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Summary

A variety of experimental and epidemiological studies lend support to the Developmental Origin
of Health and Disease (DOHaD) concept. Yet, the actual mechanisms accounting for mid- and
long-term effects of early-life exposures remain unclear. Epigenetic alterations such as changes in
DNA methylation, histone modifications and the expression of certain RNAs have been suggested
as possible mediators of long-term health effects of environmental stressors.

This report captures discussions and conclusions debated during the last Prenatal Programming
and Toxicity meeting held in Japan. Its first aim is to propose a number of criteria that are critical
to support the primary contribution of epigenetics in DOHaD and intergenerational transmission of
environmental stressors effects. The main criteria are the full characterization of the stressors, the
actual window of exposure, the target tissue and function, the specificity of the epigenetic changes
and the biological plausibility of the linkage between those changes and health outcomes. The
second aim is to discuss long-term effects of a number of stressors such as smoking, air pollution
and endocrine disruptors in order to identify the arguments supporting the involvement of an
epigenetic mechanism. Based on the developed criteria, missing evidence and suggestions for
future research will be identified. The third aim is to critically analyze the evidence supporting the
involvement of epigenetic mechanisms in intergenerational and transgenerational effects of
environmental exposure and to particularly discuss the role of placenta and sperm.

While the article is not a systematic review and is not meant to be exhaustive, it critically assesses
the contribution of epigenetics in the long-term effects of environmental exposures as well as
provides insight for future research.

Keywords

endocrine disrupting compounds; tobacco smoking; particulate matter; developmental
vulnerability; mechanistic toxicology

Introduction

Non-communicable diseases (NCDs) have increased considerably during the last decades
and have become the leading causes of death worldwide (Balbus et al., 2013; Bauer et al.,
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2014). NCDs have increased at a pace that cannot be explained solely by factors like genetic
drift, traditional occupational exposures or traditional smoking effects. Emerging hazards
include a variety of factors i.e., sedentary lifestyle and/or lack of exercise, psycho-social
stresses, unhealthy diet as well as exposure to environmental pollutants, such as endocrine
disruptors (Barouki et al., 2012; Grandjean et al., 2015). Compelling new evidence
highlights the early human development period as being particularly sensitive to chemicals
and other stressors that can lead to adverse health effects later in life. This is in line with the
Developmental Origin of Health and Disease (DOHaD) concept (Barouki et al., 2012;
Heindel et al., 2015b, 2015a; Schug et al., 2013). In addition, these stressors may interact to
exacerbate detrimental effects, for example when high fat diet is combined with toxic
chemicals or when individuals with low socio-economic status are exposed to air pollution
(Deguen et al., 2015; Duval et al., 2017). Presently, it is unclear whether different stressors
can interfere with the same cellular or molecular targets or can affect different parts of the
same pathway. Therefore, a more comprehensive approach highlighting the interactions
between different stressors, as put forward by the exposome concept, is needed (Escher et
al., 2017; Wild et al., 2013).

Epidemiological studies have provided evidence supporting the impact of exposure to
chemicals on developmental programing (Grandjean et al., 2015) during the critical periods
of fetal and child development. However, mechanistic insight is needed to more
convincingly show that developmental exposure leads to toxic effects that appear later in life
(Barouki et al., 2012). Epigenetics is such a potential mechanism. Indeed, the pattern of
epigenetic markers such as DNA methylation, histone modification and non-coding RNAs,
which ultimately regulate chromatin structure or gene activity, is influenced by a variety of
exposures including those involving environmental toxicants (Faulk and Dolinoy, 2011).
Moreover, epigenetic marks undergo profound changes during development with the
establishment of the different cell lineages, and this phenomenon may account for the high
vulnerability of this developmental period. Further, there is evidence that environmental
stressors can modify epigenetic patterns leading to biological or adverse health outcomes
(Barouki et al., 2012). Recent studies and concepts tend to support such a hypothesis. In a
recent review, researchers developed the concept of epigenetic memory with both adaptive
and toxic implications (Vineis et al., 2017). Furthermore, a recent study suggested that
transmissible chromatin opening triggered by inflammatory stress acted as a memory
accelerating the response to subsequent stressors (Naik et al., 2017). However, additional
studies are required before epigenetic regulation is approved as a mechanism of
developmentally-mediated adverse effects later on in life.

These and other fundamental issues have been discussed in the latest PPTOX V (Prenatal
Programming and TOXicity V) meeting held in Kitakyushu, Japan (November 2016). This
report summarizes questions and conclusions debated during that meeting on epigenetic
alterations occurring during the period of developmental programming and their contribution
to long-term adverse health consequences. We focus here on relatively stable epigenetic
changes and do not discuss short-lived epigenetic modifications. We also take into
consideration epigenetic changes occurring during development with possible long-term
effects and not the rapidly changing epigenetic landscape that occurs at any stage of life. As
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a first step, we list below the criteria that we believe are important to discuss in order to
identify or support an epigenetic mechanism and its relevance to exposure-related diseases:

1. The stressor. It is important to point out exactly which stressor or
combinations of stressors are studied and their likely adverse effects. In some
cases, different stressors may correlate with each other, for example lipophilic
contaminants and high fat diets. The availability of both epidemiological data
and experimental data is critical for causal attribution.

2. The window of exposure. Since the regulation of epigenetic marks depends on
the developmental period, the time at which the exposure takes place is
important. In cases where exposure is long-lasting and consistent (e.g. exposure
to persistent pollutants like POPs, air pollution or uninterrupted smoking for
example), it may affect different targets at different developmental stages and the
effects may be more complex.

3. The time course. The time at which epigenetic markers are assessed may not
reflect the timing of the exposure and the clinical or other adverse signs may
develop much later. The time course is obviously an important issue to consider.

4. The target tissue. In experimental studies, epigenetic regulation can be
assessed in a variety of tissues including the suspected target tissue of relevance
for each disease or condition. However in epidemiological studies, that is
usually not possible. Blood, semen and placenta are the most widely studied and
epigenetic changes in these fluids and tissues may not represent processes in the
target tissue. Indeed, there is a lack of studies correlating epigenetic changes in
blood with changes in target tissues. Thus, epigenetic changes in blood, while
useful markers, may not be related to tissue dysfunctions that lead to disease.
The heterogeneity of those fluids/tissues is also a concern for the interpretation
of the data.

5. The specificity. There are different levels at which specificity can be
investigated. For example, if different stressors lead to the same epigenetic
changes, this could be relevant in terms of toxicity despite the lack of specificity
of the changes per se. Alternatively, a single stressor can lead to a wide variety
of epigenetic effects. At the molecular level, specificity can refer to the selective
epigenetic modification of a subset of genes in the genome. In many cases,
enzymes involved in DNA or histone modification are targeted by a stressor, but
why this leads to a modification of the epigenetic pattern of only certain genes
remains elusive. It is conceivable that the combination of a generic mechanism
with a specific window of exposure may account for the selective effect. In all
cases, it is important to determine the specificity of the linkage associating
exposure-epigenetic changes-health outcomes.

6. The biological plausibility of the linkage between epigenetic changes and
health outcomes. Showing that a specific modification of DNA methylation or
histone post-translational regulation is causing a particular health effect remains
extremely difficult. Nevertheless, when the target gene function is known, one
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can assess the biological plausibility of such a presumably causal effect. For
example, when obesity is the considered outcome, an altered methylation of a
PPAR-y target gene is in line with what is known about the function of this
biological pathway. Another example is the correlation between behavioral
effects and the regulation of stress genes of the Hypothalamic-Pituitary-Adrenal
axis.

In light of the criteria listed above, we will discuss new developments in the field that
elucidate the contributions of epigenetics to the DOHaD concept. Following some
mechanistic insight, we will specifically address cases in which the contribution of
epigenetics has been successfully explored. Our aim is not to be comprehensive but rather to
critically assess the state of the science with regard to epigenetics and long-term
environmental effects. We will illustrate some of the most prominent research developments
with case studies that address the role of sperm and oocyte epigenetics, placental
epigenetics, as well as smoking and exposure to chemicals during pregnancy.

General mechanistic aspects of environmental epigenetics and

development

Environmental cues enable organisms to react and adapt to changing living conditions. More
than a filter that selects potential phenotypic variations, the environment is itself the source
of the variation. Environmental signals can modify preexisting genetic and epigenetic states
and elicit changes in organisms that increase or decrease their fitness to that particular
environment (West-Eberhard, 2005). Compelling epidemiologic evidence suggests that
early-life conditions, such as maternal nutrition, stress, smoking and toxic chemical
exposures, influence children growth and body compaosition, and later risk of chronic
diseases (Heindel et al., 2017b). This phenomenon may be the consequence of the
evolutionarily-derived developmental plasticity of a flexible developing program that can
adjust the /n utero environment for optimal survival, however, this has yet to be proven in the
case of chemical toxicity.

As mentioned earlier, a number of epidemiological and animal studies have suggested that
the fetal and early postnatal stages are particularly sensitive to the impact of environmental
exposure, and that exposures during this critical developmental window may contribute to
later onset disease (Grandjean et al., 2015; Heindel et al., 2017a). The mechanism
underlying these latent effects is less clear, although a growing body of evidence suggests
that epigenetics might play an important role. Epigenetic modifications,, render the
underlying DNA sequence either more or less accessible to other components of the
transcriptional machinery, and as such, help control gene expression. Epigenetics is an
important component of the fundamental mechanism that controls normal development,
from pluripotent stem cells, through lineage commitment and differentiation, to the
generation of the more than two hundred different cell types that define the adult organism.
During this process, epigenetic programing reinforces cell-fate decisions such that although
the stem cells and their derivatives share identical genetic materials, they possess different
epigenetic signatures, responsible for differential gene expression, distinct cellular activities
and biological functions. As the epigenetic patterns of DNA methylation and histone
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modification propagate through time and space across the whole organism, they provide a
dynamic memory mechanism for gene expression regulation, insuring epigenetic
inheritance.

Phenotypic plasticity is a critical feature of early development. Embryonic life is a period of
extensive epigenetic programming and the time when the organism is most sensitive to
environmental signals (Hanson and Gluckman, 2014; Yamazaki et al., 2003). Environmental
exposures occurring during this sensitive window may alter these epigenetic programs, and
lead to life-long, permanent changes in the pattern of gene expression (Faulk and Dolinoy,
2011). Through their impact on epigenetic programming, environmental factors can cause
changes in gene expression that may affect cellular proliferation leading to altered numbers
of cells as well as cell location metabolic activity and lineage differentiation with both short-
term and long-term consequences. In this context, the epigenome serves as the interface
between gene, environment and developmental outcomes. It is important to emphasize,
however, that in most tissues, lifelong dynamic epigenetic modifications are commonplace,
leading to alterations of the epigenetic landscape. Early-life epigenetic changes may persist
in tissues with long half-lives, like neurons, germ cells or stem cells, but cells with
continuous and rapid turnover times may quickly wash out any epigenetic modifications that
took place during the exposure period. Hence, the target tissue may critically determine
whether an epigenetic change is permanent and transmissible or diluted out by constant
turnover.

Studies in animals and humans provide increasing evidence linking specific environmental
exposure /n utero with epigenetic changes in the progeny. One striking example of this
phenomenon occurs in mice carrying the agouti viable yellow (Avy) allele, in which the
availability of methyl donors in the diet of the dam affects methylation of a cryptic promoter
that results in visible changes in coat color of the offspring (Dolinoy, 2008), the latter being
a marker of increased susceptibility to disease. In addition to this genetic model, a number of
animal studies have linked developmental exposures to methylation changes in endogenous
loci. For example, developmental exposure to caffeine induces a cardiac phenotype that is
associated with an altered DNA methylation pattern in the adult hearts (Rivkees and
Wendler, 2017), and /n utero exposure to PBDES has been shown to change TNFa
methylation (Dao et al., 2015). In addition, observational human studies have linked /n utero
exposure to famine in the Netherlands with distinct epigenetic changes in progeny 65 years
later (Heijmans et al., 2008). It is important to remember that these observed epigenetic
changes are a read-out of the actions of enzymes such as histone or DNA methyltransferases,
and that these enzymes may be the direct target of environmental chemicals. Developmental
exposure to the xenoestrogen diethylstilbestrol (DES) is associated with both an increased
susceptibility to uterine leiomyoma, and a change in histone H3K27 trimethylation in a rat
model. Later work established a direct link between these observed changes and
phosphorylation of the histone methyltransferase EZH2 by phosphatidylinositol 3-kinase
(PI3K) (Bredfeldt et al., 2010; Trevifio et al., 2015a, 2015b). Notably, one of the best
experimental examples to provide evidence for the epigenetic basis of DOHaD is the work
of Zawia’s group on developmental exposure to lead (Pb) and overexpression of genes
related to neurodegenerative diseases in old age. Recent research by this group has shown
that lead has the ability to alter DNA methylation, histone modifications, and miRNA
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expression in experimental models and in humans, implicating epigenetics in lead induced
toxicity and long term changes in individuals. Epigenetic modification could potentially
provide a mechanism by which the environment, and toxic exposures contribute to the
increased susceptibility of adult neurodegenerative disease (Eid and Zawia, 2016).

Despite these examples, the number of studies that show a causal link between exposure,
epigenetic change and tissue function remain few, and there is a need to consider these
findings in light of other potential mechanisms that may underlie the latent effects of early
life exposures.

Correlating an environmental stressor and epigenetic marks: the case of

tobacco smoke

Smoking during pregnancy remains a major public health challenge, despite well-known
negative health effects in offspring. Epigenetics, in particular methylation changes, has been
suggested as a potential mechanism involved in the pathogenesis of tobacco smoke related
diseases. In one of the first epigenome-wide studies on cord blood methylation profiles
associated with sustained maternal smoking (stressor) during pregnancy (window of
exposure), differential methylation was identified in AHRR, CYP1A1, and GF/1 (Joubert et
al., 2012). The fact that AHRR (aryl hydrocarbon receptor repressor) and CYP1A1
(cytochrome P450 family 1 subfamily A) play a key role in the detoxification processes of
tobacco smoke components is particularly relevant and illustrates the biological plausibility
criteria described above. In the largest study conducted to date, cord blood Illumina 450k
data was meta-analyzed from almost 7,000 newborns across 13 cohorts and over 6,000
differentially methylated CpG sites were identified (lowest p-value 5x107193 for AHRR)
(Joubert et al., 2016). Methylation status at several of the identified CpGs were also shown
to affect gene expression. A key issue has been whether methylation patterns early in life
induced by environmental exposure may persist to older ages, and this study could
convincingly show that identified DNA changes in blood seem to persist at least up to
adolescence. Many of the identified genes are known to be associated with orofacial clefts,
and cancer and asthma development. However, it is currently not known if the identified
methylation changes and expression profiles related to maternal smoking are in the causal
pathway towards disease development, or merely reliable biomarkers of exposure. In
addition, most epidemiology studies of epigenetic markers have measured changes in
accessible tissues or fluids like blood, and not always in disease-relevant target tissues. Since
epigenetic markers can differ considerably according to the tested tissues, the correlation
between epigenetic changes and health outcomes would be significantly strengthened if the
former were observed in the disease-relevant target tissue. A recent study investigating the
association between tobacco smoking and DNA methylation in lung tissue revealed that a
limited number of loci previously identified as differentially methylated in smokers’ blood
were found differentially methylated in lung tissue of smokers (Stueve et al., 2017). These
results are consistent with the notion that exposure-specific methylation markers identified
in blood may, in some cases, reflect changes in the target tissue. When target tissue
methylation changes cannot be assessed in human studies, the correlation between these
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changes and toxic outcomes can be tested in experimental studies, in line with the criteria
listed in the introduction.

Similarly to the studies on birth cohorts, a number of smoking-associated DNA methylation
biomarkers have been identified using methylome-wide profiling of adult blood (Harlid et
al., 2014; Markunas et al., 2014; Shenker et al., 2013). Among these markers, several loci
(FZRL3, AHRR, 2g37.1 and 6p21.33) were common among most differentially methylated
sites. A more recent study on a large prospective cohort combined dimension reduction and
methylome variability (most variable probe [MVP]) analyses and longitudinal analysis of
former smokers and revealed a marked reversibility of methylation changes after smoking
cessation, although specific genes remained differentially methylated decades after smoking
cessation (Ambatipudi et al., 2016). In addition, a meta-analysis of genome-wide DNA
methylation on more than 15,000 subjects from 16 cohorts has comprehensively catalogued
the smoking-associated DNA methylation alterations (Joehanes et al., 2016). Among the
genes that are associated with differentially methylated CpGs in smokers there was an
enrichment for the pathways associated with cancer, pulmonary function, inflammatory and
cardiovascular diseases. Comparison of former and never smokers further confirmed the
phenomenon of persistent aberrant methylation, which get attenuated after smoking
cessation (Joehanes et al., 2016). These studies demonstrate that smoking has a broad impact
on the methylome and that these altered methylation levels persist decades after smoking
cessation. Although many of the differentially methylated genes suggest novel biologically
relevant effects of smoking, the role of altered methylations in the causal pathways from
smoking to the disease remains to be established. For example, the role of AHRR
methylation in the causal pathway translating smoking exposure to lung cancer (as suggested
by mediation analysis) (Fasanelli et al., 2015) has been challenged by a genomics-based
Mendelian Randomization approach (Richmond et al., 2016).

Correlating an environmental stressor and epigenetic marks: the case of air

pollution exposure

Ambient air pollution exposure has been associated with a number of different negative
health effects, including adverse pregnancy outcomes, and methylation changes of genes
related to oxidative stress, immunity and inflammatory responses have been suggested to be
important mechanisms. Until recently, only candidate gene approaches (e.g. on T-cell
regulatory genes such as FOXP3) (Nadeau et al., 2010) had been used to study air pollution—
methylation associations. The first study evaluating prenatal air pollution exposure (using
NO, as an indicator of traffic-related air pollution) on methylation levels across the genome
in newborns (n=1,508) showed far less significant hits compared to the smoking studies, yet
anti-oxidative defense genes (CA7, TPO) were highlighted, as well as genes related to
mitochondria function (Gruzieva et al., 2017). Another study also analyzed global
methylation in relation to air pollution and showed possible correlation with immune cell
function (Plusquin et al., 2017). Additional large-scale analyses in this field are now
warranted.
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In the context of gene-environment interaction effects, epigenetic analyses may provide
insight about disease-related pathways. A recent genome-wide interaction study on air
pollution (NO,) and childhood asthma identified and replicated four loci with evidence of
interaction (Gref et al., 2017). Significant differential methylation following both short-term
(in an experimental setting) and long-term (cohort analyses) air pollution exposure was seen
for two of the genes, DLGZ2and ADCYZ2- both genes previously associated with COPD in
adults which supports the relevance of those observations. Studies addressing epigenetic
changes as causative factors for disease development are ongoing, and recent experimental
studies lend support to this concept (Leclercq et al., 2017; Zhong et al., 2017)(Leclercq et
al., 2017).

Correlating an environmental stressor and epigenetic marks: the case of

Endocrine Disrupting Compounds (EDCs)

Recent reviews have focused on the large number of studies which have shown that
developmental exposures to a variety of EDCS in animal (Gore et al., 2015; Grandjean et al.,
2015; Heindel et al., 2015b, 2017a) or human studies (Braun, 2017; Heindel et al., 2017b)
can result in altered programming that leads to increased disorders or disease risks across the
lifespan. There are also numerous studies describing the changes in epigenetic marks due to
exposure to EDCs during development. While both effects altered programming leading to
increased susceptibility to diseases later in life and alterations in epigenetic regulation are
widely accepted, more studies are needed to prove cause and effect. Two early studies that
showed neonatal exposure to estrogenic chemicals in a fibroid (Walker and Ho, 2012) and a
prostate cancer (Prins and Ho, 2010) animal models were related to epigenetic changes in
the tissues. There are now numerous examples in animal models that developmental
exposures to EDCs can cause changes in DNA methylation and/or histone marks or
microRNAs (Derghal, Djelloul et al. 2016) that can be shown to be related to alterations in
gene expression (reviewed in (Ankolkar and Balasinor, 2016; Baccarelli and Bollati, 2009;
Casati et al., 2015; Desai et al., 2015; Walker, 2016) This includes BPA (Deb et al., 2016;
Dhimolea et al., 2014) phthalates (Martinez-Arguelles and Papadopoulos, 2016), tributyl tin
(Kirchner et al., 2010), dioxin (Bruner-Tran et al., 2012; Sofo et al., 2015), metals
(Bommarito et al., 2017; Park et al., 2017) and PAHs (Hew et al., 2015). However, there are
many effects of EDCs that have been linked to increased susceptibility, but the role of
epigenetic modifications has not been examined. Thus this is an important mechanistic link
that must be examined in more detail. Moreover, in humans, only few studies linked EDCs
(phthalates, bisphenol A, persistent organic pollutants, etc.) exposure to epigenetic marks
(Bommarito et al., 2017; Consales et al., 2016; Faulk et al., 2016; Huen et al., 2016;
Solomon et al., 2017; Vilahur et al., 2016; Zheng et al., 2017). As noted in another section of
this review, developmental exposures to some EDCs can lead to transgenerational
inheritance, sometimes called epigenetic transgenerational inheritance because of data
showing epigenetic changes across generations. While it seems likely that epigenetic
changes play a role in transgenerational inheritance due to EDC exposures more data is
needed to prove cause and effect and additionally there may be other mechanisms such as
those related to copy number variations (Skinner et al., 2015).
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Understanding prenatal effects: role of the placenta

The placenta is a “fetomaternal” organ with two components: the fetal (Chorion frondosum
developed from the same blastocyst as the fetus) and the maternal (Decidua basalis
developed from the maternal uterine tissue) placenta. It serves as the interface of maternal-
fetal interactions and performs critical functions through signaling networks that include
cytokines, growth factors and hormones to ensure sufficient transfer of gases and nutrients
while also protecting the fetus from maternal reactivity. Thus, it is the primary regulator of
intrauterine growth and development through which the developmental trajectory of the fetus
may be altered in response to changes in the intrauterine environment. As a readily
accessible tissue at birth, placental samples have been and will continue to be collected from
several large birth cohort studies. With recent advances in high-throughput screening and
integrative genomics, whole-genome characterization of placenta epigenome has been
instrumental in our understanding of the developmental origin of human diseases. In the
meantime, we have to acknowledge the fact that the placenta undergo rapid epigenomic
changes throughout pregnancy, a termed placenta collected at birth may not reflect the
dynamics of such changes.

Applying genome-wide DNA methylation array techniques has given rise to a new
understanding of the molecular characteristics of the placenta that relates to both prenatal
exposures and health outcomes (Everson et al., 2016). These studies further suggest sexually
dimorphic patterns in DNA methylation profiles in the placenta that may elucidate
differential responses to environmental stimuli and disease susceptibility (Martin et al.,
2017). With the rapid expansion of genome-wide DNA methylation data across the globe,
consortia analyses are beginning to develop (Joubert et al., 2016). Such efforts will help to
ensure the robustness of emergent results.

Using RNAseq and high-density SNP array, expressional quantitative trait loci (eQTL)
analysis and weighted gene co-expression network analysis (WGCNA) have been applied to
placenta transcriptome and whole-genome SNP data to delineate functional gene networks
and pathways that are driving placental processes. It has been shown that the placenta has an
actively transcribed genome that is organized into 17 gene networks predominantly with
functions such as growth, organ development, gas exchange and protein transport
(Deyssenroth et al., 2017). In addition, there are >3000 eQTLs in placentas that strongly
influence transcript abundance (Peng et al., 2017). Enrichment analyses of placental eQTLs
leveraging GWAS hits suggest placental gene networks may influence postnatal risk of
multiple human diseases including immunologic, metabolic and developmental diseases.
Importantly, accumulating evidence suggests that environmental exposure, such as heavy
metals, can disrupt the placental genome or epigenome leading to altered susceptibility to
human diseases. Although other mechanisms are possible such as placental morphology,
signaling or inflammatory response, disruption of these pathways may also partially go
through changes in the placenta epigenome. Results provide key insight into intrauterine
perturbations that result in abnormal birth and even adverse health outcomes later in life,
lending support for the DOHaD.
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Understanding epigenetic inheritance: the case of acquired metabolic

diseases

There is increasing evidence, also in mammals, that specific parental epigenetic changes can
persist throughout early embryonic reprogramming of the progeny (for review see, e.g.,
(Schaefer and Nadeau, 2015). Reported cases of epigenetic inheritance across generations,
challenge the notion that phenotypes result exclusively from the inherited genotype and the
individuals’ exposure to the environment (Beckers et al., 2009). Accordingly, the suggestion
that acquired metabolic traits such as obesity or diabetes could be epigenetically inherited
has been controversially discussed (Heard and Martienssen, 2014). Previous studies
conducted under conditions of natural reproduction in rodents have shown that paternal high
fat-diets propagate obesity and glucose intolerance in their offspring (Borengasser et al.,
2013; Fullston et al., 2013; Ng et al., 2010; Sasson et al., 2015; Shankar et al., 2008, 2010;
Wei et al., 2014). Using an /in vitro-fertilization approach from parental mice that either
received a healthy diet or an energy dense high fat-diet, it was demonstrated that the
susceptibility of the offspring to developing obesity and diabetes is inter-generationally
transmitted by both parents in a gender- and parent-of-origin specific mode (Huypens et al.,
2016). Since in vitro-fertilized zygotes in this experiment were carried out by healthy foster
mothers, confounding factors such as effects in utero, during lactation, adoption of parental
microbiomes as well as behavioral confounders were excluded. Interestingly, the observed
metabolic phenotype in the progeny were consistent with epidemiological studies showing
that an offspring’s body mass index is significantly associated with the degree of parental
obesity(Fox et al., 2014; Kiviméki et al., 2007; Lake et al., 1997), whereas impaired glucose
tolerance was more prominently associated with maternal than with paternal impaired
glycemic control (Meigs et al., 2000). Changes in the gametes’ transcriptomes, proteomes,
and metabolomes as well as characteristic marks in histones or genomic methylomes are
potential candidates for the epigenomic information that transmit the acquired metabolic
phenotype. Recent studies have shown that microinjection of specific sperm-derived small
RNAs into zygotes are sufficient to trigger gene transcriptional effects and contribute to the
metabolic phenotype in the offspring generation (Chen et al., 2016a; Grandjean et al., 2015;
Sharma et al., 2016). One of the interesting questions stemming from these observations is,
how changes in the epigenomic signatures of gametes may affect zygotic gene activation and
epigenomic reprogramming in the pre-implantation embryo and how these signatures evolve
during embryogenesis.

Understanding intergenerational and transgenerational effects: role of

sperm epigenome

Since the first report on epigenetic transgenerational inheritance of vinclozolin-induced
disease phenotype in rats (Anway et al., 2005), the number of publications on similar
findings has increased exponentially over the past decade. Numerous animal and human
studies have shown that males can pass their phenotypes or traits gained during their life
time due to dietary changes, chemical exposure, stress, or trauma, onto their offspring (Chen
et al., 2016b). For example, F1 and F2 generation offspring of male mice subjected to odor
fear conditioning before conception display increased behavioral sensitivity to the FO-
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conditioning odor rather than other odors (Dias and Ressler, 2014). Offspring of male mice
with enhanced hepatic wound-healing response show similar capability (Zeybel et al., 2012).
As described above, high fat diet-induced obesity and metabolic disorders can be inherited
to the offspring in both mice and humans (Chen et al., 2016a; Donkin et al., 2016; Huypens
et al., 2016; Sharma et al., 2016). Given that the penetrance of the phenotypes does not
follow the Mendelian Law, epigenetic alterations (i.e., epimutations) are the most likely
causes of the phenotypes. Transmission of the epimutations from the father to offspring must
be mediated by sperm. Indeed, specific changes in sperm DNA methylation patterns,
retained histone profiles, and small noncoding RNA transcriptomes have been identified in
those animal models of epigenetic transgenerational inheritance (Chen et al., 2016b).

The idea of DNA methylation marks as the carrier of epigenetic memory has long been
proposed, but remains highly debatable. Indeed, data published so far have been
contradictory, and many believe that DNA methylation epimutations cannot be memorized
in the germline because of the two waves of reprograming during development, one
occurring post fertilization and the other during primordial germ cell development, which
would erase and reset the vast majority of the DNA methylation marks (McCarrey, 2014).
However, it has been demonstrated that many regions/loci, especially repetitive elements,
e.g. AP and subgroups of LINE1, appear to be resistant to the reprogramming in both mice
and humans (Smith and Meissner, 2013). Therefore, the idea that environmentally induced
DNA methylation epimutations may gain the capability of resisting reprogramming and
thus, can be transmitted across multiple generations, remains a valid hypothesis.

Mammalian sperm retain a small amount of histones with various modifications, and
disruptions of histone methylation cause transgenerational inheritance of phenotypes in mice
(Siklenka et al., 2015). Although studies conducted so far remain highly correlative and the
cause-effect relationship between sperm histones and paternal phenotypes needs to be
further demonstrated experimentally, the hypothesis that sperm-borne histone marks act as
the carrier of epigenetic memory remains highly appealing. Furthermore, sperm small RNAs
have been shown to be capable of inducing paternal phenotypes in offspring (Chen et al.,
2016b). When total or small RNAs isolated from males with environmentally induced
phenotypes or a Kit paramutation are introduced into wild-type zygotes through
microinjection, a significant proportion of the offspring display the paternal phenotypes
(Chen et al., 2016a; Rassoulzadegan et al., 2006; Rodgers et al., 2015; Sharma et al., 2016;
Yuan et al., 2015). Moreover, injection of a specific set of miRNAs dysregulated in male
mice subjected to stress, or sperm tRNA-derived small RNAs (tsSRNAs) from fathers with
high fat diet-induced obesity (as shown above) into wild-type zygotes leads to offspring
displaying stress and metabolic disorders, respectively (Chen et al., 2016a; Rodgers et al.,
2015; Sharma et al., 2016). This suggests that sperm-borne miRNAs and tsRNAs are the
likely carriers of the paternal epigenetic memory. While these observations are fascinating,
the underlying molecular mechanisms remain elusive.

Given that both maternal and paternal RNAs are largely eliminated by the two-cell stage
during early embryonic development, the sperm-borne small RNAs have to act rather
quickly to induce epigenetic changes that can affect specific genes or gene networks
responsible for the paternal phenotypes in offspring. Based on the known functions of small
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RNAs, it is possible to hypothesize that the sperm small RNAs may act at the
posttranscriptional and/or transcriptional levels (YYan, 2014). As post-transcriptional
regulators, sperm small RNA, e.g., miRNAs or endo-siRNAs, may act on maternal, or even
early zygotic transcripts, some of which may be involved in the setup of zygotic epigenome.
Alternatively, sperm small RNAs, e.g., tsSRNAs, may serve as a sequence guide that directs
the DNA methylation and histone modification machineries to specific loci to generate
specific methylation or histone marks that can recapitulate the paternal phenotype. Although
hypothetical, these ideas are worth testing.

Another big gap in our understanding of sperm RNA-mediated transmission of epigenetic
information is the origin of those paternal phenotype-inducing sperm RNAs. Are they
formed during spermatogenesis, or acquired from their microenvironments during sperm
transit through the male and the female reproductive tracts? If those specific RNAs are
generated during spermatogenesis, then how are the spermatogenic cells informed and
programed to produce specific sets of small RNAs that can be packed into spermatozoa and
induce the paternal phenotypes with such a high precision (e.g., specific odor response)? If
sperm cells acquire those small RNAs during their transit through the male reproductive
tract during maturation and/or through the female reproductive tract after mating, then how
do those small RNAs get into or onto sperm and how are they reliably delivered into the
oocytes? As a first answer, a recent study has suggested that epididymal sperm appear to be
able to gain tsRNAs from epididymosomes, the exosomes secreted by the epithelial cells of
the epididymis (Sharma et al., 2016) These questions are critical to understand how paternal
phenotypes are memorized in sperm as epigenetic information and how the specific
epigenetic information gets transmitted to the subsequent generations in a faithful manner
(Skinner, 2014). With next-generation sequencing and a better understanding of genome/
epigenome editing, as well with the development of single cell technologies, the underlying
mechanism through which sperm-mediated epigenetic inheritance will be elucidated in the
near future.

Conclusion

The mechanisms of long-term effects of exposure to contaminants remain elusive to a large
extent. Yet, epigenetic regulation is still a likely and highly relevant mechanism whether
exposure occurs prenatally, pre-conceptionally, or even at any other time of life. While this
report has focused on certain windows of vulnerability, there are others such as puberty and
adolescence as well as older age. Progress has clearly been made on an emblematic stressor,
cigarette smoking. In this case, lasting effects on gene methylation are observed in humans
with a certain level of reversibility following smoking cessation, which is characteristic of
epigenetic regulation. Furthermore, although there is yet no proof that those regulations are
responsible for the pathologies induced by smoking, at least there is a clear biological
plausibility. Evidence is also accumulating for air pollution, diet imbalance and certain
endocrine disruptors such as bisphenol A, phthalates and persistent organic pollutants among
others. In addition, there has been progress on the role of placenta in prenatal programming
and this has been a relatively neglected mechanism until lately. Concerning intergenerational
and transgenerational effects, the contribution of small regulatory RNAs has been supported
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by recent data, but in general much work needs to be done to support a contribution of
epigenetic mechanism to those effects.

In addition to epidemiological and experimental approaches, this field is likely to benefit
from the very significant progress in systems biology. For example, specific methods use
reconstituted metabolic networks to assist in metabolomic data (Jourdan et al., 2010). Efforts
in network-based modeling have led to the development of integrative systems biology
models using functional pathways annotation, high confidence human interactome and
toxicogenomics data, multiple phenotype data (Ghiassian et al., 2016), to mention but a few
sources, to predict potential adverse effects of chemicals (Audouze and Grandjean, 2011;
Guney et al., 2016; Taboureau and Audouze, 2017). Association between gene-environment
interactions and disease modeling allowed to predict novel environmental links with human
disorders (Patel and Butte, 2010). The interaction of environmental exposure and epigenetic
marks has been shown to affect transcriptional regulation (Feil and Fraga, 2012; Smith and
Meissner, 2013) and could lead to biomarker identification. Biological networks associated
to such integrative models (methylome and transcriptome, metabolome and proteome) but
also computational methods based on multi omics layers (Uppal et al., 2017) help in
understanding and elucidating the roles of the molecular entities individually and jointly,
meaning that interacting partners of the epigenetically modified genes may be explored to
decipher novel patterns not visible by analyzing epigenetics data alone. Such integrative
systems biology approaches can therefore offer promising guidance for future research
related to public health risk assessment in regard to the etiology and pathogenesis of
complex diseases and dysfunctions.

Despite uncertainties, it seems reasonable to start drawing public health implications from
the recent progress made on the role of epigenetics.

- First, studies that provide mechanistic evidence for the DOHaD and prenatal
programming concepts should be considered as highly relevant since they
strengthen the link between early life exposure and later health outcomes.
Decision makers should take into consideration those long-term programming
effects and should focus not only on the prenatal period, but also on the
preconceptional period which covers a much larger part of the population. In
fact, it seems reasonable to extend preventive and precautionary decisions to all
the population.

- A targeted effort should be made to demonstrate whether some alterations in
gene methylation are actual predictors of later diseases. Among the pathways
that should be considered, are the AHRR pathway, oxidative stress and
inflammation pathways as well as the hypothalamo-hypophyseal axis pathway.

- Even if epigenetic marks are not predictors of effect, they could prove to be
good markers of current or past exposure. Again, research should attempt to
prove the specificity of these markers with respect to timing and dose of
exposure, as well as tissue and cell specificity.

Today, epigenetics is one of the most exciting fields of biological sciences. Epigenetics is
very likely involved in environmental exposure-related programming and intergenerational
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effects. Future research should delineate the actual contribution of epigenetic regulation and
underline its mechanistic input as well as its public health implications.
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Highlights

Epigenetic alterations could account for long-term health effects of
environmental stressors

A set of criteria has been developed to support epigenetic mechanisms of
stressors effects

Strongest evidence comes from work on smoking, air pollution, chemicals
such as endocrine disruptors

Epigenetic changes in germ cells and placenta could account for
intergenerational effects
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Epigenetic changes caused by developmental environment exposure are implicated in the
long-term/late-onset health effects. Development is vulnerable to environmental insults. The
critical periods include pre-conception and conception (a) and in utero, childhood and
puberty (b). Epigenetic alterations, such as changes in DNA methylation, histone
modification and non-cording RNAs expression act through regulation of cell-type specific
and time-dependent gene expression. Disturbance of such epigenetic marks by
environmental stressors may bring about long-term and late-onset health effects, including
NCDs. It can further lead to intergenerational effects, such as multigenerational and
transgenerational effects, via epigenetic inheritance maintained in the germ cell genome.
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