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Abstract
Widespread persistence of Endocrine Disrupting Chemicals (EDCs) in the environment has mandated the need to study 
their potential long-term effects on human health, after acute as well aschronic exposures. The particular focus is on in 
utero exposure to EDCs in rodent models to look at altered epigenetic programming to result in transgenerational effects 
in later life of the offspring. This potentially contributes to reproductive and immune dysfunctions, obesity, cancer, and 
altered brain development and neurobehavioral outcomes. The literature to date establishes the transgenerational effects 
associated with in utero exposure to EDCs in rodent models. Hence, the aim of this review is to provide a comprehensive 
overview of epigenetic programming and its regulation in mammals, specially focussing on epigenetic plasticity and 
susceptibility to exogenous endocrine-active chemicals, EDCs, during the early developmental period, and carried forward 
to later life using rodent models. The available reports suggest that the key mechanism behind the long-term impact of 
EDCs is caused by alterations in the epigenetic programming machinery, leading to dysregulated gene expression during 
adult life. Studies have reported the effect of prenatal exposure to EDCs in the ovarian microRNA expression and function, 
highlighting ovary as an organ undergoing in utero programming. It ascertains the heightened sensitivity of the organ to 
exogenous hormone-active compounds, particularly during early development. In addition to this, another key aspect in 
this review is increased susceptibility of the brain when exposed to even minute quantities of EDCs during embryonic 
development, resulting in profound alterations in the structural organization of the brain and neurobehavior. Detailed 
analyses of variables such as folic acid and phytoestrogen content in maternal diet need to be considered as crucial factors 
while designing experiments and therapeutic interventions. Apart from this, appropriate animal handling during the 
experimental procedures to eliminate stress in animal models to ensure unbiased results is recommended. 
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1.  Introduction
As defined by the United States Environmental Protection 
Agency (US EPA, 1997), an endocrine disruptor refers to 
an “exogenous agent that interferes with the synthesis, 
secretion, transport, metabolism, binding action or 
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elimination of natural blood-borne hormones present in 
the body responsible for homeostasis, reproduction and 
developmental processes”. EDCs exert their effect through 
nuclear hormone receptors - estrogen, androgen, thyroid 
and retinoid receptors1,2.
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The Medline (PubMed) Database (https://www.ncbi.
nlm.nih.gov/pmc/articles/PMC2990277/) was used to 
generate a trend line for the number of papers published 
with a particular keyword during 2000-2017. A trend 
line was generated by entering the following keywords 
into the database- Environmental chemicals+epigenome, 
EDCs+methylation, Epigenetic disruption+EDCs and 
EDCs+miRNA. The papers with the specific keywords 
were retrieved and plotted in the form of a graph to 
interpret the trend in research over the past seventeen 
years. For better understanding, we analyzed the number 
of publications with the above-mentioned keywords from 
the year 2000, which generated interesting trend-lines. 
Currently, more than 45 published papers had investigated 
the effect of exposure to environmental chemicals on 
the epigenome, while close to 40 publications addressed 
the consequence of exposure to EDCs in bringing about 
altered methylation. 

There is a steady increase in the number of papers 
(Figure 1) reporting the existence of epigenetic 
mechanisms behind the latent action of EDCs, which 
emphasizes the need to understand the impact of EDCs 
on biological processes, especially developmental, 
epigenetic programming and reprogramming events at 
work during early fetal development. Hence, the aim of 
this article is to provide a comprehensive overview of 
epigenetic programming and its regulation, focussing on 

the epigenetic plasticity and susceptibility to exogenous 
hormone-active chemicals during the early developmental 
period and to review the emerging literature reporting 
the latent effects of EDCs upon early developemental 
exposure, in rodent models.

2.  EDCs as Emerging 
Epigenotoxicants
There is a growing body of literature in animals which 
supports the concept that both maternal and postnatal 
environmental factors such as maternal nutritional state3-

7, xenobiotic chemicals8-9, behavioral cues10 and low dose 
radiation11 result in altered epigenetic reprogramming and 
increased disease susceptibility duringlater life. Further, 
epigenetic alterations can also be transmitted across 
generations through the germline, potentially affecting 
the health of successive progenies12-14. This process is 
referred to as ‘transgenerational inheritance of disease15. 
Epigenotoxicants are chemicals that bring about an 
altered epigenetic state in the exposed organism. The two 
best characterized epigenetic modifications include DNA 
methylation and histone modifications16. Researchers in 
the field of endocrine disruption have begun to investigate 
the association between early developmental exposure 
to hormone-active compounds and their related later-

Figure 1.  Trends in environmental epigenetic research publications from the year 2000-2017.
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life health consequences. Experiments were designed to 
integrate the human observational studies with data from 
animal models to delineate the underlying biological 
mechanism.

3.  Historical Perspectives
In 1938 the synthetic estrogen Di-Ethyl-Stilbestrol 
(DES) was prescribed to pregnant women for preventing 
miscarriage and premature births. However, during the 
fifties, it was found that the daughters of women who used 
DES were eventually diagnosed with clear-cell carcinoma, 
a rare form of cancer. Thus, in 1971, the Food and Drug 
Adminstration (FDA) of USA banned the prescription 
of DES. Over the subsequent years, research went on to 
reveal the possible links of DES with reproductive tract 
abnormalities and teratological malformation of limbs in 
DES sons and daughters (Giusti et al., 1995). To uncover 
the mechanism behind the latent action of these chemical, 
researchers started to explore DES-induced epigenetic 
alterations. In 1997, Li et al.17 reported 9-fold increase 
of demethylation in 30 PND (postnatal day) old mature 
mice uteri, when neonatally exposed (PND 1-5) to DES. 
These findings prompted the development of the concept 
of early-life programming of adult disease. Later, studies 
were aimed at establishing the effects of other EDCs using 
gestating rodent models. Many studies have documented 
an array of EDCs which act as potential epigenotoxicants. 
EDCs, like vinclozolin and methoxychlor, when tested 
during the period of gonadal sex differentiation, were 
observed to reduce the spermatogenic capacity in four 
subsequent generations, consequent upon altered DNA 
methylation levels in the germ cells18. Particularly, 
vinclozolin was found to alter the DNA methylation 
pattern in the male germ line, which led to the onset of 
adult disease phenotypes such as spermatogenic defects, 
cancer, and prostate and kidney diseases8. To reveal 
the epigenotoxic capability, BPA was administered to 
transgenic gestating mice, which caused a shift in the 
coat color distribution of viable yellow agouti to yellow 
phenotype by hypomethylation of the CpG Island in an 
intracisternal-A particle retrotransposon upstream of 
the Agouti gene19. In a recent study, prenatal exposure 
to BPA was found to be associated with the development 
of liver tumor during adult life. The hypomethylation of 
Stat3 gene was later elucidated to be the reason for the 
tumor development20. Overall, the literature substantiates 

the ability of various environmental hormone-mimicking 
compounds to exert their effect at the epigenetic level. 
We have reviewed the published literature examining the 
association between developmental exposure of EDCs 
and altered epigenetic state when tested with gestating 
rodent models (Table 1).

Recent advances in the field of epigenetics, 
endocrinology and developemental biology have 
prompted the consideration of other factors in the 
hypothesis of fetal origin of adult disease21 wherin 
disturbances that are caused during the embryonic 
development bynutritional, hormonal, and metabolic 
factors, and the presence of exogenous chemicals in the 
intra-uterine environment, would result in inappropriate 
programming of the epigenome and may lead to adult 
health outcomes. An environmental impact on the long-
term health of an individual came to light during the 
Dutch famine in The Netherlands (1944-1945). During 
this period, people affected by the famine has to consume 
bread and potatoes as the major portion of their diet. 
Rations at the time were as low as 400-800 calories a day, 
which were less than a quarter of the recommended adult 
female intake of 2000 calories22. Gestating mothers, who 
were exposed to such conditions during the second and 
third trimesters gave birth to children with low birth 
weight and developed diabetes, cardiovascular disease, 
and metabolic and mental disorders during their post-
natal life23,24. From this historical event, supported by 
epidemiological data, researchers were able to conceive 
the idea of intra-uterine programming of adult organs and 
the ontogeny of disease states arising due to disturbances 
during a critical period of early development. Another 
situation of interest is the human epidemiological study 
performed in Overkalix, Sweden, consisting of people 
born in the years 1890, 1905, and 1920. It was observed 
that drastic changes in a paternal grandmother’s diet 
during her childhood, due to adverse conditions such as 
famine, increased the susceptibility of her grandchildren 
to cardiovascular disease in their adult life14,25. Similarly, 
during the Chinese famine of 1959-1961, women exposed 
to famine conditions during early pregnancy produced 
offspring with decreased BMI26. Thus, epidemiological 
studies highlight the importance of early environmental 
conditions that prevail during pregnancy and their role in 
increasing the susceptibility to disease states in later life 
of the offspring.
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Chem-
ical

Treatment 
Scheme

Animal 
model

Period of 
exposure 

Time of 
study (of 
effects)

Dosage admin-
istered

Tissue/organ 
studied

Epigenetic 
factors stud-
ied

Technique 
employed Gene studied Conclusion Refs

BPA Oral BALB/C 
mice

Gestational 
day 0-19

PND 30-70 2, 20, 200 ug/ 
kg/day

Brain DNA  
methylation

mRNA ex-
pression 

Global brain 
tissue, Esr1

Induced epigenetic 
alteration in brain, 
especially in sex-
ually dimorphic 
brain function and 
behaviou.

138

BPA Oral Wistr rats Throught-
out gesta-
tion and 
lactation

PND 21 
and 147

50ug/kg/day Liver DNA  
methylation

Bisulphite-
sequencing, 
Real-time 
PCR,Western 
blot analysis

Hepatic global 
DNA methyl-
ation and Gck 
gene

Abnormal DNA 
methylation in 
hepatic tissue 
preceded devel-
opment of insulin 
resistance, indicat-
ing potential role 
of epigenetics in 
fetal reprogram-
ming of metabolic 
disorders.

139

BPA Intrap-
eri-toneal 
injection 
(IP)

CD-1 
mice

9–16 days 
of gestation

PND 14-42 5mg/kg Uterus. DNA 
methy-lation

Bisulfite treat-
ment, EMSA 
staining and 
chromatin 
immunopre-
cipitation, 
qRT-PCR

Homeobox 
gene Hoxa10 
and ERE

Permanent epi-
genetic alteration 
of ERE sensitivity 
to estrogen may be 
a general mech-
anism through 
which endocrine 
disruptors exert 
their action.

140

BPA Oral SD rats Gestational 
day 6-PND 
21

PND 21 100μg/kg/day Liver Methy-lation, 
Histone marks

Methyl specif-
ic PCR, ChIP

Pparg1, 
Pparg2, 
Cebpa, Fasn, 
Igf1, Adipoq, 
Ppard, Fabp4, 
Lep, Cebpb, 
Irs1, Lpl, Ppa-
ra, Bmp2 and 
Bmp4, Stat1, 
Stat5a and 
Stat5b

Exposure de-
creased the adipo-
cyte pool at birth, 
which initially in-
creased adaptive 
adipocyte matu-
ration and lipid 
accumu-lation, but 
led to adipose tis-
sue dysfunction in 
adulthood, leading 
to systemic glu-
cose intolerance.

141

BPA Injec-tion CD-1 
mice

PND 7-14, 
PND 5-20

PND 15, 21 0, 20 and 40 g/
kg dissolved into 
physiological 
saline with0.1% 
DMSO

Ovary DNA methy 
lation

Bisulphite se-
quencing, RT-
PCR, Western 
blotting

Igf2r, Peg3 
and estrogen 
receptor

Inhibits methyla-
tion of imprinted 
genes during oo-
genesis via the ER 
signaling pathway.

142

BPA Feed Non agou-
ti wild 
type mice

14 days 
prior to 
mating

PND 280 50 ng, 50 μg, 
and 50 mg BPA/
kg diet

Liver DNA methy- 
lation

Enrichment 
of methylated 
DNA, qPCR, 
hybridization 
and array 
scanning

Jak-2, Rxr, 
Rfxap and 
Tmem238

DNA methylation 
of candidate genes 
was identified 
as a mediator in 
the mechanistic 
pathway leading 
to adult disease 
susceptibility.

7

BPA Subcu-
ta-neous 
inject-tion 
(SC)

SD rats PND 1,3 
and 5

1 year 0.1, 1.0, 10, 100 
and 5,000 g BPA/
kg body weight

Prostatic com-
plex

DNA methy-
ation

Histopathol-
ogy, Immu-
nohistochem-
istry, In situ 
apoptosis la-
belling, HPLC 
MS-MS, Ste-
roid radioim-
munoassays, 
Bisulphite 
PCR sequenc-
ing analysis

Creb3l4, 
Tpd52, Pitx3, 
Paqr4, and 
Sox2

Increased 
prostate cancer 
susceptibility in 
a complex dose- 
and lobe-specific 
manner. 

9

BPA Osmotic- 
pump

CD-1 
mice

Day 9 of 
gestation 

PND 14 5mg/kg/day BPA Uterine tissue DNA 
methy-lation

HPLC tan-
dem-MS, gene 
expression 
microarray, 
qRT-PCR, 
methylated 
DNA immu-
noprecipita-
tion

Tgfbi, Scd1, 
Ret, Fbln2, 
Muc1, Lcn2, 
Il1b, Mmp3, 
Mmp10, and 
S100A9

Selectively al-
tered the normal 
developmental 
programming of 
estrogen-respon-
sive genes via 
modification of 
the genes that bind 
ERa.

140
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Epigenetic 
factors stud-
ied

Technique 
employed Gene studied Conclusion Refs

BPA Water Male 
Fischer 
344 rats

75 days PND 124 1,0.1 mg/kg/ day 
of BPA

Sperm and 
testes

microRNA 
global expres-
sion profile

Western blots, 
DNA mi-
croarrays and 
microRNA 
assays 

Oct 4, al-
pha-SM actin/ 
calponin

Caused a mod-
erate corporal 
veno-occlusive 
dysfunction 
(CVOD)• Altered 
the corporal tissue 
that pose gene 
transcriptional 
changes related to 
inflammation, fi-
brosis and epithe-
lial/ mesenchymal 
transition (EMT).

143

BPA SC in-
ject-tion

Holtzman 
strain rats

PND 1-5 PND 125 2.4 gof BPA/day Testis DNA 
methy-lation

Bisulfite 
sequencing, 
qRT-PCR, 
Western Blot-
ting

CpG island 
region of 
ER-alpha and 
ER-beta

Led to aberrant 
DNA methylation 
in testis, indicating 
methylation me-
diated epigenetic 
changes as one 
of the possible 
mechanisms that 
induced adverse 
effects on sper-
ma-togenesis and 
fertility.

144

BPA, 
Gene-
stein

Gavage SD rats PND 2-20 PND 100 250 µg BPA, 250 
mg Genes-tein, 

250 µg BPA+ 250 
mg Genes-tein

The fourth 
abdo-minal 
mam-mary 

gland

DNA methy-la-
tion

MBD Cap-Seq 
analysis

HPSE and 
RPS9

Identification of 
hypomethy-lation 

in mammary 
glands of rats 

exposed prepu-
berally to BPA+-
Genestein led to 
reinforcement of 
cancer suppres-

sive properties of 
Genistein.

145

DES, BPA IP in-
ject-tion

CD-1 mice 9-26 days 
of gestation

PND 42 DES- 10 ug/
kgBPA- 5 mg/kg 

(mouse)

Mammary 
gland

Histone tail 
modify-cation

Western blot, 
qRT-PCR

EZH2 Developmental 
programming of 
EZH2 is a novel 
mechanism by 
which in utero 

exposure to endo-
crine disruptors 
leads to epigen-
etic regulation 

of the mammary 
gland.

146

Met-
hoxy-
chlor 

(MXC)^^

IP in-
ject-tion

Fischer 
inbred 

rats

Embryonic 
day 19- 
PND 17 

(Transient 
exposure)

PND 50-60 20ug/kgd or 100 
mg/kgd

Ovary Methy-lation AP-PCR,B-
SPCR,MSP-
CR,RT-PCR

ER-ALPHA 
and ER-BETA 

promotor

Affects adult 
ovarian function 
via altered meth-
ylation patterns.

147

DES IP in-
ject-tion

CD-1 mice 9-16 days 
of gestation

PND 14-42 10u g/kg Uterus DNA Methy-la-
tion

BSP,MSP, 
RT-PCR

HOXA10 Hypermethy-
la-tion is identified 
as a novel mecha-
nism of exposure 
induced altered 
developmental 
programming.

148

DEHP* Gavage SD rats 7-19days PND80 750mg/kg.bw.
day

Testis DNA meth-
yl-transferase 

expression

Real 
Time-PCR, 

immune-his-
tochemistry, 
western Blot, 

MeDIP-seq 
Data Analysis

DNA meth-
yl-transferase 

expression

Led to methyl-
ation pattern 

changes which 
passed on to the 
next generation 

and eventually re-
sulted in produc-
ing offspring with 
cryptorchidism.

149
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Epigenetic 
factors stud-
ied

Technique 
employed Gene studied Conclusion Refs

Vinc-lo-
zo-lin*, 

BPA, 
DEHP*

Oral 
gavage

Mice (JF1 
females, 

OG2 
males)

8.5 dpc 
to 12.5 

days post 
coitum

13.5 dpc Vinclozolin(VZ) 
at100 mg/kg/ 

day; di-(2-ethyl-
hexyl) phthalate 

(DEHP) at750 
mg/kg/ day; and 
BPA at 0.2 mg/

kg/ day.

Head, Heart, 
Liver, Lung, 

Placenta, Yolk 
sac, and Em-
bryo carcass

Allele specific 
transcript-tion

multiplex 
RNA-single 
nucleotide 

primer exten-
sion (SNuPE) 

assay

allele-specific 
DMR methyl-

ation

EDCs exert direct 
epigenetic effects 
in exposed fetal 

germ cells, which 
are corrected by 
reprogramming 

events in the next 
generation. Avoid-
ing transgenera-

tional inheritance 
of environmental-
ly-caused epigen-
etic aberrations 
may have played 

an evolution-
ary role in the 

development of 
dual waves of 

global epigenome 
reprogramming in 

mammals.

150

p-p’-
DDE*

Gavage SD rats GD 8-15 PND 120 100 mg/kg of 
body-weight

Mature sperm 
and Testes

DNA methy-la-
tion

RT-PCR, Bisul-
fite genomic 
sequencing

lgf2 Impaired male fer-
tility with epigen-
etic alterations is 
transgenera-tion-

ally inherited, 
posing significant 
implications in the 

etiology of male 
infertility.

151

DDT,B-
PA, MC

IP in-
ject-tion

Wistar 
rats

Injected 
when 

female rats 
150g

After72 
hours of 
injection

50/75/75 mg/kg Liver miRNA expres-
sion

RT-PCR, West-
ern Blotting

CYP1A1/2B1 Observed a poten-
tial involvement 
of miRNA in the 

post-transcription-
al regulation of 

candidate genes 
in the livers and 

ovaries of exposed 
rats.

152

Es-
tra-diol 
Ben-zo-

ate

SC in-
ject-tion

SD rats PND 1-5 PND 
6,30,90

0, 0.75, 1.25, 2.5, 
or 25 ug/d

Testes microRNA and 
DNMT role on 
developmental 

effects of EB

TUNEL, 
Immunofluo-

rescence, qRT-
PCR, Western 

Blotting

DNMT1, 
DNMT3a, 
DNMT3b, 

Cdkn2a, miR-
29a, miR-29b, 

miR-29c, 
L1td1 and 

Gstp1

Increased 
expression of 

the apoptomir 
that is involved 

in adult germ cell 
apoptosis.

153

Gene-
stien

Diet Agouti 
viable yel-
low (Avy) 

mouse 
model

PND 56-70 PND150 A modified 
control diet 
with corn oil 

subs-tituted for 
soybean oil, a 
modified diet 
containing 50 
mg/kg BPA, 
a modified 

dietco-ntaining 
50 mg/kg BPA 

and 250 mg/kg 
genistein, and 

amodi-fied diet 
contain-ing 50 
mg/kg BPA and 
methyl donors

Hair follicle DNA methy-la-
tion

Sodium 
Bisulphate 

modification, 
PCR

Avy IAP Affects gene 
expression and 

alters susceptibil-
ity to obesity in 

adulthood by per-
manently altering 
the epigenome.

154

Tribut-
yltin

Gavage C57BL/6J 
mice

E16.5 PND 56 TBT (0.1 mg/
kg), ROSI (1 mg/

kg) (Cayman 
Chemi-cal, Ann 

Arbor, MI)

Stromal 
stem cells 

from white 
epidi-dymal/ 
ovarian fat 
pads (WAT)

DNA methy 
lation

Proiferation 
assay, methyl-
ation sensitive 
enzyme diges-
tion, qRT-PCR 

and flow 
cytometry

Fabp4 and 
PPARγ2

Multipotent 
stromal stem cells 
are sensitized to 
differentiate into 
adipocytes, an ef-
fect that increased 
adipose mass over 

time.

155
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Estra-di-
ol, BPA

SC in-
ject-tion

SD rats PND 1,3,5 PND 196 2,500 µg EB/kg 
body weight, 0.1 

µg EB/kg body 
weight,10 µg BPA 
/kg body weight

Prostate 
tissues

DNA methy-la-
tion

Bisulphite 
sequencing, 
methylation 
specific PCR, 

RT-PCR

Dgat and 
Agpat6, 

Fabp1, Lpl, 
Fasn, Cebpα, 
Cebpβ, Pck1, 
Acox1, Cybb, 

Cpt1a, Dnmt1, 
Dnmt3a, 
Dnmt3b, 

Hdac1, Hdac3, 
Ash1l, Kmt2b, 

Kmt2c, 
H3Me2K4, 

H3Me3K36, 
C/EBPβ, H4Ac 
and SREBP1

Affects prostate 
epigenome during 
development and 
promotes prostate 

disease with 
aging.

156

DES Injec-tion CD-1 mice PND 1-5, 
adult days 

30-34

PND 17, 21 
or 30, adult 

day 35

2 pg/ mouse/
day, in adult- 2 
ug/kg of body 
weight/ day

Uterus DNA methy-la-
tion

Bisulphite 
sequencing, 

genomic 
southern 

hybridization

Five CpG sites 
-547,-533,-

475,-464, and 
-454

Induced tumor 
formation as well 

as demethyla-
tion through a 

common cellular 
process.

17

DES, 
Meth-
oxy-
chlor

SC in-
ject-tion

CD-1 mice Gestation 
days 12-18

PND 196 DES-0.1 μg/kg/ 
day, 100 μg/
kg/ day and 

MXC-10 μg/kg/ 
day, 10,000 μg/

kg/ day

Uterus DNA methy-la-
tion

Differential 
methylation 
hybridization 

analysis, 
Methylation 
analysis by 
Southern 

hybridization

Ribosomal 
18S rDNA and 
45S pre-rDNA

A monotonic 
dose-response 

relationship found 
for exposure on 

both liver weight 
and ribosomal 

DNA hyper-
methy-lation.

https://www.

ncbi.nlm.nih.gov/

pubmed/12217638

157

Cou-
mes-trol

Injec-tion SD rats PND 1-10 PND 15 10 or 100 μg of 
coumes-trol or 

equol

Pancreas DNA methy-la-
tion

methylation 
specific 

restriction 
enzymes

c-myc or c-fos Equol may have 
anti-carcinogenic 
effectson some 

hormone-depen-
dent cancers.

158

Vinc-lo-
zo-lin*

Oral 
gavage

CD-1 mice Gestational 
days 13-17

GD19 10 mg/kg 
dissolved in 

corn oil, 50 mg/
kg dissolved in 

corn oil

Genital 
tubercle

mRNA levels qRT-PCR ER, ERb, 
progesterone 
receptor and 

androgen 
receptor

Directly or 
indirectly affects 

progesterone 
receptor expres-
sion, also affects 

estrogen receptor 
expression in a 

sex-based manner. 
Hence, may also 

exert its effects by 
involving in addi-
tional steroid-sig-
naling pathways.

159

Vinc-lo-
zo-lin*

IP in-
ject-tion

CD-1 mice E7–E13 PND 60-90 100 mg/kg· day Testes, Ep-
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4.  In Utero Exposure to EDCs
The ubiquitous presence of a wide variety of EDCs in the 
environment and the products used in day-to-day life 
contribute to their exposure in human beings. The impact 
of EDCs on an organism’s health has revealed to depend 
upon the following factors- windows of exposure27,28, 

dosage29,30, duration of exposure31 and stages of 
development, thus making perinatal life the most sensitive 
and susceptible period for the action of EDCs. This is 
reflected in human biomonitoring studies, reporting the 
presence of detectable levels of EDCs from the human 
biological matrices viz., blood32, saliva33, seminal plasma33, 
serum35,36 and urine32,34. In particular, EDCs have also 
been screened from pregnancy-associated fluids like 
maternal blood and serum37-39, umbilical cord blood40-

42, amniotic fluid43,44, breast milk32,45,46,  and placental 
tissue38,47. In addition to their presence in these matrices, 
a recent study has also revealed their ability to cross the 
protective placental barrier, enter the fetal compartment 
and come in contact with the developing fetus throughout 
pregnancy43. Together, the published literature uncovers 
the presence and distribution of EDCs in the feto-
maternal unit. Reproductive tract formation and sex-
specific organization of the brain can be influenced by 
the environment that prevails during pregnancy. Taking 
into consideration that early development is a hormone-
dependent process, presence of untimely and irrelevant 
signals especially initiated by hormone-active chemicals, 
can alter the appropriate epigenetic programming 
required for reproductive fitness of the invidiual during 
adult life. This growing body of literature brings to light 
the in utero exposure of EDCs and warrants further study 
on the later-life health48-50. An emerging field of EDC 
research addresses the altered epigenetic state leading to 
dysregulated gene expression8,51. It is important to study 
such alterations in epigenetic programming owing to 
exposure of EDCs during the critical early developmental 
stages, which have profound effects in later years, 
leading to transgenerational inheritance of many disease 
phenotypes.

5.  Epigenetics and Epigenetic 
Reprogramming
Understanding the mechanism of action of EDCs 
through epigenetic alterations first requires a proper 

understanding of the term ‘epigenetics’ and the research 
this field covers. Conrad Waddington coined the term 
‘epigenetics’, defining it as “a branch of biology which 
studies the causal interactions between genes and their 
products, which bring the phenotype into being”52. 

Some of the well chraractersized epigenetic factors 
studied today include the covalent and non-covalent 
modifications of DNA and histone proteins, and the 
mechanisms through which these modifications influence 
the chromatin structure. Epigenetic reprogramming 
refers to any mitotic or meiotic alteration that does not 
change DNA sequence, but has a significant phenotypic 
impact on the organism53. Early embryonic cells contain 
identical genetic information; however, epigenetic factors 
regulate the process of differentiation and development. 
The specialized function taken up by each cell type 
occurs due to the specific expression of a subset of genes. 
The epigenetic regulation of gene expression has been 
demonstrated in the model organisms: mice, rats, flies and 
worms54,55. Genes are either activated or silenced through 
the epigenetic regulatory mechanism involving: 1. DNA 
methylation, 2. histone methylation and acetylation, 3. 
long non-coding RNA, 4. small non-coding RNA, and 5. 
chromatin modifications. 

DNA methylation in mammals is a post-
transcriptional modification, which involves the 
methylation of the 5՛-position of cytosine residues and 
results in the formation of 5-methyl cytosine (5mC). It 
is, by nature, a reversible covalent modification to DNA. 
The symmetric methylation of cytosine in the 5՛ position 
in CpG dinucleotides is one of the most prominent forms 
of epigenetic alteration, often considered to play a crucial 
role in regulation of gene expression and structural 
integrity. The process of methylation is facilitated by a 
family of enzymes known as DNA Methyl-Transferases 
(DNMTs)56. At present, four types of DNMTs are known to 
be expressed in mammals: DNMT1, DNMT2, DNMT3a 
and DNMT3b57. These DNMTs are responsible for 
various functions in the body- DNMT1 aids to maintain 
the DNA methylation throughout the replication process, 
by copying the methylation pattern that occurs in the 
parent strand onto the newly synthesized DNA strand. 
DNMT2 has been reported to exhibit limited methylation 
activity in vitro58. De novo methylation involves DNMT3a 
and DNMT3b, which targets the unmethylated CpG 
dinucleotides59,60. DNMT3a and DNMT3b together with 
DNMT1 ensure copying of methylation patterns during 
the process of DNA replication57.
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6.  Methylation as an Epigenetic 
Marker for Developmental 
Reprogramming Process
Mammalian development involves the occurrence of 
bimodal DNA methylation in two stages, i.e., - germ 
cell development and preimplantation period (Figure 
2)61. While the Primordial Germ Cells (PGCs) arrive at 
the developing germinal ridge and begin differentiation 
and expansion, the highly methylated PGCs undergo 
genome-wide demethylation. Most of the methylation is 
lost by embryonic day 12.5 in mice62. At the same time, 
there occurs an erasure and resetting of parent-of-origin 
specific marks, namely DNA methylation, and imprint 
differentially methylated regions (DMRs) associated 
with allele-specific expression63. While the exact timing 
in which de novo methylation occurs has not yet been 
established in mammals, it appears to be initiated on 14.5 
day post-coitum (dpc) in males, following that in females, 
such that the mature gametes of both sexes eventually 
become highly methylated64.

DNA methylation represents an epigenetic mark 
in mammalian development that is erased when 
developmental potency has to be restored and subsequently 
re-established with the commitment to a particular cell 
fate. This first event occurs following fertilization, when 
the DNA methylation marks of the parental gametes are 
erased in two waves of demethylation process. In the first 
wave, the paternal pronucleus (shown in blue) undergoes 
rapid demethylation in the zygote, which is followed by a 
passive loss of DNA methylation marks in the maternal 
genome (shown in red). Following this, de novo DNA 
methylation occurs actively and passively in paternal 

and maternal pronuclei, respectively. Later, in the zygote 
stage and pre-implantation stage, the second cycle of 
demethylation of paternal and maternal pronuclei occurs 
simultaneously and passively. Following this, de-novo 
methylation occurs in the blastocyst (implanted embryo) 
ICM. As part of the continuous cycle of DNA methylation 
reprogramming, these epigenetic marks will be erased in 
the zygote of the next generation. 

During the period between fertilization and formation 
of the blastocyst, the second phase of methylation 
reprogramming occurs. Upon fertilization, a rapid 
paternal-specific asymmetric loss of methylation is 
observed65,66. This process, known as active demethylation, 
takes place in the absence of transcription or DNA 
replication. It involves a steady decline in methylation 
levels till the morula stage67 which occurs in the absence 
of DNMT1 during DNA replication68.

De novo methylation in the developing embryo is 
initiated prior to the fifth cell cycle and coincides with 
the first differentiation event. Another asymmetry of 
methylation is established during the formation of the 
Inner Cell Mass (ICM) and Troph-Ectoderm (TE). It has 
been observed that the ICM becomes hypermethylated 
whereas the trophectoderm is hypomethylated67,69. This 
difference in methylation is reflected in highly methylated 
somatic tissues and the hypomethylated extra-embryonic 
tissues of the placenta. The highly methylated PGCs, on 
day 7 in the extraembryonic mesoderm of the developing 
embryo, is amongst the somatic tissues derived from 
the ICM70. The cycle of epigenetic reprogramming is 
completed when these cells migrate via the allantois to 
the developing germinal ridges, where they eventually 
differentiate to form mature gametes. In case of somatic 
cells, the epigenetic changes are mitotically heritable, thus 
providing a potential mechanism by which disruption of 
the epigenome by environmental stressors can have long-
lasting effects on the individual71.

7.  Regulation of Gene Expression 
by DNA Methylation
DNA methylation is associated with repression of gene 
expression. In general, there are two major mechanisms 
by which DNA methylation can bring about repression 
in the expression of a gene. A direct mechanism involves 
the alteration of transcription binding sites by the DNA 
methylation marks, which interferes with the binding Figure 2.  Major waves of DNA methylation during the 

life cycle of an individual.
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Figure 3.  Canonical miRNA biogenesis pathway in 
mammals.

of transcription factors like E2F and CREB, preventing 
transcriptional activation72-74. Besides this, a more complex 
mechanism, which involves the recruitment of methyl-
CpG binding proteins, is associated with chromatin 
modifiers to establish a repressive environment75-79.

8.  MicroRNA Biogenesis and 
Regulation 
MicroRNAs are small non-protein coding RNAs of 
20 nucleotides in length, responsible for the post-
transcriptional regulation of gene expression, binding to 
the 3՛ untranslated region (UTR) of the target mRNA. This 
results in the inhibition of protein translation or mRNA 
degradation80,81. Studies have reported the regulatory role 
of miRNAs in pathways of developmental programming, 
cell division and organogenesis82-84. The miRNA genes 
reside in the intergenic regions of a protein-coding gene 
constituting independent transcription units or are 
transcribed from the independent miRNA genes85-87. In 
the canonical mammalian miRNA biogenesis pathway, 
the miRNA genes are transcribed as long transcripts, 
known as pri-miRNAs (primary microRNAs) which are 
further processed into hairpin-shaped pre-miRNAs in an 
enzyme-mediated process catalyzed by the endonulease 
enzymes: nuclear RNase III Drosha (RN3) and Dicer88-

90. Both Drosha and Dicer form a functional complex 
with the proteins having dsRNA-binding domains 
(dsRBDs). In Drosophila melanogaster, Drosha crops 
the pri-miRNA into hairpin-shaped miRNA, clubbing 
along with Pasha protein. However, the above-mentioned 
process in mammals is accomplished by partnering 
with the DiGeorge syndrome Critical Region gene 8 
(DGCR8)91. The Drosha-DGCR8 complex results in a 

̰70- nucleotide long hairpin structure called precursor 
miRNA (pre-miRNA). Further, the pre-miRNAs are 
transported across the nucleus into the cytoplasm by 
the protein exportin5. Inside the cytoplasm, Dicer and 
TAR RNA Binding Protein (TRBP) cleave the pre-
miRNA into a 20-bp miRNA duplex. One strand from 
the miRNA duplex functions as mature miRNA, which 
is assembled into the ribonucleoprotein, referred to as 
miRNA-induced silencing complex (miRISCs)92. The 
constituents of miRNPs are proteins from the Argonaute 
(AGO) family: AGO1-AGO493. Argonaute proteins, in 
association with P-body components such as GW182 
(Scaffold protein) and RCK/p54, interact with miRNPs 

that are involved in the miRNA-induced repression94-96. 

Binding to the specific mRNA target, mature miRNA 
is reported to engage in different kinds of mechanisms 
leading to translational repression or mRNA degradation. 
The mRNA degradation was shown to be mediated by 
initiating the endonuclease cleavage facilitated by mRNA 
decapping97. MicroRNAs interact with target mRNA by 
base-pairing and the perfect complementarity leads to 
endonucleolytic cleavage of the miRNA-mRNA duplex 
resulting in repression of the target gene (Figure 3).

9.  Non-canonical MicroRNA 
Biogenesis
Besides the canonical miRNA biogenesis, there is 
another accessory mechanism in which microRNAs are 
synthesized. This pathway does not utilize the Drosha or 
microprocessor for microRNA biogenesis and is referred 
to as mirtron production. The Drosha-mediated process is 
bypassed by an alternating mechanism in which the small 
precursor strands are produced through mRNA splicing. 
The spliced transcripts separate and refold to form short 
stem-loops, reminiscent of pre-miRNA. Besides this, 
some microRNAs are synthesized from other small RNAs: 
tRNAs or tRNA-like precursors, small nucleolar RNAs 
(snoRNAs), or viral RNAs involving Drosha-independent 
processing. The non–canonical pathway of micro-RNA 
production is accomplished in cases where small RNAs 
are directly derived from the short hairpin RNAs (Figure 
4)98-100.
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10.  Epigenomic Plasticity during 
Early Developmental Windows of 
Exposure
When it comes to examining the toxicity of EDCs, adult 
exposure is important but it is not the sole factor to be 
taken into consideration. More emphasis needs to be 
given on fetal and/or prenatal exposure, particularly due 
to the increased sensitivity of the fetus to environmental 
perturbations, including concentrations much lower 
than what is considered to be safe101,102. This heightened 
sensitivity is due to the factors like less functional DNA 
repair mechanisms, incompetent immune system, 
underdeveloped liver metabolism and lack of a fully 
functional blood-brain barrier102. Prenatal exposure 
to environmental stressors can result in an altered 
trajectory of the developing organ system through 
the process of developmental programming, making 
individuals more susceptible to altered neurobehaviour, 
impaired immune function, reproductive abnormalities 
and cancer, later in life. The ability of a given genotype 
to produce different phenotypes in response to various 
environmental conditions is termed “plasticity,” and is 
part of the organism’s “adaptability” to environmental 
cues103. Changes in the epigenome due to environmental 
exposure to stressors can occur in both the embryonic and 
adult environment. Thus, epigenetic programming is now 
established as the key process that allows the environment 
to interact with the genotype during early development, 
resulting in the observed phenotype during adult life104.

11.  Influence of Maternal 
Behavior
Animal models have been used to study molecular 
mechanisms underlying the alterations in adult 
behavior as a result of early-life adversity or exposure. 
During the first week of life, offspring of mothers that 
exhibited higher levels of Licking/Grooming (LG) 
and Arched-Back Nursing (ABN) behavior, showed 
alterated DNA methylation patterns when compared to 
offspring of mothers that exhibited lower LG and ABN 
behavior105. It has also been reported that maternal care 
is directly related to cytosine methylation of the ER-1b 
promoter, providing a potential mechanism involved 
in programming individual differences in ER (estrogen 
receptor) expression and behavior of female offspring106. 

Together, the literature highlights the influence of 
maternal behavior on the offspring and its translational 
impact on altered neurobehavioral outcomes during its 
adult life107 (For detailed review, refer ref. no. 108,109).

12.  Influence of Maternal Diet 
and Nutrition
Many studies highlighting the influence of maternal diet 
on the health status of the offspring in adult life have 
emerged. In a study where Avy mice were fed with high 
soy diet during gestation, it was observed that due to high 
levels of genistein (a phytoestrogen) intake, the coat color 
of viable yellow agouti offspring shifted to pseudoagouti. 
This shift in phenotype has been attributed to methylation 
in the transcription start site of the Agouti gene110. In-utero 
manipulation of maternal diet with a high-fat feed resulted 
in the loss of methylation at exon I of  the ER gene, 
which later caused increased susceptibility to mammary 
tumorigenesis in aging rodents111. Thus, high fat intake by 
the mother during gestation can lead to hypomethylation 
similar to what is seen in individuals with cancer at adult 
stages. Besides this, folate content in dietary intake also 
plays an essential role in maintenance of methylation 
marks. The pre-pubertal transition period has been 
reported to be highly plastic to folate-induced epigenetic 
programming112,113. Altogether, maternal diet was found 
to play a crucial role in the epigenetic programming of 
the fetus, thus contributing to later-life health outcomes 
in the offspring. Hence, it is recommended that proper 
screening of constituents of maternal diet such as fat, Figure 4.  Non-canonical miRNA biogenesis pathway in 

mammals.
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folate and phytoestrogens should be carried out to ensure 
unbiased results in experimental studies, and more so in 
real time life situation in the human.

13.  Influence of Maternal 
Psychological Status on 
Epigenome
It has been reported that maternal stress during critical 
periods of fetal brain development contributes to 
increased incidence of disease development in adult life 
of the offspring. Stress during gestational days 12-18 led 
to altered brain miRNA profiles in the mother and the 
offspring. Maternal stress induced the expression miR-
103, causing down regulation of its target gene PTPIB in 
the brains of the exposed offspring. In addition, miR-145, 
a marker for multiple sclerosis was also down regulated. 
This result throws light on the mechanism that may 
elucidate the link between exposure to environmental 
contaminants and the development of neurological 
disorders114,115. The research assessing the role of maternal 
psychology in shaping the epigenome is limited and, thus, 
further investigation will improve our understanding of 
the etiology of neurological disease and disorders. 

14.  Studies Addressing the 
Altered Epigenome Leading to 
Transgenerational Effect in the 
Offspring
Epigenetic transgenerational inheritance has been 
defined as “the germline (egg or sperm) transmission 
of epigenetic information between generations in the 
absence of any environmental exposure”116,117. It has 
been reported that transgenerational effects of EDCs 
like vinclozolin (an antiandrogenic fungicide) and 
methoxychlor (an estrogenic pesticide), when exposed 
during gestation, resulted in decreased spermatogenic 
capacity and increased incidence of male infertility 
in the exposed offspring. It was also found that these 
effects are transferred through the male germline till 
the F4 generation, with no direct exposure to the test 
compound118. It was observed that these effects are due 
to altered DNA methylation in the sperm promoter 
epigenome119. Similar studies have also been carried 
out with chemicals- BPA120 and dioxin121. Other factors 

such as maternal diet6 and stress pathology122 yielded 
similar results. When gestating females were exposed 
to vinclozolin during the critical period of embryonic 
development, various disease states such as tumors and 
hypercholesterolemia, prostate andk idney diseases, and 
compromised immune parameters and testicular function, 
were consistently observed in F1-F4 generations123. These 
results suggest that endocrine disruptors can induce 
transgenerational inheritance of disease. A behavioral 
investigation revealed that F3 generation males showed 
a decrease in anxiety-like behavior whereas females 
showed an increase in anxiety-like behavior. These results 
indicate that embryonic exposure to environmental 
chemicals like vinclozolin alters the brain epigenome, 
leading to transgenerational sex-specific alterations in 
the brain transcriptome and behavior124. In a similar 
study, it was observed that F1-F3 generation females were 
diagnosed with uterine haemorrhage and/or anaemia at 
late pregnancy. Upon examination of kidney histology, 
severe glomerular abnormalities were found in F2 and F3 
generation adult females. These observations testify that 
exposure to environmental chemicals like vinclozolin at 
critical periods of development can lead to pregnancy 
abnormalities and adult onset of diseases in female 
offspring125.

Exposure to methoxychlor has been reported to induce 
kidney and ovary diseases and obesity with increased 
intensity from F1 to F4 generation126. A very recent study 
proved that maternal exposure to di (2-Ethyl-Hexyl) 
Phthalate (DEHP) at human exposure-relevant doses 
during the critical stage of gonadal sex determination 
perturbs the reproductive indices of female offspring in 
the subsequent generations (F1-F3)

127. Yet another well 
established environmental endocrine disruptor, dioxin, 
has been reported to increase the incidence of premature 
birth and sensitivity to inflammation fertility and birth 
outcomes121. It can also aggravate prostate disease, ovarian 
primordial follicle loss and polycystic ovary disease in the 
F1 generation of dioxin lineage126 and in three subsequent 
generations, which is heritable due to differentially 
methylated DNA regions. Similarly, upon embryonic 
exposure of CD1 mice to phthalates (DEHP), disruption of 
testicular germ cell organization and spermatogonial stem 
cell function were observed to occur in a transgenerational 
manner through a decrease in sperm count and motility 
from F1-F4 generation offspring128. The well known 
plasticizer BPA, when given to pregnant rodents during 
critical stages of fetal gonadal sex determination, 
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caused an alteration in DNA methylation patterns 
leading to increased pubertal abnormalities, testicular 
disease, obesity, and ovarian disease (primary ovarian 
insufficiency and polycystic ovaries) in the F3 generation 
animals126. It also affects the male germ line, leading to 
impairment in three subsequent generations129. Such 
exposure to BPA affects brain organization and behavior 
of subsequent generations which could be a consequence 
of its action as a steroid hormone antagonist, agonist or 
an epigenetic modifier130. To conclude, during the critical 
window of germ cell development and embryonic gonadal 
sex determination in mammals, environmental factors, 
toxicants or maternal behavior have been shown to 
influence epigenetic programming in the male or female 
germ line which becomes permanently programmed or 
imprinted, thus allowing transgenerational inheritance of 
disease phenotypes131.

The process of fetal development in mammals can 
be visualized as a set of gears, with one factor driving 
the other. Alterations in one of the gears can result 
in severe disruption of subsequent factors, together 
leading to altered health state in the adult life of the 
exposed individual. The developing fetus is considerably 
influenced by maternal cues such as prevailing 
intrauterine environment, behavior, nutritional status 
and psychological state. In addition to this, circulating 
hormones in the uterine environment also play a major 
role in shaping the epigenetic programming of the fetus. 
Thus, the fetus is most susceptible to disturbances that 
arise during this sub-optimal period of development132. 
Therefore, the epigenetic plasticity is influenced by 
exposure to environmental toxicants during this critical 
developmental time point. Since early development is a 
hormone-dependent process, EDC-exposure even at 
low concentrations can result in functional changes in 
gene expression and, while not obvious in the form of 
any phenotypic change, can later contribute to increased 
occurrence of disease and dysfunctions133. Early-
life exposure can result in problems associated with 
neurobehavioral134, immune response135, reproductive 
system136 and brain development137. It has also been studied 
to be one of the possible causative agents for cancer. 

15.  Summary and Conclusion
The literature to date establishes the transgenerational 
effect of EDCs upon exposure during critical stages of 
development, resulting in profound later-life effects such 

as alterations in neurobehavior, reproduction and immune 
function. A review of the available reports suggests that the 
key mechanism behind the long-term impact of EDCs was 
studied to be involving altered epigenetic programming, 
leading to dysregulated gene expression during adult-
life. Especially, recent reports have demonstrated the 
effect of prenatal exposure to EDCs on the ovarian 
microRNA machinery, highlighting it to be an essential 
organ undergoing in utero programming. It ascertains 
the heightened sensitivity of the organ to exogenous 
hormone-active compounds. In addition to this, another 
key exposition in this review is the increased susceptibility 
of the brain to developmental exposure to even minute 
concentrations of EDCs, resulting in profound alterations in 
brain structural organization and neurobehavior. Detailed 
analyses of variables such as folic acid and phytoestrogen 
content in maternal diet have to be considered as crucial 
factors while designing experiments. Apart from this, 
appropriate animal handling during the experimental 
procedures to eliminate stress in animal models to ensure 
unbiased results, is recommended. Further, this compelling 
evidence should urge scientists and policymakers to rethink 
and include the epigenetic paradigm while screening and 
assessing the effects of EDCs.   
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