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Bisphenol A (BPA) is extensively used in plastic products and epoxy resins. The epigenetic 
response to the environmental chemical BPA was involved in multiple dysfunctional 
categories, such as cancer, the reproductive system, metabolism, pubertal development, 
peripheral arterial disease, infant and childhood growth, and neurodevelopment outcomes. 
In this mini-review, we described the recent progress of the epigenetic effects of the 
environmental chemical BPA, including DNA methylation, histone methylation, and toxic 
epigenomics. Notably, the histone modification changes under BPA exposure are 
summarized in this review. DNA methylation accompanied by transcriptional changes in 
key genes affected by BPA exposure is related to various processes, including neural 
development, cancer pathways, and generational transmission. In addition, BPA could 
also affect histone modifications in many species, such as humans, rats, and zebrafish. 
Finally, we reviewed recent studies of the toxico-epigenomics approach to reveal the 
epigenetic effect of BPA exposure genome-wide.
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INTRODUCTION

Bisphenol A (BPA) is one of the most extensively used chemical components in the plastics 
and epoxy resins of large consumer products, including water bottles, baby bottles and storage 
containers, pitchers, tableware, and other storage goods (Kamrin, 2004). Almost everyone can 
be  exposed to BPA every day from the environment, especially from food intake. BPA has 
been detected in multiple biological samples, including urine, blood, saliva, and even breast 
milk (Vandenberg et  al., 2010).

Accumulating evidence shows that BPA, an endocrine-disrupting chemical (EDC), interferes 
with hormonal signaling pathways, which is acutely toxic to living organisms (Diamanti-Kandarakis 
et  al., 2009). In recent years, many adverse effects on the reproductive system have been 
found to be  associated with BPA exposure in both animals and humans (Shankar et  al., 2012; 
Adeyi and Babalola, 2019).

Epidemiological studies discovered that cancer, reproductive system, metabolism, pubertal 
development, peripheral arterial disease, infant and childhood growth, and neurodevelopment 
outcomes were associated with BPA exposure (Matuszczak et  al., 2019). For example, urinary 
BPA concentrations were reported to be  associated with serum reproductive hormones. 
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Compared with unexposed BPA workers, exposed workers were 
more likely to suffer from male sexual dysfunction (Braun 
and Hauser, 2011). Urinary BPA levels were significantly 
correlated with peripheral arterial disease based on the analysis 
of representative samples (Shankar et  al., 2012).

Bisphenol A exposure can induce epigenetic misregulation, 
especially early persistent exposure, which can affect the 
development of offspring. Epigenetic changes, including 
modifications in DNA, RNA, and histones combined with 
noncoding RNA (ncRNA) and miRNA-associated gene silencing, 
are currently thought to initiate and sustain transcriptional 
regulation without alteration of DNA sequencing (Weinhold, 
2006). Compared to genetic alterations, epigenetic regulation 
is more dynamic in response to environmental changes and 
environmental exposures. The major DNA modification is DNA 
methylation of 5-mC in cytosine in both symmetric and 
asymmetric contexts (CG, CHG, and CHH). Oxidation of 
methylated cytosine (5-mC), methylation of adenine (A), and 
other modifications are also regarded as significant epigenetic 
regulators (Kumar et  al., 2018). Histone modification is a 
covalent posttranslational modification (PTM) of histones. 
Histone modification of acetylation and methylation on histone 
H3 could regulate chromatin structure and transcription 
(Bannister and Kouzarides, 2011). Epigenetic modifications are 
tightly controlled during human development, especially in 
the very early stages from fertilization to birth. ncRNAs are 
a group of functional RNA molecules transcribed from DNA 
but not translated into proteins (Wei et  al., 2017). ncRNAs 
have been found to be  involved in various processes, such as 
histone modification, DNA methylation targeting, and gene 
silencing. Numerous miRNAs have been shown to play significant 
roles in virtually every cellular process and are required for 
animal development, cell differentiation, and homeostasis.

To conduct our review on the most recent studies about 
the epigenetic effects of BPA, we  used a combination of 
the key words “bisphenol A” AND “epigenetic” OR “DNA 
methylation” OR “histone OR “miRNA” to search the PubMed 
database from 2012 to August 2020. In total, we  found 
approximately 200 papers and manually checked each article. 
We then classified them into three categories: DNA 
methylation, histone modification, and both DNA methylation 
and histone methylation. In addition, we  further selected 
studies with high-throughput sequencing data, such as toxico-
epigenomics study cases. Because a comprehensive review 
has only published the miRNA changes induced by BPA 
exposure, we  will not review the miRNA and ncRNA parts 
in this review (Sabry et  al., 2019; Farahani et  al., 2020).

New and ongoing studies are continuously revealing the 
role of epigenetics in human disorders and fatal diseases 
linked to environmental exposure, including endocrine 
disruptors (BPA, DDT, phthalates; Dutta et al., 2020); tobacco 
smoke (Wu et  al., 2019); diesel exhaust particles, such as 
PM2.5 and PM10; heavy metals, such as arsenic, nickel, and 
lead (Wang et  al., 2020); and other indoor and outdoor 
pollutants (Mileva et  al., 2014; Zhu et  al., 2018; Freeman 
et  al., 2020). A systematic review summarized that BPA has 
many effects, such as hormonal alterations, alteration of male 

reproductive organs, and epigenetic changes involving the 
male reproductive system (Cariati et al., 2020). In this review, 
we  summarized the recent discoveries of BPA-mediated 
epigenetic alterations in DNA methylation and histone 
modification. In addition, we also reviewed toxico-epigenomics 
studies on different kinds of animal models.

BPA AND DNA METHYLATION

Bisphenol A could affect DNA methylation as an endocrine-
disrupting chemical. In Table  1, we  summarized the genes 
that have been reported to be  methylated or demethylated 
under BPA treatment since 2012, while another review reported 
BPA-affected genes epigenetically until 2012 (Singh and Li, 2012).

Bisphenol A was extensively found to be  involved in 
neurodevelopment by affecting DNA methylation. Kundakovic 
et  al. (2013) found that in utero BPA exposure induced 
sex-specific DNA methylation changes in ERα [estrogen receptor 
1 (Esr1)] in the brain. Furthermore, they detected enduring 
DNA methylation changes in brain-derived neurotrophic factor 
(BDNF), a specific gene related to nervous system development, 
that were induced by parental BPA exposure (Kundakovic et al., 
2015). These results indicated that BPA exposure-induced DNA 
methylation changes in specific genes may underlie long-lasting 
effects on brain function, behavior, and neurodevelopment. 
Another group of scientists found that, by binding to tyrosine 
kinase B (TrkB), BDNF induces TrkB autophosphorylation, 
which activates the RAS-MAPK pathway, and finally, CREB 
(cAMP responsive element binding protein) is activated at 
the serine site. By increasing the expression of BDNF and 
the antiapoptotic gene Bcl-2, CREB could increase the survival 
of nerve cells, synaptic plasticity, and neurogenesis. A BPA 
or ethinyl estradiol (EE) consortium study revealed that exposure 
to BPA or EE may lead to BDNF gene expression. Exposure 
may also lead to changes in DNA methylation in the 
hippocampus and hypothalamus of adult rats. The changes 
in BDNF in the hippocampus exhibited some connections 
with the performance of female mice in the Barnes maze 
(Cheong et  al., 2018). The Grin2b gene is important for the 
regulation of neural morphology, learning, and memory. Genetic 
polymorphisms in Grin2b have been demonstrated to 
be  involved in neurodevelopmental diseases and disorders. 
Alavian-Ghavanini et  al. (2018) found that prenatal BPA 
exposure is connected with epigenetic changes in Grin2b in 
female rats and humans. In addition, the global levels of 5-mC 
and 5-hmC were significantly increased after BPA treatment 
in human neuroblastoma cells (SH-SY5Y; Senyildiz et al., 2017).

Cancer cell proliferation has been reported to be  mediated 
by DNA methylation induced by BPA exposure. Recently, 
Li et  al. (2020) revealed the pivotal role of TET dioxygenases 
and DNA hydroxymethylation in the bisphenol-stimulated 
proliferation of breast cancer cells. They found that BPA or 
its replacement BPS increased the promoter methylation of 
TET2, leading to an inhibition of TET2 expression and DNA 
hydroxymethylation. A decrease in DNA hydroxymethylation 
induces increased proliferation of ER-positive breast cancer 
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cells. Secretoglobins are a family of small secreted proteins 
and are thought to be  involved in many processes, such as 
inflammation, tissue repair, and tumorigenesis. Wong et  al. 
(2015) used a rat model for the developmental reprogramming 
of susceptibility to prostate carcinogenesis. Using RNA-seq, 
they found that the gene expression of Scgb2a1 was significantly 
upregulated in the prostate of adult rats neonatally exposed 
to BPA. DNA methylation analysis of the Scgb2a1 promoter 
revealed significant CpG island hypomethylation upstream of 
the TSS of Scgb2a1 in the reprogrammed prostate. Their results 
indicate that BPA exposure could reprogram Scgb2a1 expression 
in the adult prostate epigenetically during the development of 
the prostate (Wong et  al., 2015).

In another study, the DREAM (digital restriction enzyme 
analysis of methylation) method was also applied in the 
zebrafish embryo for the study of DNA methylation 
modifications. Site-specific methylation in the promoter of 
the vasa gene was more responsive in the three examined 
genes, indicating that the vasa gene could be  a potential 
marker for BPA exposure in zebrafish (Bouwmeester et  al., 
2016). Signal transducer and activator of transcription 3 
(Stat3) is an essential transcription factor and plays roles 
in immune signal translocation. From the mouse fetal liver, 
DNA methylation profiles within STAT3 changed following 
the BPA level in human fetal liver samples, indicating that 
STAT3 could serve as a translationally relevant candidate 
biomarker (Weinhouse et  al., 2015).

Transposable elements accounted for 45 and 37.5% of 
the human genome and mouse genome, respectively. Upon 
BPA exposure, Faulk et  al. (2016) found remarkable DNA 
methylation changes in transposons in the human liver (1,251 
individual transposon loci), while they did not detect 
significantly detectable differential DNA methylation in mice 
(only 19 loci were identified).

Recent studies also showed that BPA exposure epigenetically 
affected imprinted genes. Insulin-like growth factor-2 (Igf2) 
is a critical imprinted gene (Morison and Reeve, 1998) that 
is mainly regulated by differentially methylated regions (DMRs; 
Portela and Esteller, 2010). Kochmanski et  al. (2017) found 
that BPA exposure in the diet showed no significant effect 

on the methylation drift at LINE-1, IAP, H19, or Esr1 but 
presented a marginally significant effect on age-related 
methylation at Igf2. Mao et  al. (2015) revealed that the 
hypermethylation of Igf2 in islets was involved in generational 
transmission of glucose intolerance and pancreatic beta-cell 
impairment in F2 offspring induced by F1 early life BPA 
exposure. These DNA methylation changes in germ cells may 
facilitate generational transmission. However, in one study 
using mouse models, van Esterik et  al. (2015) concluded that 
although different metabolic phenotypes in female offspring 
after maternal BPA exposure were observed, changes in DNA 
methylation could not explain the abnormal metabolic 
phenotypes. BPA can disrupt human placental epigenetic 
modifications, including genomic imprinting, DNA methylation, 
and the expression of ncRNAs (Strakovsky and Schantz, 2018). 
Furthermore, Kochmanski et  al. (2018) profiled genome-wide 
5-hmC levels and discovered that perinatal BPA exposure 
induced persistent 5-hmC markers at multiple imprinted loci 
in mouse blood during development.

These recent discoveries indicate that BPA exposure could 
affect DNA methylation and hydroxymethylation at multiple 
loci related to the neural system, cancer cell proliferation, and 
imprinted genes and could further affect the expression levels 
and their functions in the cell.

BPA AND HISTONE MODIFICATIONS

Apart from DNA methylation, histone modifications are another 
type of epigenetic marker for transcriptional regulation. 
Sometimes changes in histone modifications may accompany 
DNA methylation. Here, we  reviewed the recent findings of 
histone modification changes under BPA treatment.

For example, BPA could alter the histone H3K4me3, 
histone acetylation, and RNA polymerase II (RNAP II) 
recruitment to the long noncoding RNA (lncRNA) HOTAIR 
in human breast cancer cells (MCF7) and in the mammary 
glands of rats (Bhan et  al., 2014a). As another example, 
enhancer of Zeste homolog 2 (EZH2), a histone 
methyltransferase specific to H3K27, was found to 

TABLE 1 | DNA hypomethylation and hypermethylation induced by bisphenol A (BPA).

Genes Epigenetic alterations Treatment methods Target tissue References

ERα DNA hypomethylation BPA given to female mice during 
pregnancy

Brain of F1 offspring mice Kundakovic et al. (2013)

BDNF DNA hypomethylation Pregnant mice were orally treated with BPA Blood of female mice and hippocampus of 
F1 mice

Kundakovic et al. (2015)

  Igf2 DNA hypermethylation Pregnant F0 SD rats were orally treated 
with BPA

Sperm of adult F1 male rats and male F2 
pancreatic beta-cells

Mao et al. (2015)

DNA hypermethylation Early-life exposure to BPA and/or variable 
diet

paired mouse tail tissue Kochmanski et al. (2017)

Stat3 DNA hypermethylation Liver tissue exposed to BPA Fetal liver of mice and humans Weinhouse et al. (2015)
MEST DNA hypermethylation Prenatal BPA potential exposure Human cord blood and visceral fat tissue 

of the offspring of BPA-exposed dams
Junge et al. (2018)

Grin2b DNA hypomethylation Prenatal BPA potential exposure Hippocampus of female rats and humans Alavian-Ghavanini et al. (2018)
TET2 DNA hydroxymethylation MCF-7 cells treated with BPA or bisphenol 

S (BPS)
Breast cancer cells Li et al. (2020)

Scgb2a1 DNA hypomethylation BPA oral route of exposure Adult rat prostate Wong et al. (2015)
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be  transcriptionally induced by the estrogenic endocrine 
disruptor BPA in MCF7 cells and the mammary glands of 
ovariectomized (OVX) rats (Bhan et  al., 2014b).

Furthermore, HOXC6 and HOXB9 are homeobox-containing 
genes related to mammary gland development that are 
overexpressed in various cancers. BPA treatment induced the 
expression of HOXC6 and HOXB9  in human breast cancer 
cells (MCF7) and the mammary glands of ovariectomized 
(OVX) rats. Luciferase assays indicated that estrogen-response 
elements (EREs) located in the HOXB9/HOXC6 promoter are 
irreplaceable for BPA-induced expression. Estrogen receptors 
(ERs) and other ER coregulators can bind to the HOXB9/
HOXC6 promoter in the presence of BPA, resulting in increased 
chromatin H3K4me3, histone acetylation, and gene activation. 
It is possible that the increase in H3K4me3, histone acetylation, 
and recruitment of RNAP II at the HOXC6/HOXB9 promoters 
was caused by exposure to BPA (Hussain et  al., 2015; Deb 
et  al., 2016). In another study, BPA induced a significant 
decrease in H3K9ac and H3K9me3 levels overall in SH-SY5Y 
cells (Senyildiz et  al., 2017).

BPA exposure could affect porcine oocyte maturation. Wang 
et  al. (2016) found that the oocyte maturation rate was 
significantly reduced with 250  μM BPA treatment in vitro. 
The intensity of H3K4me2 and the 5-mC levels were decreased 
after BPA treatment, suggesting that disturbed epigenetic 
modification might inhibit the meiotic progression of oocytes. 
Using Chironomus riparius as an animal model, Lee et  al. 
(2018) observed some potential interactions between altered 
H3K36 and metabolites caused by BPA exposure.

Exposure to BPA could impair primordial germ cell 
migration. cxcr4b and sdf1a are two key genes involved in 
PGC migration. Lombo et  al. (2019) found that cxcr4b and 
sdf1a were highly dysregulated in zebrafish embryos exposed 
to BPA. Within the genital ridge, no significant changes were 
determined in germ or somatic cells. However, the males 
exhibited a reduced H3K9ac level in sperm with embryonic 
BPA exposure. In another study using male zebrafish, a high 
dose of BPA affected spermatocyte function. The mRNA level 
of epigenetic remodeling enzymes in testes was misregulated. 
BPA also triggered the activity of histone acetyltransferase 
(HAT), resulting in increased levels of H3K9ac, H3K14ac, 
and H4K12ac (Gonzalez-Rojo et  al., 2019).

In summary, BPA exposure could affect histone modification 
in humans, rats, porcines, C. riparius, and zebrafish accompanied 
by impairment of primordial germ cell migration.

BPA AND THE TOXICO-EPIGENOMICS

Toxicogenomics utilizes comprehensive gene expression data 
to profile gene expression features that strongly correlate 
with genetic toxicity (Suter et  al., 2004; Gomase and Tagore, 
2008). Indeed, with the development of high-throughput 
sequencing technology, apart from gene expression, DNA 
methylation, histone modification, or even RNA modification 
could be  detected at the genome-wide scale to reveal the 
epigenetic response to toxins and environmental pollutants. 

Toxico-epigenomics emerged from the combination of 
epigenomics technology and classical toxicology. Using the 
toxico-epigenomics approach, we  can study epigenetic 
alterations at specific loci under environmental exposure 
and the role of the epigenome as a possible mediator of 
the exposure effect (Chung and Herceg, 2020).

Faulk et  al. (2015) compared the DNA methylation levels 
of three groups with different BPA concentrations. They found 
that BPA levels were positively and negatively associated with 
methylation in CpG islands and CpG shores, respectively. They 
also detected hypermethylated regions at the SNORD115 loci.

Using a mouse model, Weinhouse et  al. (2014) revealed 
the dose-dependent incidence of hepatic tumors in adult mice 
following perinatal exposure to BPA. While the mechanism 
of the effect is unclear, they performed epigenome-wide DNA 
methylation profiles using DNA methylation arrays of adult 
mouse livers to reveal the methylation changes associated with 
perinatal BPA exposure and disease in mice with and without 
liver tumors. They proposed that the Jak/Stat and Mapk signaling 
pathways would be altered in comparisons of cancer and normal 
tissues. On the other hand, these Jak/Stat and Mapk pathway-
related genes were differentially methylated between different 
doses of BPA (Weinhouse et  al., 2016).

Multiple studies have found that BPA exposure could change 
the epigenetics of the offspring of exposed parents using 
low-throughput methods. Aiba et  al. (2018) found that there 
was no significant difference in methylation levels in any CpG 
site in the control and low-dose BPA-treated groups. This 
suggested that the effect of low-dose BPA exposure on 
hippocampal DNA methylation levels at the fetal stage is 
extremely small.

Jadhav et  al. (2017) employed genome-wide methyl-binding 
domain sequencing of the breasts of 100-day-old rats exposed 
prepubertally to BPA. They found that altered DNA methylation 
under BPA exposure can effectively provide predictive value 
for poor survival in TCGA breast cancer patients.

Bisphenol A has been thought to be  related to obesity and 
diabetes. Using a mouse model, Anderson et al. (2013) revealed 
that in adult female mice, maternal dietary BPA exposure 
altered metabolic phenotypes, such as lowering body fat and 
hormone homeostasis. To elucidate the epigenetic mechanisms 
related to the metabolic changes, they applied the MBD-enriched 
DNA fragment and hybridized it to the DNA methylation 
array. Through bioinformatic analysis, they found that the 
differentially methylated genes were enriched in metabolic 
pathways. Furthermore, four candidate genes (Jak-2, Rxr, Rfxap, 
and Tmem238) were selected to assess DNA methylation as a 
mediating factor that connects perinatal BPA exposure to 
metabolic phenotypes. DNA methylation status at the four 
genes was used in mediational regression analysis and was 
recognized as a mediator in the mechanistic pathway of 
developmental BPA exposure (Anderson et  al., 2017).

BPA exposure has been reported to change behavior in 
fish models. One study showed that alternating light stimulation 
with BPA could obviously decrease the zebrafish swimming 
speed. Olsvik et  al. (2019) applied WGBS analysis to fish 
exposed to BPA and found that dnmt1 and cbs may be affected 
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by BPA. They did not detect a significant effect on global 
DNA methylation but found that, in 4,873 genes, there were 
20,474 differentially methylated (DM) sites. Some of the DM 
sites occurred in two protocadherin γ-subfamily genes related 
to axon targeting. Their data revealed that low-dose BPA 
exposure could affect the methylation patterns of genes 
associated with the nervous system and finally affect 
swimming speed.

In summary, most of the time, BPA exposure could be involved 
in changes in DNA methylation at the whole genome level 
in rat, mouse, and fish models. The changes in DNA methylation 
locus sites were enriched in cancer, metabolism, and nervous 
system pathways.

CONCLUSIONS AND PERSPECTIVES

As one of the most widely used chemical components, BPA 
was reported to influence the dysfunction of different aspects. 
Although multiple animal studies and epidemiological studies 
have shown that BPA could be  involved in various diseases, 
the mechanisms of how BPA affects the disease are still not 
clear. Epigenetic changes, including DNA methylation, histone 
modification, and ncRNA, have been demonstrated to be related 
to disease development under environmental exposure. 
We  reviewed the recent progress of epigenetic changes under 
BPA exposure. BPA exposure could affect the DNA methylation 
of multiple genes that could contribute to brain development, 
cancer progression, and important signaling pathways. On the 
other hand, histone modifications also change significantly at 
some loci upon BPA exposure.

High-throughput sequencing data from epigenetic profiling 
of toxic exposure enables us to study the epigenetic mechanism 
of the toxicological effect of environmental exposure. Recently, 
epigenomics approaches, including WGBS, ChIP-seq, and 

ATAC-seq, have been employed to explore the epigenetic 
regulation of environmental exposure. However, the majority 
of the studies were focused on DNA methylation changes under 
BPA exposure. Recently, more systematic data from the exposure 
were published for the community to explore. For example, 
the National Institute of Environmental Health Sciences (NIEHS) 
launched Toxicant Exposures and Responses by Genomic and 
Epigenomic Regulators of Transcription (TaRGET) to study 
the transcriptional and epigenetic regulation of environmental 
toxins, including arsenite, BPA, DEHP, Pb, and TBT (Wang 
et  al., 2018). With the development of new technologies, the 
cost of high-throughput sequencing will decrease significantly. 
We  will see an increasing number of studies on the effects 
of BPA, which will help us to better understand the epigenetic 
changes related to diseases induced by BPA. Additionally, further 
investigations in this field will facilitate our understanding of 
the pathogenesis of these diseases, thus helping in the treatment 
of diseases associated with BPA exposure.
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