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“…mounting evidence [implicates] the time in utero in the fetal ‘programming’ of 
human diseases of later life.”
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The importance of the intrauterine environment in 
shaping the human neonatal epigenome

Epigenetic events are an essential mediator of 
cellular differentiation and, therefore, develop-
ment in vertebrates. However, the underlying 
dynamism and responsiveness to subtle sub-
cellular cues that are a hallmark of epigenetic 
change during development, also renders epi-
genetic profiles susceptible to external environ-
mental influence, with the potential to ‘pro-
gram’ the underlying genome towards an altered 
phenotype in later life. 

The period in utero: a complex 
& dependent environment
For decades it has been postulated that the 
period in utero may be critical in modifying 
the risk of adult-onset disease, although only 
recently has epigenetic change emerged as the 
likely mediator of such effects. Animal stud-
ies have demonstrated conclusively that the 
environment can shape the developmental phe-
notype (often stably), particularly during the 
intrauterine period when it demonstrates the 
greatest ‘plasticity’ [1]. The concept of plastic-
ity refers to the potential for multiple pheno-
types to arise from a single genotype, poten-
tially (but not always) in response to specific 
environmental influence. The importance of 
this for human health is well documented, 
with mounting evidence implicating the time 
in utero in the ‘programming’ of human dis-
eases of later life [1]. The capacity for healthy 
development in the face of plasticity, a process 
termed canalization by Conrad Waddington, 
has long been established [2]. However, the role 
of in utero-acquired epigenetic variation in this 
process, the relationship between specific envi-
ronmental exposures and epigenetic variation, 
the degree to which different tissues show vary-
ing sensitivities to environmental influence and 
the extent to which this interaction is sensitive 
to underlying genetic, temporal and stochastic 
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influences, remains largely unknown. Similarly, 
it remains unclear whether there is a constant 
‘accumulation’ of environmentally mediated 
epigenetic change or whether specific develop-
mental windows are particularly sensitive. It is 
intuitive to think the very early environment is 
particularly sensitive. The emerging picture in 
humans is one of a complex interplay of factors 
that combine during early human development 
to shape the newborn epigenome and potentially 
influence later health.

Maternal effects
Animal studies have provided clear evidence for a 
role of maternal environmental factors in modu-
lating the epigenetic profile of progeny. This has 
been extensively reviewed elsewhere [3], although 
the interpretation and significance of the major-
ity of findings is difficult owing to a general lack 
of replication, small sample size, small effect size 
or lack of any functional interrogation of the 
effects of observable epigenetic change between 
exposure and control groups. 

The situation in humans is even less clear 
given the inherent problems associated with 
unraveling contributions of genetic and envi-
ronmental origin to epigenetic change. This 
is further complicated by the fact that many 
maternal-associated factors, such as diet, stress, 
alcohol intake and exposure to endocrine dis-
ruptors or pesticides, all implicated in changing 
the developing epigenetic profile (reviewed in 
[4]), are extremely difficult to measure accurately 
in a human setting. Even studies investigating 
the influence of more readily measurable factors, 
such as maternal BMI and the use of assisted 
reproductive technologies, have suffered from 
a lack of standardized measures, conflicting 
 findings and/or lack of replication.

The most robust findings to date have linked 
maternal smoking to specific changes in DNA part of
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methylation in a large cohort of pregnancies [5]. 
Consistent changes in genes implicated in detoxi-
fication were reported, some of which replicated 
findings in nonpregnant adult smokers. The 
postnatal stability of such clearly defined envi-
ronmentally induced epigenetic change warrants 
urgent investigation.

Fetal programming, developmental 
origins of health & disease 
& long-term epigenetic change
The term ‘fetal programming’ was first coined 
in 1979 [6] to describe the long-term effect of the 
intrauterine environment on offspring. Barker 
and colleagues further developed this idea in 
the early 1990s in response to an observed 
negative association between death from car-
diovascular diseases in adults and birth weight 
in a UK cohort [7–9]. The related developmental 
origins of the health and disease hypothesis, is 
supported by a large number of studies in ani-
mals and fewer, largely observational studies, in 
humans [10,11]. It is not surprising that epigen-
etic variation acquired in utero has emerged as 
a prime candidate for mediating such long-term 
‘programming’ effects. 

Epigenetic response to in utero environmental 
exposure can manifest in several ways. First, as 
an alteration in developmental processes early in 
life in the absence of long-lasting epigenetically 
induced changes (epigenetic ‘legacy’). This may 
or may not be associated with short- or longer-
term phenotypic change. Second, as a stable 
‘response’ of the developing pregnancy to a spe-
cific environment. This may, or may not, be an 
adaptation to a ‘perceived’ postnatal environ-
ment related to the in utero exposure. Finally, 
as a ‘neutral’ stable epigenetic change at birth 
with the capacity to modify the later phenotype, 
independently of the processes (or exposure) that 
led to the original epigenetic change.

Tissue-specific epigenetic response: 
‘dosage’ effects or tissue-specific 
adaptation?
It is becoming increasingly clear that the effects 
of the in utero environment in shaping the epig-
enome may be tissue specific. There are several 
explanations for this observation, including the 
differential ‘dosage’ of individual tissues to an 
environmental exposure associated with fetal 
blood flow. It is logical to assume that the pla-
centa, as the major interface between maternal 
and fetal circulations, would receive the maxi-
mal ‘dose’ in such a scenario, although little evi-
dence for an exacerbation of any environmental 

effect on epigenetic markers in the placenta rela-
tive to other tissues has emerged. An alternative 
explanation involves a tissue-specific ‘response’ 
or ‘adaptation’ to environmental exposures. 
However, direct evidence to support this alter-
native viewpoint is also currently lacking. At 
present, it is unclear how much of the result-
ing ‘adaptation’ of the developing pregnancy 
to a perceived external environment confers a 
developmental advantage postnatally, and how 
much is simply a response to changing envi-
ronmental influence, conferring little advantage 
or potentially, disadvantage. In either instance, 
the observed tissue-specific variation in an epi-
genetic profile at birth in response to in utero 
environmental exposures has profound implica-
tions for monitoring the effects of such expo-
sures using readily obtained tissues collected at 
birth or early in life.

“It is not surprising that epigenetic variation 
acquired in utero has emerged as a prime 
candidate for mediating such long-term 

‘programming’ effects.”

Genetics as a modifier of 
environmentally induced epigenetic 
change 
Emerging evidence in twins supports a heritable 
contribution to overall DNA methylation profiles, 
albeit low relative to many other phenotypes [12]. 
Nevertheless, the underlying DNA sequence is 
clearly important in determining epigenetic status 
in several loci at birth [13] and as such, may play 
a role in how the developing pregnancy responds 
epigenetically to in utero environmental influences. 
Certain genomic regions/features may be more 
susceptible to both environmentally and geneti-
cally induced epigenetic disruption/variability 
during early development. 

Stochasticity
There are no examples in nature of completely 
identical organisms arising from a single genetic 
blueprint. Whether at the scale of gross pheno-
typic difference, as commonly seen in human 
monozygotic twins, or at the molecular level 
(i.e., the number of ribosomes in a cell), the com-
plexity of even the simplest forms of life ensures 
that no two organisms are exactly identical. This 
inherent variation underpins all evolution.

The ‘intangible variation’ associated with most 
phenotypes, first described by Gartner [14], can 
equally be observed in the spectrum of epigen-
etic variation at many loci in genetically identical 
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mammals. Best exemplified by elegant studies at 
metastable epialleles, such as the agouti-viable 
yellow (A[vy]) mouse model [15,16], stochastic 
variation is likely to arise as a direct consequence 
of the generally imperfect mechanisms involved 
in the establishment and stability of epigenetic 
marks [17]. Teasing out the relative contributions 
of environmental and stochastic variation is cur-
rently not possible as even genetically identical 
individuals carried by the same mother expe-
rience differing in utero environments associ-
ated with variable nutrient ‘supply-line’ factors 
(e.g., implantation site, placenta vascularization 
and cord placement) that are established dur-
ing early development. Recent data in newborn 
monozygous twins highlights these effects, 
with nonshared environmental/stochastic fac-
tors clearly contributing to newborn variation 
in epigenetic profiles [13,18]. 

More recently, the propensity of the epigenome 
to show probabilistic (stochastic) variation, in 
addition to that arising directly in response to 
environmental exposure, has itself been proposed 
to be an evolutionary adaption, maximizing the 
capacity of some, within a population of individ-
uals, to respond to short-term alterations in the 
environment independently of genetic change. To 
quote Andy Feinberg, “In mathematical terms, 
this means that noise is not just a constant term 
to add to the equation but is itself a function of 
the developmental landscape” [19].

“Teasing out the relative contributions of 
environmental and stochastic variation is 
currently not possible as even genetically 
identical individuals carried by the same 

mother experience differing in utero 
environments...”

In many ways the proposed hard-wired capac-
ity for epigenetic variability parallels the now 
established phenomenon of hypervariability in 
the genetic blueprint through copy number varia-
tion. However, whereas the latter likely confers 
evolutionary advantage to a small number of 
individuals in an altered environment during evo-
lution, epigenetic variation due to stochasticity is 
more likely to be normally distributed within a 
population, thereby conferring a potential advan-
tage to a larger proportion of an exposed popula-
tion. Given the multitude of developmental lev-
els at which stochastic noise may arise, it is not 
surprising that the overall effects of this ‘third 
component’ to variation might be anticipated to 
be more evident in complex as opposed to simpler 
organisms.

Transgenerational modification of 
environmental responsiveness
DNA methylation is highly dynamic during 
early embryogenesis, but contrary to popular 
belief, is not completely erased during very 
early development or gametogenesis [20–23]. 
The mechanisms underlying transgenerational 
effects are likely to vary according to whether 
the effect is mediated by gametic transmis-
sion or is independent thereof. A recent study 
examining the DNA methylation remodeling 
that takes place during gametogenesis in mouse 
germ cells clearly highlights the fact that epi-
genetic marks can persist in gametes, particu-
larly in genomic regions that are associated with 
repetitive elements [24]. Such provocative find-
ings represent a feasible route for the previously 
described phenomenon of transgenerational 
epigenetic inheritance [25], although to date, no 
compelling examples of such inheritance have 
been documented.

Conclusion
The field of early developmental epigenetics in 
humans remains in its infancy and although ani-
mal studies continue to pave the way in provid-
ing insights as to the dynamic regulation of the 
developing epigenome in utero, there are many 
facets of both early development and epigenetic 
profile that differentiate human pregnancies 
from those of most animal models. As such, 
direct human studies are essential. Developing 
a complete understanding of the interaction 
between genetic, environmental and stochastic 
variables in shaping the human epigenome in 
different tissues prior to birth will be problem-
atic but will be greatly enhanced by the recent 
advent of large longitudinal birth cohorts with 
a detailed collection of environmental and other 
data, multiple biospecimens [26,27] and the ever-
growing technical advances in characterization 
of the epigenetic landscape.
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