of diseases such as Beckwith–Wiedemann
syndrome (BWS) and Angelman syndrome caused due to
misregulation of imprinted genes has been documented in
children born after ART. The incidence of BWS is ∼4%
in such pregnancies (Odom and Segars 2010). The defects
underlying these syndromes can be both genetic and epigenetic in origin, but so far no specific common factors
have been identified as being causative of the epigenetic
changes brought about due to ART. Some of the factors
have been tested in mouse models (Khosla et al. 2001) but
a wide variety of ART steps and techniques are associated
with increased BWS in humans (reviewed in van Montfoort et al. 2012).
Optimal uterine environment is essential for establishment and maintenance of embryonic epigenetic patterns
(Vickaryous and Whitelaw 2005). There are many factors
that lead to a high incidence of placental defects during
ART. The process of implantation in ART assisted pregnancies is a key step associated with abnormalities (Choux
et al. 2015). Implantation involves the invasion of the trophoblast layer by the blastocyst stage embryo into the
uterus. Embryos from IVF have fewer trophoblast stem
cells (Turan et al. 2010) and placental IGF2/H19 levels are
reduced in these cases. Overall, methylation differences are
seen at 16% of the CpG sites in ART placentas compared
to normal placenta (Katari et al. 2009). About 26 genes
have been documented to have altered gene expression
levels in the placenta of ART pregnancies versus normal
pregnancy (Zhang et al. 2010). Another critical factor is
hormone induction of the mother, the effects of which persist until the formation of the placenta. Studies in mouse
have shown the deleterious effect this hormonal milieu can
have on the foetus and on pregnancy (Mainigi et al. 2014).
The mechanistic details of these outcomes and their transgenerational potential require further elucidation, though
it is difficult to dissect the specific effects of the interventions from effects associated with parental infertility. It is
essential to evaluate the epigenetic changes carried by the

individual gametes and those that are introduced at each
stage of intervention. This will help to understand the key
points at which the ART procedure can be altered in order
to reduce such effects while successfully granting healthy
babies to infertile couples.

Conclusions
Although the placenta has long been recognised as a
very important organ that has multiple effects on the foetus, its role in transgenerational inheritance is not yet
clear. The impact of the uterine sampling provided by the
placenta on the foetus is manifested through epigenetic
mechanisms that are dynamically set throughout the gametogenesis, conception and gestation processes. Epigenetic
memory further ensures that at least some of these changes
are transmitted to the germline of the next generations
thus linking health and disease in an individual with the
influence of grandparental and great-grandparental generations.
Keeping in view the current focus on DOHaD and
transgenerational effects, we have examined epigenetic
mechanisms that operate through the placenta and their
influence on various aspects of the progeny’s development,
in utero and through birth to adulthood. There are multiple
issues that complicate the study of placental inheritance.
Owing to the transient nature of this organ, placental studies in humans need to be directed along similar lines such
as prenatal diagnosis of the embryo. Twin studies serve as
an invaluable resource and need to be utilized to their full
potential by performing large scale NGS-based epigenetic
investigations on placental tissues collected as after-birth.
Importantly, the prenatal or even postnatal diagnosis of
possible defects in the placenta can forewarn of possible
diseases that the child may be predisposed to during its lifetime. Similarly, artificial reproductive technology, which is
increasingly used in human conception and gestation, is
associated with placental-specific effects. Although ART
has been associated with imprinting disorders, the number
of documented cases is not very large and a much larger
cohort needs to be identified for statistically significant
relationships to be established with epigenetic dysregulation. Effects of environment, diet and lifestyle that are
transgenerational similarly need to be documented to a
far greater extent than is currently being done. These have
implications not only for the current generation but also
on future adaptations and changes.
Epigenetic mechanisms have a major role in directing the
form and function of the genome. The maternal influences
sampled and conveyed by the placenta impact the foetus
through epigenetic alterations that translate into altered
gene expression profiles (figure 2). Even when the changes
in modifications, such as DNA methylation do not directly
alter gene expression in the progeny, they could lead to
cumulative effects that manifest in successive generations.
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Figure 2. Maternal and environmental influences manifest through epigenetic mechanisms. The influence of the external and internal
environment alters the epigenetic landscape which needs to be monitored by effective placental diagnostics. Alterations to the
epigenome affect foetal as well as adult health; transmitted to the germline, these effects become transgenerational.

These mechanisms are dynamic enough that direct causes
can lead to immediate changes in somatic tissue while epigenetic memory can contribute to heritable changes in
each generation via transmission through the germline.
Research into placental effects and the transmission and
retention of information through this route is thus essential. The recent development of the placenta cord blood
bank (Waller-Wise 2011) is a good resource for the scientific community. Further tools in placental diagnostics will
go a long way towards understanding some of the issues
highlighted in this review.

Appendix
Epigenetic mechanisms govern genome regulation
Histones wrap the DNA around a core octamer to form nucleosomes that generate higher order chromatin folding and architecture to govern access to DNA for transcription machinery
and other cellular processes. Chemical modifications of the Nterminals of the histone tails constitute a dynamic mechanism
to fine tune gene expression in conjunction with DNA methylation. The methylation of lysine residues of histone H3 has
been most extensively studied in the context of transcriptional
control; trimethylation of lysine 4 (H3K4me3) and acetylation
of lysine 9 (H3K9ac) at gene promoters and acetylation of
lysine 27 (H3K27ac) and methylation of lysine 4 (H3K4me) at
enhancers are strongly associated with gene activation. Similarly, trimethylation of lysine residues 27 and 9 (H3K27me3 and
H3K9me3) promote gene repression through polycomb (PcG)
and HP1-heterochromatin mediated mechanisms, respectively.
Such modifications are catalyzed by histone acetyltransferases
(HATs) / histone deacetylases (HDACs) and histone methyl
transferases (HMTs) / histone demethylases (HDMs) that add or
remove the acetyl or methyl groups, respectively. The presence of

these marks causes recruitment of a diverse array of proteins that
ultimately regulate genome activation. There are a large number of histone variants and their modifications associated with
genome regulation, and these are now being studied in the light
of their inheritance through reproduction (Bunkar et al. 2016);
only a few of these have been investigated in placental tissues
(Nelissen et al. 2011).
The methylation of CpG dinucleotides in the genome is crucial in the context of gene expression, especially at CpG islands
located near gene promoters. These are mostly unmethylated
to allow transcription and their methylation is associated with
gene silencing. DNA methylation is brought about by DNA
methyltransferases (DNMTs) that are essential for development
and survival since DNMT mutants are not viable (Li et al.
1992). Demethylation of DNA is also critical during development and involves both ‘passive’ and ‘active’ mechanisms to
reprogramme the foetal genome (Moore et al. 2013) by erasure
of parental methylation marks and resetting of transcriptional
profiles for differentiation. MicroRNAs (miRNAs) are short
noncoding RNAs of approximately 20 nt length. Unlike mRNAs,
they do not code for functional proteins but regulate expression
of their target genes. Tissue specific miRNAs are increasingly
being discovered to be associated with key biological processes.
MiRNA expression is linked to DNA methylation levels (Han
et al. 2007) and methylation mutants show miRNA dysregulation
and vice versa (Han et al. 2013). MiRNAs also target chromatin
remodelling complexes, thus directly and indirectly modulating
the setting of histone marks and demonstrating the interconnectedness and redundant nature of epigenetic programmes.
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