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Abstract: Environmental toxicants (ETs) are an exogenous chemical group diffused in the environ-
ment that contaminate food, water, air and soil, and through the food chain, they bioaccumulate
into the organisms. In mammals, the exposure to ETs can affect both male and female fertility and
their reproductive health through complex alterations that impact both gametogeneses, among other
processes. In humans, direct exposure to ETs concurs to the declining of fertility, and its transmission
across generations has been recently proposed. However, multi- and transgenerational inheritances of
ET reprotoxicity have only been demonstrated in animals. Here, we review recent studies performed
on laboratory model animals investigating the effects of ETs, such as BPA, phthalates, pesticides and
persistent contaminants, on the reproductive system transmitted through generations. This includes
multigenerational effects, where exposure to the compounds cannot be excluded, and transgenera-
tional effects in unexposed animals. Additionally, we report on epigenetic mechanisms, such as DNA
methylation, histone tails and noncoding RNAs, which may play a mechanistic role in a nongenetic
transmission of environmental information exposure through the germline across generations.

Keywords: environmental toxicants; endocrine-disrupting compounds; fertility; reproduction;
multigenerational effect; transgenerational effect; folliculogenesis; spermatogenesis; oocyte; sperm;
epigenetic inheritance

1. Introduction

Since the beginning of the industrial revolution, a plethora of synthetic compounds has
been synthetized and used for many industrial and agricultural activities. Their progressive
exponential employment and consequent waste determine their diffusion and accumulation
into the environment. They are highly and widely diffused in the environment, contaminate
water, air and soil [1] and, through the food chain, bioaccumulate into organisms. Only
at the beginning of the 1990s, the detrimental effects and the toxicity of these compounds
emerged worldwide, and their impact on human and animal health was first reported
during the Wingspread Conference in 1991.

Exposure to environmental toxicants (ETs) induces reprotoxic effects by altering the
production, maturation and quality of gametes and the reproductive cycle in both males
and females and the delivery and pregnancy outcomes and may determine premature
reproductive senescence (aging) [2].

During the past 30 years, declining human fertility has become a global public health
priority. Infertility affects nearly one in six couples worldwide (about 15% of couples in
the reproductive age), with a progressive increasing incidence [3,4]. The causes of male
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and female infertility are very heterogeneous [3], and the exposure to ETs concurs with
its incidence [5–7]. Interestingly, recent studies suggested that ETs are also key players in
shaping future health outcomes [8] not only for those who are directly exposed to them
but also for upcoming generations. However, the inheritance of infertility from parents
to offspring has been clearly demonstrated in model animals but only proposed in a few
recent papers for humans [9,10]. In our species, transmission across generations has been
reported for some disorders, such as asthma, obesity and cardiovascular diseases [11,12].

ETs include several categories of compounds, very heterogeneous in their chemical
structure and mechanism of action. For example, ETs, such as butadiene, chloroprene,
isoprene, acephate, cypermethrin and cadmium, are genotoxic compounds able to induce
genetic mutations, DNA breaks and/or chromosomal rearrangements or affect the enzymes
involved in DNA replication (inheritable damage) [13,14]. Others, which represent the most
abundant group, do not constitute a well-defined category at the structural and functional
levels, and their detrimental effects on reproduction may be exerted through mechanisms
that include interference with the endocrine system. Among ETs, the endocrine-disrupting
compounds (EDCs) encompass almost 800 different chemicals [15], including both natural
and synthetic compounds, categorized into three major groups (i.e., pesticides, chemicals in
consumer products and in food–contact materials) [16]. They alter the activation, synthesis,
secretion and binding of endogenous physiological hormones, thus affecting several hor-
monal and metabolic processes [17–19]. More specifically, they act by mimicking hormones
(mainly estrogens and/or androgens), binding to their receptors and promoting inappro-
priate responses at improper times or by directly blocking their action [1,20,21]. EDCs
were initially thought to exert their actions primarily through nuclear hormone receptors,
i.e., estrogen, androgen, progesterone, thyroid and retinoid receptors. Subsequent studies
highlighted that they also act via non-nuclear steroid hormone receptors (e.g., membrane
estrogen receptors); non-steroid receptors (e.g., serotonin, norepinephrine or dopamine re-
ceptors); orphan receptors (e.g., aryl hydrocarbon receptors); enzymatic pathways involved
in steroid biosynthesis and/or metabolism and numerous other mechanisms, all converg-
ing upon the endocrine and reproductive systems [21]. Some EDCs have genotoxic effects,
causing the hydroxylation of deoxyguanosine and/or DNA strand breaks (both single and
double), thereby promoting malignant transformation of the affected cells [22–24].

Recently, it has been reported that ETs perturb epigenetic marks, such as DNA methy-
lation and histone modifications. The epigenetic programming laid down during devel-
opment can be modified by exposure to ETs, affecting sensitive periods, such as fetal
and/or perinatal phases, and causing immediate adverse outcomes [1,25,26]. Additionally,
alterations of the methylation profiles and acetylation landscapes occurring during fetal
and/or perinatal life may predispose individuals to the development of pathologies that
will emerge years later in childhood or adult life [27–29] and, more dramatically, that may
even be transmitted across generations [30–33].

2. Environmental Toxicants Exposure and Reproductive Health

In mammals, the exposure to high concentrations of ETs can affect both male and fe-
male fertility and their reproductive health. In both sexes, ETs may alter the hypothalamus–
pituitary gland–gonads axis [34,35] by acting as agonists or antagonists of hormonal recep-
tors (e.g., GnRH, FSH and LH receptors), impairing their expression or their signal trans-
duction processes (for details, see [36]). Additionally, ETs interfere with the endogenous
GnRH, FSH, LH, testosterone, estradiol and progesterone synthesis, transport, distribution
and/or clearance [21,36].

Both in vivo and in vitro experiments have demonstrated that, in adult females, direct
exposure to several ETs causes interference or disruption of the normal steroidogenesis in
the ovary by affecting numerous steroidogenic enzymes (e.g., steroidogenic acute regulatory
protein and Cyp family) and hormone levels (e.g., progesterone) [37–42]. ETs increase
the risk for ovarian and uterus cancer, birth defects in newborns and the spontaneous
loss of pregnancy [43]. Several ETs, targeting the ovary, adversely affect folliculogenesis
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and follicle/oocyte health [44]. ET exposure has been associated with decreased antral
follicle counts and reduction of the oocytes number [45–49], inhibition of antral follicle
growth by increasing the expression of the proapoptotic factor and the induction of follicle
atresia [42,50–52]. Additionally, ET exposure causes a decreased oocyte quality [53–55] and
reduced or blocked in vivo ovulation in rodents [56].

When females are exposed to ETs during the perinatal period or prepubertal phase,
the latter a physiological period characterized by the development of secondary sexual
characteristics, gonadal maturation and attainment of their reproductive capacity [57], the
female reproductive system can be even more severely impaired than when exposed during
adulthood [58–60]. In fact, prepuberty exposure to a single or a mixture of ETs alters ovary
functionality, proper follicles recruitment and contributes to earlier pubertal onset, acceler-
ating or anticipating the processing of maturation of secondary sexual characteristics [36].

In adult males, direct exposure to ETs, such as BPA or phthalates, significantly impairs
testosterone production [61–65] and reduces the expression level of androgen receptors
(AR) and spermatogenesis-related genes by disrupting the enzymes involved in hormonal
production (e.g., CYP450aom, 3β-HSD, 17β- HSD, ODF1 and TNP1 [66,67]). Additionally,
acting as antiandrogens or mimicking estrogens, ETs have dramatic consequences on the
production of healthy sperm [18,68]. In general, reduced testicular weight [68], abnormal
sperm count (necrozoospermia and/or oligozoospermia), lower motility (asthenozoosper-
mia), sperm morphology alterations, genome damage, disomy of chromosomes X and
Y and hyperhaploidy are the main defects reported in ET-exposed adult males [69–74].
Moreover, ET exposure reduces the proliferation of spermatogenic cells; activates apoptotic
signaling pathways (intrinsic apoptosis pathway: activation of caspases 3 and 9, Bax and
cytochrome C); suppresses antiapoptotic factors (Bcl-2) [75–79] and alters sperm LINE-1
hydroxymethylation [80] and DNA hydroxymethylation [81].

Overall, following ET exposure, adult males are less affected than adult females, likely
because of the presence of spermatogonial stem cells (that represent about 0.03% of all
germ cells) in the testes warrants the continuous production of sperm, thus attenuating
negative repercussions on male fertility [82]. On the contrary, the fixed, nonrenewable pool
of germ cells in the ovaries determines the major susceptibility of females to this category
of compounds.

3. ETs Exposure Effects Transmitted across Generations

The ET effects described above refer to individuals who have been directly exposed in
their postnatal, prepubertal or adult life. In vitro, in vivo and epidemiological studies have re-
ported that several ETs can induce effects that are transmitted through generations [33,83–85].
Direct exposure during adulthood generates alterations that may be passed to children and
then to grandchildren through epigenetic changes that occurred in the parents’ germline.
Preconception exposure of F0 (ancestral) adult males or nonpregnant female germ cells
gives birth to a F1 litter, which may be affected (multigenerational transmission) (Figure 1A).
Although not directly exposed, the F2 generation may present ET-induced effects (trans-
generational transmission) (Figure 1B) [86].

Due to their biochemical features, several ETs are able to pass the placental barrier and
reach the developing fetus, causing a direct in utero fetal exposure, with doses comparable
to that of the mother [87]. The developing fetuses (F1) of exposed pregnant F0 females are
themselves considered directly exposed, as is the F2 generation (Figure 1A). The subsequent
F3 generation is the first that is not directly exposed to the compound(s), but any inherited
ET-induced effects are due to a “transgenerational” transmission [86] (Figure 1B).

The transmission across generations of ET-induced effects on both male and female
reproduction has been reported for both synthetic and natural compounds.
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In this review, we focus on phytoestrogens and mycotoxins within the category of
natural compounds and on BPA, phthalates, pesticides and persistent contaminants, as
they represent the most diffused and dangerous anthropic compounds spread nowadays
in the environment. We report on studies performed using laboratory model species, the
mouse and the rat, to highlight the ET-induced multi- and transgenerational reprotoxic
effects on both males and females. Then, the epigenetic mechanisms that play a pivotal
role in passing environmental information through gametes in mammals are discussed.

3.1. Phytoestrogens and Mycotoxins

Only a handful of papers describes the alterations induced by phytoestrogens [88,89]
and mycotoxins [90–92].

Exposure to 40 mg/kg/day genistein during gestation (2 weeks before delivery) and
after weaning significantly increased testes weights, diameters of the seminiferous tubule
and heights of the seminiferous epithelium of offspring mice, together with increased
testosterone levels. Exposure to a very high dose, i.e., 800 mg/kg/day, significantly
decreased testes weight and sizes. Additionally, it increased the mRNA expression of ESR2
(p < 0.05), CYP19A1, SOX9 and BRD7 and decreased the expressions of SOX9 and BRD7.
Additionally, at the same dose of exposure, a higher ratio of apoptotic germ cells and
abnormal spermatozoa was detected [88] (Table 1). A longer exposure to a lower genistein
dose (1 mg/kg) from E1 to PND21 decreased the expression of Daz, a gene encoding an
RNA-binding protein important for spermatogenesis, and of Stra8, Spo11 and Sycp3, genes
involved in the regulation of the meiotic initiation of spermatogenesis. Additionally, the
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expression of Star, Cyp11a1 and Cyp17a1, genes crucial for the steroidogenesis pathway,
significantly dropped [89] (Table 1).

Ancestral mycotoxin Zearalenone (ZEN) exposure induced, in the F1 generation of
females, a significant increase in the follicle-stimulating hormone concentration, a decrease
of estradiol, follicular atresia and a thin uterine layer, together with a reduced expression
of estrogen receptor-alpha and of gonadotropin-releasing hormone receptor [90]. In F1
male mice, prenatal ZEA exposure diminished spermatozoa motility and concentration, de-
creased the 5-methylcytosine (5-mC) level, increased H3K9 and H3K27 histone methylation
markers and reduced estrogen receptor-alpha [91]. Additionally, ZEA generated abnormal
vacuole structures and loose connections in the testes and decreased the testosterone levels
and semen quality [92] (Table 1).

Table 1. Phytoestrogens and Mycotoxins-Induced Effects In Model Animals Across Generations.

Species Sex Exposure Dose Effects across Generations Reference

Mouse Male

Genistein
Two weeks before
delivery. After
weaning up to
PND 35.

40 mg/kg BW */day
800 mg/kg BW/day

F1: increased serum testosterone levels
(40 mg/kg); increased testis weight
(40 mg/kg); decreased testis weight
(800 mg/kg); higher diameter of seminiferous
tubules (40 mg/kg); increased heights of
seminiferous epithelium (40 mg/kg day);
smaller diameter of seminiferous tubules
(800 mg/kg); increased ESR2, CYP19A1 (all
doses), SOX9 and BRD7 (40 mg/kg) mRNA
expression in the testis; decreased SOX9 and
BRD7 mRNA expression (800 mg/kg) in the
testis; increased number of apoptotic germ
cells (800 mg/kg); abnormal sperm
(800 mg/kg)

[88]

Rat Male Genistein
from E1 to PND 21 1 mg/kg BW/day

F1: increased expression of Daz in the testis
F2: increased expression of Stra8, Spo11 and
Sycp3; decreased expression of Fas in the testis;
decreased expression of Star, Cyp11a1, Cyp17a1
in the testis

[89]

Rat Female Zearalenone
From E0 to 21 5, 10, and 20 mg/kg

F1: increase of follicle-stimulating hormone
concentration (10 and 20 mg/kg); estradiol
decrease (10 and 20 mg/kg); follicular atresia
(20 mg/kg); thin uterine layer (20 mg/kg);
reduced expression of estrogen receptor-alpha
(10 and 20 mg/kg) in the placenta; reduced
expression of gonadotropin-releasing hormone
receptor (10 and 20 mg/kg) in the placenta

[90]

Mouse Male
Zearalenone
From E12.5 to
E18.5

20 µg/kg BW/day
40 µg/kg BW/day

F1: decreased sperm motility; decreased sperm
concentration (all doses); reduced testis weight
(all doses); percentage alteration in the of cells
at different stages of meiosis (increased
percentage of leptotene cells; decreased
percentage of diplotene cells; all doses);
reduction of 5hmC (all doses) in the testis;
increased percentage of H3K27me3-positive
spermatogonial cells (all doses); increased
expression of H3K9 in the testis; increased
expression of G9a in the testis; reduced
percentage of ERα-positive Leydig cells
(all doses)

[91]
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Table 1. Cont.

Species Sex Exposure Dose Effects across Generations Reference

Mouse Male Zearalenone
From E1 a E18

2.5 and 5.0 mg/kg
BW/day

F1: abnormal vacuole structures; testes loose
connections (all doses); decreased semen
quality (all doses); decreased sperm count (all
doses); decreased testosterone levels (all doses)

[92]

* BW: body weight.

3.2. Bisphenol A

BPA is a widely diffused plasticizer employed in the manufacturing process of poly-
carbonate plastics, epoxy and vinyl ester resins, PVC, polyurethane and thermal paper. Its
potent estrogenic endocrine disruptive activity has been widely investigated, and for its
estrogen-mimetic action, it affects the reproduction of exposed adult males and females [93].
Several recent papers have reported its impact also across generations, and some significant
examples of these effects are hereafter reported.

Ancestral exposure to increasing BPA doses during fetal gonadal sex determination
(from embryonic days (E) 7 to E14) generated F1 mouse male offspring that developed
testes with reduced weight, stage-dependent modification of the lumen area and germ
cells apoptosis, but these alterations were not detected in the F2 and F3 offspring genera-
tions [94] (Table 2). However, a more recent, thorough study of the seminiferous epithelium
organization demonstrated a significantly augmented number of seminiferous tubules with
the loss of germ cells, decreased the frequency of seminiferous epithelium stage VIII and
dislodged the testicular cellular organization in both F1 and F2 males (Table 2) [95]. The
same study showed, at the highest dose tested (Table 2), a higher percentage of 5-mC/total
DNA, indicating an altered DNA methylation level in F1–F2 spermatozoa. Additionally,
a >two2-fold induced expression of PHGPX, ATP5O, GSTM5, NDUFA10 and ASRGL1
proteins was revealed in both the F1 and F2 generations, whereas the differential expression
of SOD2 was noticed only in F1. In the F3 progeny, the sperm proteome expression profile
returned to the unexposed control levels, whereas a higher percentage of 5-mC was still
present [95] (Table 2). Overall, these results indicate that BPA has detrimental effects on the
spermatogenetic process of directly exposed animals, whereas, in the not directly exposed
F3 generation, spermatogenesis was recovered.

Differently from the mouse, in the F3 male rat generation, exposure to BPA during
the same developmental window resulted in testes dysfunctions and in 197 differential
DNA methylation regions (DMRs) in gene promoters in sperm [96,97], highlighting the
presence of both cellular and epigenetic alterations in a generation that has not been directly
exposed to BPA. Continuous ancestral exposure, during the whole fetal period, to low
BPA doses induced changes in the lipid metabolism, protein secondary structures and
testosterone production in Leydig cells in the F1 and F2 generations [98]. In particular,
when both parents were exposed to BPA, the F0 and F1 generations showed a decline of
testosterone levels due to structural and functional alterations of the Leydig cells, including
mitochondrial damage and endoplasmic reticulum stress [98] (Table 2). However, only the
BPA-induced decrease in testosterone production was transmitted to the F2 generation.

In rat females, ancestral exposure to BPA during fetal gonadal sex determination
(from E8 to E14) induced pubertal abnormalities and ovarian diseases, mainly in F3 an-
imals [96,97] (Table 2). In the mice, BPA exposure for a longer fetal period (E11 to birth)
inhibited ovarian germ cell nest breakdown and reduced litter sizes only in F1 (Table 1) [99],
suggesting that these BPA-induced alterations were not carried over into subsequent gen-
erations. Interestingly, a reduction of ovarian follicle numbers, delayed puberty, altered
estrous cyclicity, decreased conception rates and fertility were observed up to the F3 gen-
eration. In the same animals, the altered gene expression of steroidogenic enzymes was
observed from the F1 to the F3 generation (Table 2) [52,99,100], suggesting the multi- and
transgenerational transmission of all these effects.
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Table 2. BPA-Induced Effects In Model Animals Across Generations.

Species Sex Exposure Dose Effects across Generations Reference

Mouse Male From E7 to E14 50 µg, 5 mg, and
50 mg/kg BW */day

F1: reduced testis weight (50 mg/kg at
PND + 30; 5 and 50 mg/kg at PND 60);
alterations in seminiferous epithelial stages (all
doses at both PND 30 and PND 60) (increased
lumen area of stage VII; decreased lumen area
of stage VIII); apoptosis of germ cells (5 and
50 mg/kg);
F2: drop of stemness properties of
spermatogonia (5 mg/kg)

[94]

Mouse Male From E7 to E14 50 µg, 5 mg, and
50 mg/kg BW/day

F1: decreased frequency of stage VIII testicular
seminiferous epithelial cells (5 and 50 mg/kg);
increased number of abnormal seminiferous
tubules (5 and 50 mg/kg); decreased sperm
count (5 and 50 mg/kg); decreased sperm
motility (50 mg/kg); altered DNA methylation
in spermatozoa (5 and 50 mg/kg); proteomic
expression changes in spermatozoa (50 mg/kg)
F2: decreased frequency of stage VIII testicular
seminiferous epithelial cells (50 mg/kg);
increased number of abnormal seminiferous
tubules (50 mg/kg); disruption of testicular
germ cell organization (50 mg/kg); disruption
of spermatogenesis (5 and 50 mg/kg);
decreased sperm count (50 mg/kg); decreased
sperm motility (50 mg/kg); altered DNA
methylation in spermatozoa (50 mg/kg);
proteomic expression changes in spermatozoa
(50 mg/kg)
F3: altered DNA methylation in spermatozoa
(50 mg/kg)

[95]

Rat Male From E8 to 14

Mixture:
BPA 50 mg/kg
DEHP 750 mg/kg
DBP 66 mg/kg BW/day

F3: pubertal abnormalities; testis dysfunction;
apoptosis of spermatogenic cell; differential
DNA methylated regions in spermatozoa

[97]

Rat Male Continuous during
the whole fetal life 0.5 mg/kg BW/day

F0 and F1: changes in lipid metabolism in the
testis; altered protein secondary structures in
the testis; decreased testosterone production
F2: decline of testosterone level; structural and
functional alterations of Leydig cells

[98]

Rat Female From E8 to 14 50 mg/kg BW/day F3: pubertal abnormalities; primary ovarian
insufficiency; polycystic ovaries [97]
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Table 2. Cont.

Species Sex Exposure Dose Effects across Generations Reference

Mouse Female From E11 to birth 0.5, 20, 50 µg/kg
BW/day

F1: inhibited ovarian germ cell nest
breakdown (all doses); decreased fertility (all
doses); reduced litter size (50 µg/kg);
reduction of primordial follicles number and
increase of primary follicles (0.5 and 50 µg/kg);
increase of preantral follicles (high doses);
altered estradiol levels (20 µg/kg); increased
expression of steroidogenic enzymes and
steroidogenesis-related genes (Hsd17b1 and
Cyp14a1; 50 µg/kg) in the ovary
F2: preterm delivery; decrease of primary
follicle (0.5 µg/kg); increase of preantral
follicle (0.5 and 20 µg/kg); decrease of
primordial follicles (20 and 50 µg/kg);
increased expression of sex steroid hormone
receptors (Ers1 and Ar; 50 µg/kg); increased
expression of steroidogenic enzymes and
steroidogenesis-related genes (Hsd17b1 and
Fshr at 0.5 µg/kg; Fshr, Cyp17a1, Hsd17b1, and
Star at 20 µg/kg) in the ovary
F3: delayed puberty; altered estrous cyclicity
(50 µg/kg); decreased fertility (0.5 µg/kg);
decreased expression of sex steroid hormone
receptors (Ers1; 0.5 µg/kg); increased
expression of steroidogenic enzymes and
steroidogenesis-related genes (Fshr and
Cyp17a1 at 50 µg/kg) in the ovary

[52,99,100]

+ PND: postnatal day; * BW: body weight.

3.3. Phthalates

Phthalates are widely used in building materials, food storage containers, personal
care products and medical devices; they are also detected in indoor air and household
dust [101,102]. Low-molecular-weight phthalates include diethyl phthalate (DEP), dibutyl
phthalate (DBP) and diisobutyl phthalate (DiBP), whereas high-molecular-weight ph-
thalates include di(2-ethylhexyl) phthalate (DEHP), benzyl butyl phthalate (BzBP) and
di-isononyl phthalate (DiNP). Their impact on both male and female reproductive health is
clearly demonstrated (for a recent review, [102]), and examples of multi- or transgenera-
tional effects on mouse and rat animal models are hereafter reported (Table 3).

In utero exposure to DEHP during fetal gonadal sex determination (E7-E14) results in
a reduced sperm number and motility from F1 to F4, disrupted spermatogonial stem cell
colonization and altered proliferation and germ cell association/organization. Interestingly,
following the transplantation of F3-derived spermatogonia, the testis germ cell disorganiza-
tion phenotype was observed in the recipient unexposed mice, suggesting DEHP-induced
alterations as an inherent property of spermatogonial stem cell [103]. Continuous fetal
exposure to DEHP from E11 to birth reduced the serum testosterone level, altered the blood
testis barrier integrity and impaired spermatogenesis, compromising mouse F3 male fertil-
ity. At the molecular level, a variation of 98.08% on the expression pattern of Y-chromosome
genes was detected. Specifically, the Sry gene expression was downregulated, whereas
that of Eif2s3y, Cdyl and Zfy2 (genes known to be determinants for spermatogenesis) were
upregulated [104]. Similarly, prenatal exposure to DBP, another diffused phthalate com-
pound, impairs male reproduction in the F1 to F3 generations by altering spermatogenesis,
the Sertoli cell number and inducing testis metabolic changes [105] (Table 3). Interestingly,
exposure to both DEHP and DBP generates similar male fertility impairments that, in most
cases, are transmitted up to the F3 generation.
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As for males, exposure to DEHP also displayed multi- and transgenerational effects
on female fertility [106–109]. Adult female mice exposed to DEHP showed reduced ovarian
expression of estrogen receptor 1 (Esr1) in the F0, F1 and F2 generations [110], with a
progressive decreased expression across generations. The exposure of lactating rat dams
induced a decrease in the estradiol, testosterone and progesterone levels in their serum.
Additionally, interestingly, their F1 progeny presented altered expressions of luteinizing hor-
mone, follicle-stimulating, androgen, estrogen, progesterone and peroxisome proliferator-
activated receptors and of 3β hydroxysteroid dehydrogenase, aromatase and steroidogenic
acute regulatory proteins, indicating that the exposure of pups through lactation during
postnatal life can also have dramatic consequences on the hormones involved in fertility
regulation [111] (Table 3).

When DEHP exposure occurred in utero, an increase in the presence of fluid-filled
ovarian cysts was observed only in F1 adult mouse ovaries, whereas impaired estrous cyclic-
ity and a reduced total follicle number was inherited up to F3. A similar phenotype was
observed in the F2 generation even at low DEHP doses, indicating a dose-independent re-
sponse of several EDCs also in females [107]. Hormone production was also impaired [107],
and in particular, the 17β-estradiol levels increased in the F1 and F2 generations [85]
(Table 3). In ovaries of PND21 mice, DNA methyltransferase (Dnmt) expression and the
presence of a 5-mC increment were detected in F1, and a reduction of Tet expression was
observed in F2 and F3 animals, whereas a reduction of Dnmt and 5-mC expression was
detected in the F3 only [112] (Table 3).

Alterations of hormone production were also obtained in F1 after the administration
of a phthalate mixture [106,108,109], together with cystic ovaries and fertility complications
in the F2 and F3 generations [106]. When the exposure was extended throughout the
gestational and up to the end of the weaning period, PND21, an acceleration of follicle
recruitment, decrease of the oocyte quality, embryonic developmental competence and
modification of the expression profile of a panel of ovarian and preimplantation embryonic
genes were observed up to the F3 generation [113] (Table 3).

Table 3. Phthalate-induced effects in model animals across generations.

Species Sex Exposure Dose Effects across Generations Reference

Mouse Male DEHP
from E7 to E14 500 mg/kg

F1–F4: disruption of testicular germ cell
association; reduced sperm motility
F3: alteration of spermatogonial stem
cell function

[103]

Mouse Male
DEHP
from E11 until
birth

20, 200 µg/kg/day

F3: decreased fertility (20 µg/kg); reduced
testicular steroidogenic capacity (20 and
200 µg/kg); impaired spermatogenesis (20 and
200 µg/kg); decreased sperm concentration
(20 and 200 µg/kg); decreased sperm motility
(20 and 200 µg/kg); alteration of BTB integrity
(20 and 200 µg/kg); alteration of Y genes
expression (20 and 200 µg/kg) in the testis

[104]

Rat Male DBP
from E8 to E14 500 mg/kg

F1–F3: spermatogenesis failure; altered
reproduction; decrease sperm count; reduced
Sertoli cells number; metabolic changes in the
testis (increase level of betaine; drop of betaine
homocysteine S-methyltransferase); DNA
hypomethylation (in TM-4 cells, an
immortalized cell line derived from mouse
testis).

[105]

Mouse Female
DEHP
Adult (12 weeks
old)

80 mg/kg/day F0–F2: reduced expression of Esr1 in the ovary [110]
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Table 3. Cont.

Species Sex Exposure Dose Effects across Generations Reference

Rat Female
DEHP
from PN day 1
to 21

1, 10, and 100 mg/kg/BW *

F0: decrease of estradiol (all doses),
testosterone and progesterone levels (10 and
100 mg/kg)
F1: altered mRNA expression of
follicle-stimulating (10 and 100 mg/kg),
androgen (100 mg/kg), estrogen (100 mg/kg),
progesterone (all doses) and peroxisome
proliferator-activated (all doses) receptors, 3β
hydroxysteroid dehydrogenase (all doses),
aromatase and steroidogenic acute regulatory
proteins (all doses) in the ovary; accelerated
rate of follicle recruitment (10 and 100 mg/kg)

[111]

Mouse Female
DEHP
from E11 until
birth

20, 200 µg/kg/day
500, 750 mg/kg/day

F1: estrous cyclicity impairment (750 mg/kg);
increased ovarian cysts number (750 mg/kg);
total follicle number decrease (750 mg/kg);
increased estradiol levels (500 and 750 mg/kg);
decreased testosterone (500 mg/kg), inhibin B
(750 mg/kg) and FSH levels (500 mg/kg);
increased LH levels (20 µg/kg)
F2: altered follicle numbers (200 µg/kg and
500 mg/kg); decreased testosterone
(20 µg/kg); decreased progesterone
(200 µg/kg)
F3: estrous cyclicity impairment (20 and
200 µg/kg and 500 and 750 mg/kg); decreased
follicle numbers (200 µg/kg/d and
500 mg/kg); increased estradiol levels
(20 µg/kg); decreased testosterone (20 µg/kg
and 500 mg/kg); decreased inhibin B levels
(500 mg/kg); increased FSH (500 mg/kg) and
LH levels (500 mg/kg)

[107]

Mouse Female
DEHP
from E10.5 until
birth

20 and 200 µg/kg/day
500, and 750 mg/kg/day

F1: accelerated puberty onset (200 µg/kg);
disrupted estrous cyclicity (200 µg and
500 mg/kg); altered folliculogenesis (20 and
200 µg/kg); increased Dnmt expression in the
ovary (750 mg/kg); increased presence of
5-mC in the ovary (20 µg/kg).
F2: accelerated puberty onset (500 mg/kg);
disrupted estrous cyclicity (20 and 200 µg/kg);
increased 17β-estradiol levels (20; µg/kg),
decreased expression of steroidogenic enzymes
in the ovary (20 µg/kg); dysregulation of PI3K
factors in the ovary (20 and 200 µg/kg;
750 mg/kg); decreased Tet expression in the
ovary (all doses).
F3: accelerated puberty onset (20, 200 µg, and
500 mg/kg); disrupted estrous cyclicity
(20 µg/kg/day); decreased expression of
steroidogenic enzymes in the ovary; decreased
Dnmt in the ovary (all doses) and Tet
expression in the ovary (200 µg/kg; 500 and
750 mg/kg) and 5-mC levels in the ovary
(500 and 750 mg/kg)

[85,112]
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Table 3. Cont.

Species Sex Exposure Dose Effects across Generations Reference

Mouse Female From E10 to
birth

Mixture of 20 and
200 µg/kg/day—200 and
500 mg/kg/day [DEP
(35.22%), DEHP (21.03%),
DBP (14.91%), DiBP (8.61%),
DiNP (15.10 %), and BzBP
(5.13 %)]

F1: decreased FSH (500 mg/kg), estradiol
(20 µg/kg; 200 and 500 mg/kg) testosterone
(200 µg/kg; 200 and 500 mg/kg levels) and
progesterone (500 mg/kg) levels; decreased
steroidogenesis (20 and 200 µg/kg;
500 mg/kg); altered transition among follicle
types (20µg/kg and 200 mg/kg); higher
incidence of atresia (500 mg/kg)
F2 and F3: increased number of cystic ovaries
(all doses); breeding, pregnancy and delivery
complications (20 µg/kg and 500 mg/kg)

[106–108]

Mouse Female
DEHP
from E0.5 to
PND + 21

0.05, 5 mg/kg/day

F1-F3: accelerated follicular recruitment (all
doses); reduction of primordial follicular
reserve (all doses); increased pre-antral
follicles number (all doses); diminished oocyte
quality (0.05 mg/kg); diminished embryonic
developmental competence (0.05 mg/kg);
altered expression profile of ovarian and
pre-implantation embryonic genes, observed
in the ovary and in blastocysts, respectively
(all doses)

[113]

+ PND: postnatal day; * BW: body weight.

3.4. Pesticide

Several diffused endocrine disruptor pesticides have been shown to impact mammalian
male and female reproductive health. Among these, atrazine, vinclozolin, methoxychlor
(MTX), p,p′-dichlorodiphenoxydichloroethylene (DDE) and dichlorodiphenyltrichloroethane
(DDT) [86] all exert both multi- and transgenerational inheritance (Table 4).

When gestating female rats were exposed to atrazine, a commonly used herbicide
in the agricultural industry, from E8 to E14, their F1 generation male offspring had nor-
mal fertility (Table 3); instead, the F2 and F3 males showed an increased frequency of
alterations of the seminiferous epithelium, mammary tumors and early puberty onset. In
all generations, the sperm DMRs were identified, and specifically for the F3 generation,
unique sets of epimutations were found to be associated with the lean phenotype or testes
dysfunction [114] (Table 4).

The exposure to vinclozolin, another widespread pesticide, during the same time
window induced increased spermatogenic cell apoptosis, decreased sperm motility and con-
centration and a drop in the epididymal sperm number in the F1–F3 rat generations [115].
The transgenerational actions of vinclozolin included an epigenetic reprogramming of
the male germ line [116,117], which involved modification of the methylation level of
several imprinted genes. Specifically, in the F1 and F2 offspring sperm, the number of
methylated CpG sites on the H19 and Gtl2 imprinted genes was reduced, whereas that
of Peg1, Snrpn and Peg3 was increased. In the F3 offspring, the level of methylated CpG
sites of Gtl2, Peg1 and Snrpn was restored, whereas its difference in H19 and Peg3 was
significantly less marked, showing a gradual disappearance of vinclozolin effects through
the generations [118]. Following a genome-wide DMRs analysis, F1 vinclozolin-exposed
rat males showed fewer and, for the most part, distinct modified DMRs in sperm compared
to those of F3 [119]. The authors suggested that the presence of altered DMRs epimutations
in F1 promotes modifications that lead to the appearance of diverse DMRs through the
generations [119]. Similarly, Gillette and collaborators showed that, at a lower vinclozolin
dose (Table 4), one-third of altered rat sperm DMRs overlap in F1 and F3 males [120].
In another recent paper, it was reported that, after vinclozolin exposure, F1 generation
sperm had a low number of DMRs, the F2 an increased number and the F3 generation
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has the highest number of DMRs. The comparison of DMRs revealed a minimal overlap
between the F2 and F3 generations, since the majority of the modifications in the sperm
were unique. Additionally, on the same samples, the analysis of the ncRNA revealed that
the F1 generation had a higher number than that of the F3 and that F3 had a lower number
compared that of F2. Interestingly, each generation has unique ncRNAs, as well as DMRs,
indicating that they were not invariantly inherited across F1–F3. In addition, F3 had an
increased number of differential histone retention sites (DHRs) [121] (Table 4).

Comparable effects were also described in the mice, in which transgenerational adult-
onset reproductive diseases were confirmed mainly in the F3 male generation, where
prostate abnormalities were observed together with a loss of spermatogenic activity, reduc-
tion in germ cells and azoospermia. The analysis of the F3 generation sperm epigenome
identified differential DMRs, indicating that the mechanism behind the vinclozolin-induced
transgenerational inheritance is an epigenetic reprogramming of the male germ line that
occurs during gonadal sex determination. It has been suggested that the maintenance of
sperm epigenome alterations up to the third generation could be the result of the protection
from demethylation, as it occurs in imprinted DNA methylation sites [117,122] (Table 4).

Similar data were obtained with DDT, the first pesticide developed and used from the
beginning of the 1950s in agriculture and for the elimination of malaria, especially in North
America, and banned in the early 1970s [123]. The exposure to this pesticide during the
time of rat fetal gonadal development alters the expression of several noncoding RNAs
and the DNA methylation sperm landscape in the F1–F3 generations. Additionally, the
majority of the sperm DNA methylation changes were unique among the generations, and
a significantly high number of new histone retention sites were found only in sperm of the
F3 generation [124] (Table 4).

DDE, a breakdown product of DDT, is another diffused pesticide that displays an-
tiandrogen activity. Pregnant rat females exposed during a critical window for testis
development (E8–E15) generated F1 males that displayed infertility [125]. They showed
abnormal testis histology, a decrease in motile sperm concentration and the sperm fertility
index; these features also transmitted to the following F2 and F3 generations [110] (Song
and Yang 2018). In the embryonic testes of DDE-exposed F1 and F2 animals, Dnmt 1
and 3a were significantly downregulated, returning to the control levels only in the F3
male generation. However, DMR2 hypomethylation of the Igf2 [125], H19 and Gtl2 [126]
imprinted genes was reported up to F3 animals [125,126] (Table 4).

Pesticides also impair female reproductive health across generations. Exposure to
atrazine during rat gonadal sex determination led to an F2 female generation with an
increased frequency of mammary tumors [114]. In the mice, exposure to vinclozolin at
the same phase of development promoted polycystic ovarian disease in F3 females, with
very large cystic structures [122]. Additionally, granulosa cells of 20-day-old rat females
of the F3 generation showed 164 and 293 differentially methylated regions after ancestral
vinclozolin or DDT exposure, respectively, as well as several differentially expressed coding
and noncoding RNAs in both pesticide-exposed lineages [127] (Table 4). Exposure to these
pesticides during the early developmental phases induced modifications that predispose
them to the development of ovarian diseases (i.e., polycystic ovarian syndrome and primary
ovarian insufficiency) that were observed in the not-directly exposed F3 generation.

DDE, a breakdown product of DDT, is another diffused pesticide that displays an-
tiandrogen activity. Pregnant rat females exposed during a critical window for testis
development (E8–E15) generated F1 males that displayed infertility [125]. They showed
abnormal testis histology, a decrease in motile sperm concentration and the sperm fertility
index; these features also transmitted to the following F2 and F3 generations [110] (Song
and Yang 2018). In the embryonic testes of DDE-exposed F1 and F2 animals, Dnmt 1
and 3a were significantly downregulated, returning to the control levels only in the F3
male generation. However, DMR2 hypomethylation of the Igf2 [125], H19 and Gtl2 [126]
imprinted genes was reported up to F3 animals [125,126] (Table 4).
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Pesticides also impair female reproductive health across generations. Exposure to
atrazine during rat gonadal sex determination led to an F2 female generation with an
increased frequency of mammary tumors [114]. In the mice, exposure to vinclozolin at
the same phase of development promoted polycystic ovarian disease in F3 females, with
very large cystic structures [122]. Additionally, granulosa cells of 20-day-old rat females
of the F3 generation showed 164 and 293 differentially methylated regions after ancestral
vinclozolin or DDT exposure, respectively, as well as several differentially expressed coding
and noncoding RNAs in both pesticide-exposed lineages [127] (Table 4). Exposure to these
pesticides during the early developmental phases induced modifications that predispose
them to the development of ovarian diseases (i.e., polycystic ovarian syndrome and primary
ovarian insufficiency) that were observed in the not-directly exposed F3 generation.

Table 4. Pesticide-induced effects in model animals across generations.

Species Sex Exposure Dose Effects across Generations Reference

Rat Male Atrazine
from E8 to E14 25 mg/kg BW/day

F2 and F3: azoospermia; atretic
seminiferous tubules; vacuoles in the basal
region of seminiferous tubules; sloughed
germ cells; lack of seminiferous tubule
lumen; high frequency of spermatogonia
apoptosis; mammary tumors; early onset
puberty; epimutations in spermatozoa
F1–F3: epimutations in spermatozoa

[114]

Rat Male Vinclozolin
from E8 to E14 100 mg/kg/ day

F1: lowest number of DMRs in
spermatozoa; altered quantity of lncRNA
in spermatozoa
F2: increased number of DMRs in
spermatozoa; altered quantity of lncRNA
in spermatozoa
F3: the highest number of DMRs in
spermatozoa; altered quantity of lncRNA
in spermatozoa; increased number of
differential histone retention sites (DHRs)
in spermatozoa

[121]

Mouse/Rat Male Vinclozolin
from E8 to E14

100 mg/kg/ day (rat)
50 mg/kg/day (mouse)
100 mg/kg BW/day (rat;
[115])
1 mg/kg/day (rat; [120])

F1–F3: increased spermatogenic cell
apoptosis; decreased sperm number and
motility; drop of epididymal sperm
number; epigenetic alterations in
spermatozoa (DMRs modified) (all doses)

[115–120]

Rat Male DDE
from E8 to E15 100 mg/kg BW/day

F1 and F2: downregulation of DNMT1 and
DNMT3 in the testis
F1–F3: infertility; decreased motile sperm
concentration; decreased sperm fertility
index; altered testis morphology; altered
imprinted gene expression in spermatozoa

[125,126]

Mouse Female Vinclozolin
from E7 to E13 50 mg/kg BW/day F3: polycystic ovary [122]

Rat Female
Vinclozolin or
DDT
from E8 to E14

100 mg/kg BW/day
(Vinclozolin)
25 mg/kg BW/day (DDT)

F3: differentially methylated regions in
granulosa cells; altered expression of RNAs
(492 sncRNAs and 123 lncRNAs in the
vinclozolin-exposed granulosa cells;
1085 sncRNAs and 51 lncRNAs in the DDT
granulosa cells; 174 mRNAs in
vinclozolin-exposed granulosa cells;
212 mRNAs in DDT-exposed granulosa
cells; predisposition to ovarian diseases)

[127]

BW: body weight.
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3.5. Persistent Environmental Contaminants

Some EDCs persist in the environment for long periods of time, even after their
banning, as a consequence of insolubility, lipophilicity and high resistance to degradation.
This category of EDCs includes polychlorinated biphenyls (PCBs) and several dioxins
(e.g., TCDD) known to affect both male and female fertility [128]. Despite their importance
for the environment, only a few studies, reported below, have addressed their multi- and
transgenerational effects on reproduction (Table 5).

Ancestral exposure to TCDD from E8 to E14 induced several epimutations in the genes
involved in ribosome and chemokine signaling pathways, natural killer cell-mediated
toxicity in sperm and a drop in the testosterone levels in the male F3 rat generation [96].
Following ancestral exposure to Aroclor 1221, a mixture of polychlorobiphenyls, from E8
to 18, the number of DMRs in the rat F1 sperm was twice compared to that found in the
F3 [120] (Table 5).

When mouse embryos were exposed, during the whole in utero developmental phase
and then, after birth, up to PND21, to a mixture of two PCBs congeners, the F1–F3 male
progeny showed reduced testis weight, seminiferous tubule diameters and sperm via-
bility [129]. Longer exposure (5 weeks before mating and, following fertilization, up to
delivery) to a mixture of PCBs and of organochlorine pesticides induced altered prostate
weight, testosterone level, puberty, lower sperm quality and subfertility in the F1 and F2
generations of males. This complex reproductive phenotype was restored in F3, suggesting
that these persistent environmental contaminant-associated impairments emerge in directly
exposed F1 and F2 males but do not pass on to not-directly exposed animals. At the molec-
ular level, the DNA methylome analysis of epididymal sperm highlighted a slightly greater
similarity between F1 and F2 but was overall comparable among the three generations,
although Dnmt3l, an important coactivator of Dnmt3a and b de novo methyltransferases,
was found hypermethylated in F1 but hypomethylated in F2 and F3 [130] (Table 5).

The effects of persistent environmental contaminants are also reported in females.
Specifically, exposure to TCDD during rat fetal gonadal sex determination induced pri-
mordial follicle loss and increased the probability of developing polycystic ovary disease
in 1-year-old F1 females [96]. In mice, exposure to TCDD on E15.5 induced adenomyosis
and reduced fertility, dysmenorrhea [131] and preterm birth [132] in the female F3 gener-
ation. Additionally, exposure during fetus development from E16 to E18 to a mixture of
PCBs (A1221) generated healthy F1 offspring, but starting from F2, the females showed
altered serum progesterone (lower in F2 and higher in F3) and higher serum estradiol (in
F3) concentrations, impacting their fertility [133]. Prolonged exposure from E0 to PND21
resulted in reduced F1 ovary weight, a lower oocyte developmental capacity and increased
follicular atresia [129] (Table 5).
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Table 5. Persistent environmental contaminant-induced effects in model animals across generations.

Species Sex Exposure Dose Effects across Generations Reference

Rat Male TCDD
from E8 to E14 100 ng/kg BW */day F3: sperm epigenome alteration; reduction

of testosterone levels [96]

Rat Male
A1221 (mixture of
PCBs)
from E8 to E18

1 mg/kg BW/day F1 and F3: epigenetic alterations in
spermatozoa (DMRs modified) [120]

Rat Male

POP mixture
(polychlorinated
biphenyls and
organochlorine
pesticides)

500 µg/kg BW three times
a week for 5 weeks, before
mating through mating
and parturition of the
F1 litters

F1: decreased conception; decreased
fertility; reduced number of fetuses; low
sperm quality; advanced puberty; lower
testosterone concentration; small
epididymis; low prostate weights; reduced
sperm counts; reduced sperm motility;
hyper-methylation of Dnmt3l gene
in spermatozoa
F2: decreased fertility reduced number of
fetuses; low sperm quality; delayed
puberty; lower testosterone concentration;
small epididymis; low prostate weights;
reduced sperm counts; hypo-methylation
of Dnmt3l gene in spermatozoa
F3: hypo-methylation of Dnmt3l gene
in spermatozoa

[130]

Mouse Male

PCBs (mixture of
two congeners)
from E0 to PND +

21

0, 1, 10, and 100 µg
PCB/kg BW/day

F1 and F2: reduced testis weight (all doses);
reduced seminiferous tubule diameter (all
doses); low sperm viability (all doses);
reduced fertility (all doses)

[129]

Rat Female TCDD
from E8 to E14 100 ng/kg BW/day F1: primordial follicle loss; polycystic

ovary disease [96]

Mouse Female TCDD on E15.5 10 µg/kg BW/day F3: adenomyosis; reduced fertility;
dysmenorrhea; preterm birth [131,132]

Rat Female A1221 from E16 to
E18 1 mg/kg BW/day F2 and F3: altered serum progesterone and

estradiol levels; low fertility [133]

Mouse Female
PCBs (mixture of
two congeners)
from E0 to PND 21

0, 1, 10, and 100 µg/kg
BW/day

F1: reduced ovary weight (all doses); low
oocyte developmental capacity
(100 µg/kg); increased follicular atresia (all
doses); smaller litters (all doses)

[129]

+ PND: postnatal day; * BW: body weight.

4. Epigenetic Mechanisms of Transmission across Generations

Altered reproductive phenotypes pass across generations through the germline inher-
itance of EDC-induced epigenetic changes [26,31]. A consistent number of papers have
proposed that changes in DNA methylation, in the post-translational modification of hi-
stone tails and in the expression of noncoding RNAs are likely involved in a nongenetic
transfer of environmental information [26,121,124,127,130,134–136]. However, the exact
molecular mechanisms by which EDCs alter epigenetic marks remain, to date, still un-
known. It has been suggested that these compounds may affect the abundance and/or the
activity of some epigenetic regulators, e.g., ncRNAs, histone modifiers and DNA methyl-
transferases, and/or of their cofactors, e.g., methyl donors, which, in turn, act by modifying
the gene expression (Figure 2).
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Figure 2. EDC exposure may alter DNA methyltransferases, histone modifiers and noncoding RNAs
with downstream effects on the gene expression.

In rat F1 testicular Leydig cells, prenatal exposure to DEHP phthalate at 1, 10 and
100 mg/kg/day during E9–21, the RNA and protein expressions of Dnmt1 (maintenance
methyltransferase) and Dnmt3A/Dnmt3B (de novo methyltransferases) [137,138] were up-
regulated [134]. This upregulation was associated with a decreased gene expression of
steroidogenic factor-1 and specific protein-1 transcription factors, whose promoters were
found hypermethylated [134]. Hypermethylation of the Dnmt3l gene, an important coac-
tivator of Dnmt3a and b activity, was found in the F1 rat sperm generation, ancestrally
exposed to a mixture of polychlorinated biphenyls and organochlorine pesticides, but not
in F2 and F3, which, instead, were hypomethylated [130]. The authors suggested that direct
exposure to long, persistent environmental contaminants can modify the methylation of
key methylation enzyme genes, which might be restored in subsequent generations [130].

In the mice ovaries, following prenatal exposure to DEHP from E10.5 until birth, the
expression of DNA methyltransferases and Tet enzymes varied at different doses and
among the F1–F3 generations. In F1, at the highest dose (Table 3), the mRNA Dnmt1
level was increased, parallel to an increased percentage of 5-mC [26]. In F2, while the
Dnmt1 expression returned to the control values, Tet1 (an enzyme primarily responsible
for oxidizing 5-mC into 5-hydroxymethyl cytosine (5-hmC) [139]), as well as the Tet2
and Tet3 (which oxidize 5-hmC into further oxidized cytosines that are replaced with an
unmethylated, unmodified cytosine [140,141]) levels, were downregulated at different
doses. This downregulation suggests that the DNA demethylation pathways are affected
but not to a degree enough to significantly decrease the 5-mC percentage, whose level
was unaltered. In the F3 generation, the expression of Dnmt1, Dnmt3a, Dnmt3b, Tet2 and
Tet3, but not of Tet1 [26], was downregulated at different doses, as it was the percentage
of 5-mC [26]. Whether the variation in the 5-mC level may contribute to altering the
methylation of the genes involved in critical ovarian functions that can be passed down the
generations is still to be determined.

Another mechanism through which EDCs may exert their multi- or transgenerational
effects on reproduction is the post-translational modifications of histones, e.g., methyla-
tion, acetylation, phosphorylation, ubiquitination, biotinylation, sumoylation and ADP-
ribosylation. How EDCs affect histones and/or their modifications is almost unclear, and to
date, it has yet to be proven how these alterations could be transmitted from one generation
to the next [136]. We know that EDCs have, as a major target, the nuclear hormone receptors,
which regulate the transcription of specific target genes, and they require coactivators, some
of which possess histone acetyltransferase (HAT) activity [142]. In this regard, in humans,
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it has been shown that HAT activity is induced following tributyltin or triphenyltin, two
synthetic EDCs [143]. Histone retention in sperm chromatin could be another mechanism
of epigenetic transgenerational inheritance. For example, histone H3K27me3 retention
has been observed in F3 rat sperm exposed to 25 mg/kg BW/day DTT and 100 mg/kg
BW/day vinclozolin during E8–14 [121,124].

Noncoding RNAs, molecules known to be involved in gene expression regulation,
were proposed to play a significant role in carrying epigenetic information across gen-
erations. Environmental contaminants can affect the production of ncRNAs, especially
miRNAs, lncRNAs and piRNAs. In the mice PGCs, vinclozolin exposure during the entire
pregnant period prompted a decrease of mmu-miR-23b and mmu-miR-21 miRNAs, which,
in turn, downregulated the Lin28/let-7/Blimp1 PGC specification pathway in the three
successive generations [135]. Prenatal exposure to vinclozolin or to DTT induced, in F3 rat
granulosa cells, a transgenerational differential expression of miRNAs and lncRNAs [136].
In sperm, DTT prenatal exposure induced an increasing number of differentially expressed
ncRNA in F1–F3, and piRNAs were the most abundant in the three generations [124]. It
has been recently suggested that environmental-induced DNA methylation may impact
adjacent ncRNA genes, modifying their expression and thus affecting their target gene
expression. Noncoding RNA production may also be directly affected by environmen-
tal agents, eventually leading to altered DNA methylation patterns and, consequently,
gene expression [9].

5. Discussion and Conclusions

ET-induced heritable alterations negatively impact on reproductive functions rep-
resenting a biomedical and environmental key issue for human society that need to be
addressed by both intensive biomedical and environmental research. Controlled laboratory
studies performed on model animals exposed during the fetal or the early postnatal periods
clearly showed the impact of ETs on mammalian male and female gametogenesis, fertility
and reproductive health. In the males, they alter the correct spermatogenic process, the
maturation of germ cells, induce apoptosis and azoospermia and decrease sperm motility.
In the females, they mainly impair the correct progression of follicle maturation, induce
follicle atresia and modify estrous cyclicity. These alterations and the severity of the pheno-
type are not always directly related to the compound or to its exposure dose, suggesting
the absence of a monotonic dose–response relationship. This feature, typical of several
ETs, complicates the correct understanding of the biochemical pathways and the molecular
and cellular mechanisms of the damages elicited by the compounds, but also, it makes it
difficult to define reliable environmental tolerance thresholds. When the exposure occurs
in utero, the ET detrimental effects induced on the F1 generation may be transmitted to
the next generations, even at F3, which is not directly exposed, with a severity that may
be dependent on the compound. These multi- and transgenerational inheritances may
be mediated by epigenetic alterations, such as DNA methylation manifested as DMRs
located throughout the genome, which, in turn, may affect the expression of multiple
genes. ET-induced differential DMR levels in both male and female germ cells might be
related to the altered expression of Dnmt or Tet enzymes. Other epigenetic mechanisms
are likely involved in the inheritance across generations, such as histone post-translational
modifications and variations in ncRNA expression, but the knowledge of their involvement
in environmental-mediated inheritance is very limited.

Another aspect that remains scarcely known is concerned with the effects exerted
by ETs on the reproduction of wild mammalian populations, which might have negative
impacts on the maintenance of the species. To have a comprehensive understanding of ET
actions on reproduction, research should be performed in parallel at two different levels:
(1) in traditional controlled laboratory conditions and (2) extending the studies to their
natural context to better understand how natural populations with their range of genetic
variability mediate physiological responses to their very complex mixture and concentration
of compounds at the individual and population levels and across ecological systems.
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Lastly, as toxicant exposure is a reality that humans experience worldwide and that, at
present, cannot be eluded, long-term follow-up studies in humans are needed to further
investigate the association between exposure and the risk of reproductive dysfunctions
throughout generations and for planning public health policies.
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38. Grochowalski, A.; Piekło, R.; Gasińska, A.; Chrzaszcz, R.; Gregoraszczuk, E.L. Accumulation of 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) in porcine preovulatory follicles after in vitro exposure to TCDD: Effects on steroid secretion and cell proliferation.
Cytobios 2000, 102, 21–31. [PubMed]

39. Basavarajappa, M.S.; Craig, Z.R.; Hernández-Ochoa, I.; Paulose, T.; Leslie, T.C.; Flaws, J.A. Methoxychlor reduces estradiol
levels by altering steroidogenesis and metabolism in mouse antral follicles in vitro. Toxicol. Appl. Pharmacol. 2011, 253, 161–169.
[CrossRef]

40. Lee, B.E.; Park, H.; Hong, Y.C.; Ha, M.; Kim, Y.; Chang, N.; Kim, B.N.; Kim, Y.J.; Yu, S.D.; Ha, E.H. Prenatal bisphenol A and
birth outcomes: MOCEH (Mothers and Children’s Environmental Health) study. Int. J. Hyg. Environ. Health 2014, 217, 328–334.
[CrossRef] [PubMed]

41. Peretz, J.; Neese, S.L.; Flaws, J.A. Mouse strain does not influence the overall effects of bisphenol a-induced toxicity in adult antral
follicles. Biol. Reprod. 2013, 89, 108. [CrossRef]

http://doi.org/10.1289/ehp.10554
http://doi.org/10.1210/er.2009-0002
http://doi.org/10.1016/j.etap.2015.06.009
http://www.ncbi.nlm.nih.gov/pubmed/26164742
http://doi.org/10.1016/j.crvi.2017.07.004
http://doi.org/10.1038/s41574-019-0273-8
http://doi.org/10.1203/pdr.0b013e3180457671
http://doi.org/10.3892/or.2016.4886
http://doi.org/10.3892/ol.2020.11566
http://doi.org/10.1515/reveh-2018-0059
http://doi.org/10.1093/biolre/ioz081
http://doi.org/10.3390/ijms21062078
http://www.ncbi.nlm.nih.gov/pubmed/32197344
http://doi.org/10.1016/j.jsbmb.2020.105640
http://doi.org/10.3390/ijerph17020493
http://www.ncbi.nlm.nih.gov/pubmed/31941024
http://doi.org/10.1002/mrd.23116
http://www.ncbi.nlm.nih.gov/pubmed/30653787
http://doi.org/10.1186/s13148-020-00845-1
http://www.ncbi.nlm.nih.gov/pubmed/32398147
http://doi.org/10.1093/humrep/deaa139
http://doi.org/10.1016/j.envres.2021.112063
http://doi.org/10.3389/fendo.2019.00178
http://doi.org/10.1038/s41574-020-00436-3
http://www.ncbi.nlm.nih.gov/pubmed/33288917
http://doi.org/10.1016/j.cbpc.2021.109002
http://www.ncbi.nlm.nih.gov/pubmed/33610819
http://doi.org/10.1016/j.reprotox.2006.04.018
http://www.ncbi.nlm.nih.gov/pubmed/10822795
http://doi.org/10.1016/j.taap.2011.04.007
http://doi.org/10.1016/j.ijheh.2013.07.005
http://www.ncbi.nlm.nih.gov/pubmed/23911140
http://doi.org/10.1095/biolreprod.113.111864


Cells 2022, 11, 3163 20 of 24

42. Hannon, P.R.; Brannick, K.E.; Wang, W.; Gupta, R.K.; Flaws, J.A. Di(2-ethylhexyl) phthalate inhibits antral follicle growth, induces
atresia, and inhibits steroid hormone production in cultured mouse antral follicles. Toxicol. Appl. Pharmacol. 2015, 284, 42–53.
[CrossRef] [PubMed]

43. Johansson, H.K.L.; Svingen, T.; Fowler, P.A.; Vinggaard, A.M.; Boberg, J. Environmental influences on ovarian dysgenesis—
Developmental windows sensitive to chemical exposures. Nat. Rev. Endocrinol. 2017, 13, 400–414. [CrossRef]

44. Patel, S.; Zhou, C.; Rattan, S.; Flaws, J.A. Effects of Endocrine-Disrupting Chemicals on the Ovary. Biol. Reprod. 2015, 93, 20.
[CrossRef] [PubMed]

45. Uzumcu, M.; Kuhn, P.E.; Marano, J.E.; Armenti, A.E.; Passantino, L. Early postnatal methoxychlor exposure inhibits follicu-
logenesis and stimulates anti-Mullerian hormone production in the rat ovary. J. Endocrinol. 2006, 191, 549–558. [CrossRef]
[PubMed]

46. Symonds, D.A.; Merchenthaler, I.; Flaws, J.A. Methoxychlor and estradiol induce oxidative stress DNA damage in the mouse
ovarian surface epithelium. Toxicol. Sci. 2008, 105, 182–187. [CrossRef]

47. Armenti, A.E.; Zama, A.M.; Passantino, L.; Uzumcu, M. Developmental methoxychlor exposure affects multiple reproductive
parameters and ovarian folliculogenesis and gene expression in adult rats. Toxicol. Appl. Pharmacol. 2008, 233, 286–296. [CrossRef]
[PubMed]

48. Mok-Lin, E.; Ehrlich, S.; Williams, P.L.; Petrozza, J.; Wright, D.L.; Calafat, A.M.; Ye, X.; Hauser, R. Urinary bisphenol A
concentrations and ovarian response among women undergoing IVF. Int. J. Androl. 2010, 33, 385–393. [CrossRef]

49. Souter, I.; Smith, K.W.; Dimitriadis, I.; Ehrlich, S.; Williams, P.L.; Calafat, A.M.; Hauser, R. 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, 224–231. [CrossRef]

50. Gupta, R.K.; Miller, K.P.; Babus, J.K.; Flaws, J.A. Methoxychlor inhibits growth and induces atresia of antral follicles through an
oxidative stress pathway. Toxicol. Sci. 2006, 93, 382–389. [CrossRef] [PubMed]

51. Peretz, J.; Gupta, R.K.; Singh, J.; Hernández-Ochoa, I.; Flaws, J.A. Bisphenol A impairs follicle growth, inhibits steroidogenesis,
and downregulates rate-limiting enzymes in the estradiol biosynthesis pathway. Toxicol. Sci. 2011, 119, 209–217. [CrossRef]

52. Ziv-Gal, A.; Wang, W.; Zhou, C.; Flaws, J.A. The effects of in utero bisphenol A exposure on reproductive capacity in several
generations of mice. Toxicol. Appl. Pharmacol. 2015, 284, 354–362. [CrossRef]

53. Hunt, P.A.; Koehler, K.E.; Susiarjo, M.; Hodges, C.A.; Ilagan, A.; Voigt, R.C.; Thomas, S.; Thomas, B.F.; Hassold, T.J. Bisphenol a
exposure causes meiotic aneuploidy in the female mouse. Curr. Biol. 2003, 13, 546–553. [CrossRef]

54. Mlynarcíková, A.; Nagyová, E.; Ficková, M.; Scsuková, S. Effects of selected endocrine disruptors on meiotic maturation, cumulus
expansion, synthesis of hyaluronan and progesterone by porcine oocyte-cumulus complexes. Toxicol. Vitr. 2009, 23, 371–377.
[CrossRef]

55. Trapphoff, T.; Heiligentag, M.; El Hajj, N.; Haaf, T.; Eichenlaub-Ritter, U. Chronic exposure to a low concentration of bisphenol
A during follicle culture affects the epigenetic status of germinal vesicles and metaphase II oocytes. Fertil. Steril. 2013, 100,
1758–1767. [CrossRef] [PubMed]

56. Gao, X.; Petroff, B.K.; Rozman, K.K.; Terranova, P.F. Gonadotropin-releasing hormone (GnRH) partially reverses the inhibitory
effect of 2,3,7,8-tetrachlorodibenzo-p-dioxin on ovulation in the immature gonadotropin-treated rat. Toxicology 2000, 147, 15–22.
[CrossRef]

57. Greenspan, L.C.; Lee, M.M. Endocrine disrupters and pubertal timing. Curr. Opin. Endocrinol. Diabetes Obes. 2018, 25, 49–54.
[CrossRef]

58. Barker, D.J. The developmental origins of adult disease. Eur. J. Epidemiol. 2003, 18, 733–736. [CrossRef] [PubMed]
59. Nandi, S.; Gupta, P.S.; Roy, S.C.; Selvaraju, S.; Ravindra, J.P. Chlorpyrifos and endosulfan affect buffalo oocyte maturation,

fertilization, and embryo development in vitro directly and through cumulus cells. Environ. Toxicol. 2011, 26, 57–67. [CrossRef]
[PubMed]

60. Priya, K.; Setty, M.; Babu, U.V.; Pai, K.S.R. Implications of environmental toxicants on ovarian follicles: How it can adversely
affect the female fertility? Environ. Sci. Pollut. Res. Int. 2021, 28, 67925–67939. [CrossRef] [PubMed]

61. Pan, G.; Hanaoka, T.; Yoshimura, M.; Zhang, S.; Wang, P.; Tsukino, H.; Inoue, K.; Nakazawa, H.; Tsugane, S.; Takahashi, K.
Decreased serum free testosterone in workers exposed to high levels of di-n-butyl phthalate (DBP) and di-2-ethylhexyl phthalate
(DEHP): A cross-sectional study in China. Environ. Health Perspect. 2006, 114, 1643–1648. [CrossRef] [PubMed]

62. Jin, Y.; Wang, J.; Sun, X.; Ye, Y.; Xu, M.; Wang, J.; Chen, S.; Fu, Z. Exposure of maternal mice to cis-bifenthrin enantioselectively
disrupts the transcription of genes related to testosterone synthesis in male offspring. Reprod. Toxicol. 2013, 42, 156–163. [CrossRef]
[PubMed]

63. Nakamura, D.; Yanagiba, Y.; Duan, Z.; Ito, Y.; Okamura, A.; Asaeda, N.; Tagawa, Y.; Li, C.; Taya, K.; Zhang, S.Y.; et al. Bisphenol A
may cause testosterone reduction by adversely affecting both testis and pituitary systems similar to estradiol. Toxicol. Lett. 2010,
194, 16–25. [CrossRef] [PubMed]

64. Cardoso, N.; Pandolfi, M.; Lavalle, J.; Carbone, S.; Ponzo, O.; Scacchi, P.; Reynoso, R. Probable gamma-aminobutyric acid
involvement in bisphenol A effect at the hypothalamic level in adult male rats. J. Physiol. Biochem. 2011, 67, 559–567. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.taap.2015.02.010
http://www.ncbi.nlm.nih.gov/pubmed/25701202
http://doi.org/10.1038/nrendo.2017.36
http://doi.org/10.1095/biolreprod.115.130336
http://www.ncbi.nlm.nih.gov/pubmed/26063868
http://doi.org/10.1677/joe.1.06592
http://www.ncbi.nlm.nih.gov/pubmed/17170213
http://doi.org/10.1093/toxsci/kfn100
http://doi.org/10.1016/j.taap.2008.09.010
http://www.ncbi.nlm.nih.gov/pubmed/18848953
http://doi.org/10.1111/j.1365-2605.2009.01014.x
http://doi.org/10.1016/j.reprotox.2013.09.008
http://doi.org/10.1093/toxsci/kfl052
http://www.ncbi.nlm.nih.gov/pubmed/16807286
http://doi.org/10.1093/toxsci/kfq319
http://doi.org/10.1016/j.taap.2015.03.003
http://doi.org/10.1016/S0960-9822(03)00189-1
http://doi.org/10.1016/j.tiv.2008.12.017
http://doi.org/10.1016/j.fertnstert.2013.08.021
http://www.ncbi.nlm.nih.gov/pubmed/24034936
http://doi.org/10.1016/S0300-483X(00)00161-X
http://doi.org/10.1097/MED.0000000000000377
http://doi.org/10.1023/A:1025388901248
http://www.ncbi.nlm.nih.gov/pubmed/12974544
http://doi.org/10.1002/tox.20529
http://www.ncbi.nlm.nih.gov/pubmed/19725121
http://doi.org/10.1007/s11356-021-16489-4
http://www.ncbi.nlm.nih.gov/pubmed/34628616
http://doi.org/10.1289/ehp.9016
http://www.ncbi.nlm.nih.gov/pubmed/17107847
http://doi.org/10.1016/j.reprotox.2013.08.006
http://www.ncbi.nlm.nih.gov/pubmed/23994515
http://doi.org/10.1016/j.toxlet.2010.02.002
http://www.ncbi.nlm.nih.gov/pubmed/20144698
http://doi.org/10.1007/s13105-011-0102-6
http://www.ncbi.nlm.nih.gov/pubmed/21656274


Cells 2022, 11, 3163 21 of 24

65. Wisniewski, P.; Romano, R.M.; Kizys, M.M.; Oliveira, K.C.; Kasamatsu, T.; Giannocco, G.; Chiamolera, M.I.; Dias-da-Silva, M.R.;
Romano, M.A. Adult exposure to bisphenol A (BPA) in Wistar rats reduces sperm quality with disruption of the hypothalamic-
pituitary-testicular axis. Toxicology 2015, 329, 1–9. [CrossRef] [PubMed]

66. Ye, L.; Zhao, B.; Hu, G.; Chu, Y.; Ge, R.S. Inhibition of human and rat testicular steroidogenic enzyme activities by bisphenol A.
Toxicol. Lett. 2011, 207, 137–142. [CrossRef] [PubMed]

67. Qiu, L.L.; Wang, X.; Zhang, X.H.; Zhang, Z.; Gu, J.; Liu, L.; Wang, Y.; Wang, X.; Wang, S.L. Decreased androgen receptor expression
may contribute to spermatogenesis failure in rats exposed to low concentration of bisphenol A. Toxicol. Lett. 2013, 219, 116–124.
[CrossRef] [PubMed]

68. Li, J.; Mao, R.; Zhou, Q.; Ding, L.; Tao, J.; Ran, M.M.; Gao, E.S.; Yuan, W.; Wang, J.T.; Hou, L.F. Exposure to bisphenol A (BPA) in
Wistar rats reduces sperm quality with disruption of ERK signal pathway. Toxicol. Mech. Methods. 2016, 26, 180–188. [CrossRef]
[PubMed]

69. Xing, C.; Marchetti, F.; Li, G.; Weldon, R.H.; Kurtovich, E.; Young, S.; Schmid, T.E.; Zhang, L.; Rappaport, S.; Waidyanatha, S.;
et al. Benzene exposure near the U.S. permissible limit is associated with sperm aneuploidy. Environ. Health Perspect. 2010, 118,
833–839. [CrossRef]

70. Katukam, V.; Kulakarni, M.; Syed, R.; Alharbi, K.; Naik, J. Effect of benzene exposure on fertility of male workers employed in
bulk drug industries. Genet. Test. Mol. Biomark. 2012, 16, 592–597. [CrossRef] [PubMed]

71. Liu, X.Y.; Wang, R.X.; Fu, Y.; Luo, L.L.; Guo, W.; Liu, R.Z. Outcomes of intracytoplasmic sperm injection in oligozoospermic men
with Y chromosome AZFb or AZFc microdeletions. Andrologia 2017, 49, e12602. [CrossRef]

72. Daoud, S.; Sellami, A.; Bouassida, M.; Kebaili, S.; Ammar Keskes, L.; Rebai, T.; Chakroun Feki, N. Routine assessment of
occupational exposure and its relation to semen quality in infertile men: A cross-sectional study. Turk. J. Med. Sci. 2017, 47,
902–907. [CrossRef] [PubMed]

73. Ianos, O.; Sari-Minodier, I.; Villes, V.; Lehucher-Michel, M.P.; Loundou, A.; Perrin, J. Meta-Analysis Reveals the Association
Between Male Occupational Exposure to Solvents and Impairment of Semen Parameters. J. Occup. Environ. Med. 2018, 60,
e533–e542. [CrossRef] [PubMed]

74. Lwin, T.Z.; Than, A.A.; Min, A.Z.; Robson, M.G.; Siriwong, W. Effects of pesticide exposure on reproductivity of male groundnut
farmers in Kyauk Kan village, Nyaung-U, Mandalay region, Myanmar. Risk Manag. Healthc. Policy 2018, 11, 235–241. [CrossRef]
[PubMed]

75. Ziv-Gal, A.; Flaws, J.A.; Mahoney, M.M.; Miller, S.R.; Zacur, H.A.; Gallicchio, L. Genetic polymorphisms in the aryl hydrocarbon
receptor-signaling pathway and sleep disturbances in middle-aged women. Sleep Med. 2013, 14, 883–887. [CrossRef] [PubMed]

76. Liu, C.; Duan, W.; Li, R.; Xu, S.; Zhang, L.; Chen, C.; He, M.; Lu, Y.; Wu, H.; Pi, H.; et al. Exposure to bisphenol A disrupts meiotic
progression during spermatogenesis in adult rats through estrogen-like activity. Cell Death Dis. 2013, 4, e676. [CrossRef]

77. Jin, P.; Wang, X.; Chang, F.; Bai, Y.; Li, Y.; Zhou, R.; Chen, L. Low dose bisphenol A impairs spermatogenesis by suppressing
reproductive hormone production and promoting germ cell apoptosis in adult rats. J. Biomed. Res. 2013, 27, 135–144. [CrossRef]
[PubMed]

78. Wang, P.; Luo, C.; Li, Q.; Chen, S.; Hu, Y. Mitochondrion-mediated apoptosis is involved in reproductive damage caused by BPA
in male rats. Environ. Toxicol. Pharmacol. 2014, 38, 1025–1033. [CrossRef]

79. Othman, A.I.; Edrees, G.M.; El-Missiry, M.A.; Ali, D.A.; Aboel-Nour, M.; Dabdoub, B.R. Melatonin controlled apoptosis and
protected the testes and sperm quality against bisphenol A-induced oxidative toxicity. Toxicol. Ind. Health. 2016, 32, 1537–1549.
[CrossRef] [PubMed]

80. Tian, Y.; Zhou, X.; Miao, M.; Li, D.K.; Wang, Z.; Li, R.; Liang, H.; Yuan, W. Association of Bisphenol A Exposure with LINE-1
Hydroxymethylation in Human Semen. Int. J. Environ. Res. Public Health. 2018, 15, 1770. [CrossRef] [PubMed]

81. Zheng, H.; Zhou, X.; Li, D.K.; Yang, F.; Pan, H.; Li, T.; Miao, M.; Li, R.; Yuan, W. Genome-wide alteration in DNA hydroxymethy-
lation in the sperm from bisphenol A-exposed men. PLoS ONE 2017, 12, e0178535. [CrossRef] [PubMed]

82. Skakkebaek, N.E. Testicular dysgenesis syndrome. Horm. Res. 2003, 60, 49. [CrossRef] [PubMed]
83. Skinner, M.K. What is an epigenetic transgenerational phenotype? F3 or F2. Reprod. Toxicol. 2008, 25, 2–6. [CrossRef] [PubMed]
84. Xin, F.; Susiarjo, M.; Bartolomei, M.S. Multigenerational and transgenerational effects of endocrine disrupting chemicals: A role

for altered epigenetic regulation? Semin. Cell Dev. Biol. 2015, 43, 66–75. [CrossRef] [PubMed]
85. Rattan, S.; Brehm, E.; Gao, L.; Flaws, J.A. Di(2-Ethylhexyl) Phthalate Exposure During Prenatal Development Causes Adverse

Transgenerational Effects on Female Fertility in Mice. Toxicol. Sci. 2018, 163, 420–429. [CrossRef]
86. Brehm, E.; Flaws, J.A. Transgenerational Effects of Endocrine-Disrupting Chemicals on Male and Female Reproduction. En-

docrinology 2019, 160, 1421–1435. [CrossRef] [PubMed]
87. Liu, M.; Chen, H.; Dai, H.; Zhou, L.; Wang, Y.; Xin, X.; Chen, C.; Li, Z.; Ge, R.S. Effects of bis(2-butoxyethyl) phthalate exposure in

utero on the development of fetal Leydig cells in rats. Toxicol. Lett. 2021, 351, 65–77. [CrossRef] [PubMed]
88. Shi, Z.; Lv, Z.; Hu, C.; Zhang, Q.; Wang, Z.; Hamdard, E.; Dai, H.; Mustafa, S.; Shi, F. Oral Exposure to Genistein during

Conception and Lactation Period Affects the Testicular Development of Male Offspring Mice. Animals 2020, 10, 377. [CrossRef]
[PubMed]

89. Eustache, F.; Bennani Smires, B.; Moison, D.; Bergès, R.; Canivenc-Lavier, M.C.; Vaiman, D.; Auger, J. Different exposure windows
to low doses of genistein and/or vinclozolin result in contrasted disorders of testis function and gene expression of exposed rats
and their unexposed progeny. Environ. Res. 2020, 190, 109975. [CrossRef]

http://doi.org/10.1016/j.tox.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25575453
http://doi.org/10.1016/j.toxlet.2011.09.001
http://www.ncbi.nlm.nih.gov/pubmed/21925253
http://doi.org/10.1016/j.toxlet.2013.03.011
http://www.ncbi.nlm.nih.gov/pubmed/23528252
http://doi.org/10.3109/15376516.2016.1139024
http://www.ncbi.nlm.nih.gov/pubmed/26862991
http://doi.org/10.1289/ehp.0901531
http://doi.org/10.1089/gtmb.2011.0241
http://www.ncbi.nlm.nih.gov/pubmed/22304538
http://doi.org/10.1111/and.12602
http://doi.org/10.3906/sag-1605-47
http://www.ncbi.nlm.nih.gov/pubmed/28618741
http://doi.org/10.1097/JOM.0000000000001422
http://www.ncbi.nlm.nih.gov/pubmed/30095585
http://doi.org/10.2147/RMHP.S175230
http://www.ncbi.nlm.nih.gov/pubmed/30568520
http://doi.org/10.1016/j.sleep.2013.04.007
http://www.ncbi.nlm.nih.gov/pubmed/23768840
http://doi.org/10.1038/cddis.2013.203
http://doi.org/10.7555/JBR.27.20120076
http://www.ncbi.nlm.nih.gov/pubmed/23554804
http://doi.org/10.1016/j.etap.2014.10.018
http://doi.org/10.1177/0748233714561286
http://www.ncbi.nlm.nih.gov/pubmed/25537623
http://doi.org/10.3390/ijerph15081770
http://www.ncbi.nlm.nih.gov/pubmed/30126118
http://doi.org/10.1371/journal.pone.0178535
http://www.ncbi.nlm.nih.gov/pubmed/28582417
http://doi.org/10.1159/000074499
http://www.ncbi.nlm.nih.gov/pubmed/14671395
http://doi.org/10.1016/j.reprotox.2007.09.001
http://www.ncbi.nlm.nih.gov/pubmed/17949945
http://doi.org/10.1016/j.semcdb.2015.05.008
http://www.ncbi.nlm.nih.gov/pubmed/26026600
http://doi.org/10.1093/toxsci/kfy042
http://doi.org/10.1210/en.2019-00034
http://www.ncbi.nlm.nih.gov/pubmed/30998239
http://doi.org/10.1016/j.toxlet.2021.08.008
http://www.ncbi.nlm.nih.gov/pubmed/34454012
http://doi.org/10.3390/ani10030377
http://www.ncbi.nlm.nih.gov/pubmed/32111017
http://doi.org/10.1016/j.envres.2020.109975


Cells 2022, 11, 3163 22 of 24

90. Gao, X.; Sun, L.; Zhang, N.; Li, C.; Zhang, J.; Xiao, Z.; Qi, D. Gestational Zearalenone Exposure Causes Reproductive and
Developmental Toxicity in Pregnant Rats and Female Offspring. Toxins 2017, 21, 21. [CrossRef]

91. Men, Y.; Zhao, Y.; Zhang, P.; Zhang, H.; Gao, Y.; Liu, J.; Feng, Y.; Li, L.; Shen, W.; Sun, Z.; et al. Gestational exposure to low-dose
zearalenone disrupting offspring spermatogenesis might be through epigenetic modifications. Basic Clin. Pharmacol. Toxicol. 2019,
125, 382–393. [CrossRef] [PubMed]

92. Zhou, Y.; Zhang, D.; Sun, D.; Cui, S. Zearalenone affects reproductive functions of male offspring via transgenerational cytotoxicity
on spermatogonia in mouse. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2020, 234, 108766. [CrossRef] [PubMed]

93. Vandenberg, L.N.; Hunt, P.A.; Gore, A.C. Endocrine disruptors and the future of toxicology testing—Lessons from CLARITY-BPA.
Nat. Rev. Endocrinol. 2019, 15, 366–374. [CrossRef] [PubMed]

94. Karmakar, P.C.; Ahn, J.S.; Kim, Y.H.; Jung, S.E.; Kim, B.J.; Lee, H.S.; Ryu, B.Y. Gestational Exposure to Bisphenol A Affects
Testicular Morphology, Germ Cell Associations, and Functions of Spermatogonial Stem Cells in Male Offspring. Int. J. Mol. Sci.
2020, 21, 8644. [CrossRef]

95. Rahman, M.S.; Pang, W.K.; Ryu, D.Y.; Park, Y.J.; Ryu, B.Y.; Pang, M.G. Multigenerational impacts of gestational bisphenol A
exposure on the sperm function and fertility of male mice. J. Hazard. Mater. 2021, 416, 125791. [CrossRef]

96. Manikkam, M.; Guerrero-Bosagna, C.; Tracey, R.; Haque, M.M.; Skinner, M.K. Transgenerational actions of environmental
compounds on reproductive disease and identification of epigenetic biomarkers of ancestral exposures. PLoS ONE 2012, 7, e31901.
[CrossRef]

97. Manikkam, M.; Tracey, R.; Guerrero-Bosagna, C.; Skinner, M.K. Plastics derived endocrine disruptors (BPA, DEHP and DBP)
induce epigenetic transgenerational inheritance of obesity, reproductive disease and sperm epimutations. PLoS ONE 2013,
8, e55387. [CrossRef] [PubMed]

98. Xia, S.; Zhang, W.; Yang, J.; Wang, S.; Yang, C.; Wang, J. A single-cell atlas of bisphenol A (BPA)-induced testicular injury in mice.
Clin. Transl. Med. 2022, 12, e789. [CrossRef] [PubMed]

99. Wang, W.; Hafner, K.S.; Flaws, J.A. In utero bisphenol A exposure disrupts germ cell nest breakdown and reduces fertility with
age in the mouse. Toxicol. Appl. Pharmacol. 2014, 276, 157–164. [CrossRef]

100. Berger, A.; Ziv-Gal, A.; Cudiamat, J.; Wang, W.; Zhou, C.; Flaws, J.A. The effects of in utero bisphenol A exposure on the ovaries
in multiple generations of mice. Reprod. Toxicol. 2016, 60, 39–52. [CrossRef] [PubMed]

101. Giuliani, A.; Zuccarini, M.; Cichelli, A.; Khan, H.; Reale, M. Critical Review on the Presence of Phthalates in Food and Evidence
of Their Biological Impact. Int. J. Environ. Res. Public Health. 2020, 17, 5655. [CrossRef] [PubMed]

102. Eales, J.; Bethel, A.; Galloway, T.; Hopkinson, P.; Morrissey, K.; Short, R.E.; Garside, R. Human health impacts of exposure to
phthalate plasticizers: An overview of reviews. Environ. Int. 2022, 158, 106903. [CrossRef] [PubMed]

103. Doyle, T.J.; Bowman, J.L.; Windell, V.L.; McLean, D.J.; Kim, K.H. Transgenerational effects of di-(2-ethylhexyl) phthalate on
testicular germ cell associations and spermatogonial stem cells in mice. Biol. Reprod. 2013, 88, 112. [CrossRef] [PubMed]

104. Barakat, R.; Lin, P.C.; Park, C.J.; Zeineldin, M.; Zhou, S.; Rattan, S.; Brehm, E.; Flaws, J.A.; Ko, C.J. Germline-dependent
transmission of male reproductive traits induced by an endocrine disruptor, di-2-ethylhexyl phthalate, in future generations. Sci.
Rep. 2020, 10, 5705. [CrossRef]

105. Yuan, B.; Wu, W.; Chen, M.; Gu, H.; Tang, Q.; Guo, D.; Chen, T.; Chen, Y.; Lu, C.; Song, L.; et al. From the Cover: Metabolomics
Reveals a Role of Betaine in Prenatal DBP Exposure-Induced Epigenetic Transgenerational Failure of Spermatogenesis in Rats.
Toxicol Sci. 2017, 158, 356–366. [CrossRef] [PubMed]

106. Zhou, C.; Gao, L.; Flaws, J.A. Exposure to an Environmentally Relevant Phthalate Mixture Causes Transgenerational Effects on
Female Reproduction in Mice. Endocrinology 2017, 158, 1739–1754. [CrossRef] [PubMed]

107. Brehm, E.; Rattan, S.; Gao, L.; Flaws, J.A. Prenatal Exposure to Di(2-Ethylhexyl) Phthalate Causes Long-Term Transgenerational
Effects on Female Reproduction in Mice. Endocrinology 2018, 159, 795–809. [CrossRef] [PubMed]

108. Gill, S.; Brehm, E.; Leon, K.; Chiu, J.; Meling, D.D.; Flaws, J.A. Prenatal exposure to an environmentally relevant phthalate mixture
alters ovarian steroidogenesis and folliculogenesis in the F1 generation of adult female mice. Reprod. Toxicol. 2021, 106, 25–31.
[CrossRef] [PubMed]

109. Brehm, E.; Flaws, J.A. Prenatal exposure to a mixture of phthalates accelerates the age-related decline in reproductive capacity
but may not affect direct biomarkers of ovarian aging in the F1 generation of female mice. Environ. Epigenet. 2021, 7, dvab010.
[CrossRef] [PubMed]

110. Kawano, M.; Qin, X.Y.; Yoshida, M.; Fukuda, T.; Nansai, H.; Hayashi, Y.; Nakajima, T.; Sone, H. Peroxisome proliferator-activated
receptor α mediates di-(2-ethylhexyl) phthalate transgenerational repression of ovarian Esr1 expression in female mice. Toxicol.
Lett. 2014, 228, 235–240. [CrossRef]

111. Somasundaram, D.B.; Selvanesan, B.C.; Ramachandran, I.; Bhaskaran, R.S. Lactational Exposure to Di (2-ethylhexyl) Phthalate
Impairs the Ovarian and Uterine Function of Adult Offspring Rat. Reprod. Sci. 2016, 23, 549–559. [CrossRef] [PubMed]

112. Rattan, S.; Beers, H.K.; Kannan, A.; Ramakrishnan, A.; Brehm, E.; Bagchi, I.; Irudayaraj, J.M.K.; Flaws, J.A. Prenatal and ancestral
exposure to di(2-ethylhexyl) phthalate alters gene expression and DNA methylation in mouse ovaries. Toxicol. Appl. Pharmacol.
2019, 379, 114629. [CrossRef] [PubMed]

113. Pocar, P.; Fiandanese, N.; Berrini, A.; Secchi, C.; Borromeo, V. Maternal exposure to di(2-ethylhexyl)phthalate (DEHP) promotes
the transgenerational inheritance of adult-onset reproductive dysfunctions through the female germline in mice. Toxicol. Appl.
Pharmacol. 2017, 322, 113–121. [CrossRef] [PubMed]

http://doi.org/10.3390/toxins9010021
http://doi.org/10.1111/bcpt.13243
http://www.ncbi.nlm.nih.gov/pubmed/31058416
http://doi.org/10.1016/j.cbpc.2020.108766
http://www.ncbi.nlm.nih.gov/pubmed/32339757
http://doi.org/10.1038/s41574-019-0173-y
http://www.ncbi.nlm.nih.gov/pubmed/30842650
http://doi.org/10.3390/ijms21228644
http://doi.org/10.1016/j.jhazmat.2021.125791
http://doi.org/10.1371/journal.pone.0031901
http://doi.org/10.1371/journal.pone.0055387
http://www.ncbi.nlm.nih.gov/pubmed/23359474
http://doi.org/10.1002/ctm2.789
http://www.ncbi.nlm.nih.gov/pubmed/35343074
http://doi.org/10.1016/j.taap.2014.02.009
http://doi.org/10.1016/j.reprotox.2015.12.004
http://www.ncbi.nlm.nih.gov/pubmed/26746108
http://doi.org/10.3390/ijerph17165655
http://www.ncbi.nlm.nih.gov/pubmed/32764471
http://doi.org/10.1016/j.envint.2021.106903
http://www.ncbi.nlm.nih.gov/pubmed/34601394
http://doi.org/10.1095/biolreprod.112.106104
http://www.ncbi.nlm.nih.gov/pubmed/23536373
http://doi.org/10.1038/s41598-020-62584-w
http://doi.org/10.1093/toxsci/kfx092
http://www.ncbi.nlm.nih.gov/pubmed/28898977
http://doi.org/10.1210/en.2017-00100
http://www.ncbi.nlm.nih.gov/pubmed/28368545
http://doi.org/10.1210/en.2017-03004
http://www.ncbi.nlm.nih.gov/pubmed/29228129
http://doi.org/10.1016/j.reprotox.2021.09.013
http://www.ncbi.nlm.nih.gov/pubmed/34597818
http://doi.org/10.1093/eep/dvab010
http://www.ncbi.nlm.nih.gov/pubmed/34707890
http://doi.org/10.1016/j.toxlet.2014.04.019
http://doi.org/10.1177/1933719115607995
http://www.ncbi.nlm.nih.gov/pubmed/26482208
http://doi.org/10.1016/j.taap.2019.114629
http://www.ncbi.nlm.nih.gov/pubmed/31211961
http://doi.org/10.1016/j.taap.2017.03.008
http://www.ncbi.nlm.nih.gov/pubmed/28286118


Cells 2022, 11, 3163 23 of 24

114. McBirney, M.; King, S.E.; Pappalardo, M.; Houser, E.; Unkefer, M.; Nilsson, E.; Sadler-Riggleman, I.; Beck, D.; Winchester, P.;
Skinner, M.K. Atrazine induced epigenetic transgenerational inheritance of disease, lean phenotype and sperm epimutation
pathology biomarkers. PLoS ONE 2017, 12, e0184306. [CrossRef]

115. Anway, M.D.; Rekow, S.S.; Skinner, M.K. Comparative anti-androgenic actions of vinclozolin and flutamide on transgenerational
adult onset disease and spermatogenesis. Reprod. Toxicol. 2008, 26, 100–106. [CrossRef] [PubMed]

116. Anway, M.D.; Cupp, A.S.; Uzumcu, M.; Skinner, M.K. Epigenetic transgenerational actions of endocrine disruptors and male
fertility. Science 2005, 308, 1466–1469. [CrossRef] [PubMed]

117. Guerrero-Bosagna, C.; Settles, M.; Lucker, B.; Skinner, M.K. Epigenetic transgenerational actions of vinclozolin on promoter
regions of the sperm epigenome. PLoS ONE 2010, 5, e13100. [CrossRef]

118. Stouder, C.; Paoloni-Giacobino, A. Transgenerational effects of the endocrine disruptor vinclozolin on the methylation pattern of
imprinted genes in the mouse sperm. Reproduction 2010, 139, 373–379. [CrossRef]

119. Beck, D.; Sadler-Riggleman, I.; Skinner, M.K. Generational comparisons (F1 versus F3) of vinclozolin induced epigenetic
transgenerational inheritance of sperm differential DNA methylation regions (epimutations) using MeDIP-Seq. Environ. Epigenet.
2017, 3, dvx016. [CrossRef]

120. Gillette, R.; Son, M.J.; Ton, L.; Gore, A.C.; Crews, D. Passing experiences on to future generations: Endocrine disruptors and
transgenerational inheritance of epimutations in brain and sperm. Epigenetics 2018, 13, 1106–1126. [CrossRef]

121. Ben Maamar, M.; Sadler-Riggleman, I.; Beck, D.; McBirney, M.; Nilsson, E.; Klukovich, R.; Xie, Y.; Tang, C.; Yan, W.; Skinner, M.K.
Alterations in sperm DNA methylation, non-coding RNA expression, and histone retention mediate vinclozolin-induced
epigenetic transgenerational inheritance of disease. Environ. Epigenet. 2018, 4, dvy010. [CrossRef] [PubMed]

122. Guerrero-Bosagna, C.; Covert, T.R.; Haque, M.M.; Settles, M.; Nilsson, E.E.; Anway, M.D.; Skinner, M.K. Epigenetic transgenera-
tional inheritance of vinclozolin induced mouse adult onset disease and associated sperm epigenome biomarkers. Reprod. Toxicol.
2012, 34, 694–707. [CrossRef] [PubMed]

123. Turusov, V.; Rakitsky, V.; Tomatis, L. Dichlorodiphenyltrichloroethane (DDT): Ubiquity, persistence, and risks. Environ. Health
Perspect. 2002, 110, 125–128. [CrossRef] [PubMed]

124. Skinner, M.K.; Ben Maamar, M.; Sadler-Riggleman, I.; Beck, D.; Nilsson, E.; McBirney, M.; Klukovich, R.; Xie, Y.; Tang, C.;
Yan, W. Alterations in sperm DNA methylation, non-coding RNA and histone retention associate with DDT-induced epigenetic
transgenerational inheritance of disease. Epigenet. Chromatin. 2018, 11, 8. [CrossRef] [PubMed]

125. Song, Y.; Wu, N.; Wang, S.; Gao, M.; Song, P.; Lou, J.; Tan, Y.; Liu, K. Transgenerational impaired male fertility with an Igf2
epigenetic defect in the rat are induced by the endocrine disruptor p,p’-DDE. Hum. Reprod. 2014, 29, 2512–2521. [CrossRef]
[PubMed]

126. Song, Y.; Yang, L. Transgenerational impaired spermatogenesis with sperm H19 and Gtl2 hypomethylation induced by the
endocrine disruptor p,p’-DDE. Toxicol. Lett. 2018, 297, 34–41. [CrossRef] [PubMed]

127. Nilsson, E.; Klukovich, R.; Sadler-Riggleman, I.; Beck, D.; Xie, Y.; Yan, W.; Skinner, M.K. Environmental toxicant induced
epigenetic transgenerational inheritance of ovarian pathology and granulosa cell epigenome and transcriptome alterations:
Ancestral origins of polycystic ovarian syndrome and primary ovarian insufiency. Epigenetics 2018, 13, 875–895. [CrossRef]

128. Toft, G. Persistent organochlorine pollutants and human reproductive health. Dan Med. J. 2014, 61, B4967.
129. Pocar, P.; Fiandanese, N.; Secchi, C.; Berrini, A.; Fischer, B.; Schmidt, J.S.; Schaedlich, K.; Rhind, S.M.; Zhang, Z.; Borromeo, V.

Effects of polychlorinated biphenyls in CD-1 mice: Reproductive toxicity and intergenerational transmission. Toxicol. Sci. 2012,
126, 213–226. [CrossRef]

130. Maurice, C.; Dalvai, M.; Lambrot, R.; Deschênes, A.; Scott-Boyer, M.P.; McGraw, S.; Chan, D.; Côté, N.; Ziv-Gal, A.;
Flaws, J.A.; et al. Early-Life Exposure to Environmental Contaminants Perturbs the Sperm Epigenome and Induces Negative
Pregnancy Outcomes for Three Generations via the Paternal Lineage. Epigenomes 2021, 5, 10. [CrossRef]

131. Bruner-Tran, K.L.; Duleba, A.J.; Taylor, H.S.; Osteen, K.G. Developmental Toxicant Exposure Is Associated with Transgenerational
Adenomyosis in a Murine Model. Biol. Reprod. 2016, 95, 73. [CrossRef] [PubMed]

132. Bruner-Tran, K.L.; Ding, T.; Yeoman, K.B.; Archibong, A.; Arosh, J.A.; Osteen, K.G. Developmental exposure of mice to dioxin
promotes transgenerational testicular inflammation and an increased risk of preterm birth in unexposed mating partners.
PLoS ONE 2014, 9, e105084. [CrossRef]

133. Mennigen, J.A.; Thompson, L.M.; Bell, M.; Tellez Santos, M.; Gore, A.C. Transgenerational effects of polychlorinated biphenyls:
1. Development and physiology across 3 generations of rats. Environ. Health. 2018, 17, 18. [CrossRef] [PubMed]

134. Sekaran, S.; Jagadeesan, A. In utero exposure to phthalate downregulates critical genes in Leydig cells of F1 male progeny. J. Cell
Biochem. 2015, 116, 1466–1477. [CrossRef] [PubMed]

135. Brieño-Enríquez, M.A.; García-López, J.; Cárdenas, D.B.; Guibert, S.; Cleroux, E.; Děd, L.; Hourcade Jde, D.; Pěknicová, J.;
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