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Abstract
Exposure to environmental chemicals can produce effects on the endocrine system through epigenetic mechanisms. These can

considerably decrease or increase the sensitivity of multiple hormones depending on the dose, route, or time of exposure. The expo-

sure of endocrine disrupting chemicals (EDCs) during the in utero period could be a critical window, altering the epigenome profile.
Recently, several researchers suggest a role of EDCs in the obesity epidemic. In this brief review, we focused on how four EDCs (bi-

sphenol A, dichlorodiphenyltrichloroethane, di-(2-ethylhexyl) phthalate and tributyltin) may underlay transgenerational epigenetic

effects. We also discuss the adipogenesis signaling pathway and the impact of exposure to individual or mixtures of EDCs on the
developing endocrine system. Understanding the molecular determinants of epigenetic memory across generations will provide es-

sential insight into how environmental exposure can affect the health of individuals, as well as subsequent generations.
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Introduction
The prevalence of obesity and related non-communicable diseases has grown significantly, imposing a significant burden on human

health at the individual and public health levels [1,2]. Over 36% of the adult U.S. population and 13% of the population worldwide is clini-

cally obese (body mass index [BMI] ≥ 30) [3,4]. Furthermore, the proportion of overweight adults in the U.S. (BMI ≥ 25) is predicted to
increase from 68% to 86% by 2020 [3]. While BMI measurements do not differentiate between subcutaneous adiposity, visceral adipos-

ity, and muscularity, the trend of increasing BMI rates has been significantly associated with an increase in visceral adiposity [5]. Visceral

adiposity describes the abdominal fat linked to cardiovascular disease, metabolic syndrome, and diabetes [6]. Furthermore, this epidemic
has spread to children with current childhood obesity rates around 17% for children among 2- to- 19 years old [4]. The increasing obesity
rate is expected to worsen health outcomes, shorten life expectancy, and increase health-related costs in the coming years [7-9].

In recent decades, researchers have obtained persuasive evidence for the role of several epigenetics mechanisms in the obesity epi-

demic due to in utero exposure(s) to adverse maternal environments affected by nutrition, smoking, stress, alcohol, various industrial

chemicals, etc [10-13]. This review briefly focuses on whether exposure to four endocrine disruptor chemicals (EDCs)-bisphenol A, dichlorodiphenyltrichloroethane, di-(2-ethylhexyl) phthalate, and tributyltin-may induce transgenerational epigenetic inheritance of obe-
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sity. These EDCs were selected for this study since they are commonly detected in the environment, and in human tissues. Based upon

the data from the epidemiological and data mining literature noted below, they are also linked with metabolic diseases such as diabetes
and obesity. We also examine the adverse effects of exposure to individual or mixtures of EDCs during the development of different organ
systems.

Epigenetic regulation of gene expression
Epigenetics refers to the study of heritable changes that are mitotically and/or meiotically stable and affect gene expression without

altering the underlying DNA sequence [14,15]. The principals epigenetic mechanisms are DNA methylation, histone modifications, and
noncoding RNAs [14]. All these mechanisms can alter the folding of DNA into a three-dimensional structure which may promote or inhibit
gene expression [16]. Furthermore, epigenetic marks are tissue-specific and can change during our lifetime [14].

The most studied method in humans, DNA methylation, consists of the addition of a methyl group at the carbon-5 position of cytosine

(C) neighboring by guanine (G) nucleotides, in the context of the CpG dinucleotides, and generally acts to repress transcription through

the modification of chromatin structure to regulate the binding of proteins in the DNA major groove; these hyper methylated genomic
regions generally decreased gene expression [17,18]. DNA methylation at CpG sites has been shown to be relatively stable, resulting in
early-life DNA methylation to persist throughout an individual’s life [15].

In contrast to the stability of DNA methylation, histone modifications are a more dynamic epigenetic mechanism that tighten or loosen

the packing of DNA around histone protein complexes [13]. Tightly packaged chromatin inhibits the binding of transcription factors,

leading to reduced transcriptional activity; loosely packaged chromatin is more active since transcriptional protein complexes can better
access the chromatin.

There are several post-translational modifications to histone proteins, including acetylation, methylation, phosphorylation, ubiqui-

tination, and sumoylation, which induce changes of the chromatin structure that ultimately affect gene expression [13]. For instance,

histone acetylation involves the transfer of acetyl groups onto lysines on the N-terminal tails of histones by histone acetyl transferases
(HATs), removing the positive charge of lysine. This acetylation is associated with transcriptional activation of specific chromosomal re-

gions as the elimination of the positive charge relaxes the chromatin to facilitate access of transcription factors to promoter sequences. In
contrast, histone methylation can lead to either the activation or repression of chromatin transcription depending on the location where

a methyl group is transferred to the ε-amino group of lysine and arginine often on the histone 3 and histone 4 tails [19]. For an extensive
review on the other histone modifications [19,20].

MicroRNA (miRNA) is another important epigenetic mechanism that contributes to the regulation of the epigenome. miRNAs are small

noncoding RNA molecules that are usually 20 to 30 nucleotides long [14]. They can regulate gene expression at the post-transcriptional

level by imperfect complementarity with a target mRNA, usually resulting in their silencing via translational repression or target degrada-

tion [1,21-26]. These epigenetic mechanisms promote heritable multi- and trans-generational effects that affect subsequent phenotypic
expression.

Transgenerational inheritance of epigenetic changes
DNA methylation and histone modifications are epigenetic mechanisms that develop predominantly during early stages of mamma-

lian embryonic development and throughout life [27]. During embryonic development, prior DNA methylation modifications are erased
from the genome and are restoring the methylation patterns in later developmental stages to maintain accurate imprint reprogramming

through this method of non-Mendelian inheritance [28,29]. During the process of demethylation, the genome is more sensitive to environmental factors that may induce de novo methylation changes, altering the imprinting pattern and, subsequently, changing the expression
of particular genes [30].
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A potential mechanism in which epigenetic changes induce transgenerational phenotypic alterations is suggested through the associa-

tion between DNA methylation and transgenerational gene expression [31]. Laboratory rodent exposures to various conditions-chemicals

and maternal nutrition-can alter the cytosine methylation pattern at metastable epialleles-alleles known to be particularly vulnerable to

environmental influences [32] (i.e. Agouti yellow allele)-to induce certain phenotypes, like obesity [16]. Evidence in laboratory rodents
is possibly relevant to human fetus exposures, representing the potential for similar changes in the epigenome. Furthermore, studies

of transgenerational inheritance of diseases and particular phenotype variations have found DNA sequence motifs, such as zinc finger

binding regions and guanine quadruplex sequences, in differential DNA methylation regions in sperm [33,34]. The interaction of these
sequences with molecular factors could alter chromatin structure and accessibility of proteins with DNA methyltransferases-enzymes
that facilitate DNA methylation-altering de novo DNA methylation patterns [32,33].

Another assumed transgenerationally inherited epimutation (heritable change in gene activity that is not associated with a DNA mu-

tation but rather with gain or loss of DNA methylation or other heritable modifications of chromatin) is the 5’ hydroxymethylation of
cytosines (5-hmeC) [35]. Accumulating evidence associates 5-hmeC with stem cell differentiation, especially with regard to controlling

development [17,31,36]. Furthermore, 5-hmeC is associated with demethylation, suggesting its critical role in DNA methylation [37]. The

similar roles of 5-hmeC epimutations and DNA methylation in stem cells suggests a central role in gene expression and heritable characteristics in stem cell differentiation [37]. These hypotheses continue to gain support but evidence remains scarce.
New approach on obesity epidemic

While significant evidence supports the thermodynamic model of fat accumulation balancing caloric intake and caloric expenditure,

researchers are now investigating other influences [38]; diet and physical activity alone do not appear to explain the rapid worldwide

increase in the prevalence of adult overweight and obesity reaching values around 29% in 1980 to 37% in 2013 [39]. Several studies
pointed out an important genetic component contributing to the risk of developing obesity [40]. However, until now, all genetic loci
identified can only explain part of obesity heritability, accounting for around 2 - 3% of the total genetic variance in BMI. This value is far

from the BMI heritability estimates around 40 - 70% [40]. As such, a mechanism beyond the thermodynamic model and genetics must be
implicated in the growing obesity epidemic.

It is now generally accepted that gene expression is altered by epigenetic factors in response to environmental exposures throughout

the lifetime. Furthermore, it is also true that human diet suffered profound changes in the last century, marked by innovations in food

technology, novel ingredients, and bioactive molecules altering the human diet which can interfere in epigenetic changes [14]. With the
advances in the field of epigenetics, many scholars suggest that epigenetic factors may play a greater role than genetics in the develop-

ment of obesity due in part to our new lifestyle [14,40]. Furthermore, these different kinds of epigenetic modifications were suggested to
be one possible source for the non-genetic heritability that still needs to be explained in obesity.

For instance, animals living in proximity to humans-pets or laboratory animals-demonstrated considerable higher rates of obesity

when comparing to their counterparts in the wild [41]. The study examined twenty-four animal populations from eight different species

showing an increase in weight over the past several decades, suggesting that a change in environmental exposures may lead to obesity in
both humans and animals [41]. The authors had suggested that, sheer chance likely could not explain this trend in weight gain, nor can a

possible change in the treatment of animals since experimental design strictly controls for potential confounding factors, such as physical

activity and feeding. Thus, a recent hypothesis suggests that this increasing trend of obesity is rooted in the prenatal environment, which
may predispose infants to increased fat accumulation throughout their lives [42].
Endocrine disrupting chemicals (EDCs) and obesity

In the past several decades, the increasing obesity epidemic has correlated with the increased use of industrial chemicals [43]. In-

evitably, these chemicals subsequently leach into the environment, including food and water supplies. A considerable portion of these
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chemicals are known as endocrine disrupting chemicals (EDCs) [43]. The World Health Organization (WHO) and the United Nations En-

vironment Programme (UNEP) define an EDC as “an exogenous substance or mixture that alters function(s) of the endocrine system and
consequently causes adverse health effects in an intact organism, or its progeny, or (sub)populations” [44]. In short, EDCs are chemicals

that disrupt normal hormone function [45]. An increasing number of studies are linking EDCs with the obesity epidemic [33,46,47]. These
substances are being termed “obesogens” or molecules that induce adverse effects on lipid metabolism and adipogenesis, which can lead
to obesity [45,48-50].

The obesogen hypothesis
Blumberg and colleagues [42] proposed the obesogen hypothesis in 2006, and defined obesogens as chemicals that increase the num-

ber of fat cells and/or the storage of fat into existing adipocytes to directly stimulate obesity. Obesogens can also promote obesity through

altering basal metabolic rate and hormonal control of appetite and satiety [42,51,52], increasing the proportion of calorie storage, and

inducing food storage via gut microbiota [53]. Recent studies have identified several obesogenic EDCs, including dichlorodiphenyltrichloroethane (DDT) [54,55], bisphenol A (BPA) [56,57], tributyltin (TBT) [58,59], diethylstilbestrol (DES) [60], perfluorooctanoic acid (PFOA)

[61], and phthalates [62]. Recent literature has extensively compiled the evidence for the obesogen hypothesis and will not be further
addressed in this review (for further information [50]).

One of the most compelling components to the obesogen hypothesis is the developmental origins of health and disease hypothesis,

which suggests that humans develop predispositions to various diseases, such as obesity, when exposed to a particular in utero environment during a critical window of fetal development [2,21,63,64]. While this review focuses on in utero EDC exposures that promote

obesity, other factors that alter the in utero environment are critical in understanding the etiology of obesity. For instance, several studies

have examined the association between maternal malnutrition and the onset of obesity through the up-regulation of the glucocorticoid

receptor [65,66]. However, this review will not address the non-EDC in utero obesogens. For future studies, researchers may consider
these other risk factors for obesity determined by the in utero environment when performing and analyzing their experiments around
developmental EDC exposures.

A recent concern around obesogens stems from evidence of the long-lasting effects of in utero exposure to EDCs and the subsequent

onset of childhood or later-life obesity [67]. Because early development requires precise timing of hormonal action to support proper
coordination of tissue and organ growth, alterations in hormonal activity induced by EDCs can hinder normal endogenous activities and

induce various endocrine-related disorders in humans [21]. Focusing obesogenic research on in utero exposures will target one of the
most vulnerable stages in a human’s life, which can help curb certain predispositions towards obesity [52].
Overview of adipogenesis

Adipogenesis describes the differentiation of mesenchymal stem cells (MSCs) and their more lineage-restricted derivatives into adi-

pocytes during both development and adulthood to produce and maintain fat cell numbers [68,69]. MSCs inhabit the perivascular region

of many organs [70] and stimulate the development of many cells types (i.e. adipose, bone, and muscle) following treatment by specific

differentiation-stimulating mixtures in vitro. Further research is required to determine whether differing tissue localization of MSCs in
vivo will demonstrate the same lineage potential as these in vitro results, or whether tissue localization restricts lineage potential [71].

Although there is a strong understanding of how other cells that have committed to the adipocyte lineage differentiate into mature adi-

pocytes, little is known about the mechanisms through which MSCs commit to the adipocyte lineage and what environmental influences

affect this commitment [72]. Recent studies have identified important signals in the adipocyte commitment lineage, such as Wnt (proteins
used for cell-cell communication), bone morphogenic proteins (BMPs), and PI3K/Akt signaling, that are likely regulated by the expression
of certain genes, including TCF7-like 1 [68], Zfp423 [73], Zfp521 [74], and S6K1 [75]. Mediation of PPARγ-the master regulator of adipo-

genesis [76,77]-controls the mutually exclusive cell commitment into either adipocyte or osteoblast lineages [78]; up-regulation of PPARγ
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induces commitment to the adipogenic lineage, while down-regulation of PPARγ through Wnt signaling stimulates MSC commitment to
the osteogenic lineage [68]. Thus, active BMP/TGF-β [79] and PI3K/Akt signaling [75] coupled with the repression of Wnt-3a/10b [80-

82] and Wnt-5a [82] signaling induces MSC adipogenesis. Increasingly, non-coding RNAs are also being associated with the promotion of
adipogenesis [83]. Future research will be critical to understanding the commitment of MSCs to adipogenesis and how various EDCs may
affect the manifestation of adipocytes in the development of excess fat, and, possibly, obesity.
EDCs and reprogramming MSCs
Despite the multiple signaling pathways influencing adipogenesis in MSCs that EDCs could potentially disrupt, only a few studies

have examined the effect of EDCs on the programming of MSCs. One study found that in vitro treatment of 3T3-L1 preadipocytes with the
EDC obesogen TBT and pharmaceutical obesogen rosiglitazone (ROSI) induced adipocyte differentiation [64]. In the same study, prenatal exposure of pregnant mice to TBT or ROSI induced higher fat deposition at birth. The authors concluded that prenatal TBT or ROSI

exposure led to adipogenesis in a PPARγ-dependent manner, significantly shifting MSC commitment from osteogenic to adipogenic [63].
The in vitro reprogramming of cell lineage commitment is evident in vivo as well, wherein treatment with TBT or ROSI in rats evidenced

increased expression of adipogenic markers and decreased expression of osteogenic markers, as well as larger adipocytes and adipose
depots where fat is stored [58].

Recent studies have suggested transgenerational effects of various EDC exposures following MSC programming [24,54,55]. Transgen-

erational effects describe genomic changes observed in the F3 or later generations that have not been directly exposed to a particular

chemical. Multigenerational effects, in contrast, describe the F1 and F2 genomes following direct exposure to the chemicals in utero
[24,54,55]. Therefore, observed genomic alterations in F3 generations stemming from F1 in utero obesogen exposure are due to genetic,

or more likely, aforementioned epigenetic, modifications [24,54,55]. Prenatal TBT exposure in pregnant F0 animals increased fat depot
size and MSC adipogenesis through the F3 generation [58]. Thus, prenatal TBT exposure likely causes heritable alterations in the germ

cell genome of the directly exposed F1 fetuses, increasing the commitment of MSCs to adipocytes rather than the osteoblast lineage. This
finding implies an in utero programming event that causes permanent MSC adipogenesis, subsequently manifesting as observable adult

phenotypes; although, currently there are no studies that explain the heritable effects of obesogen exposures on MSC differentiation [69].
Beyond the transgenerational effects discussed, further work has shown that BPA, diethylhexyl phthalate (DEHP), and dibutyl phthal-

ate (DBP) [62], and the widespread pesticide, DDT, induce transgenerational effects in rats [54,55]. Section 2.4 contains a deeper discussion of these studies, which are summarized in table 1. Several groups, including Blumberg and Skinner, are actively investigating the

EDCs influence on programming MSC adipogenic fate, as well as the underlying epigenetic mechanisms of multi- and trans-generational
effects [33,69].
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Table 1: Studies conducting epigenetic analyses of EDC-induced obesogenic effects.
Obesity
measure

F1 observed
epigenetic effect
(direct exposure)

F3 observed
epigenetic effect
(transgenerational
exposure)

Suggested mechanism

Gene expression changes

Reference

GD0-weaning

Insulin and glucose;
DNA methylation

N/A

Hypermethylation of Gck

Decreased Gck expression;
Alteration in DNA methylation occurring in early
development persists as
the animals grow older

[47]

SD rats

GD0PND21

Insulin and glucose

Week 3: No
significant
changes; Week
21: Serum insulin
and HOMA-IR
increased; insulin
sensitivity index
and hepatic
glycogen storage
decreased

Hypermethylation
of Gck

F0 exposure during gestation and
lactation can affect
glucose and insulin
tolerance in the F2
offspring

Hypermethylation of Gck

[46]

25 or 50 mg/kg/day

SD rats

GD8-14

No observed
change

DEHP

1, 10, or 100 mg/
kg/day

Wistar
rats

GD9-21

Abdominal
adiposity and body
weight; TUNEL
assay

Glucose and insulin

LD males and females: 50% obese;
ND males: 75% obese

Females: male/both
parental germline transmission; Males: female
germline transmission

Decreased Gck expression
as mechanism underlying
glucose and insulin intolerance in F2 BPA-treated
offspring; a permanent
epigenetic change in male
germline that transmits
multigenerational epigenetic alterations

[84]

TBT

5.42,

Mice

7 days
before
mating;
GD0-weaning

WAT and BAT
weight; adipocyte
size and number

Hypermethylation of Glut4
promoter at MYOD-binding sites with decreased
GLUT4 expression; negative correlation between
Glut4 expression and CpG
island methylation
Sharp increase in expression of all adipogenic
markers and decreased
expression of Pref-1
(adipocyte differentiation
inhibitor)

[58]

50 (BPA), 750
(DEHP), 66 (DBP)
mg/kg/day

SD rats

GD8-14

Body weight and
abdominal adiposity

Hypermethylation to decrease expression of Gdnf
and Esrra

[62]

Chemical

Dose

BPA

50 μg/kg/day

Wistar
rats

BPA

40 μg/kg/day

p,p’-DDT

54.2, or 542 nM

Mixture
(BPA,
DEHP,
DBP)

Species Treatment
period

F1 predisposed
to glucometabolic
dysfunction at
adulthood by
down-regulation
of Glut4

Males: Increased
perirenal and
interscapular WAT
depot weight and
adipocyte size/
number; Females:
Increased WAT
depot weight and
adipocyte size.
Minimal weight
gain in male and
female but decreased BAT
No observed
change

N/A

Glut4 epigenetic alterations via DNA methylation
of CpG islands; Glut4 as
primary GLUT in adipose
and muscle tissues

Males: Increased all
WAT depot weights
and adipocyte size/
number; Females:
Adipocyte number/
size increased in all
WAT depots besides
interscapular and
ovarian. LD exposure
led to increase in AT
for ≥ 3 generations

Transgenerational reprogramming of MSCs to favor
the adipocyte lineage

Increased obesity in
F3 females and F3 LD
males

Gdnf and Esrra DNA methylation

Tubb3, Slc4a4, Carm1 epimutations in F3 sperm to
increase visceral adiposity

[55]

Abbreviations: GD: Gestation Day; PN: Post-Natal; MeDIP: methylated DNA Fragments; QPCR, MeDIP: Quantitative Polymerase Chain Reaction; LD: Low Dose; ND: Normal Dose; SD: Sprague Dawley; N/A: Non-Available; BPA: Bisphenol A; DDT: Dichlorodiphenyltrichloroethane; DEHP: Di-(2-ethylhexyl) Phthalate; TBT: Tributylin.

Citation: Aliya Feroe., et al. “Endocrine Disrupting Chemicals, Transgenerational Epigenetics and Metabolic Diseases”. EC Endocrinology and Metabolic Research 2.1 (2017): 31-51.

Endocrine Disrupting Chemicals, Transgenerational Epigenetics and Metabolic Diseases

Underlying mechanisms of multi- and trans-generational epigenetic effects of obesogenic EDC exposure

37

Several studies have identified potential mechanisms in which in utero exposures to various obesogenic EDCs produce multi- and

trans-generational epigenetic effects in vivo [46,47,54,55,58,62,84]. Table 1 summarizes these critical findings and proposed mecha-

nisms, while a discussion is provided in the subsequent subsections for each individual chemical. A short discussion of chemical mixtures
will follow, although more research is needed to elucidate the epigenetic effects associated with mixtures of multiple obesogenic EDCs.

Studies on EDC mixtures will better represent the complex reality, where humans are exposed to hundreds of chemicals every day-not a
single chemical in isolation [16,85,86]. The articles cited in this literature review were obtained from a comprehensive PubMed search,

and subsequently filtered using the method outlined in figure 1. The studies in table 1 were selected as the papers offering evidence for
strictly obesity and obesity-related phenotypes (i.e. type II diabetes) inherited through potential epigenetic mechanisms following in
utero EDC exposure. The rest of the articles obtained from this literature search were excluded from the specific study, but used to supplement and contextualize these studies. The final excluded full texts provided current information on EDC epigenetic regulation of other
diseases and/or EDC-related heritable phenotypes. This review excluded the human epidemiological studies and experimental animal
studies associating these EDCs with obesity since they have already undergone exhaustive review [87].

Figure 1: Flowchart of study selection. One reviewer to determine the eligibility and relevance
of the literature to the literature review screened articles. Articles were deemed relevant if they
were full-text and discussed any experiments or mechanisms involving epigenetics, obesity, and
obesogenic chemicals.
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For each EDC, this literature review examined the epigenetic studies in animals, including the physiological changes associated with

obesity, proposed epigenetic mechanisms, and potential multi- or trans-generational epigenetic alterations of the EDC. These studies
differed based on whether the affected generation had direct exposure to the original environmental chemical or metabolite exposure.
When a pregnant mother (F0) is exposed to an EDC, her child (F1) could be affected by the same EDC throughout gestation exposure.
Furthermore, because the germ cells of the F1 offspring are developing throughout gestation, the grandchildren (F2) are also directly

exposed. Effects observed in the F2 generation would be considered multigenerational. In contrast, effects observed in the F3 generation
that had no direct exposure to the original EDC would be transgenerational. When the EDCs’ exposure occurs through the F0 father, the

transgenerational effects are observed in the F2 generation, as the only other generation directly exposed to the original exposure is the
future F1 offspring, which is exposed as a germ cell (Figure 2).

Figure 2: Potential multi- or trans-generational epigenetic alterations.

Bisphenol A
Bisphenol A (BPA) is a monomer used in the manufacturing of polycarbonate plastics and epoxy resins produce a multitude of con-

sumer products, food and drink containers, and medical devices [88]. BPA has demonstrated the ability to be transferred both transplacentally and lactationally into the fetus or infant from the mother [89,90]. Mechanistically, BPA mimics estrogen both in vitro and in vivo,

binding to the estrogen receptors ERα and ERβ, although with relatively weak binding affinities [91].
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In utero exposure to “safe” or lower than safe doses of BPA (as defined by the current EPA standard of 50 ug/kg/day) has been as-

sociated with increased DNA methylation levels, resulting in impaired regulation of insulin and glucose control [46]. Following direct F0

rat exposure to BPA during gestation and lactation, the F1 offspring demonstrated no significant changes in glucose/insulin tolerance by

week 3 beyond birth; but by week 21, rat pups showed increased serum insulin and HOMA-IR levels (Homeostatic Model Assessment
of Insulin Resistance) as evidenced by analysis of hepatic tissue (Table 1). Additionally, insulin sensitivity and hepatic glycogen storage

decreased [47]. In rat pups, significant promoter hypermethylation of Gck gene was observed in the liver of F1 at weeks 3 and 21 when

compared with the control [47]. Gck is a key regulator of glucose use in hepatocytes as Gck initiates glucose metabolism through glucose

phosphorylation [92]. Previously, decreased Gck activity was associated with type 2 diabetes mellitus [93], and mutations in the Gck gene
have been linked to maturity-onset diabetes of the young (MODY)-a form of diabetes diagnosed in late childhood [94]. Thus, Gck is considered a diabetes susceptibility gene. Furthermore, this alteration in DNA methylation during early development was shown to persist
throughout animal maturation [92].

A subsequent study supported that in utero BPA exposure induced the hypermethylation of Gck, and further identified the multigener-

ational inheritance of these epigenetic mutations into the F2 offspring (Table 1) [46]. F0 exposure during gestation and lactation affected
glucose and insulin tolerance in the F2 offspring, predisposing the offspring of each generation to diabetes. This decreased Gck expression
provides a possible mechanism underlying glucose and insulin intolerance in subsequent BPA-treated generations since global DNA hy-

pomethylation in liver was previously associated with diabetes in rats [95]. These examples demonstrate multigenerational inheritance of

epigenetic alterations that cause diabetes-a primary risk factor for obesity-but further research is needed to study the potential transgenerational inheritance of these epimutations. One important avenue of research is studying germline mutations, such as the methylation
status of the Gck promoter region in sperm following BPA exposure, as a vehicle for transgenerational inheritance.
Dichlorodiphenyltrichloroethane

Dichlorodiphenyltrichloroethane (DDT) is historically one of the most commonly used insecticides [96]. While DDT has been banned

in the U.S. since 1972 and by the UN for most uses since 2001, many countries have continued spraying DDT for malaria control [96-98].

Subsequently, due to the globalization of food supplies, DDT contaminated food is circumventing the U.S. ban and reaching U.S. consumers
[96]. Estimates of global DDT use for disease vector control fluctuate between 4,000 to 5,000 metric tons per year [99]. Furthermore, evidence is accumulating for the association between exposure to DDT and its metabolite dichlorodiphenyldichloroethylene (DDE), diabetes

and obesity [100-103]. While transgenerational phenomena have been demonstrated in humans [104], rodents [105], worms [106], flies
[107], and plants [108] for DDT-induced diseases, only one study today has examined underlying epigenetic mechanisms of DDT-exposures contributing to the obesity epidemic [54,55].

Ancestral DDT exposure during a critical window of germline development promoted epigenetic transgenerational inheritance of

obesity into the F3 rat generation (Table 1) [54,55]. Broadly, the study found some differential DNA methylation regions (DMR) in TUBB3,
SLC4A4, and CARM1 genes in F3 sperm that resulted in increased visceral adiposity following both lower dose (25 mg/kg/day) and higher
dose (50 mg/kg/day) F0 exposures during gestational development. Both the lower and higher doses of DDT used were consistent with
wildlife and human environmental exposure levels [109]. The F2 generation (those directly exposed in utero) were not found to develop

obesity, but developed kidney, prostate, and ovarian disease and tumor development as adults. In the F3 generation, 50% of lower dose
males and females developed obesity and 75% of the higher dose males (although not females) developed obesity [54,55], suggesting
transgenerational transmission of disease through both the female and male germlines-the egg and sperm, respectively. In contrast, the

F1 obesity pathology was due to direct exposure of fetal somatic cells and was distinct from the germline exposure mechanism of the F3
generation [110,111]. Lower density CpG regions, also called “CpG deserts”, were identified within DMRs [110]. The CpG desert possesses
less methylation capabilities due to a lack of cytosines available to accept methyl groups, and it was suggested to be involved in transgenerational inheritance [110]. However, further studies are needed to determine the functional significance of CpG deserts in epigenetics.
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Di-(2-ethylhexyl) phthalate (DEHP) is widely used as a plasticizer in everyday consumer products. Estimated annual DEHP production

is approximately 2 million tons [112]. As a ubiquitous environmental pollutant, DEHP has been found in human amniotic fluid, umbilical cord blood, milk, semen and saliva [112]. Exposures to DEHP have been recently associated with energy imbalance and metabolic

disorders [113] making DEHP a concern in the obesity epidemic. DEHP reduces blood glucose utilization and hepatic glycogenesis and
glycogenolysis in rats [114]. DEHP-exposed rats also have reduced muscle glucose and lactate transport, reductions in muscle hexokinase

and hepatic glucokinase, and glycogen synthesis [115], as well as disrupted pancreas and whole-body glucose homeostasis [116]. Furthermore, recent epidemiological studies identified a positive correlation between increased urinary phthalate metabolites, abdominal

obesity and insulin resistance in both adolescent and adult males [117-119]. To date, only one study has examined the epigenetic effects

of in utero DEHP exposures on obesity and obesity-related disorders, primarily type 2 diabetes [84]. However, no studies have yet focused
their attention on transgenerational epigenetic alterations associated with these diseases.

One group studied the effects of gestational DEHP exposure on insulin signaling molecules and glucose transporter 4 (Glut4 (SLC2A4))

and its epigenome in the gastrocnemius muscle of F1 rat offspring (Table 1) [84]. They found that DEHP-exposed F1 offspring were
predisposed to glucometabolic dysfunction at adulthood due to down-regulated Glut4 as a result of hypermethylation of the Glut4 gene

promoter. They found a negative correlation between Glut4 expression and methylation level of the CpG islands. These Glut4 epigenetic

alterations suggest a mechanism for multigenerational inheritance of obesity and obesity-related phenotypes since Glut4 is the primary
GLUT-family gene in adipose and muscle tissues that acts as a major transporter protein for insulin-mediated whole-body glucose uptake
[120]. In short, DEHP-induced epigenetic alterations in Glut4 gene appear to be a key component of the observed disposition towards

metabolic abnormality, but more studies are needed to identify the potential transgenerational effects and underlying mechanisms leading to obesity.
Tributyltin

Tributyltin (TBT), a marine paint additive, is an obesogenic EDC banned by many international agencies (i.e. International Maritime

Organization in 2008) but persists in our water and soil today [121]. TBT directly mediates adipogenesis through the RXR/PPARγ path-

way [59,122]. In utero exposures to TBT have been observed to predispose MSCs to the adipocyte lineage at the expense of the osteogenic
lineage, through epigenetic imprinting, both in vitro and in vivo [63]. To date, only one group to has studied the transgenerational epigen-

etic effects of TBT in promoting obesity (Table 1) [58]. They exposed pregnant mice to three different concentrations of TBT in drinking
water to deliver approximately 50-fold lower (5.42 nM), 5-fold lower (54.2 nM), and 2-fold higher (542 nM) doses compared with the

established no observable adverse effect level (NOAEL) of 25 µg/kg/day for mice [123]. This threshold is comparable to the established
human tolerable daily intake of 250 ng/kg/day, derived by applying a 100-fold safety factor to the mouse NOAEL [124,125].

In these experiments, F2 and F3 mice exhibited increased adipose depot (fat storage) weight, had larger adipocyte size, increased

adipocyte number, and greater differentiation of MSCs toward the adipocyte lineage [58]. These obesogenic effects occurred despite regu-

lated caloric consumption, suggesting that these results were not attributable to a high caloric diet. Specifically, F1 males demonstrated
increased perirenal and interscapular white adipose tissue (WAT) depot weight and adipocyte size and number. F1 females demonstrated

increased WAT depot weight and adipocyte size. Both F1 males and females demonstrated minimal weight gain likely due to decreased
brown adipose tissue (BAT-associated with high-energy metabolism). In the F3 generation, males showed increased WAT depot weights

and adipocyte size and number, and females demonstrated increased adipocyte number and size in all WAT depots except interscapular
and ovarian. In all 3 concentrations, prenatal exposure led to increased adipose tissue for at least 3 generations, indicating permanent,

transgenerational obesogenic effects through germline alterations [58]. Further research is needed to better understand the mechanisms
of TBT-induced adipocyte differentiation.
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While the aforementioned studies focus on the epigenetic mechanisms underlying the obesogenic effects of developmental EDC ex-

posures, those studies examine only single chemicals. Arguably, the most significant results will come from experimental studies on the
adverse health effects of mixtures, which would more realistically represent daily human exposure to the large number of EDCs in the

environment. To date, only one group has studied the epigenetic transgenerational inheritance of obesity via exposure to a chemical
mixture (Table 1) [62]. They studied the mixture of BPA, DEHP, and dibutyl phthalate (DBP)-another common plasticizer used in latex
adhesives, cosmetics, cellulose plastics, and as a solvent for dyes [126]. These three chemicals have been found in humans [127,128], and
are all derived from various plastic products [129]. In this study, rats were exposed to BPA, DEHP, and DBP during gestational develop-

ment at similar concentrations to single component EDC studies (Table 1). Increased obesity was observed in both F3 females and males,
without obesogenic effects in the F1 offspring [62]. The observation that obesity was not seen in the directly exposed F1 generation and
only the indirectly exposed F3 generation implies the involvement of a transgenerational mechanism. Analysis of DNA methylation in the

altered sperm epigenome identified several epimutations on Gdnf and Esrra genes promoters that have also been previously associated

with obesity [130,131]. Further studies are needed to confirm that BPA, DEHP, and DBP exposure will influence Gdnf and Esrra obeso-

genic effects in adipocytes. Furthermore, studies investigating a number of other EDC mixtures are needed to determine the combined
epigenetic mechanisms fueling obesogenic effects relevant to our daily exposures. For instance, recent work integrated environmental,

epidemiologic, genomic, and bioinformatics approaches to better apply laboratory data to the general population and identify the common environmental and molecular risk factors between breast cancer and endometriosis [132]. More integrated approaches as outlined
by this methodological framework could be used to more effectively apply laboratory studies to a more realistic population burden of
EDC exposures.

The present review aims to stimulate experimental laboratory research by identifying important biological pathways and EDCs candi-

dates for investigation. Specific avenues of laboratory research might include in vitro and in vivo studies that should be conducted using

exposure to selected endocrine-disrupting chemicals either individually or as mixtures. Specific receptors or pathway nodes of interest
identified using an integrated or combined in vitro, in vivo, bioinformatics, computational systems biology/chemistry/or toxicology ap-

proaches could be technically evaluated by application of genomic, proteomic, or metabolomics methods. Thus, researchers could exam-

ine potential linkages for combined exposures to specific EDCs, cellular pathway alterations, and metabolic disturbances related to the
development of important clinical outcomes [133].

For example, DEHP is converted after ingestion to mono-(2-ethylhexyl)phthalate (active metabolite of DEHP) which directly activates

PPAR-gamma, induces its co-repressor N-CoR release and promotes recruitment of coactivators TRIP2 and PPARGC1 (PGC1-alpha). Mono

(2-ethylhexyl) phthalate-induced fat cell differentiation may contribute to the development of obesity and associated metabolic disorders
[113]. It is known that Tributyltin induces fat cell differentiation by direct activation of PPAR-gamma and, possibly, RXR-alpha and pro-

motes recruitment of the coactivators NCOA2 (GRIP1/TIF2) [63]. Activated PPAR-gamma, RXR-alpha and/or PPAR-gamma/RXR-alpha

dimers stimulate transcription of early adipogenic markers A-FABP [59,63], PPAR-gamma and the late marker Leptin. In addition, Tributyltin inhibits expression of adipogenesis inhibitor DLK via an unknown pathway [63].

Mono (2-ethylhexyl) phthalate and tributyltin-dependent expression of PPAR-gamma and RXR-alpha targets leads to fat cell differen-

tiation [63,113]. DEHP and tributyltin are considered obesogens, which carry out their action via stimulation of PPAR-gamma (Figure 3).

By integrating available information and bridging the gap between toxicology, epidemiology, computational methods, bioinformatics and

chemistry within the world of disease mechanisms, scientific community can look further beyond the primary target of the individual or
combined chemicals by several steps down the relevant pathway [133].
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Figure 3: Role of Diethylhexyl Phthalate and Tributyltin in fat cell differentiation. Green arrows = activating interactions; red arrows = inhibiting interactions. Catalytic factors = yellow; transcription factors = red; cytokines and lipoproteins = green; receptors and adaptor proteins = blue.

Future Work and Conclusions
Determining the potential impact of prenatal and postnatal EDCs exposure compared to the risk of childhood and adult onset diseases

is a current challenge to regulatory government agencies. The increasing evidence that EDCs exposures may produce epigenetics marks
associated with epigenetic phenotypes that can extend beyond a current population exposed to EDCs to future generations is persuasive.

This potential transgenerational transmission of obesity by EDCs is important and highlights a major public health concern. While sev-

eral studies have begun to reveal the epigenetic mechanisms underlying transgenerational obesogenic effects following developmental

EDC exposures (F3 generation for F0 exposure during pregnancy), these can exert a transgenerational epigenetic effect on phenotypes
[46,47,54,55,58,62,84]. However, it is important to mention that not all studies have reported similar results. These incongruences may
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be related to differences in the administration route of EDC exposure or experimental protocols, which may influence the transgenerational epigenetic effect. More research needs to be completed in an integrated approach to disease etiology, especially around realistic

concentrations of environmentally relevant EDCs or EDC mixtures in humans and animals. The initial integrated studies are those that
examine mixtures relevant to actual human exposures, as opposed to single EDCs in isolation. Subsequent studies need to incorporate en-

vironmental, epidemiologic, genomic, and bioinformatics studies into conclusions about the effects of EDC mixture exposures on obesity.
Certainly, determination of environmentally relevant EDC concentrations that humans may be exposed to daily would be a helpful next

step in these EDC or EDCs mixture studies, as they will be key to illustrating the distinction between multigenerational versus transgenerational epigenetic inheritance.

Understanding the molecular determinants of established epigenetic memory across generations would provide essential insight

into how environmental changes can affect the health of exposed individuals, as well as subsequent generations. Studying the epigenetic

inheritance of EDC-induced obesity and other diseases may reveal findings that might help curb the health effects associated with EDCs

exposure. A better understanding of the network and biological pathway mechanisms underlying how EDC exposures affect adipogenesis,
transgenerational inherence, and obesity are still needed. Acceptance, implementation, as well as new methods and new requirements

for deep sequencing-based expression analysis, will show major advances in robustness and inter-lab transferability over microarray
platforms for gene expression analysis. Chemical-gene-disease interaction information can also be applied for designing animal and cell-

based laboratory experiments that can continue to investigate the established transgenerational obesity hypotheses more effectively. Furthermore, there is a need to understand the windows of susceptibility of different vulnerable populations’ exposure to EDCs and the as-

sociated effects. Very little is known about associations between dietary intakes and potential obesogenic-EDCs exposure. Future research
needs to focus on investigating the comparative contributions of genetic and epigenetic changes to transgenerational effects of EDCs.

Innovative methods of analysis such as deep sequence, microarrays, machine learning, bioinformatics, and computational tools are

available and can be used to identify specific outcome pathways from complex data. The use of these methods or integration of these
methods may help identify particular and sensitive biomarkers. Cluster identification of biomarkers as signatures of individual or com-

bined exposure may help advance the development of EDC mixtures risk assessment methods. Biomonitoring and epidemiological studies
need to assess important markers related to metabolic diseases such as obesity. The sensitivity and specificity of these available biomarkers that are influenced by a range of modifying factors (chemical mixture components, diet, genetics, age, sex, ethnicity, diseases, gut biota,
etc.) can be studied using multiple sophisticated techniques. Innovative biomarkers could be developed for their use in human population
studies, disease prevention and clinical use to detect individual or multiple chemical exposures.

The body burden of multiple chemicals, particularly those EDCs considered obesogenic chemicals should be considered within the

larger framework for obesity and other chronic diseases prevention. Further investigations carried out to study the influence of factors
such as transgenerational effects, multiple chemical exposures, nutrition, age, gender, ethnicity and genetic variations will help develop
personalized specific treatment protocols for these complex diseases.
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