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Abstract

Increasing evidence has highlighted the critical role of early life environment in shaping the future 

health outcomes of an individual. Moreover, recent studies have revealed that early life 

perturbations can affect the health of subsequent generations. Hypothesized mechanisms of multi- 

and transgenerational inheritance of abnormal developmental phenotypes include epigenetic 

misregulation in germ cells. In this review, we will focus on the available data demonstrating the 

ability of endocrine disrupting chemicals (EDCs), including bisphenol A (BPA), phthalates, and 

parabens, to alter epigenetic marks in rodents and humans. These epigenetic marks include DNA 

methylation, histone post-translational modifications, and non-coding RNAs. We also review the 

current evidence for multi- and transgenerational inheritance of abnormal developmental changes 

in the offspring following EDC exposure. Based on published results, we conclude that EDC 

exposure can alter the mouse and human epigenome, with variable tissue susceptibilities. 

Although increasing data suggest that exposure to EDCs is linked to transgenerational inheritance 

of reproductive, metabolic, or neurological phenotypes, more studies are needed to validate these 

observations and to elucidate further whether these developmental changes are directly associated 

with the relevant epigenetic alterations.
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1. Introduction

The Developmental Origins of Health and Disease (DOHaD) hypothesis suggests that early 

life experiences can influence health outcomes later in life [1]. David Barker and colleagues 

were among the first to demonstrate this phenomenon over 25 years ago, correlating low 
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birth weight with an increased risk of cardiovascular and metabolic diseases during 

adulthood [2]. Various environmental factors can disrupt proper developmental trajectories, 

and endocrine disrupting chemicals (EDCs) have received considerable attention due to their 

ubiquity in the environment and the increased incidence of endocrine-related disorders in 

humans, including pregnancy complications, genital malformations (i.e. cryptorchidism and 

hypospadias in male infants), and cancer (i.e. breast, ovarian, prostate, testicular) [3]. EDCs 

are natural or synthetic compounds capable of interfering with the biosynthesis, storage, 

release, transport, and/or receptor binding of endogenous hormones, ultimately interfering 

with the proper functions of these hormones [4]. About 800 commercial chemicals are 

suspected to interfere with the endocrine system, but only a small fraction of these has been 

tested for potential adverse effects [3]. Although the precise mechanisms responsible for 

exposure-induced phenotypes are unknown, epigenetic mechanisms have been proposed to 

mediate developmental reprogramming and subsequent disease susceptibility that occurs 

later in life.

The fetus and neonate represent particularly vulnerable populations to EDC exposures. Early 

development requires precise timing of hormone action to promote proper growth of tissues 

and organs, and EDCs can interfere with the endogenous activities of these hormones. In 

addition, the enzymes involved in xenobiotic biotransformation and the processes required 

to eliminate these compounds are not fully developed in the fetus or neonate [5,6]. 

Therefore, a toxic compound can persist and accumulate, reaching levels sufficient to cause 

adverse effects on target organs among these populations. Finally, large-scale epigenetic 

reprogramming events occur at two critical time points during early development to 

establish totipotency in the zygote and to specify the germ cell lineage [7]. EDCs could 

prevent the proper erasure, reestablishment, or maintenance of epigenetic marks during these 

periods of development, alter the cellular epigenome, and subsequently enhance postnatal 

disease susceptibility. If germline epigenetic marks are disrupted, this could result in the 

transmission of adverse phenotypes across multiple generations.

A growing research interest within the DOHaD field is the multi- and transgenerational 

inheritance of an abnormal phenotype. These two phenomena differ depending on whether 

the affected generation had direct exposure to the original stimulus. If a pregnant mother 

(designated as the filial [F] 0) is exposed to an adverse stimulus, her child (designated the 

F1) may be affected as a consequence of direct exposure to the same stimulus in utero 

(Figure 1). Moreover, because the germ cells of the F1 offspring are developing throughout 

gestation, the grandchildren (designated F2) are also directly exposed. Effects seen in the F2 

generation would be considered multigenerational. In contrast, effects observed in the F3 

generation that had no direct exposure to the original stimulus would be transgenerational. 

An important note regarding transmission of an abnormal phenotype through exposure from 

the mother is the presence of maternal effects (e.g., behavior or metabolic milieu), which 

may confound the associated epigenetic change and observed phenotype [8]. When an 

exposure occurs through the F0 father, transgenerational effects are observed in the F2 

generation, as the only other generation directly exposed to the original stimulus is the future 

F1 offspring, which is exposed as a germ cell (Figure 1).
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To elicit a transgenerational phenotype, EDCs must affect the germ cell directly or indirectly 

by altering the function of its supporting cells. If epigenetic profiles are disrupted in the 

developing sperm or oocyte, the phenotypic consequences of aberrant erasure, 

establishment, and maintenance of epigenetic marks could be transmitted to future 

generations. Recent technological advances provide abundant tools to study epigenetic 

changes in low cell number populations such as germ cells, including single-cell 

technologies and modifications on chromatin immunoprecipitation (ChIP)-based methods 

that allow for analyses of limited starting material [9,10].

In this review, we will present possible mechanisms of transgenerational epigenetic 

inheritance and discuss the mechanisms of action (with an emphasis on epigenetic 

regulation) of three ubiquitous EDCs: bisphenol A (BPA), phthalates, and parabens. Our 

discussion will focus on the effects of in utero and neonatal (i.e., perinatal) exposures in 

rodents and identify parallels between these studies and human epidemiological findings.

2. Mechanisms of transgenerational epigenetic inheritance

How an EDC reaches an organism, or its route of delivery, greatly impacts its 

bioavailability. The primary routes of exposure to xenobiotic compounds in humans include 

oral (via ingestion), dermal, and inhalational. In animal models, oral exposure can be 

mimicked through dietary supplementation in the feed or manual administration by oral 

gavage. Of note, oral gavage is not an ideal route of delivery, as gavage has been shown to 

induce stress in animals and affect offspring health [11].

Prior to entering the bloodstream, EDCs that are ingested will undergo first-pass metabolism 

in the liver. Not all of the ingested EDCs, however, will be completely metabolized, 

subsequently increasing the bioavailability of the parent compound. For most EDCs, the 

parent (i.e. unmetabolized) compounds are the most active form, also known as the ultimate 

toxicant [12]. Upon entry into the bloodstream, the ultimate toxicant is now capable of 

reaching, and acting on, its target cell(s). If the target cell is a germ cell, epigenetic 

alterations that occur, and their associated phenotypes, can persist across generations. 

Because the detoxification machinery is still developing in the fetus and neonate, these 

populations are particularly susceptible to EDCs, and their germ cells represent targets of 

EDC-induced multi- or transgenerational effects.

EDC-induced phenotypic consequences greatly depend on the window of exposure. While 

we have already established that the fetus and neonate represent particularly susceptible 

populations, the critical time points within early development that are associated with 

increased disease risk later in life remain to be determined. For a transgenerational effect to 

occur, one critical window is germ cell development, as the inheritance of an aberrant 

phenotype must initially occur through the germline and subsequently propagate into 

developing somatic tissues. EDC exposures that disrupt epigenetic reprogramming in germ 

cells that do not get corrected during developmental reprogramming in subsequent 

generations provide a mechanism for the origin and maintenance of transgenerational 

effects. Therefore, assessing changes in the activity of epigenetic regulatory enzymes 
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involved in the erasure, establishment, and maintenance of epigenetic marks will be critical 

to understanding the mechanistic basis of transgenerational epigenetic inheritance.

Studies have described three major epigenetic regulatory mechanisms that mediate the 

phenotypes associated with EDC exposure. DNA methylation is an epigenetic regulatory 

mechanism critical for proper development, with central roles in genome stability, X 

chromosome inactivation, and genomic imprinting [13]. DNA methyltransferase (DNMT) 

enzymes catalyze the addition of a methyl group to the cytosine base within a CpG 

dinucleotide context, and methylation in gene promoters is typically associated with 

transcriptional repression [13]. Additionally, other modifications to DNA have been 

described, including the conversion of methylcytosine to hydroxymethyl-, carboxyl-, and/or 

formylcytosine as part of a multi-step DNA demethylation process [13]. These 

modifications are catalyzed by the ten-eleven translocase (TET) enzymes [14]; the function 

of each intermediate modification, however, remains to be determined. Next, histone post-

translational modifications (PTMs) can modify the chromatin landscape by altering the 

charge between nucleosomes and DNA, subsequently changing the accessibility of DNA to 

transcription factors [15]. Numerous histone writers and erasers responsible for the addition 

or removal of histone PTMs, respectively, have been identified, and compromised activity of 

these enzymes is associated with various diseases [16]. Finally, non-coding RNAs 

(ncRNAs) have emerged as potential regulators of transgenerational epigenetic inheritance. 

Long, ncRNAs may act as scaffolds to chaperone chromatin-modifying enzymes to target 

loci, while short, ncRNAs may prevent protein biogenesis through mRNA degradation or 

translation inhibition [17]. Of note, these epigenetic regulatory mechanisms do not work in 

isolation, but work together in a complex regulatory network [18]. Perturbations in any of 

the aforementioned epigenetic regulatory mechanisms are associated with increased disease 

risk [19], and epigenetic misregulation that occurs in germ cells provides a mechanism for 

transgenerational epigenetic inheritance of abnormal phenotypes.

The link between EDC exposure and altered epigenetic regulation is an ongoing topic of 

investigation. Ligand-activated transcription factors such as estrogen receptors (ERs) have 

been postulated to mediate some of the underlying molecular changes [20] (Figure 2). 

Because of their ability to mimic endogenous hormones, EDCs are able to bind to ERs and 

other hormone receptors that are expressed in target cells [21]. EDCs exert their effects 

through ligand-activated receptors using both genomic (i.e. nuclear) and non-genomic (i.e. 

signal transduction) mechanisms [22,23]. Disrupting binding of the endogenous ligand to its 

receptor and inappropriately activating or repressing the downstream effects of the ligand-

receptor complex results in a variety of diseases including cancer, infertility, obesity, and 

diabetes [23,24].

Interestingly, ligand-activated transcription factors and epigenetic machinery appear to be 

regulated bidirectionally. Phosphorylation at serine (S) 10 on histone (H) 3 (H3S10) and 

subsequent gene transcription, for example, depends on aryl hydrocarbon receptor (AhR) 

signaling [25]. Additionally, non-genomic signal transduction cascades initiated by ligand 

binding can post-translationally modify epigenetic regulatory enzymes, enhancing or 

attenuating their activity [23]. Conversely, ligand-activated transcription factors themselves 

are subject to epigenetic regulation [26,27]. Epigenetic regulatory machinery and ligand-
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activated transcription factors can also act cooperatively, as epigenetic machinery can serve 

as a coactivator or corepressor of gene transcription [22]. One such example is the lysine (K) 

methyltransferase MLL2, which was identified as a coactivator for ERα [28].

Finally, EDCs may elicit their adverse effects independent of ligand-activated transcription 

factors. Instead, EDC exposure could alter the extra- and/or intracellular environment 

(Figure 2). The availability of plasma proteins that normally bind to, and prevent, EDCs 

from reaching their target cell can be altered following EDC exposure [29]. Additionally, the 

detoxification process that follows xenobiotic exposure can result in the formation of 

electrophiles, free radicals, nucleophiles, and redox-active reactants that can accumulate and 

damage the cell [30]. Although the mechanisms of EDC action are complex, they are crucial 

to our understanding of how adverse phenotypes manifest and to the development of 

intervention and/or prevention strategies.

3. BPA, phthalates, and parabens: modes and mechanisms of action

We will address physiological changes, epigenetic mechanisms of action, and 

transgenerational effects of BPA, phthalates, and parabens. Other EDCs will be briefly 

discussed at the end of the section.

3.1 BPA

BPA is an EDC found in epoxy resins and polycarbonate plastics. It is one of the most 

abundant chemicals manufactured globally, and the majority of the US population has 

detectable urinary levels of BPA [31]. A major route of human exposure is through ingestion 

of food and beverages containing BPA [32]. As an EDC, BPA can act as an estrogen mimic 

in vitro and in vivo and can bind to ERα and ERβ, although with weak binding affinities 

[33].

Three widely investigated BPA-induced endpoints in humans and rodents are reproductive, 

metabolic, and behavioral phenotypes [33]. Reproductive tissues such as the uterus and 

testes are targeted by BPA following perinatal exposure and result in pregnancy 

complications and impaired steroidogenesis, respectively [24,34]. BPA likely targets the 

liver and/or pancreas as well, as associations between perinatal BPA exposure and altered 

body composition have been observed in humans [35,36] and rodents [37]. Finally, 

neurological disorders associated with BPA exposure such as increased aggression and 

anxiety in children [38] and rodents [39] suggest that the brain is another target tissue of 

BPA. Additional behavioral changes reported in rodent studies include depression-like 

phenotypes [40] and hyperactivity [41].

Recent studies have confirmed that BPA exposure alters epigenetic regulation in rodents. 

Dolinoy and colleagues were among the first to demonstrate that fetal BPA exposure is 

capable of inducing changes in DNA methylation at the Agouti locus in mice, which 

correlated with shifts in offspring coat color [42]. A more recent study did not support the 

ability of BPA to alter offspring coat color; DNA methylation analysis, however, was not 

investigated in this study [43]. The disparity between the two studies may originate from 

animal age, parity, and/or environmental background [43]. Anderson et al. (2012) 
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demonstrated that maternal exposure to BPA at varying doses differentially affected 

offspring coat color distributions, and this did not always correlate with changes in DNA 

methylation at the Agouti locus. This suggests that changes in DNA methylation are 

associated with, but not necessarily causing, changes in coat color patterning in the agouti 

mouse model. Because the Agouti locus is metastable and has limited developmental 

relevance to humans, this study served as a proof-of-principle that BPA was capable of 

inducing epigenetic changes. Later studies reported altered DNA methylation at genes 

critical for development following perinatal BPA exposure [44–46]. For example, imprinted 

genes play a critical role in fetal growth and development, and in utero BPA exposure was 

shown to disrupt DNA methylation in imprinted gene regulatory regions [45,47,48]. DNA 

methylation in regulatory regions of various non-imprinted genes was also affected, 

including altered methylation of ER-encoding Esr genes [44,49–52]. Tissue-specific 

changes in DNA methylation at other regions of the genome, such as repetitive elements 

(e.g. LINE-1), have also been demonstrated following BPA exposure [53]. Furthermore, 

improper silencing of repetitive elements and the adjacent genes has been suggested to be a 

mode of transgenerational epigenetic inheritance [54]. The altered DNA methylation profiles 

observed in these studies may be due to compromised expression or activity of DNMTs 

[47,50,55]. In addition to DNA methylation, studies have linked BPA exposure and altered 

histone PTMs in reproductive tissues [56,57]. Wong et al (2015) reported significantly 

upregulated mRNA expression of a major androgen binding protein Scgb2a1 that was linked 

to altered acetylation of H3K9 in the rat prostate [58]. Disruption of ncRNA expression has 

also been reported upon BPA exposure in human placental cells and mouse Sertoli cells 

[59,60]. Although these observations demonstrate strong evidence for perinatal BPA 

exposure altering epigenetic regulation, whether these epigenetic changes are mediated by 

ligand-activated transcription factors and/or directly drive the observed physiological 

changes remains to be determined.

Susiarjo et al. (2015) recently investigated a causal role for epigenetic misregulation in the 

manifestation of a multigenerational metabolic phenotype upon perinatal BPA exposure 

[61]. Altered DNA methylation was observed in F1 and F2 male mice at a differentially 

methylated region (DMR) that regulates expression of the imprinted Igf2 gene, a critical 

fetal growth-promoting factor with roles in metabolic homeostasis [61]. Using a genetically 

engineered mouse model of Igf2 overexpression, the metabolic changes observed in the 

BPA-exposed mice could be phenocopied, suggesting that misregulation of Igf2 is at least 

partially responsible for the observed metabolic phenotype in F1 and F2 male mice.

Two rodent studies have reported transgenerational effects of BPA. Wolstenholme et al. 

(2013) reported that exposure in the F0 pregnant mouse altered behavior up to the F4 

generation, and the transgenerational phenotype was accompanied by altered expression of 

the Avp and Oxt genes, which encode for neuropeptides involved in social recognition [62]. 

No epigenetic analyses, however, were conducted in these studies. Manikkam et al. (2013) 

studied transgenerational outcomes in rats following exposure to a combination of BPA and 

phthalates and reported altered reproductive parameters through the F3 generation [63]. An 

obesity phenotype was also observed in the F3, but not F1 generation. Altered DNA 

methylation was detected in F3 sperm at the Gdnf and Ntf3 genes, which are indirectly 
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associated with obesity [63]. However, DNA methylation changes at these obesity-

associated loci were not assessed in F1 or F2 generation sperm, so it is uncertain whether 

these genes, or the epigenetic regulatory changes associated with them, are driving the 

observed obesity phenotype in F3 rats.

In these in utero exposure models, one potential mechanism for the observed 

transgenerational phenotype is altered epigenetic reprogramming in fetal germ cells of the 

F1 generation that persist into the later F2 and F3 generations. Although limited 

transgenerational assessments have been conducted following BPA exposure, studies 

examining the effects of BPA on germ cells may provide a clue as to whether these aberrant 

epigenetic effects can be passed across multiple generations. BPA was shown to alter DNA 

methylation in primordial germ cells [48] and cultured oocytes [47], suggesting that the 

germ cell epigenome is a target of BPA and changes in this cell population may result in 

adverse health effects in subsequent generations.

3.2 Phthalates

Phthalates are a family of phthalic acid diesters typically used as plasticizers to soften and 

increase the flexibility of polyvinyl chloride plastic products [64]. Because these compounds 

are not covalently bound to the products they are used in, they can leach out and 

contaminate food processed or stored in plastic products [65]. As EDCs, phthalates are best 

studied for their anti-androgenic activity [66].

Similar to BPA, investigations assessing the role of phthalate exposure have mostly focused 

on reproductive, metabolic, and neurological outcomes. Prenatal exposure to phthalates has 

been associated with testicular dysgenesis syndrome (TDS) in rodents and humans. TDS 

encompasses a group of reproductive disorders with possible underlying environmental 

causes, including genital malformations, impaired hormone production, and a predisposition 

to hyperplastic growth [67]. Other than germ cell cancer, perinatal exposure to EDCs in 

animal models has recapitulated all TDS-associated reproductive problems in humans [67]. 

In humans and rodents, reduced anogenital distance has been associated with phthalate 

exposure and serves as a predictor of poor semen quality [68,69]. Phthalate exposure is, 

therefore, a potential risk factor for male infertility. Additionally, because exposure to 

phthalates has been positively correlated with altered metabolic parameters in humans [70] 

and rodents [71,72], these compounds have been considered obesogenic. Finally, links 

between phthalate exposure and adverse neurodevelopmental outcomes have been 

described, including increased aggression, inattention, and delinquent behavior in children 

[38]. Studies in rodents have also reported behavioral changes including enhanced anxiolytic 

and depressed symptoms as well as altered social interactions [55,73,74].

Most studies assessing epigenetic modifications following phthalate exposures have focused 

on DNA methylation. Human epidemiological studies correlated higher urinary levels of 

phthalate metabolites with altered imprinted gene and LINE-1 methylation in placental 

tissue [75,76]. Rodent studies have reported altered global and locus-specific DNA 

methylation following di(2-ethylhexyl)phthalate (DEHP) exposure [77,78]. Additionally, 

DNMT and methyl-CpG binding proteins were affected in various tissue types upon DEHP 

exposure in rodents [73,79].
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Recent in vitro studies have provided additional insight into potential mechanisms of 

phthalate-induced epigenetic changes. Treatment of MCF-7 human breast cancer cells with 

benzyl butyl phthalate (BBP) or dibutyl phthalate (DBP) resulted in DNA demethylation at 

the ERα promoter [80], providing a link between ligand-activated transcription factors and 

epigenetic changes. Interestingly, phthalates have also been shown to induce proliferation in 

an ER-independent manner. When ER-negative MDA-MB-231 breast cancer cells were 

treated with BBP or DBP, cell proliferation increased through AhR stimulation [81]. In 

addition to DNA methylation changes, expression and/or activity levels of several histone 

modifying enzymes were disrupted upon phthalate exposure in vitro [81–84]. These cell 

culture experiments have begun to elucidate how phthalates may affect epigenetic regulation 

in the cell and provide a good starting point for in vivo mechanistic studies.

Studies describing the transgenerational epigenetic effects of phthalates are limited. 

Following in utero exposure to DEHP, sperm count and mobility were reduced in F1 

through F4 mice [85]. No epigenetic mechanisms, however, were assayed in this study. 

Because altered DNA methylation in oocytes of offspring prenatally exposed to DEHP were 

reported in an independent study, this suggests aberrant phenotypes could be transmitted 

across multiple generations [86]. Future studies will need to confirm the transgenerational 

transmission of an aberrant phenotype that results from phthalate-induced epigenetic 

misregulation in germ cells.

3.3 Parabens

Parabens are a family of esters of p-hydroxybenzoic acid and were first introduced in the 

mid-1920s as a preservative in pharmaceutical products [87]. Today, the use of parabens has 

expanded to cosmetics, food commodities, and industrial products, resulting in widespread 

exposure through multiple routes [87]. Parabens have been best studied as an ER agonist in 

vitro and in vivo, and their estrogenicity depends on the length of their alkyl side chains 

[87].

Human epidemiological studies reporting adverse effects of paraben exposure are limited. A 

National Health and Nutrition Examination Survey study suggested paraben exposure 

altered thyroid hormone levels [88], which are critical for growth, development, and 

metabolism [89]. Animal studies have demonstrated adverse outcomes on reproductive and 

neurological endpoints, reiterating the notion of tissue-specific EDC susceptibility [87]. 

Although fewer studies have assessed the ability of parabens to induce metabolic alterations, 

perinatal paraben exposure was linked to lower birth weight followed by compensatory 

postnatal growth in rats [90]. Because this type of postnatal growth pattern is associated with 

an increased susceptibility to obesity, parabens may be another obesogenic compound 

contributing to metabolic disease in humans [91].

A major shortcoming of the current reported paraben literature is the frequent use of 

supraphysiological doses to study exposure-related effects in rodent models. While some 

studies have reported adverse phenotypes at these high doses, not all studies have been 

replicable across investigators, and other studies have presented negative data [87]. Any 

conclusions about paraben exposures on human health at this time, therefore, are premature. 

A hallmark feature of EDCs is their ability to elicit low-dose effects. Therefore, more 
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studies utilizing physiologically relevant doses of parabens will help improve the risk 

assessment of these compounds on human health and disease.

Studies have not yet assessed the ability of parabens to elicit multi- or transgenerational 

phenotypes, but evidence suggests paraben exposure can perturb epigenetic regulation in 

human and rodent tissues. Higher paraben levels have been associated with reduced 

methylation at DMR2 of IGF2 in human placental tissue [75]. In the rat, postnatal exposure 

to butylparaben was shown to alter DNA methylation in sperm from F0 males, but no 

breeding was conducted to investigate transmission of an altered phenotype [92]. In an in 

vitro study, Pugazhendhi et al. (2007) observed upregulation of MLL2 upon paraben 

treatment in MCF-7 cells [93]. While the adverse effects of paraben exposure have been less 

thoroughly studied relative to BPA and phthalates, the reported epigenetic changes warrant 

further investigation of the potential health consequences associated with paraben exposure 

and its underlying mechanisms of action.

3.4 Other Compounds

As mentioned before, more than 800 compounds are suspected to interfere with the 

endocrine system, but few have been well studied. Diethylstilbestrol (DES), a synthetic non-

steroidal estrogen, was administered to women beginning in the 1940s to prevent 

miscarriages. In the early 1970s, the Food and Drug Administration withdrew the use of 

DES in pregnant women, because daughters of DES-exposed mothers presented with an 

increased incidence of a rare vaginal cancer [94]. Various epidemiological studies have 

demonstrated adverse reproductive effects and increased cancer frequencies in both 

daughters and sons exposed to DES in utero [95]. Interestingly, multigenerational 

reproductive effects have also been observed in both female and male grandchildren of 

DES-treated women [95]. At the molecular level, studies have reported various epigenetic 

modifications in both human and rodent tissues exposed to DES [95], and these effects 

appear to be mediated, at least in part, by ERα (Table 1) [96–98]. Studies to determine 

transgenerational transmission of DES-induced phenotypes in humans are ongoing, as the 

grandchildren of DES-exposed mothers are beginning to approach reproductive age.

In addition to DES, various pesticides (e.g., vinclozolin, dichlorodiphenyltrichloroethane 

[DDT], and methoxychlor) and dioxins (2,3,7,8-tetrachlorodibenzo-p-dioxin [TCDD]) have 

been shown to disrupt epigenetic regulation and/or expression of ligand-activated 

transcription factors in a multi- and transgenerational manner (Table 1). One of the first 

EDCs to demonstrate exposure-induced transgenerational effects was vinclozolin, an anti-

androgenic fungicide [99]. Maternal exposure to vinclozolin during the time of gonadal sex 

determination resulted in various adverse reproductive outcomes in F1 male rats, with 

altered DNA methylation patterns being reported in the germline [99,100]. Whether or not 

these epigenetic changes were causally responsible for the observed decrease in sperm cell 

number and viability, as well as the increased incidence of male infertility, remains 

uncertain.

In a very recent publication by Iqbal et al. (2015), F0 pregnant mice were exposed to 

vinclozolin, BPA, or DEHP from embryonic day (E) 8.5-E12.5 or E12.5-E16.5. These 

stages coincide with global erasure of DNA methylation in primordial germ cells (PGCs) 
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and sex-specific remethylation of DNA in prospermatogonia, respectively. The authors 

observed minimal changes in DNA methylation and allele-specific expression of imprinted 

genes in F1 male mice. When the authors assessed whether any of the minor changes in the 

F1 generation would persist into the somatic and germ cells of F2 and F3 mice, no persistent 

aberration of DNA methylation or allele-specific expression of imprinted genes was 

observed. Based on these findings, the authors concluded that the adverse effects of EDCs 

are corrected for during developmental reprogramming, therefore preventing 

transgenerational inheritance. Brieno-Enriquez et al (2015) and Stouder and Paolini-

Giacobino (2011) exposed gestating mothers to similar doses of vinclozolin for greater 

periods, which included the exposure window in the Iqbal et al. (2015) study, that did result 

in transgenerational epigenetic and physiological changes in offspring [100,101]. Therefore, 

the window of exposure appears to be a critical factor in the manifestation of multi- and 

transgenerational phenotypes. The extent to which these epigenetic changes drive the 

observed phenotypes across generations remains to be determined.

4. Considerations of sex

When assessing multi- or transgenerational inheritance of a phenotype, it is important to 

examine transmission through the maternal and/or paternal lineage (i.e. through the oocyte 

and/or sperm). Studies have shown differences in parental germline transmission of a 

phenotype following EDC exposure, suggesting that female and male germ cells have 

different susceptibilities to environmental perturbations [99,102].

It has also become increasingly clear that phenotypes observed in EDC-exposed offspring 

are often sex-dependent [38,72]. Males and females may also adapt to stimuli differently in 

utero, suggestive of dimorphic fetal reprogramming and subsequent postnatal disease 

susceptibility [103]. Interestingly, one common developmental effect of EDCs is the 

neutralization of sexually dimorphic phenotypes [104]. There are a couple of possible 

explanations for these observations. First, basal levels of gonadal hormones in males and 

females differ, and environmental exposures that affect these hormones can differentially 

affect males and females [105]. For example, estrogen has been suggested to have a 

neuroprotective effect [106]. Alternatively, genetic effects based on differences in the 

complementary sex chromosome in females and males (i.e. XX and XY chromosome 

complements, respectively) could disproportionately affect one sex over the other. Genes 

disrupted on the Y chromosome would specifically affect males. Genes that escape X 

chromosome inactivation are expressed at greater levels in females compared to males. If 

these genes are affected, males, again, may be more susceptible to an adverse phenotype, as 

a change in expression of an X inactivation escape gene will have a proportionally greater 

effect on males. Notably, some X-linked genes that escape X-inactivation have epigenetic 

regulatory roles, including the Kdm family of histone demethylases [107]. Mouse models 

known as the Four Core Genotypes (FCG) mice have been utilized to distinguish whether a 

sexually dimorphic phenotype is due to differing gonadal hormone secretion or a genetic 

effect [105]. The sex-specific effects of EDC-induced phenotypes are not only intriguing, 

but provide additional insight into the mechanism by which these EDCs elicit their actions.
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5. Concluding remarks

Our understanding of how EDCs act, and whether their effects can be transmitted across 

multiple generations, continues to grow. Although causal relationships between EDC 

exposure and disease endpoints have not been fully established, there is strong evidence to 

demonstrate that the ubiquitous presence of EDCs in the environment should not go 

unnoticed. Because EDC exposures elicit a myriad of phenotypes, it is unlikely that EDCs 

act through any single mechanism. In fact, EDCs elicit non-monotonic dose responses, and 

the varied responses at different doses may be due to different mechanisms of action.

Many EDCs require further investigation, and the effect of EDC exposure on the more 

vulnerable fetal and neonatal populations is ongoing. EDC-induced transgenerational 

epigenetic inheritance is a relatively young field, and continued work in this area will help 

answer several key remaining questions. First, what tissues (more specifically, cell types) 

are targeted by EDCs? Second, what genes are susceptible to EDC-induced epigenetic 

misregulation? Finally, is epigenetic misregulation causing the observed physiological 

changes in the F1 offspring, and is it the driving force for transgenerational inheritance of 

abnormal phenotypes? Incorporating genetically engineered mouse models deficient for 

epigenetic regulatory enzymes into exposure-based studies will help to address the necessity 

of specific epigenetic factors in mediating the observed phenotypes.

Importantly, many studies have only assessed single compound exposures and subsequent 

disease endpoints. These studies are a crucial starting point to understand the mechanism of 

action of each EDC. Studies assessing multi-compound exposures are also critical, as 

humans are rarely, if ever, exposed to any EDCs in isolation. Hotchkiss et al. (2010) 

demonstrated cumulative adverse effects in offspring exposed in utero to procymidone, a 

pesticide with androgen receptor (AR)-antagonizing activity, in combination with the 

phthalate DBP, an inhibitor of fetal testosterone synthesis [108]. Interventions such as diet/

nutrition and/or exercise at the time of exposure or after may ameliorate the effects of EDC 

exposure and are worth investigating.

The concept of transgenerational inheritance greatly alters the public health perception and 

risk of EDCs. Not only does the health of the directly exposed generation need be 

considered, but the transmission of adverse health outcomes and disease susceptibility to 

future generations must also be taken into account. The precautionary principle suggests that 

preventive, anticipatory measures should be taken in the face of activities that may pose a 

risk to human health, even when cause-and-effect relationships have not been fully 

established [109]. Employing the precautionary principle in the context of EDCs may help 

reduce the incidence of various diseases with currently unknown etiology.
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Abbreviations

AhR aryl hydrocarbon receptor

BPA bisphenol A

DDT dichlorodiphenyltrichloroethane

DMR differentially methylated region

DES diethylstilbestrol

DOHaD developmental origins of health and disease

DNMT DNA methyltransferase

EDC endocrine disrupting chemical

ER estrogen receptor

F[#] filial generation

ncRNA non-coding RNA

PTM post-translational modification

ROS reactive oxygen species

TDS testicular dysgenesis syndrome

TET ten-eleven translocase
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Figure 1. Multigenerational vs. transgenerational effects transmitted through the F0 female vs. 
F0 male
Exposure of a pregnant F0 dam directly exposes both the F1 (exposed as developing fetus) 

and F2 (exposed as developing germ cells of F1) generations. The first generation to 

experience no direct exposure to the original stimulus (lightning bolt) from maternal 

exposure is the F3 generation. Paternal F0 exposure directly exposes the F1 generation only 

(exposed as germ cells). Effects observed in the F2 generation are, therefore, considered 

transgenerational.
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Figure 2. Mechanisms of EDC exposure-induced fetal reprogramming
Upon exposure and delivery of an EDC (orange triangle) to the target cell, gene regulation 

can be disrupted via genomic and non-genomic actions of ligand-activated transcription 

factors (TFs) as well as altered cellular environments. Genomic actions include ligand-

activated heterodimers binding hormone response elements (1) and interactions of ligand-

activated TFs with other TF complexes (2) to activate or repress downstream target genes 

(2). Non-genomic actions include the induction of signal transduction cascades (pink 

pentagon) that may alter (e.g. post-translationally modify, depicted as yellow dot) epigenetic 

machinery involved in DNA methylation (3) or histone PTMs (4), affecting chromatin 

accessibility and TF binding. Finally, EDC exposure may alter the cellular environment, 

generating reactive oxygen species (ROS) as a consequence of EDC metabolism or altered 

mitochondrial function and subsequently activating a variety of signaling cascades affecting 

protein function (5) or directly damaging the DNA itself (6). Not only can EDCs mimic 
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endogenous hormones, but they can also competitively inhibit and block the action of 

endogenous hormones (blue diamond, not shown). Ultimately, expression of coding and/or 

non-coding genes is altered and susceptibility to disease is enhanced. DMR: differentially 

methylated region; P450: cytochrome P450 enzyme.
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Table 1

Molecular and gross phenotypic changes associated with early life EDC exposure

EDC Exposure Changes in epigenetic and/or ligand-activated transcription factor regulation; transgenerational 
effects (when applicable)

Ref.

DES Perinatal Increased Ezh2 expression (mRNA and protein) and increased H3K37me3 in F1 mouse mammary 
gland

[56]

In utero Hypermethylation of Hoxa10 gene, increased expression of Dnmt1 and Dnmt3b genes in F1 mouse 
uterus

[96]

Postnatal Increased phospho-EZH2 via ER-activated PI3K/Akt pathway, reduced H3K27me3 in F1 rat uterus; 
ERα knockout mouse failed activate PI3K/Akt signaling cascade

[110]

Vinclozolin In utero Increased spermatogenic cell apoptosis, reduced epididymal sperm counts and sperm mobility in F1–
F4 rats, altered DNA methylation in F2 and F3 epididymal sperm

[99]

In utero Altered DNA methylation at imprinted genes in F1–F3 mouse sperm [100]

In utero Reduced AR expression, increased NF-κB activation, increased Dnmt3a and Dnmt3b expression in F1 
rat prostate; reduced Dnmt1 and Dnmt3l but increased Dnmt3b in F1 rat testis

[111]

In utero Altered methylation at 24 DMRs in primordial germ cells and 14 DMRs in prospermatogonia of F3 rat 
embryos; no assessment of Dnmt levels

[112]

Methoxychlor In utero Altered methylation at imprinted genes in F1 and F2 mouse sperm; not significant in F3 [113]

In utero 37 DMRs in F3 rat sperm; DMR associated genes involved in PI3K signaling system and steroid 
hormone biosynthesis

[102]

Perinatal Hypermethylation in Esr2 promoter, reduced Esr2 expression, increased Dnmt3b expression in F1 rat 
ovaries

[114]

DDT Postnatal Decreased AR expression in testis and upregulation of PXR in F0 male mouse liver [115]

TCDD In utero Altered methylation and expression at imprinted genes in muscle and liver; increased expression of 
lncRNA Airn in F1 mouse sperm

[116]

Perinatal AR expression reduced in F1 rat ventral prostate [117]

In utero 50 DMRs in promoter regions of F3 rat sperm, including Jmjd8 and Hdac3 genes [118]

Tributyltin In utero Increase in obesity-related parameters (i.e. increased white adipose tissue, hepatic lipid accumulation) 
in F1–F3 mice

[119]

Perinatal refers to exposure in utero and after birth
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