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3.1 Effects of Epigenetics on Human Reproduction:
An Introduction

Recent discoveries in the field of molecular biology are focused on phenomena like
chromatin condensation, histone (H) modification, and deoxyribonucleic acid
(DNA) methylation, as well as the action of small non-coding ribonucleic acid
(RNA), which together belong to the branch of epigenetics. The term “epigenetics”
was coined in 1940 by Conrad Waddington [1] who described it as “the branch of
biology which studies the causal interactions between genes and their product
which bring phenotypes into being.” In fact, epigenetics includes all those
mechanisms that are able to regulate DNA expression without modifying nucleotide
sequence.

Among the main epigenetic mechanisms mentioned earlier, DNA methylation is
the most widely known and most studied modification (Table 3.1). The process of
DNA methylation constitutes a postreplicative modification, in which a methyl
group is added covalently to a DNA residue [10]. The methylation occurs at the
carbon 5 of the cytosine ring in 5’-3'-oriented CG dinucleotides (named as CpGs),
and it is catalyzed by the action of DNA methyltransferases (DNMTs) [11].
Furthermore, recent evidences have shown that also RNA factors, such as small
RNAs (small interfering RNA [siRNA] and microRNA [miRNA]), have the ability
to direct DNA methylation through a mechanism called RNA-directed DNA
methylation (RADM), performed by double-stranded RNA (dsRNA), which may be
produced after the transcription of inverted repeats [12].
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Table 3.1 Main epigenetic mechanisms, molecular targets, and effects on gene expression

Effect on gene
Epigenetic modification Molecular target expression
DNA methylation Cytosine residue of DNA Gene silencing
Small noncoding RNAs (miRNA Messenger RNA (mRNA) Gene silencing [2, 3]
and siRNA)
Histone acetylation Lysine of histone H2A, H2B, Gene activation [4]
H3, and H4
Histone methylation Lysine and arginine of histone | Gene activation/
proteins silencing [5]
Histone phosphorylation Serine and threonine of histone | Gene activation/
proteins silencing [6]
Histone sumoylation Lysine of histone proteins Gene silencing [7]
Histone ubiquitination Lysine of histone proteins Gene activation [8]
Histone ADP ribosylation Lysine of histone proteins Gene activation [9]

Furthermore, also the action of small noncoding RNA, transcribed from noncod-
ing DNA, was identified as another epigenetic process involved in chromosome
remodeling and transcriptional or posttranscriptional regulation, by influencing
RNA stability and gene expression (Table 3.1) [13-16].

Besides the mentioned mechanisms, chromatin condensation and histone modi-
fication are also key processes involved in epigenetic modification, particularly act-
ing on a chromosome structure. In fact, in eukaryotic organisms, genome is
compacted by basic proteins named histones, which allow the organization of DNA
into chromatin [17] that is susceptible to modification depending on specific stimuli
such as transcriptional repressors, functional RNA, or other accessory factors [18].
For these reasons, epigenetic regulation of chromatin, and the consequent variation
in gene expression, may be environmentally dependent. In particular, histones are
susceptible to a large variety of posttranslational modifications such as
phosphorylation, acetylation, methylation, ubiquitination, sumoylation, adenosine
triphosphate (ADP) ribosylation, glycosylation, biotinylation, and carbonylation
[17] that are involved in chromatin state alteration and consequently act on gene
expression (Table 3.1). The combination of the different histone modifications
mentioned above constitutes the histone code [19].

The data available in the literature suggest that epigenetic mechanisms, involv-
ing molecular regulators such as histone variant, histone posttranslational modifica-
tions, nucleosome positioning chromosome looping, DNA structural variations, and
RNA-mediated regulation [20-25], are closely related to chromatin state and
therefore affect normal gene expression, as shown in Table 3.1. The molecular
explanation of the influence of these mechanisms on gene activation or silencing is
represented exactly by their ability to modulate chromatin conformation, which can
be condensed with the consequent inhibition of polymerase accessibility for gene
expression that causes lack of gene transcription and translation, leading to gene
silencing. Anyway, DNA methylation, noncoding RNAs, and histone modification,
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with their consequences on chromatin state, are deeply interlinked to each other and
represent a more integrated epigenetic system rather than disconnected events.

Epigenetic modifications, because of their effects on gene expression, play a
central role in the regulation of gene expression during embryo development, from
gametogenesis (oogenesis and spermatogenesis) to organogenesis, acting on
chromatin state through DNA methylation and histone alterations and influencing
later development [26].

During oogenesis and in particular during critical stages of oocyte growth and
meiotic maturation, chromatin modifications control different key processes
including gene expression, the establishment of maternal-specific DNA methylation
marks, and chromosome stability [27]. The presence of a correct epigenome is
responsible for proper chromosome segregation, for silencing of repetitive elements
and potentially dangerous transposons and for meiotic centromere stability. The
mammalian oocyte needs epigenetics, as dynamic chromatin alterations, to gain
meiotic and developmental potential. Chromatin conformation is modified by
chromatin remodeling proteins and histone modifications, which regulate
heterochromatin formation and centromere function in the female germ line [28].
Differential methylation patterns are established during gametogenesis, both
oogenesis and spermatogenesis, guaranteeing allele-specific parental identity by the
process of genome imprinting [29]. The expression of these imprinted genes
depends on regulatory sequences called imprinted control regions (ICRs) that are
differentially methylated in the germ line [30]. Maternal methylation pattern at
specific loci during oogenesis begins to be established during a critical period of
postnatal oocyte growth starting from Day 5 of postnatal development, coincident
with the transitional stage from primary to secondary follicles [31-33].

Epigenetics also regulates the biological process of spermatogenesis, in which
the expression of several genes in the testes is controlled by modifications like DNA
methylation, histone modifications, and chromatin remodeling. Testicular DNA has
a unique pattern of methylation, which is eight times hypomethylated compared
with somatic tissues. In particular, Sertoli cells had low levels of methylation in
euchromatin and high levels in juxtacentromeric regions [34]. The characteristic
methylation pattern of testis germ cells is established before meiosis, when these
different demethylation/methylation processes act [35]. Testicular germ cells have
distinct methylation patterns that depend on genomic sequence and usually occur on
nonrepetitive genomic regions that are methylated de novo [35, 36]. Although the
methylation status of certain genes may be changed during the different stages of
spermatogenesis, it may or may not correspond to the gene’s expression pattern
[37]. Besides methylation, some variants of histones, called H2AL1, H2AL2, and
H2BL1, have been identified in mature spermatozoa, and these probably take part in
reprogramming pericentric heterochromatic regions during spermatogenesis [38].
In addition, the testes-specific linker histone variant H1T is normally exchanged for
HI during spermatogenesis [39], but HIT can also be replaced by the linker histone
named HILS1, which may influence chromatin state and promote condensing
spermatids [39, 40]. Thus, epigenetics is responsible for proper regulation of
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spermatogenesis to ensure physiologic sperm function and embryonic development;
in fact, epigenetic aberrations are linked with male infertility [36].

As well as ensuring the correct gametogenesis in both males and females, epi-
genetic mechanisms also take part in cellular specialization during embryo develop-
ment [41], because this process consists of changing patterns of gene expression
that allow the specification of the cells of the early embryo from totipotency (the
potential to form any kind of cells of the body, the extraembryonic membranes, and
the placenta) to a discrete cell population. The lineage-specific pattern of gene
expression is based on modifications of chromatin structure and function, which do
not involve any change in nucleotide sequence of DNA, at the same way of every
other epigenetic modification. Now, it is well known that differentiation of pluripo-
tent cells is related to the methylation of the promoter of the essential pluripotency
transcription factor, Oct4 [42].

Several variations in gene expression related to the chromatin state (condensed
or uncondensed) observed during embryogenesis have been studied. In fact,
considering embryo development, chromatin state is crucial in determining whether
some genomic regions can be transiently condensed and accordingly silenced or, on
the contrary, expressed when uncondensed [43], providing a fine mechanism of
control of gene expression that guarantees the correct development of tissues and
organs [41, 44].

Epigenetic mechanisms are active players in many physiological processes of
human life, and for this reason, they are strongly involved in reproduction and some
related genetic diseases. The embryo inherits two copies of the same gene, one from
the mother and the other from the father, but each one of these can be silenced by
epigenetic modifications causing many illnesses and disorders. This phenomenon,
that is, the “turning off” of one parent’s gene during gametogenesis (oogenesis and
spermatogenesis), is defined as genetic imprinting.

The alteration of the genetic imprinting due to epigenetic disorders leads to the
arise of reproductive genetic diseases, including Angelman syndrome and Prader-
Willi syndrome (PWS) [45]. These two syndromes are characterized by an aberrant
chromosome silencing that causes the loss of expression of specific maternal or
paternal genes: In Angelman syndrome, a small deletion in chromosome 15 [46]
affects the gene UBE3A, leading to the expression of the maternal gene and the
silencing of paternal one determining nervous system impairment, while Prader-
Willi syndrome (PWS) is a genetic disorder characterized by extreme feeding
problems including hyperphagia or insatiable appetite and obsession with food, as
well as decreased muscle tone in affected children due to epigenetic repression of
PWS genes on maternal chromosome [47].

During the entire embryo development, there are two major rounds of epigenetic
reprogramming [48, 49] that include a global loss of DNA methylation in cells of
the early embryo. A phase of demethylation acts on paternally inherited genome in
the first cell cycle after fertilization, while the maternally inherited one loose
methylation progressively, because of the failure of the maintenance of methylation
pattern together with replication after each cell division. The result is the
hypomethylation of the entire embryo by the blastocyst stage [49] that is followed
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instead by a process of methylation during implantation [50]. Some earlier studies
proposed that the formation of 5’-hydroxymethylcytosine, derived from the oxida-
tion of 5-methylcytosine in the paternal pronucleus in fertilized oocyte, could rep-
resent a possible intermediate for global DNA demethylation of the paternal genome
[51]. Moreover, it has been found that this modification is stable in both paternally
and maternally derived genomes, and therefore, it may provide its own unique form
of epigenetic information [52], even because 5'-hydroxymethylcystosine is quite a
stable modification of the genome [53].

However, exposure of the embryo to a range of stresses during the period of its
physiological epigenetic reprogramming can result in abnormal developmental
outcomes. Moreover, external stimuli increase their own detrimental potential when
act in the early stages of organism development. In fact, in these phases, the embryo
is more sensitive to these stimuli because the alteration resulting from the stresses
could be transmitted through the germ line and be hidden until much later in life
[54, 55]. Therefore, any environmental stress during the early stages of development
produces more systemic consequences than the same exposure in adulthood, which
on the contrary has more local and limited consequences [56].

Recently, growing evidences suggest that the environment in which the embryo,
fetus, and neonate develop seems to be involved in alteration of physiological
epigenetic program. Nowadays, we are surrounded by thousands of compounds,
chemicals and not, which daily interact with us and inevitably have effects on our
state of health. Among all the different toxicants we are dealing with, there is a
group of interest which is known as endocrine-disrupting chemicals (EDCs) that
have the ability to act on human epigenome, affecting mostly reproduction [57]. In
addition, the environmental effects on epigenetic settings during germ cell formation
have the potential for the transgenerational inheritance of some of these induced
modifications, and for these reasons, the epigenetic effect of EDCs on human
reproduction should be taken into account.

3.2 Association Between EDCs and Epigenetics
on Human Fertility

The study of epigenetic regulation during reproduction and development focused on
the molecular mechanisms of gene expression related to developmental biology
[58], in order to define the environmental mechanisms involved in alterations of
gene expression patterns without affecting DNA sequence [59]. Environmental
factors have a significant impact on biology, particularly referring to toxic
compounds [57]. These environmental toxicants can modulate biological systems
and influence physiology, even promoting disease states. Chemical compounds can
be found in pharmaceutical drugs, personal care products, food additives, and food
containers. These products could interfere with human endocrine systems and have
the ability to induce diseases such as prostate and breast cancers or metabolic
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diseases [60—62] or have effects on the human reproductive, thyroid, cardiovascular,
and neuroendocrinology systems. However, the effect of external toxicants on
human health mainly consists of epigenetic alteration of genome without any
modification to DNA sequence, thanks to the fact that DNA developed a general
resistance against external attacks in order to maintain genome stability during
evolution.

Among the thousands of contaminants released in the environment with a clear
impact on human health, there is a group of endocrine-active substances mentioned
before, the endocrine-disrupting chemicals (EDCs), which can interact directly or
indirectly with the endocrine system and subsequently result in an effect on the
endocrine system, organs, and tissues and may affect reproductive function. The
term EDCs itself, coined at the Wingspread Conference in Wisconsin (in the USA)
in 1991 [63], already refers to exogenous chemical entities or mixtures of compounds
that are capable of interfering with or mimicking endogenous hormones and other
signaling molecules of the endocrine system. Among these molecules that are able
to interact with EDCs, the family of nuclear receptors (NRs) that includes orphan
receptors (whose ligand is not known [64, 65]) such as steroid and xenobiotic
receptors (SXRs) can recognize and bind many classes of EDCs [56], inducing
endocrine responses and accordingly underlining the association between nuclear
receptors and endocrine disruption coming from the external environment [66].
Orphan NRs family includes the estrogen receptor-related receptors (ERRs) [67]
that share target genes, coregulators, and promoters [68, 69] with estrogen receptors
(ERs), but contrast the classic ER-mediated estrogen-responsive signal [70, 71]. In
fact, also EERs, similarly to SXRs, have the ability to bind EDCs [56, 72]. In
addition, some EDCs have been reported to probably bind other crucial receptors
involved in the hormonal signaling, like aryl hydrocarbon receptor (AhR) [73] and
thyroid hormone receptor [74].

This area of investigation has grown in the last years introducing as EDCs a vari-
ety of substances [63], including xenoestrogen [75], environmental hormones [76,
77], hormonally actives agents [78], and environmental agents [79]. All these chem-
icals are categorized in classes and are integral part of the world economy and com-
merce. The global, social, and economic importance of EDCs is confirmed by the
attention paid to them by various international organizations, such as the United
States Environmental Protection Agency (USEPA) and the Organization for
Economic Cooperation and Development (OECD) that have set up a task force to
identify, prioritize, and validate test methods for the detection of endocrine disruptors
[56, 80].

EDCs are categorized to different classes. For example, they can be first classi-
fied according to their endocrine effect (Fig. 3.1) that could be related to antiandro-
genic, androgenic, estrogenic, or aryl hydrocarbon receptor agonists; inhibitors of
steroid hormone synthesis; antithyroid substances; and retinoid agonists. In addi-
tion, endocrine disruptors can be classified based on their usage in agriculture and
daily life: For example, pesticides (dichlorodiphenyltrichloroethane [DDT] and
methoxychlor [MTX]), fungicides (vinclozolin), herbicides (atrazine), industrial
chemicals (polychlorinated biphenyls [PCBs] and dioxins), plastics (phthalates,
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Endocrine Disrupting Chemicals (EDCs)

Endocrine effect: Estrogenic Antiestrogenic Androgenic Antiandrogenic
Examples: Dichlorodiphenyltrich  Phytoestrogens Testosterone Phthalates
loroethane (DDT)
Trenbolone acetate Vinclozolin
Methoxychlor
Dichlorodiphenyltrich
Methoprene loroethane (DDT)

Phytoestrogens

Polychlorinated
biphenyls (PCBs)

Bisphenol A (BPA)

Diethyistilbestrol
(DES)

Endosulfan

Dioxins

Fig. 3.1 Schematic representation of EDC classification based on their endocrine mechanisms

bisphenol A [BPA], and alkylphenols), and plant hormones (phytoestrogens). Lastly,
some pharmaceuticals, personal care products, and nutraceuticals are also known as
endocrine disruptors [81].

Considering pesticides, an increasing number of these substances have been rec-
ognized with androgen antagonist activity (antiandrogen), like dichlorodiphenyltri-
chloroethane (DDT) with its metabolites or other insecticides [82, 83]. Moreover,
also linuron, another compound classified as an herbicide with a toxic effect specifi-
cally on human fertility, has been shown to compete with ligand for binding with the
androgen receptor, resulting in the alteration of androgen-dependent gene expres-
sion [84, 85].

In addition to those synthetic EDCs already described, endocrine function can
also be disrupted by chemicals originated in living organisms. Chemical compounds
named phytochemicals or phytoestrogens are produced by plants and act as
endogenous signals within the plant or are secreted for communications with other
organisms, for example, to inhibit predatory herbivores [86]. Interestingly,
phytoestrogens are isoflavones capable of binding to estrogen receptors alpha and
beta (ERa and ERf) and acting as weak agonists of estradiol [87, 88], partially
exhibiting the estrogenic activity of the actual hormone [89, 90].

During the past decades, a particular attention has been given to the harmful
effects of EDCs in the reproductive system as it has been reported that compounds
with endocrine-disrupting mechanism of action can seriously affect human



56 R. Rizzo et al.

reproduction with a negative influence on human fertility [91-94]. In fact, several
studies have demonstrated a considerable decrease in fertility biomarkers, notably
sperm counts, in human populations that have been exposed to EDCs [95-98]. For
example, bisphenol A (BPA) has been shown to affect fertility in mouse model, [99]
and studies on its effects and mechanisms are continuing. Fertility has also been
shown to be affected by medical prescriptions and drugs, like diethylstilbestrol
(DES), a synthetic drug whose effects were only detected in the offspring 20 years
after its administration to pregnant women [100]. The synthetic estrogen DES, in
fact, was inappropriately prescribed to pregnant women between 1940 and 1970 to
prevent miscarriage, premature labor, and complications of pregnancy, but it has
been identified as the trigger of a rare vaginal clear-cell adenocarcinoma [101].
Again, some of these drugs can also alter gonad quality and reduce subsequent
fertility and effectiveness of reproduction [102].

Besides the direct effect of ECDs on the endocrine system, these compounds
may also exert their harmful effects by inducing epigenetic changes in the genome,
particularly when they act during critical periods of the ontogeny of the organism
exposed [103, 104]. In this specific case, epigenetic modifications due to EDCs
(Table 3.2) are capable of inducing adult onset diseases than can also be transmitted
through multiple generations by the germ line [114]. Transgenerational epigenetic
inheritance has been proposed to be mediated by DNA methylation, histone
modifications, and specific miRNA expression [115, 116]. In practice, prenatal
exposure to EDCs may affect human fertility altering primordial germ line
differentiation and development, inducing transgenerational epigenetic disorders.
However, in the early stage of development of mammals, uterus and placenta
represent barriers against which external factors are strongly buffered in their
concentration, but despite these important forms of protection during pregnancy, in
some cases, EDCs can cross placental and brain barriers, interfering with normal
embryo development and organ functions [63].

EDCs can reach the fetus through two principal ways: The first is via oviductal
and uterine endometrial secretions [117] that together contribute to constitute the
environment within the uterus where the embryogenesis happens. However,

Table 3.2 Epigenetic mechanisms induced by endocrine-disrupting chemicals on the human
reproductive system and some of their effects

Epigenetic mechanism
of EDCs Adverse phenotypes

DNA methylation * Decreased sperm quality and subfertility, decreased testes weight,
and decreased testosterone and estradiol levels [105];

Primary follicle depletion and inhibition of oocyte maturation
[106-108];

* Abnormal testis development and increased spermatogenic cell
apoptosis with decreased sperm concentration [109];

Male infertility [109, 110]

Histone modifications | ¢ Decreased sperm quality and testes testosterone [111]

Noncoding RNAs * Increased cell death and changes in cell function [112];
(miRNAs) Increased progesterone production [113]
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maternal secretion of epithelial uterine steroids can be altered by endocrine
disruptors acting on embryos even before its implantation, resulting in aberrant
methylation in this latter [103]. The alteration of fetal methylation patterns,
following the changes in preimplantation intrauterine environment, affects
nonimprinted and imprinted genes too, as detected by Wu et al. [118]. The second
way used by EDCs to reach the embryo is crossing placenta [119]. This possibility
was reported after transplacental exposure to endocrine disruptors like 17a-ethinyl
estradiol, bisphenol A, and genistein during the gestation days 11-20 in rat, which
was associated with changes in several genes’ expression.

3.3 Effect of EDC Epigenetics Modification on Gene
Expression in Human Reproduction

EDCs could regulate gene expression in many different ways [120, 121], inducing
alterations in DNA methylation patterns [122]. In fact, DNA methylation in key
genes that occurs after EDC exposure can be followed by transcriptional changes,
leading to cellular abnormalities that may cause functional perturbation of tissues or
organs [104]. Barrett et al. first reported an association between EDC exposure and
cell transformation [123], laying the bases to speculate, by applying the current
knowledge of epigenetic mechanisms, that such transformations could be the result
of an epigenetic process. This was also supported by the evidence that individuals
exposed to a secondary environmental exposure presented an increased susceptibility
in terms of aberrant DNA methylation, changes in the transcription of key genes,
and the consequent tumorigenic processes [104]. The research group of Li et al.
[124], after the neonatal administration of DES, observed abnormalities in the
demethylation of the lactoferrin promoter. In addition, the administration to newborn
mice of some phytoestrogens, such as coumestrol and equol, showed an increased
methylation that implies the silencing of the proto-oncogene H-Ras [125]. Lastly,
Day et al. [126] individuated alteration in methylation patterns in 8-week-old mice,
caused by the consumption of genistein. The association between EDCs and
methylation status of genes has been recently confirmed by new scientific findings,
for example, the discovery that 2,3,7,8-tetrachlorodibenzodioxin (TCDD), DES, or
polychlorinated biphenyl-153 (PCB153) influences DNMT activity in early
embryos [127].

EDCs’ epigenetic effect may also be due to histone modification. With regard to
EDC:s on histone acetylation, Hong et al. [128] revealed that the chemicals genistein
and equol produce this kind of epigenetic modification through the stimulation of
the histone acetyltransferase activity, mediated by either estrogen receptors alpha
and beta (ERa and ERp). Again, Singleton et al. [129] showed that treating breast
cancer cells overexpressing ERa with bisphenol A (BPA) or estradiol leads to
differential expression of a set of histone-related genes. Moreover, BPA upregulated
histone H2B and downregulated histone H1, while it had no effect on histone



58 R. Rizzo et al.

deacetylase, showing a completely opposite effect compared with estradiol [129].
Interestingly, from an epigenetic perspective, these histones have implications for
chromatin condensation, which means gene silencing. Other findings about genetic
expression regulation mediated by histone modifications demonstrate that gene
silencing was associated with histone H3 trimethylation at lysine9 (H3K9me3) and
with histone H3 acetylation at lysine 4 and di- or tri-lysine methylation (H3K4me2/3),
and these were very common modifications related to changes in gene expression
[130]. The gene expression alteration observed was due to the effect of these histone
modifications, as well as others, on transcription regulation. However, no known
histone code was related to the regulation processes mediated by hormones, and
neither these modifications have been directly associated with EDCs.

In conclusion, changes in gene expressions due to epigenetics and without any
modification in nucleotide sequence could be determined by both DNA methylation
and chromatin state modifications. The epigenetic and epigenome regulation has
been studied to identify the genes involved in the endocrine reproductive signaling
and their relationship with emerging toxicants in the environment.

The theory that environmental factors can influence physiological phenotype and
in particular the reproductive system was first derived from the observations of a
wildlife biologist in the field [76], for example, the observation of reproductive
dysfunction in many species (fish, birds, reptiles, mammals, etc.) living in areas
contaminated with environmental toxicants [63, 131-133]. Then, chemical
contaminant levels were increasingly being detected in humans in hormonally
active tissues and in breast milk [57], which became a hot topic of discussion in the
1990s, highlighting the impact of environmental chemicals on human reproduction.
After the discovery of the huge variety of EDCs, a growing body of literature
confirmed the link between the increasing contamination in the environment and the
parallel increasing incidence of breast cancer [134], decreasing sperm counts and
increasing incidence of testicular cancer [135], which together had adverse effects
including birth defects, reproductive failures, and sexual abnormalities. As the
genetic background in human populations was essentially static, while disease
disorders and infertility were dramatically increasing [136], it has been understood
that environmental exposures must act primarily through epigenetic mechanisms to
promote reproductive diseases [137, 138].

In fact, EDC exposure has the main effect of causing negative epigenetic changes,
like alterations in DNA methylation or histone modification patterns, both inducing
changes in normal gene expression that is associated with a wide range of diseases,
including various reproductive disorders [139]. The reason for this type of EDCs’
molecular mechanism of action on human health is that the majority of endocrine
disruptors are not actually able to alter DNA sequence, but their action appears to be
related to alterations in the epigenome, where they can affect normal reproductive
physiological development and functions by acting as weak estrogenic,
antiestrogenic, or antiandrogenic compounds. Females exposed to an excess of
androgens early in gestation exhibit increased susceptibility to diseases such as
polycystic ovaries in adult life [140], while, in adult male, perinatal or pubertal
exposure tocompounds such as estradiol and BPA alters the prostate epigenome [141].
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Based on the findings supporting the close relationship between EDCs, epigen-
etic changes, and reproductive system, it is clear that the most vulnerable period for
EDC exposure is embryogenesis, due to the high level of cell division characterized
by specific epigenetic marks and critical modifications [142] that consequently can
be transmitted over consecutive mitotic divisions and affect more cells than those
occurring in adults during postnatal development. In addition, the placenta and its
functions can be altered or influenced by the environment as well, which may result
in pregnancy problems such as early pregnancy loss, preterm birth, intrauterine
growth restriction (IUGR), congenital syndromes, and preeclampsia, which have all
been linked again to epigenetic alterations [143].

Among the different epigenetic modifications induced by EDCs, DNA methyla-
tion is the most frequent and consequently the most studied one, due to its heritable
nature, stability, and ease of measurement. Nevertheless, there are not yet many
publications examining EDC effects on chromatin state, more precisely on chroma-
tin condensation. However, DNA methylation has been studied extensively in par-
ticular in relation to reproductive biology, because the main methylation
reprogramming occurs in germ cells formation (primordial germ cells) [48] and
during the early stages of embryo development after fertilization [49]. Thus, the
alteration of the methylation process has also been related to various disorders, such
as those linked to imprinting [144], as mentioned above referring to Angelman
syndrome and PWS. In these terms, a special attention has been paid, for example,
to the chemicals vinclozolin and methoxychlor; the two pesticides that act as
antiandrogenic endocrine and as estrogenic endocrine disruptors, respectively
[145], reported to exert a specific effect on DNA methylation correlated to an
aberrant phenotype of the reproductive tract.

3.4 Effect of EDC-Induced DNA Methylation on Male
and Female Reproductive Tract

The endocrine-disrupting effects of many EDCs can be interpreted as interference
with the normal regulation of reproductive processes by steroid hormones. Several
evidences indicate that xenobiotics such as EDCs can bind to androgen and estrogen
receptors on target tissues, to androgen-binding protein and to sex hormone—binding
globulin [146]. Although environmental chemicals have a weak hormonal activity,
their ability to interact with more than one steroid-sensitive pathway provides a
mechanism by which their nature can be augmented. A given toxicant may be
present in low concentration in the environment, and therefore, it can be harmless.
However, we are not exposed to one toxicant at a time, but rather to all of the
xenobiotics present in the environment. Therefore, numerous potential agonists/
antagonists working together through several steroid-dependent signaling pathways
could prove to be dangerous to human reproductive health.
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During embryogenesis, the genital tract in males and females is first set up, but it
is fully differentiated only after puberty, when sex hormone levels rise [147].
Normal physiology can be altered by EDCs exactly during the initiation of the
functional activation of male/female reproductive system. Indeed, the most risky
periods for xenobiotic exposure are represented by embryonic, neonatal, and
pubertal periods, when the reproductive systems undergo to a finely tuned
modulation by steroid hormones [76]. Physiological effects due to EDC exposure
have been reported to occur in germ line in both males and females during the criti-
cal stages of development such as sex determination.

For example, embryo exposure to methoxychlor (MTX) or vinclozolin (Table 3.3)
during sex determination period affects embryonic testis cellular composition and
germ cell number and survival [109, 148]. In fact, the transient exposure to these
EDCs can induce reprogram or imprint changes that show an effect in the adult
reproductive physiology. The proof of concept that the effect observed on
reproductive system was due to MTX or vinclozolin exposure came from the
evidence that exposition of pregnant rats to both EDCs during the critical period for
gonadal sex differentiation and testis morphogenesis (days 8—14 of pregnancy)
produced transgenerational defects in spermatogenic capacity, which are transmitted
through four generations (F1 to F4) [109]. This event was found to be due to an
epigenetic mechanism involving altered DNA methylation that led to a permanent
reprogramming of the male germ line. The causal effect of EDC involvement in
reproductive tract morphogenesis derived from several findings demonstrates that a
transient embryonic in utero exposure to an endocrine disruptor influences the
embryonic testis transcriptome by epigenetic effects like DNA methylation. These
epigenetic alterations resulted in abnormal testis development and in an increased
adult spermatogenic cell apoptosis with decreased sperm concentration [109]. In
addition to this alteration in the male reproductive tract, vinclozolin exposure has
also been reported to induce transgenerational phenotypes in these animals,
including adult onset diseases like male infertility [109, 110], increased frequencies
of tumors, prostate disease, kidney diseases, and immune abnormalities [151].
Moreover, vinclozolin also induced changes in behavior and learning capacity
[152-156], including transgenerational changes in mate preference [153] and
anxiety behavior [156]. Transgenerational effects on tissue transcriptomes have also
been observed. For example, in the embryonic testis transcriptome, a subset of
genes presented a significantly altered expression in males from the F1 through the
F3 generation, after vinclozolin exposure [165]. This transgenerational modified
phenotype appears to be due to epigenetic changes, particularly due to alterations in
DNA methylation of the male germ line [109, 166, 167]. After these first observations
on MTX and vinclozolin, other agents that may promote transgenerational
phenotypes associated with reproductive tract alterations have been identified.

In male testes, the expression of several genes is regulated via epigenetic modi-
fications, underlining once again the direct influence of epigenetics on the process
of spermatogenesis and how epigenetic aberrations (epimutations) can cause male
infertility. Genes like MTHFR, PAX8, NTF3, SFN, HRAS, JHM2DA, IGF2, H19,
RASGRF1, GTL2, PLAG1, DIRAS3, MEST, KCNQI, LIT1, and SNRPN can be
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Table 3.3 Some endocrine-disrupting chemicals and their effects of induced DNA methylation on
male/female reproductive systems and germ line differentiation

Endocrine-disrupting
chemicals

Class

Effect

Methoxychlor
(MTX)

Pesticide,
estrogenic

Transgenerational defects in spermatogenic
capacity, increase in adult sperm cell apoptosis and
decrease in concentration, abnormal testis
development [109, 148], and aberrant
folliculogenesis [149]

Vinclozolin (VCZ)

Fungicide,
antiandrogenic

Transgenerational defects in spermatogenic
capacity, increase in adult sperm cell apoptosis and
decrease in concentration, abnormal testis
development [109, 150], male infertility [109, 110],
predisposition to tumors, prostate disease, kidney
diseases and immune abnormalities [151], changes
in behavior and learning capacity [152-156],
transgenerational changes in mate preference [153]
and anxiety behavior [156], and aberrant
development of PGCs [150]

Bisphenol A (BPA)

Plastic, estrogenic

Female fertility problems, polycystic ovary
syndrome and endometriosis, decrease in antral
follicle counts, and decrease in oocytes number
[157-159]

Genistein

Plant hormones,
estrogenic/
antiestrogenic

Inhibition of oocytes maturation [108]

2.,3,7,8-Tetrachlorodi
benzodioxin (TCDD)

Dioxin, estrogenic

Aberrant folliculogenesis [149]

Phthalates Plastic, Aberrant folliculogenesis [149]
antiandrogenic

Diethylstilbestrol Drug, estrogenic | Predisposition to uterus epithelial tumors and to

(DES) vaginal and cervical cancer, reproductive tract
abnormalities [104], and susceptibility to tumor in
testis and reproductive tract tissues [160]

Decitabine Drug Altered sperm morphology, decrease in sperm

(5-aza-CdR) motility and capacity, and decrease in embryo
survival [161, 162]

Chlorambucil Drug Transgenerational increase in deletions and other
mutations in germ cells [163, 164]

Melphalan Drug Transgenerational increase in deletions and other

mutations in germ cells [163, 164]

often hypermethylated by environmental toxins/drugs and lead to poor semen
parameters and male infertility [36]. For example, the anticancer agent decitabine
(5-aza-20-deoxycytidine or 5-aza-CdR) (Table 3.3) is able to reduce global DNA
methylation [161, 162], causing altered sperm morphology, decreased sperm motil-
ity, decreased fertilization capacity, and decreased embryo survival, similar to the
effect showed by the EDCs previously mentioned, methoxychlor and vinclozolin.
Among all the endocrine toxicants that can induce aberration in the reproductive
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tract, BPA has been reported to affect both male [168] and female [169] reproduc-
tive tracts.

Concerning EDC effect in female reproductive tract, beside BPA, other EDCs,
such as genistein (Table 3.3), have shown to have an inhibitory effect on maturation
of mammalian oocytes [108]. This evidence is crucial, since the main biological
adverse effects of EDCs with regard to the development of female reproductive
system are attributed to folliculogenesis [149]. The primordial follicles evolve to
primary, preantral, and antral follicles. In particular, it has been reported that toxicity
caused by EDCs to the antral follicles can lead to infertility. EDCs, such as BPA,
MTX, TCDD, and phthalates (Table 3.3), can interfere with the development of the
aforementioned types of follicles. For example, it was found that 3-month-old mice
exposed in utero to 250 pg/kg BPA presented an increased percentage of ovarian
tissue occupied by antral follicles. BPA has also been associated with female fertility
problems, polycystic ovary syndrome, and endometriosis, whereas in women
undergoing fertility treatments BPA levels have been associated with decreased
antral follicle counts and a reduction in the number of oocytes [157-159].

Other findings reported the effects of female reproductive tract of perinatal expo-
sure to diethylstilbestrol (DES) (Table 3.3). DES exhibits an estrogen agonist with
an effect on the development of reproductive organs [37], supporting the epigenetic
effect of DES exposure on the methylation pattern promoters controlling several
estrogen-responsive genes associated with the development of reproductive tract.
Perinatal DES exposure early in life has been found to increase predisposition to
uterus epithelial tumors in adulthood, to several reproductive tract abnormalities,
and to vaginal and cervical cancer risk in women [104]. Newbold et al. [160]
administrated DES to pregnant rats during early postimplantation development and
neonatal period, observing in males a grater susceptibility for tumor in rete testis
and reproductive tract tissues in F1 and F2, due to epigenetic alterations like DNA
methylation transmitted through the germ line.

Taken together, these evidences represent a clear example of how estrogenic
xenobiotic exposure during a critical period of development can modify DNA
sequence methylation status and consequently change the transcription of key genes
involved in organ development, possibly increasing cancer risk later in life.

3.5 Effects of EDC-Induced DNA Methylation During
Development and Germ Line Differentiation

In mammals, germ cell differentiation is initiated in the primordial germ cells
(PGCs) during fetal development. PGCs are the embryonic precursors of the germ
cell lineage (gametes, i.e., sperms and eggs), and their specification consists of
global epigenetic reprograming, characterized by epigenetic phenomena such as the
erasure of DNA methylation and histone modifications [170]. After the onset of
gonadal sex determination, the PGC genome initiates the remethylation process of
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DNA accompanied by remodeling of histone modifications in a sex-specific manner
[170, 171]. Genetic and epigenetic changes during reprogramming of embryonic
germ cell precursors make the prenatal period a sensitive window for potential
adverse effects caused by environmental factors like EDCs [150]. In addition, the
lack of any metabolic or excretion mechanism in the fetus highlights how much
harmful chemicals can be if exposure occurs in this specific period of development.

However, the observation that PGCs and the developing germ line undergo major
epigenetic programming, which can be transgenerationally altered by endocrine
disruptors, was identified at first in 2015 [64].

During mammalian development, the primordial germ cells migrate down the
genital ridge toward the newly formed gonad, prior to sex determination [172-174].
The germ cells develop into a male or female germ cell lineage at the initial stages
of gonadal sex determination: The female germ line forms from oogenesis during
follicle development that generate oocytes, and the male germ line, in turn, develops
from spermatogonial stem cells and undergoes spermatogenesis, which originates
spermatozoa in the testis. The critical period for epigenetic regulation of the germ
line takes place during the phase of primordial germ cell migration and gonadal sex
determination. Permanent alteration in the epigenetic programming of the germ line
appears to be the mechanism involved in the transgenerational altered phenotype
[109, 166, 167, 175].

Heritable damage can also occur in the zygote at the beginning of the embryonic
development and can be transmitted to the next generation through modification
occurred during germ line development [176]. Moreover, such heritable damage can
be induced while germ line is developing. For example, chlorambucil and melphalan
(Table 3.3) are able to induce a high frequency of heritable deletions and other
mutations in mouse germ cells [163, 164], thereby producing a transgenerational
mutation. Nevertheless, although some endogenous and exogenous agents are
frequently associated with DNA mutations and transgenerational transmission,
chemically induced epigenetic modifications of DNA may have the same net effect
on the phenotype of newly altered cells and on their progeny [177]. Regarding this,
Holliday [178] reported that teratogens could target mechanisms that control
patterns of DNA methylation on genome of developing embryos, modifying
methylation patterns that will be present on somatic cells, leading to a developmental
alteration and subsequently to changes in germ line cells.

Modifications transmitted through germ line cells that occurred during the pro-
cess of differentiation have been studied by Anway et al. [109], as already men-
tioned earlier. Later, the authors also detected 25 different genes that had altered
methylation patterns in the F1 born to mothers subjected to the vinclozolin
administration (Table 3.3) [109]. Therefore, the exposure of a gestating mother to
EDC during critical periods of sex differentiation and testis morphogenesis triggers
to decreased spermatogenic capacity and sperm viability that was transgenerationally
transmitted in the male. This alteration appears to be associated with altered DNA
methylation of the germ line [179].

Another evidence of ECDs’ implication on germ line methylation alteration
came from Brieno-Enriquez et al. [150]. In this study, gestating female mice were
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exposed to vinclozolin (Table 3.3) with the aim to produce epigenetic
transgenerational inheritance of testicular cell apoptosis and abnormalities. Then,
the observations were extended to PGCs, allowing the identification of alterations in
epigenetic programming and gene expression that were critical for PGC development
(such as those in Blimpl) that promoted epigenetic PGC noncoding RNA
programming. In fact, Blimp-1 pathway plays a critical role in determining DNA
methylation reprogramming and gene expression alterations that occur during
normal development of PGCs and the subsequent germ line, providing a major
resource for epigenetic alterations during the development of the human germ line
epigenome [180]. The importance of epigenomic control in PGCs was confirmed by
the identification of specific DNA methylation sites that escaped DNA methylation
erasure in PGCs specification, termed “escapees,” supporting a role for altered germ
line DNA methylation in epigenetic transgenerational inheritance [180].

3.6 Final Considerations

Epigenetics, first described by Waddington [1], involves all those molecular mecha-
nisms that are able to modulate genome expression without modifying DNA nucle-
otide sequences. Among the main epigenetic processes, we can mention DNA
methylation [10, 11], the action of small noncoding RNA like miRNA and siRNA
[13-16], and a large variety of histone modifications [17]. In fact, in eukaryotic
organism genome is compacted by basic proteins named histones that allow the
organization of DNA into chromatin [17], whose conformation influences gene
expression and can be modulated by these epigenetic mechanisms, which have the
ability to induce chromatin condensation and/or chromatin relaxation to respectively
silence and/or activate gene expression (Table 3.1). Because of their effect on gene
expression related to the chromatin conformation (condensed or uncondensed),
epigenetic modifications take part in many human biological processes, mostly
involving reproductive system, and in some genetic diseases [45]. Their action
appears to be crucial during embryo development, from gametogenesis to
organogenesis, controlling gene expression to guarantee the correct development of
tissues and organs [41, 44]. During oogenesis [27], epigenetics allows the
establishment of the physiological epigenome and the gaining of meiotic and
developmental potential of the oocyte via chromatin modifications. Differential
methylation patterns are established during gametogenesis [31-33], and the
processes of DNA methylation at specific loci during oogenesis have been
investigated. During spermatogenesis, the expression of many genes in the testes is
controlled in the same way by epigenetic mechanisms, like DNA methylation,
histone modifications, and chromatin remodeling. Testicular DNA has a unique
pattern of methylation established before meiosis [35], that is, much more
hypomethylated than somatic tissues. Therefore, it is clear that methylation pattern
and the consequent methylation phenomena occurring during both male and female
germ line development are crucial [34].
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Epigenetics is responsible not only for proper regulation of gametogenesis
(oogenesis and spermatogenesis), but also for cellular specialization during embryo
development [41]. In fact, cells of the early embryo must be specialized from
totipotency to a specific cell population, depending on lineage-specific pattern of
gene expression based on modifications of chromatin structure and function. During
the entire embryo development, there are two major rounds of epigenetic
reprogramming [48, 49]: a global DNA methylation loss in cells of the early embryo
[49], followed instead by a process of methylation during implantation [50]. These
events of reprogramming can be influenced by external stresses and represent a
period of increased sensitivity of the embryo toward potential environmental
toxicants, because this latter can transmit the alteration resulting from the stresses
through the germ line, with the consequence of abnormal developmental outcomes
in adulthood [54, 55].

Nowadays, it is well known that environmental factors have a significant impact
on biology [57] since they have the capability to modulate biological systems and to
influence physiology, even promoting disease states. Among all the different
toxicants, there is a group of growing interest which is known as endocrine-
disrupting chemicals (EDCs) that act on human epigenome without modifying
DNA sequence. As the name itself suggests (coined in 1991 by Colborn T. [63]),
endocrine disruptors are a set of endocrine-active substances that can interfere with
human endocrine system mimicking endogenous hormones and other signaling
molecules and affect the reproductive system [57]. EDCs can be classified according
to their endocrine effect as shown in Fig. 3.1, and they can be found in a huge
variety of sources. Therefore, EDCs may influence human health in two principal
ways: acting directly on endocrine system as hormonal agonists/antagonists binding
with hormonal receptors and inducing epigenetic changes in the genome. In fact,
exposure to toxicants during critical periods of the ontogeny of the organism
exposed [103, 104] can lead to epigenetic modification even transmissible through
offspring by the germ line (transgenerational epigenetic disorders) [114].

After the first observations of how much environmental factors were linked to
reproductive dysfunction in many species in wildlife [63, 76, 131-133], during the
past decades, it has been reported that endocrine chemicals can seriously affect
human reproduction (Table 3.2) [95-98], with a negative influence on fertility [91—
94]. In human reproduction, EDCs may change gene expression through DNA
methylation and histone modifications of key genes, both acting through the
alteration of chromatin state, and it is associated with a wide range of diseases like
various reproductive disorders [139].

However, between all the epigenetic mechanisms induced by EDCs, DNA meth-
ylation is the most frequent and consequently the most studied one, because of its
heritable nature and stability. Normal physiology and subsequent phenotype can be
altered by EDCs, and the most sensitive periods for exposure are represented by
embryonic, neonatal, and pubertal periods, when there is a finely tuned modulation
of hormones [76]. For example, the exposition of pregnant rats to chemicals, such
as methoxychlor or vinclozolin (Table 3.3), during the critical period for gonadal
sex differentiation and testis morphogenesis, produced transgenerational defects in
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spermatogenic capacity [109] due to the alteration of DNA methylation in male
germ line. Therefore, embryonic testis transcriptome is influenced by DNA
methylation, resulting in abnormal reproductive tract morphogenesis and in a
general loss of gametes [109]. After these first observations, other agents that may
promote transgenerational phenotypes associated with reproductive tract alterations
have been identified, like bisphenol A (Table 3.3), which has been reported to affect
both male [168] and female [169] reproductive tracts. The main biological adverse
effects of EDCs concerning female reproductive system are attributed to
folliculogenesis [149]. Besides BPA; MXC; 2,3,7,8-tetrachlorodibenzodioxin; and
phthalates (Table 3.3), the chemical genistein, for example, has shown to have an
inhibitory effect on maturation of mammalian oocytes [108], [157-159].
Diethylstilbestrol (Table 3.3) exposure early in life is instead associated with several
reproductive tract abnormalities and increased vaginal and cervical cancer risk in
women [104], once again due to the alteration of methylation pattern controlling
several estrogen-responsive genes.

In humans, germ cell differentiation is initiated in PGCs that are the embryonic
precursors of the germ cell lineage. Their specification is characterized by a global
epigenetic reprogramming [170], involving erasure of DNA methylation and histone
modifications in a sex-specific manner [170, 171], which makes prenatal period a
particular sensitive window for the harmful effects of EDCs [150]. Alteration in the
epigenetic programming of the germ line appears to be the mechanism involved in
the transgenerational altered phenotype [109, 166, 167, 175]. Holliday [178]
reported the association between teratogens and modification of DNA methylation
pattern in particular genomic regions of developing embryos, leading to a
developmental alteration and thus to changes in germ line cells. Anway et al. [109]
showed that the exposure of a gestating mother rat to vinclozolin or methoxychlor
(Table 3.3) during the critical periods was related to transgenerational defects in the
spermatogenic capacity as the result of altered DNA methylation of the germ line
[179]. Again, the exposure of gestating female mice to vinclozolin (Table 3.3)
promotes epigenetic transgenerational inheritance of abnormalities in male
reproductive tract [150], confirming that PGC alterations in epigenetic programming
and gene expression were critical for their development [180].

Therefore, we can assume that epigenetics could represent an innovative frontier
of scientific investigation to identify the molecular basis of alterations of normal
epigenome during the sensitive periods of embryo and germinal line development
associated with diseases in adulthood. The increase of pollutants in the environment,
including EDCs, with their direct effect on human endocrine and reproductive
systems, as well as their epigenetic mechanisms of action that induce the
abovementioned aberrant phenotypes and diseases, represents a growing health
concern that underlines the need of decreasing the release of contaminants in the
environment and searching for new therapies acting through epigenetic
mechanisms too.



3 Endocrine Disruptors, Epigenetic Changes, and Transgenerational Transmission 67

References
1. Speybroeck V. From epigenesis to epigenetics: the case of CH Waddington. Ann N'Y Acad
Sci. 2002;981(1):61-81.
2. Neilson JR, Sharp PA. Small RNA regulators of gene expression. Cell. 2008;134(6):899-902.
3. Portnoy V, et al. Small RNA and transcriptional upregulation. Wiley Interdiscip Rev.
2011;2(5):748-60.
4. Grunstein M. Histone acetylation in chromatin structure and transcription. Nature.
1997;389(6649):349-52.
5. Bannister AJ, Schneider R, Kouzarides T. Histone methylation: dynamic or static? Cell.
2002;109(7):801-6.
6. Rossetto D, Avvakumov N, Cote J. Histone phosphorylation: a chromatin modification
involved in diverse nuclear events. Epigenetics. 2012;7(10):1098-108.
7. Shiio Y, Eisenman RN. Histone sumoylation is associated with transcriptional repression.
Proc Natl Acad Sci U S A. 2003;100(23):13225-30.
8. Jason LJ, et al. Histone ubiquitination: a tagging tail unfolds? BioEssays. 2002;24(2):166-74.
9. Martinez-Zamudio R, Ha HC. Histone ADP-ribosylation facilitates gene transcription by
directly remodeling nucleosomes. Mol Cell Biol. 2012;32(13):2490-502.
10. Baylin SB. DNA methylation and gene silencing in cancer. Nat Clin Pract Oncol. 2005;2
Suppl 1(1):S4-11.
11. Singal R, Ginder GD. DNA methylation. Blood. 1999;93(12):4059-70.
12. Holmes R, Soloway PD. Regulation of imprinted DNA methylation. Cytogenet Genome Res.
2006;113(1-4):122-9.
13. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell.
2004:116(2):281-97.
14. Kim VN. Small RNAs just got bigger: Piwi-interacting RNAs (piRNAs) in mammalian
testes. Genes Dev. 2006;20(15):1993-7.
15. Esquela-Kerscher A, Slack FJ. Oncomirs—microRNAs with a role in cancer. Nat Rev Cancer.
2006;6(4):259-69.
16. Wall NR, Shi Y. Small RNA: can RNA interference be exploited for therapy? Lancet.
2003;362(9393):1401-3.
17. Margueron R, Trojer P, Reinberg D. The key to development: interpreting the histone code?
Curr Opin Genet Dev. 2005;15(2):163-76.
18. Craig JMJB. Heterochromatin—many flavours, common themes. BioEssays.
2005;27(1):17-28.
19. Jenuwein T, Allis CD. Translating the histone code. Science. 2001;293(5532):1074-80.
20. Beiter T, et al. Antisense transcription: a critical look in both directions. Cell Mol Life Sci.
2009:66(1):94-112.
21. Bernstein BE, Meissner A, Lander ES. The mammalian epigenome. Cell. 2007;128(4):669-81.
22. Gibney ER, Nolan CM. Epigenetics and gene expression. Heredity (Edinb). 2010;105(1):4—13.
23. Hartley PD, Madhani HD. Mechanisms that specify promoter nucleosome location and
identity. Cell. 2009;137(3):445-58.
24. Jia D, et al. Structure of Dnmt3a bound to Dnmt3L suggests a model for de novo DNA
methylation. Nature. 2007;449(7159):248-51.
25. Klose RJ, Bird AP. Genomic DNA methylation: the mark and its mediators. Trends Biochem
Sci. 2006;31(2):89-97.
26. Bromfield J, Messamore W, Albertini DF. Epigenetic regulation during mammalian oogen-
esis. Reprod Fertil Dev. 2008;20(1):74-80.
27. De La Fuente R, Baumann C, Viveiros MM. Epigenetic modifications during mammalian

oogenesis: emerging roles of chromatin structure during oocyte growth and meiotic mat-
uration. In: Epigenetics in human reproduction and development. World Scientific; 2017.
p. 35-58.



68

28

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44,
45.

46.

47.

48.

49.

50.

S1.

52.

53.

R. Rizzo et al.

. De La Fuente R, Baumann C, Viveiros MM. Chromatin structure and ATRX function in
mouse oocytes. In: Mouse development. Cham: Springer; 2012. p. 45-68.

Hackett JA, Surani MA. DNA methylation dynamics during the mammalian life cycle. Philos
Trans R Soc Lond Ser B Biol Sci. 2013;368(1609):20110328.

Weaver JR, Bartolomei MS. Chromatin regulators of genomic imprinting. Biochim Biophys
Acta. 2014;1839(3):169-77.

Lucifero D, et al. Gene-specific timing and epigenetic memory in oocyte imprinting. Hum
Mol Genet. 2004;13(8):839—49.

Obata Y, Kono T. Maternal primary imprinting is established at a specific time for each gene
throughout oocyte growth. J Biol Chem. 2002;277(7):5285-9.

Smallwood SA, et al. Dynamic CpG Island methylation landscape in oocytes and preimplan-
tation embryos. Nat Genet. 2011;43(8):811-4.

Marchal R, et al. DNA methylation in mouse gametogenesis. Cytogenet Genome Res.
2004;105(2-4):316-24.

Oakes CC, et al. Developmental acquisition of genome-wide DNA methylation occurs prior
to meiosis in male germ cells. Dev Biol. 2007;307(2):368-79.

Rajender S, Avery K, Agarwal A. Epigenetics, spermatogenesis and male infertility. Mutat
Res. 2011;727(3):62-71.

Huang Y, et al. Differential methylation of TSP50 and mTSP50 genes in different
types of human tissues and mouse spermatic cells. Biochem Biophys Res Commun.
2008;374(4):658-61.

Govin J, et al. Pericentric heterochromatin reprogramming by new histone variants during
mouse spermiogenesis. J Cell Biol. 2007;176(3):283-94.

Yan W, et al. HILS1 is a spermatid-specific linker histone Hl-like protein implicated
in chromatin remodeling during mammalian spermiogenesis. Proc Natl Acad Sci U S
A.2003;100(18):10546-51.

Iguchi N, et al. Isolation and characterization of a novel cDNA encoding a DNA-binding
protein (Hils1) specifically expressed in testicular haploid germ cells. Int J Androl.
2003;26(6):354-65.

O'Neill C. The epigenetics of embryo development. Anim Front. 2015;5(1):42-9.
Athanasiadou R, et al. Targeting of de novo DNA methylation throughout the Oct-4 gene
regulatory region in differentiating embryonic stem cells. PLoS One. 2010;5(4):e9937.
Wallace JA, Orr-Weaver TLIC. Replication of heterochromatin: insights into mechanisms of
epigenetic inheritance. Chromosoma. 2005;114(6):389-402.

Yi H, et al. Gene expression atlas for human embryogenesis. FASEB J. 2010;24(9):3341-50.
Adams J. Imprinting and genetic disease: Angelman, Prader-Willi and Beckwith-Weidemann
syndromes. Nature Education. 2008;1(1):129.

Magenis RE, et al. Is Angelman syndrome an alternate result of del(15)(q11q13)? Am J Med
Genet. 1987;28(4):829-38.

Kim Y, Wang SE, Jiang YH. Epigenetic therapy of Prader-Willi syndrome. Transl Res.
2019;208:105-18.

Kobayashi H, et al. High-resolution DNA methylome analysis of primordial germ cells iden-
tifies gender-specific reprogramming in mice. Genome Res. 2013;23(4):616-27.

Smith ZD, et al. A unique regulatory phase of DNA methylation in the early mammalian
embryo. Nature. 2012;484(7394):339-44.

Wang L, et al. Programming and inheritance of parental DNA methylomes in mammals. Cell.
2014:157(4):979-91.

Igbal K, et al. Reprogramming of the paternal genome upon fertilization involves genome-
wide oxidation of 5-methylcytosine. Proc Natl Acad Sci U S A. 2011;108(9):3642-7.
Salvaing J, et al. 5-Methylcytosine and 5-hydroxymethylcytosine spatiotemporal profiles in
the mouse zygote. PLoS One. 2012;7(5):e38156.

Bachman M, et al. 5-Hydroxymethylcytosine is a predominantly stable DNA modification.
Nat Chem. 2014;6(12):1049-55.



3 Endocrine Disruptors, Epigenetic Changes, and Transgenerational Transmission 69

54

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

. Markey CM, et al. In utero exposure to bisphenol a alters the development and tissue organi-
zation of the mouse mammary gland. Biol Reprod. 2001;65(4):1215-23.

Rogers MB, Glozak MA, Heller LC. Induction of altered gene expression in early embryos.
Mutat Res. 1997;396(1-2):79-95.

Guerrero-Bosagna C, Valladares L. Endocrine Disruptors, Epigenetically Induced Changes,
and Transgenerational Transmission of Characters and Epigenetic States. In: Endocrine-
Disrupting Chemicals. New Jersey: Humana Press; 2007. p. 175-89.

Jacobs MN, et al. Marked for life: epigenetic effects of endocrine disrupting chemicals. Annu
Rev Environ Resour. 2017;42(1):105-60.

Jablonka E, et al. The genome in context: biologists and philosophers on epigenetics.
BioEssays. 2002;24(4):392-4.

Surani MAJN. Reprogramming of genome function through epigenetic inheritance. Nature.
2001;414(6859):122-8.

Heindel JJ. The developmental basis of disease: update on environmental exposures and ani-
mal models. Basic Clin Pharmacol Toxicol. 2019;125(Suppl 3):5-13.

Papalou O, et al. Endocrine disrupting chemicals: an occult mediator of metabolic disease.
Front Endocrinol (Lausanne). 2019;10:112.

In SJ, et al. Benzophenone-1 and nonylphenol stimulated MCF-7 breast cancer growth by
regulating cell cycle and metastasis-related genes via an estrogen receptor alpha-dependent
pathway. J Toxicol Environ Health A. 2015;78(8):492-505.

Colborn T, Clement C. Chemically-induced alterations in sexual and functional development:
the wildlife/human connection. Princeton: Princeton Scientific Pub. Co.; 1992.

Blumberg B, Evans RM. Orphan nuclear receptors—new ligands and new possibilities. Genes
Dev. 1998;12(20):3149-55.

Robinson-Rechavi M, et al. How many nuclear hormone receptors are there in the human
genome? Trends Genet. 2001;17(10):554-6.

Lamba J, Lamba V, Schuetz E. Genetic variants of PXR (NR112) and CAR (NR113) and their
implications in drug metabolism and pharmacogenetics. Curr Drug Metab. 2005;6(4):369-83.
Hong H, Yang L, Stallcup MR. Hormone-independent transcriptional activation and coactiva-
tor binding by novel orphan nuclear receptor ERR3. J Biol Chem. 1999;274(32):22618-26.
Giguére V. To ERR in the estrogen pathway. Trend Endocrinol Metabol. 2002;13(5):220-5.
Kraus RJ, et al. Estrogen-related receptor alpha 1 actively antagonizes estrogen receptor-
regulated transcription in MCF-7 mammary cells. J Biol Chem. 2002;277(27):24826-34.
Greschik H, et al. Structural and functional evidence for ligand-independent transcriptional
activation by the estrogen-related receptor 3. Mol Cell. 2002;9(2):303-13.

Horard B, Vanacker JM. Estrogen receptor-related receptors: orphan receptors desperately
seeking a ligand. ] Mol Endocrinol. 2003;31(3):349-57.

Sekine Y, et al. Cross-talk between endocrine-disrupting chemicals and cytokine signaling
through estrogen receptors. Biochem Biophys Res Commun. 2004;315(3):692-8.

Zhang W, et al. PCB 126 and other dioxin-like PCBs specifically suppress hepatic PEPCK
expression via the aryl hydrocarbon receptor. PLoS One. 2012;7(5):e37103.

Rickenbacher U, et al. Structurally specific binding of halogenated biphenyls to thyroxine
transport protein. ] Med Chem. 1986;29(5):641-8.

Davis DL, et al. Medical hypothesis: xenoestrogens as preventable causes of breast cancer.
Environ Health Perspect. 1993;101(5):372-7.

Danzo BJ. The effects of environmental hormones on reproduction. Cell Mol Life Sci.
1998;54(11):1249-64.

Cheek AO, McLachlan JA. Environmental hormones and the male reproductive system. J
Androl. 1998;19(1):5-10.

Council NR. Hormonally active agents in the environment. Washington DC: National
Academies Press; 2000.

Cheek AO, et al. Environmental signaling: a biological context for endocrine disruption.
Environ Health Perspect. 1998;106(suppl 1):5-10.



70

80

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.
9s.

96.

97.

98.

99.

100.

101.

102.

103.

R. Rizzo et al.

. Clode SA. Assessment of in vivo assays for endocrine disruption. Best Pract Res Clin
Endocrinol Metab. 2006;20(1):35-43.

Daughton CG, Ternes TA. Pharmaceuticals and personal care products in the environment:
agents of subtle change? Environ Health Perspect. 1999;107(suppl 6):907-38.

Sultan C, et al. Environmental xenoestrogens, antiandrogens and disorders of male sexual
differentiation. Mol Cell Endocrinol. 2001;178(1-2):99-105.

Sunami O, et al. Evaluation of a 5-day Hershberger assay using young mature male rats:
methyltestosterone and p, p'-DDE, but not fenitrothion, exhibited androgenic or antiandro-
genic activity in vivo. J Toxicol Sci. 2000;25(5):403-15.

Lambright C, et al. Cellular and molecular mechanisms of action of linuron: an antian-
drogenic herbicide that produces reproductive malformations in male rats. Toxicol Sci.
2000;56(2):389-99.

Mclntyre BS, et al. Effects of in utero exposure to linuron on androgen-dependent reproductive
development in the male Crl:CD(SD)BR rat. Toxicol Appl Pharmacol. 2000;167(2):87-99.
Wynne-Edwards KE. Hormonal changes in mammalian fathers. Horm Behav.
2001;40(2):139-45.

Benassayag C, Perrot-Applanat M, Ferre F. Phytoestrogens as modulators of steroid action in
target cells. J Chomatogr. 2002;777(1-2):233-48.

Kuiper GG, et al. Comparison of the ligand binding specificity and transcript tissue distribu-
tion of estrogen receptors alpha and beta. Endocrinology. 1997;138(3):863-70.

Barkhem T, et al. Differential response of estrogen receptor alpha and estrogen receptor beta
to partial estrogen agonists/antagonists. Mol Pharmacol. 1998;54(1):105-12.

Kuiper GG, et al. Interaction of estrogenic chemicals and phytoestrogens with estrogen
receptor beta. Endocrinology. 1998;139(10):4252-63.

Menezo Y, Dale B, Elder K. The negative impact of the environment on methylation/epi-
genetic marking in gametes and embryos: a plea for action to protect the fertility of future
generations. Mol Reprod Dev. 2019;86(10):1273-82.

Perheentupa A. Male infertility and environmental factors. Global Reproductive Health.
2019;4(2):e28.

Olea N, Fernandez MF. Chemicals in the environment and human male fertility. Occup
Environ Med. 2007;64(7):430-1.

Foster WG. Environmental toxicants and human fertility. Minerva Ginecol. 2003;55(5):451-7.
Safe S. Endocrine disruptors and falling sperm counts: lessons learned or not! Asian J Androl.
2013;15(2):191-4.

Slutsky M, Levin JL, Levy BS. Azoospermia and oligospermia among a large cohort of
DBCP applicators in 12 countries. Int J Occup Environ Health. 1999;5(2):116-22.

Perry MJ, et al. Environmental pyrethroid and organophosphorus insecticide exposures and
sperm concentration. Reprod Toxicol. 2007;23(1):113-8.

Jouannet P, et al. Semen quality and male reproductive health: the controversy about human
sperm concentration decline. APMIS. 2001;109(S103):S48-61.

Munoz-de-Toro M, et al. Perinatal exposure to bisphenol-A alters peripubertal mammary
gland development in mice. Endocrinology. 2005;146(9):4138—-47.

Fowler WC Jr, Edelman DA. In utero exposure to DES. Evaluation and followup of 199
women. Obstet Gynecol. 1978;51(4):459-63.

Herbst AL, Ulfelder H, Poskanzer DC. Adenocarcinoma of the vagina. Association of
maternal stilbestrol therapy with tumor appearance in young women. N Engl J Med.
1971;284(15):878-81.

Pandiyan N. Medical drugs impairing fertility. In: Reproductive health and the environment.
Springer; 2007. p. 187-205.

Guerrero-Bosagna C, Sabat P, Valladares L. Environmental signaling and evolutionary
change: can exposure of pregnant mammals to environmental estrogens lead to epigenetically
induced evolutionary changes in embryos. Evol Dev. 2005;7(4):341-50.



3 Endocrine Disruptors, Epigenetic Changes, and Transgenerational Transmission 71

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121

123.

124.

125.

126.

127.

Li S, et al. Environmental exposure, DNA methylation, and gene regulation: lessons from
diethylstilbesterol-induced cancers. Ann N'Y Acad Sci. 2003;983(1):161-9.

Sekaran S, Jagadeesan A. In utero exposure to phthalate downregulates critical genes in
Leydig cells of F1 male progeny. J Cell Biochem. 2015;116(7):1466-77.

Chao HH, etal. Bisphenol aexposure modifies methylation of imprinted genes in mouse oocytes
via the estrogen receptor signaling pathway. Histochem Cell Biol. 2012;137(2):249-59.
Zhang XF, et al. Diethylhexyl phthalate exposure impairs follicular development and affects
oocyte maturation in the mouse. Environ Mol Mutagen. 2013;54(5):354-61.

Jung T, et al. Effects of the protein phosphorylation inhibitor genistein on maturation of pig
oocytes in vitro. J Reprod Fertil. 1993;98(2):529-35.

Anway MD, et al. Epigenetic transgenerational actions of endocrine disruptors and male
fertility. Science. 2005;308(5727):1466-9.

Anway MD, et al. Transgenerational effect of the endocrine disruptor vinclozolin on male
spermatogenesis. J Androl. 2006;27(6):868—79.

Hong J, et al. Exposure of preimplantation embryos to low-dose bisphenol a impairs testes
development and suppresses histone acetylation of StAR promoter to reduce production of
testosterone in mice. Mol Cell Endocrinol. 2016;427:101-11.

Choi JS, et al. miRNA regulation of cytotoxic effects in mouse Sertoli cells exposed to non-
ylphenol. Reprod Biol Endocrinol. 2011;9(1):126.

Lu H, et al. miRNA-200c mediates mono-butyl phthalate-disrupted steroidogenesis by tar-
geting vimentin in Leydig tumor cells and murine adrenocortical tumor cells. Toxicol Lett.
2016;241:95-102.

Skinner MK, Manikkam M, Guerrero-Bosagna C. Epigenetic transgenerational actions of
endocrine disruptors. Reprod Toxicol. 2011;31(3):337-43.

Reik W, Dean W, Walter J. Epigenetic reprogramming in mammalian development. Science.
2001;293(5532):1089-93.

Del-Mazo J, et al. Endocrine disruptors, gene deregulation and male germ cell tumors. Int J
Dev Biol. 2013;57(2-4):225-39.

McEvoy TG, et al. Feed and forage toxicants affecting embryo survival and fetal develop-
ment. Theriogenology. 2001;55(1):113-29.

Wu Q, et al. Exposure of mouse preimplantation embryos to 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) alters the methylation status of imprinted genes H19 and Igf2. Biol Reprod.
2004;70(6):1790-7.

Naciff JM, Daston GP. Toxicogenomic approach to endocrine disrupters: identification
of a transcript profile characteristic of chemicals with estrogenic activity. Toxicol Pathol.
2004;32(2_suppl):59-70.

Lonard DM, Smith CL. Molecular perspectives on selective estrogen receptor modulators
(SERMs): progress in understanding their tissue-specific agonist and antagonist actions.
Steroids. 2002;67(1):15-24.

. Nilsson S, et al. Mechanisms of estrogen action. Physiol Rev. 2001;81(4):1535-65.
122.

Wachsman JT. DNA methylation and the association between genetic and epigenetic changes:
relation to carcinogenesis. Mutat Res—Fundam Mol Mech Mutagen. 1997;375(1):1-8.
Barrett JC, Wong A, McLachlan JA. Diethylstilbestrol induces neoplastic transformation
without measurable gene mutation at two loci. Science. 1981;212(4501):1402—4.

Li S, et al. Developmental exposure to diethylstilbestrol elicits demethylation of estrogen-
responsive lactoferrin gene in mouse uterus. Cancer Res. 1997;57(19):4356-9.

Lyn-Cook BD, et al. Methylation profile and amplification of proto-oncogenes in rat pancreas
induced with phytoestrogens. Proc Soc Exp Biol Med. 1995;208(1):116-9.

Day JK, et al. Genistein alters methylation patterns in mice. J Nutr. 2002;132(8
Suppl):2419S-238S.

Wu Q, Zhou ZJ, Ohsako S. Effect of environmental contaminants on DNA methyltransferase
activity of mouse preimplantation embryos. Wei Sheng Yan Jiu. 2006;35(1):30-2.



72

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.
139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

R. Rizzo et al.

Hong T, et al. Isoflavones stimulate estrogen receptor-mediated core histone acetylation.
Biochem Biophys Res Commun. 2004;317(1):259-64.

Singleton DW, et al. Gene expression profiling reveals novel regulation by bisphenol-A in
estrogen receptor-alpha-positive human cells. Environ Res. 2006;100(1):86-92.
Hiragami-Hamada K, et al. The molecular basis for stability of heterochromatin-mediated
silencing in mammals. Epigenetics Chromatin. 2009;2(1):14.

Colborn T, vom Saal FS, Soto AM. Developmental effects of endocrine-disrupting chemicals
in wildlife and humans. Environ Health Perspect. 1993;101(5):378-84.

Toppari J, et al. Male reproductive health and environmental xenoestrogens. Environ Health
Perspect. 1996;104(suppl 4):741-803.

Giesy JP, et al. Contaminants of fishes from Great Lakes-influenced sections and above dams
of three Michigan rivers: III. Implications for health of bald eagles. Arch Environ Contam
Toxicol. 1995;29(3):309-21.

Jenkins S, et al. Endocrine-active chemicals in mammary cancer causation and prevention. J
Steroid Biochem Mol Biol. 2012;129(3-5):191-200.

Giwercman A, et al. Evidence for increasing incidence of abnormalities of the human testis:
a review. Environ Health Perspect. 1993;101(suppl 2):65-71.

Vos T, et al. Global, regional, and national incidence, prevalence, and years lived with disabil-
ity for 301 acute and chronic diseases and injuries in 188 countries, 1990-2013: a systematic
analysis for the global burden of disease study 2013. Lancet. 2015;386(9995):743-800.
Skinner MK. Environment, epigenetics and reproduction. Mol Cell Endocrinol.
2014:398(1-2):1-3.

Crews D, et al. Nature, nurture and epigenetics. Mol Cell Endocrinol. 2014;398(1-2):42-52.
Cortessis VK, et al. Environmental epigenetics: prospects for studying epigenetic mediation
of exposure-response relationships. Hum Genet. 2012;131(10):1565-89.

Abbott DH, et al. Androgen excess fetal programming of female reproduction: a develop-
mental aetiology for polycystic ovary syndrome? Hum Reprod Update. 2005;11(4):357-74.
Prins GS, et al. Perinatal exposure to oestradiol and bisphenol a alters the prostate epig-
enome and increases susceptibility to carcinogenesis. Basic Clin Pharmacol Toxicol.
2008;102(2):134-8.

Dolinoy DC, et al. Maternal genistein alters coat color and protects Avy mouse offspring from
obesity by modifying the fetal epigenome. Environ Health Perspect. 2006;114(4):567-72.
Robins JC, et al. Endocrine disruptors, environmental oxygen, epigenetics and pregnancy.
Front Biosci (Elite Ed). 2011;3:690-700.

Sandhu KS. Systems properties of proteins encoded by imprinted genes. Epigenetics.
2010;5(7):627-36.

Kelce WR, et al. Environmental hormone disruptors: evidence that vinclozolin devel-
opmental toxicity is mediated by antiandrogenic metabolites. Toxicol Appl Pharmacol.
1994;126(2):276-85.

Fisher JS. Are all EDC effects mediated via steroid hormone receptors? Toxicology.
2004;205(1-2):33-41.

Malasanos TH. Sexual development of the fetus and pubertal child. Clin Obstet Gynecol.
1997:40(1):153-67.

Cupp AS, et al. Effect of transient embryonic in vivo exposure to the endocrine disruptor
methoxychlor on embryonic and postnatal testis development. J Androl. 2003;24(5):736-45.
Sifakis S, et al. Human exposure to endocrine disrupting chemicals: effects on the male and
female reproductive systems. Environ Toxicol Pharmacol. 2017;51:56-70.

Brieno-Enriquez MA, et al. Exposure to endocrine disruptor induces transgenerational epigen-
etic deregulation of microRNAs in primordial germ cells. PLoS One. 2015;10(4):e0124296.
Anway MD, Leathers C, Skinner MK. Endocrine disruptor vinclozolin induced epigenetic
transgenerational adult-onset disease. Endocrinology. 2006;147(12):5515-23.



3 Endocrine Disruptors, Epigenetic Changes, and Transgenerational Transmission 73

152.

153.
154.

155.

156.

157.

158.

159.

160.
161.

162.

163.

164.

165.
166.
167.

168.

169.

170.
171.

172.
. Durcova-Hills G, et al. Influence of sex chromosome constitution on the genomic imprinting

173

174.

Andre SM, Markowski VP. Learning deficits expressed as delayed extinction of a condi-
tioned running response following perinatal exposure to vinclozolin. Neurotoxicol Teratol.
2006;28(4):482-8.

Crews D, et al. Transgenerational epigenetic imprints on mate preference. Proc Natl Acad Sci
U S A. 2007;104(14):5942-6.

Ottinger MA, et al. Neuroendocrine and behavioral effects of embryonic exposure to
endocrine disrupting chemicals in birds. Brain Res Rev. 2008;57(2):376-85.

Ottinger MA, et al. Consequences of endocrine disrupting chemicals on reproductive
endocrine function in birds: establishing reliable end points of exposure. Domest Anim
Endocrinol. 2005;29(2):411-9.

Skinner MK, et al. Transgenerational epigenetic programming of the brain transcriptome and
anxiety behavior. PLoS One. 2008;3(11):e3745.

Kandaraki E, et al. Endocrine disruptors and polycystic ovary syndrome (PCOS): ele-
vated serum levels of bisphenol A in women with PCOS. J Clin Endocrinol Metab.
2011;96(3):E480-4.

Caserta D, et al. Bisphenol A and the female reproductive tract: an overview of recent
laboratory evidence and epidemiological studies. Reprod Biol Endocrinol. 2014;12(1):37.
Souter I, et al. The association of bisphenol-A urinary concentrations with antral follicle
counts and other measures of ovarian reserve in women undergoing infertility treatments.
Reprod Toxicol. 2013;42:224-31.

Newbold RR, et al. Proliferative lesions and reproductive tract tumors in male descendants
of mice exposed developmentally to diethylstilbestrol. Carcinogenesis. 2000;21(7):1355-63.
Ning Y, et al. 5-Aza-2'-deoxycytidine inhibited PDGF-induced rat airway smooth muscle cell
phenotypic switching. Arch Toxicol. 2013;87(5):871-81.

Stenzig J, et al. DNA methylation in an engineered heart tissue model of cardiac hyper-
trophy: common signatures and effects of DNA methylation inhibitors. Basic Res Cardiol.
2016;111(1):9.

Russell LB, et al. Chlorambucil effectively induces deletion mutations in mouse germ cells.
Proc Natl Acad Sci U S A. 1989;86(10):3704-8.

Russell LB, Hunsicker PR, Shelby MD. Melphalan, a second chemical for which specific-
locus mutation induction in the mouse is maximum in early spermatids. Mutat Res Lett.
1992;282(3):151-8.

Anway MD, Rekow SS, Skinner MK. Transgenerational epigenetic programming of the
embryonic testis transcriptome. Genomics. 2008;91(1):30-40.

Jirtle RL, Skinner MK. Environmental epigenomics and disease susceptibility. Nat Rev
Genet. 2007;8(4):253-62.

Guerrero-Bosagna C, et al. Epigenetic transgenerational actions of vinclozolin on promoter
regions of the sperm epigenome. PLoS One. 2010;5(9):e13100.

Salian S, Doshi T, Vanage G. Impairment in protein expression profile of testicular steroid
receptor coregulators in male rat offspring perinatally exposed to bisphenol A. Life Sci.
2009;85(1-2):11-8.

Markey CM, et al. Mammalian development in a changing environment: exposure to endo-
crine disruptors reveals the developmental plasticity of steroid-hormone target organs. Evol
Dev. 2003;5(1):67-75.

Guibert S, Forne T, Weber M. Global profiling of DNA methylation erasure in mouse primor-
dial germ cells. Genome Res. 2012;22(4):633-41.

Seki Y, et al. Cellular dynamics associated with the genome-wide epigenetic reprogramming
in migrating primordial germ cells in mice. Development. 2007;134(14):2627-38.
Allegrucci C, et al. Epigenetics and the germline. Reproduction. 2005;129(2):137-49.

of germ cells. Proc Natl Acad Sci U S A. 2006;103(30):11184-8.
Trasler JM. Origin and roles of genomic methylation patterns in male germ cells. In: Seminars
in cell & developmental biology, vol. 9. Elsevier; 1998. p. 467.



74

175.

176.

177.

178.

179.

180.

R. Rizzo et al.

Skinner MK, Manikkam M, Guerrero-Bosagna C. Epigenetic transgenerational actions of
environmental factors in disease etiology. Trends Endocrinol Metab. 2010;21(4):214-22.
Lewis SE. Life cycle of the mammalian germ cell: implication for spontaneous mutation
frequencies. Teratology. 1999;59(4):205-9.

MacPhee DG. Epigenetics and epimutagens: some new perspectives on cancer, germ line
effects and endocrine disrupters. Mutat Res—Fundam Mol Mech Mutagen. 1998;400(1-2):
369-79.

Holliday R. The possibility of epigenetic transmission of defects induced by teratogens.
Mutat Res. 1998;422(2):203-5.

Skinner MK, Anway MD. Seminiferous cord formation and germ-cell programming: epigen-
etic transgenerational actions of endocrine disruptors. Ann N'Y Acad Sci. 2005;1061:18-32.
Tang WW, et al. A unique gene regulatory network resets the human germline epigenome for
development. Cell. 2015;161(6):1453-67.

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter's Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.


http://creativecommons.org/licenses/by/4.0/

	Chapter 3: Endocrine Disruptors, Epigenetic Changes, and Transgenerational Transmission
	3.1 Effects of Epigenetics on Human Reproduction: An Introduction
	3.2 Association Between EDCs and Epigenetics on Human Fertility
	3.3 Effect of EDC Epigenetics Modification on Gene Expression in Human Reproduction
	3.4 Effect of EDC-Induced DNA Methylation on Male and Female Reproductive Tract
	3.5 Effects of EDC-Induced DNA Methylation During Development and Germ Line Differentiation
	3.6 Final Considerations
	References


