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BACKGROUND

Many chemical and physical environmental factors, de-
pending on the dose and duration of exposure, can result
in anomalies in development in embryonal and postnatal
periods and become the reason for a number of diseases
of adults. Currently, special attention of researchers is fo-
cused on endocrine-disrupting chemicals (EDCs). They
are rather widely spread in the environment and are natu-
ral or synthetic compounds, which, after entering the or-
ganism even in small doses, can prevent the biosynthesis,
storage, release, transfer, and/or receptor interaction of
endogenous hormones, changing their functions and de-
stroying the system of internal regulation of the organism.
This, in turn, results in increased number of pathologies
connected to hormonal disorders. In particular, obesity, di-
abetes mellitus, and various oncological diseases (breast,
ovarian, prostate, and testicular cancers) can occur along
with changes in the reproductive system (cryptorchidism,
hypospadias, low quality of seminal fluid, and female ste-
rility), cognitive disorders, and deviations in behavior and
neuromental development. According to the latest data,
only a small part of the available 800 commercial EDCs

has been checked for potential effects causing disorders in
the functioning of the endocrine system [1, 2].

EDCs primarily affect people and animals via oral, der-
mal, and inhalation ways. Their bioavailability depends on
the mode of penetration. As not all absorbed EDCs can
be metabolized, the original compounds become bioavail-
able. For the major part of EDCs, the most biologically
active form is nonmetabolized compound also known as
the final toxicant reacting with organic molecules. After
entering the blood flow, the final toxicant is able to reach
the target cell(s) and affect it [3, 4]; the phenotypical con-
sequences caused by EDC depend a lot on the gap of ef-
fect. The EDC effect is mostly crucial for the organism
during pregnancy, babyhood, early childhood, and teenage
stage. As the mechanism of detoxication in the developing
fetus and the newborn is not finally formed, the organ-
ism is especially sensitive to EDC in these periods. In the
prenatal and neonatal periods, the targets for the EDC
effect are the primary germ cells. This, in turn, can result
in not only to a disruption of gametogenesis in children
whose mothers have been directly affected by EDC, but
also to the transmission of different phenotypic anomalies
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(including predisposition to socially significant diseases)
in a row of generations.

Currently, the molecular mechanisms of the EDC effect
are unknown. Available data indicate that the mechanisms
of the EDC effect are complicated; studies in this area are
decisive for understanding the occurrence of unfavorable
phenotypes as well as for the development of strategies of
interference and/or preventive actions [5].

It is noteworthy that some chemicals due to their nature
can have negative “biological effects,” although according
to up-to-date regulations they are attributed to nontoxic
ones after appropriate tests, and the possible remote con-
sequences of such chemicals effect are not considered [6].
In this regard, it is necessary to consider the new concept
of toxicity, namely the “epigenetic toxicity” [7]. Epigenetic
toxicity is a phenomenon in which exogenous chemicals
affect the epigenome and unfavorably affect living organ-
isms, which can explain the long-term effects and remote
consequences of the chemical impact as well as the pre-
disposition to diseases caused by harmful environmental
factors. Due to the development of new and improvement
of existing analytical technologies, the number of chemi-
cals that have epigenetic toxicity is constantly growing [8],
and the understanding of the molecular mechanisms of
epigenetic toxicity is enhanced.

This review describes the molecular mechanisms and
biological effects of ecotoxicant bisphenol A (BPA) expo-
sure that is attributed to EDC and, as it becomes clear,
has epigenetic toxicity.

CHEMICAL PROPERTIES AND OCCURRENCE OF BPA

BPA (4,4’ -dihydroxy-2,2-diphenylpropane) is one of
the widespread organic synthetic compounds. BPA is used
in the industry for the production of various plastic items
and is available in the content of epoxy resins used as
coating of water supply pipes and the inner surface of cans
and packages for food and drinks [9—11]. BPA can be re-
leased from containers and enter food and drinks and then
can be accumulated in humans and animals [12, 13]. BPA
can enter humans via the — gastrointestinal tract as well
as through the skin, for example, in contact with thermal
paper [14]. As the modern life is “surrounded” by plastic
items, BPA exposure on living organisms occurs perma-
nently and in different doses.

PATHOLOGIES CONNECTED TO BPA CHRONIC EXPOSURE
For several decades, studies on the different doses of
BPA exposure on health have been conducted around the
world using laboratory animals and in clinical practice.
Currently, it has been shown that BPA has hepatotoxicity,
and its exposure can result in oncological diseases (breast
cancer, prostate cancer, and cancer of thyroid glands) and
pathologies of the nervous system (disturbance of neuro-
genesis, stroke, and Parkinson’s disease), cardiovascular
system (ischemic heart disease, hypertensive disease, and

clotting defect), endocrine system (diabetes and obesity),
and reproductive system (disturbance of sexual cycle, en-
dometriosis, and changes in breast and prostate gland
and testis). BPA exposure can be one of the reasons for
chronic respiratory diseases (asthma) as well as arrested
development and mental disorders (anxiety, depression,
hyperactivity, and aggression) [15—18].

Currently, approximately 347 million people in the
world have diabetes. Together with genetic factors, the
possible reasons promoting the development of this dis-
ease include ways of life and intake of incorrect food as
well as the inevitable chronic effect of xenobiotics. Ex-
perimental studies demonstrated that BPA affects the
metabolism of glucose with the participation of different
mechanisms, including resistance to insulin, dysfunction
of beta-cells of the pancreatic gland, adipogenesis, inflam-
mation, and oxidation stress, which prove the availability
of the connection between BPA exposure and diabetes
development [19, 20]. It has been shown that BPA can
stipulate the dysfunction of mitochondria due to oxidation
stress (for example, in GC-2 cells) and lipid metabolism
(for example, in HepG2 and INS-1 cells) [21]. It is sup-
posed that BPA exposure can promote the effect of other
risk factors of diabetes, which result in obesity, regulate
eating behaviors, or change the differentiation of adipo-
cytes.

BPA exposure is associated with chronic respiratory
diseases such as asthma. For example, children with
asthma demonstrated increased concentrations of BPA in
urine [22]. Besides, it has been shown that BPA exposure
in the prenatal period increases the risk of dyspnea devel-
opment in children in the neonatal period, although a fur-
ther negative effect of BPA is reduced in the first 3 years
after birth [23].

At the present time, it has been shown that men and
women exposed to BPA have a higher risk of developing of
the coronary artery atherosclerosis. Thus, patients with se-
vere stenosis of coronary arteries demonstrated increased
BPA concentration in urine compared with people without
atherosclerosis [24, 25]. It also has been shown that car-
riers of some genetic polymorphisms are more sensitive
to cardiovascular and respiratory diseases associated with
reduced cell response to oxidation stress [26]. It should be
noted that one of the possible molecular mechanisms of
BPA exposure can be its impact on oxidation stress [27].

BPA can result in changes in the brain structure and
mental and neurological disorders. For example, mice and
rats exposed to BPA were more aggressive compared with
controls. This was observed only in certain age periods
and was not connected to the increase in testosterone
concentration [28, 29]. In studies of laboratory animals it
was found that BPA exposure in the prenatal period affects
brain development. Thus, large doses of BPA reduce the
proliferation activity of multipotent neuronal stem cells;
low doses, on the contrary, accelerate the differentiation
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and migration of neurons. This further results in abnor-
mal neocortical architecture and corticothalamic projec-
tion and disturbed neurotransmitter system and behavior
in postnatal period and adult age [30, 31]. In addition,
it was observed that BPA exposure in the early postnatal
period leads to vacuolization, pycnosis, edema, degenera-
tive changes, reduction of sizes and number of cells in the
cerebral hemispheres and cerebellum, as well as results
in the disturbance of hypothalamus sexual differentiation.
In cultivated cells of the hypothalamus of rat embryos,
BPA exposure caused the development of dendrites and
synapses by increasing the level of presynaptic protein of
synapsin [ and microtubulin-associated protein 2 [27, 32].
It has been shown that BPA can cause cognitive disorders,
autism, schizophrenia, Parkinson’s disease, and Alzheim-
er’s disease [18, 33, 34].

Epidemiological studies demonstrated that BPA can
cause disorders of the reproductive system and sexu-
al behavior of men and women, although no deviations
have been observed in the genitals and hormonal status
[35—37]. However, according to the latest data, it can-
not be considered that BPA exposure in small doses on
adults actually affects reproductive health [38]. Probably,
this is connected to the fact that different populations (and
groups) have been studied in published works, different
doses of BPA have been examined, and different schemes
and methods of BPA measurement in biological fluids have
been used.

Many works showed the connection between BPA
exposure during pregnancy and pathologies in fetal de-
velopment. Available data state that if the mother took
food containing BPA, then this toxicant was detected in
the blood serum, follicular fluid, and amniotic fluid as
well as in embryonal serum. This indicates that BPA can
penetrate the placenta (even in small doses) and has a
negative effect during the entire prenatal period [39, 40].
The analysis of BPA content in the organism demonstrat-
ed reduced ability to metabolize the chemical in moth-
ers, often coinciding with fetal development defects [41].
For example, it was shown that BPA intrauterine exposure
resulted in anomalies in the development of genitals of
boys in approximately 37 % of cases [42], and it was the
reason for prematurity and the birth of children with small
weight (especially male babies) [43]. Therefore, Welshos
et al. [44] called the inborn defects and disturbances in
development caused by BPA as “the large effects of small
exposures.”

Moreover, presented data indicate that exposure on
fetus of small doses of BPA changes cell proliferation and
affects apoptosis and the time of breast development,
which can further stipulate the predisposition to breast
cancer in adult age [45, 46]. BPA exposure during preg-
nancy, in combination with diet enriched with fats, signifi-
cantly increases the risk of breast cancer development in
offspring [47, 48]. It is supposed that BPA can enhance

the oncogenesis of the breast by the direct stimulation of
estrogen-dependent growth of tumor cells and/or by mo-
lecular changes in fetal glands without associated mor-
phological changes [47]. It should be noted that BPA can
also affect the proliferation and apoptosis of ovary cells and
terminate steroidogenesis in ovaries by changing steroido-
genic enzymes, which in turn can promote the progression
of ovarian tumor [48, 49].

The latest data indicate that exposure of small, ecologi-
cally valuable doses of BPA in the embryonal period affects
the cells of the prostate gland, enhancing the predisposi-
tion to premalignant lesions of this organ and hormonal
disorders in adults. There is an opinion that cells of the
prostate gland are more sensitive to BPA exposure in the
embryonal period than in adult age. A number of research-
ers demonstrated that BPA could enhance the proliferation
and migration of prostate cancer cells and induce DNA
adducts in case of pathology [50, 51].

Currently, the molecular mechanisms in which BPA
affects the fetus and causes the development of ovarian,
breast, and prostate cancers in adults are unclear, requir-
ing further studies. Propositions have been made about
the possible direct interaction of BPA with receptors of
steroid hormones [estrogenic (ER) and androgenic (AR)],
which play a decisive role in the origin and progression
of these pathologies. In particular, ERo. and ERp start
expression on the 12" day of embryonal development in
mesenchymes surrounding the embryonal anlage and
regulate the growth of breast canals both before and after
the birth. That is why BPA exposure in these periods can
be crucial for the development of breast cancer in adult
age [52]. The mechanisms of BPA exposure in prostate
cancer are more complicated compared with that in breast
and ovarian cancers, as the studies shown.

In general, considering the connection of BPA with
different pathologies, two main conclusions can be made:
(1) BPA is a typical xenoestrogen, and its estrogenic, es-
trogen-independent “steroid” activity is probably involved
in the carcinogenesis of different organs and development
of endocrine and/or hormone-dependent diseases, and
(2) BPA exposure (even in small doses) in critical periods
of ontogenesis (prenatal, neonatal, and teenage) can re-
sult in long-term negative effects in adults.

MOLECULAR MECHANISMS OF BPA
EXPOSURE ON LIVING ORGANISMS: CONNECTION
TO CHRONIC DISEASES

The issue of the mechanisms in which BPA can nega-
tively affect humans and animals is still open. Currently,
it is accepted that BPA acts as mutagen as well as the
endocrine-active compound that affects DNA methyla-
tion and histone modifications. These mechanisms do
not conflict, although studies on the epigenetic mecha-
nisms of BPA exposure are still insufficient; most like-
ly, they depend on its endocrine activity [15, 53—55].
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The main mechanisms of BPA exposure on vertebrates
are presented in Fig. 1.

Genetic damages caused by BPA

Different cell lines of humans and animals have been
used to demonstrate that BPA is genotoxic and cytotoxic.
[t causes disorders of the cell cycle (in both mitosis and
meiosis) and results in the gene, chromosomal, and ge-
nome mutations [51, 56, 57]. The cases of aneuploidy
due to the disorders of the segregation of chromosomes
during cell division are described for Chinese hamster
V79 (lung fibroblasts) and golden hamster SHE (em-
bryonal cells) cell lines [58]. BPA is frequently a rea-
son for DNA damage, formation of DNA adducts, and
apoptosis. For example, cell cultivation in the presence of
BPA caused apoptosis in ER-positive of breast adenocar-
cinoma MCF-7 cell line and ER-negative of the human
embryonal kidney HEK293 cell line as well as in the line
of male germ cells of mice GC-2 [59—61]. It has been
reported that the speed of formation of DNA adducts de-
pends on the dose of BPA exposure; in particular, the
larger the dose is, the quicker is the formation of such
compounds. In the cell line of human prostate gland after
exposure to large doses of BPA, DNA adducts formed
within 24 h, whereas under the efiect of low doses of
this ecotoxicant their formation took 2 months [51, 62].
It is supposed that the mutagenic effect of BPA, as of
any other xenobiotics, can be due to the formation of free
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radicals, electrophiles, nucleophiles, and redox reagents
that are accumulated and damage the plasma membrane
and cell components [63]. Genetic damages caused by
BPA exposure can result in changes in proteome in the
breast and can be the reason of inborn defects, miscar-
riage, female and male sterility, and the development of
many other pathologies mentioned above.

Mechanisms of BPA effect as a substance destroying
the endocrine system

BPA is a xenoestrogen rather than an estrogen imita-
tor. Its effect on the organism as a synthetic hormone is
explained by the fact that, like steroid hormones, it has
phenol groups; therefore, the nuclear receptors of estrogen
(ERa and ERp as well as recently detected in bone ERYy)
perceive BPA as the signal for the initiation of the estro-
genic pathway of the activation of transcription of estrogen-
sensitive genes. In vertebrates, this toxicant can change
hormonal balance by directly interacting with receptors
ERa, ERp, and ERy or affecting enzymes by ensuring the
metabolism of these hormones. For example, BPA can al-
fect the ERB-mediated transcription of the target genes by
inhibiting ERB degradation and ubiquitination [64].

It should be noted that nuclear receptors ERa and
ERp are functionally and genetically different; they differ in
their affinity and specificity and have different spatial time
types of expression. In this regard, cells of different types
can respond in a different way to the same estrogenic in-
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Fig. 1. Scheme of the main mechanisms of BPA effect on the organs of vertebrate animals (based on data in Refs. [51, 71, 79])
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centives depending on the ratio and expression of the two
subtypes of receptors in the cell; therefore, the “patho-
genic” effect of BPA can be different in different types of
tissue. Masking for natural germ hormones, BPA can dis-
turb endocrine regulation and result in different changes
in the target organs of estrogens, including the brain, ova-
ries, thyroid gland, breasts, and prostate gland. Thus, the
interaction of BPA with receptors of steroid hormones can
be the reason for hormone-associated oncological diseases
of the ovaries, breasts, and prostate gland [52].

Currently, the existence of additional membrane recep-
tors to estrogens in the brain is supposed (similar to cat-
echolaminergic receptors detected in the pancreas), which
can explain the mechanism of estrogen effect on cogni-
tive functions, pain development, delicate motor functions,
emotional behavior, neuroprotection action in Parkinson’s
and Alzheimer’s diseases, multiple sclerosis, depression,
schizophrenia, and cerebral thrombosis [16]. In this con-
nection, the presence of BPA in the organism can have a
negative effect on these processes.

Moreover, there are data about BPA effects directly
on the expression of the genes-receptors of hormones, in
particular estrogens. For example, this has been demon-
strated in the culture of cells of the rat cerebellum and hu-
man neuroblastoma as well as on human cell lines H295R
(suprarenal cortex, angiotensin II sensitive, and steroid-
producing line), HEK293 (embryonic kidney cells), and
HepG2 (hepatic carcinoma) [65—67].

BPA is related to endocrine destructors, as it can interact
with classical and nonclassical membrane receptors of es-
trogens. BPA exposure on metabotropic receptors transfers
chemical signals to receptors jointed with G-proteins (for
example, GPR30) and receptors jointed with the fragments,
thus resulting in the disturbance of the regulatory ways of
androgens, glucocorticoids, thyroid hormone, prolactin, in-
sulin, and the dopaminergic system [68—70]. Besides, BPA
negatively affects the organism through “nonsteroid path-
ways” affecting the activity of the genes participating in cell
and tissue differentiation [60, 71].

BPA can cause functional effects not only through the
activation of receptors of steroid hormones but also through
signal pathways, such as nuclear factor-«B, STAT3, phos-
phatidylinositol-3-kinase/AKT (PI3K/AKT), and mitogen-
activated protein kinase (MAPK) [72]. This xenobiotic can
also affect sodium, calcium, and chlorine ion canals, iono-
tropic glutamate receptors, and nicotinic and GABA recep-
tors, changing the excitability and signal transmission in the
neurons [73, 74]. In addition, BPA exposure can increase
the activity of the markers of oxidizing stress and reduce the
activity of antioxidant markers. In this connection, it was
supposed that the hypothyroid condition induced by BPA
in the neonatal period can affect the thyroid gland—brain
axis by the formation of free radicals, which in turn can
disturb plasma membrane and cell components resulting
in the delay of brain development [27].

As there are data indicating that estrogenic proteins
affect the epigenetic status of the target genes (both at the
level of DNA methylation and chromatin proteins) chang-
ing the level of their transcriptional activity [75, 76], it can
be supposed that BPA exposure has similar epigenetic
mechanisms. A limited number of works have been pub-
lished regarding research of epigenetic consequences of
BPA exposure on the developing organism [77—79]. The
obtained data confirmed that this xenobiotic can actually
cause changes in the status of the expressed gene DNA
methylation.

Epigenetic effects of BPA and gene expression

At the present time, studies have been conducted re-
garding the links between xenobiotic effect and changes
in epigenome [80]. Three main epigenetic regulations
of gene activity are known, which can be involved in the
occurrence of pathologies connected to the EDC effect.
These are DNA methylation, hydroxymethylation, different
posttranslational modifications of histones (methylation,
acetylation, phosphorylation, ubiquitination, sumoylation,
and ADP-ribosylation of histones) and noncoding RNA.
It should be underlined that these epigenetic mechanisms
do not work in isolation from each other, but together in
a complicated regulatory network. Different combinations
of these modifications can significantly affect the chromatic
status and result in transcriptional silencing and, on the
contrary, increase the activity of transcription [81—83].
These covalent modifications do not cause classic genetic
mutations, are rather liable, and are the most sensitive tar-
gets for the direct and indirect (metabolism products) effect
of ecotoxicants on the epigenome of living organisms even
in low doses. Disorders in any of the mentioned epigenetic
regulatory mechanisms are connected to the elevated risk of
disease [84]. The incorrect epigenetic regulation that occurs
in primary germ cells ensures the mechanism of epigenetic
inheritance of abnormal phenotypes in the number of gen-
erations, including the inheritance of predisposition to the
number of the socially significant diseases [80].

The first studies of epigenetic changes caused by xenobi-
otics were conducted using the model of changing the color
of the mouth fur Agouti viable yellow (Avy). It was demon-
strated that the mother’s diet with different content of sourc-
es of methyl groups (for example, folic acid) affects the de-
gree of methylation of retrotransposon IAP located upstream
of the Agouti gene, affects the level of gene transcription,
and results in changes in the descendants’ fur color [85, 86].
Such effect was found in BPA exposure on pregnant females.
[t turned out that this ecotoxicant reduces IAP methylation
of Avy and CapblAP genes [87]. Besides, the hypometh-
ylation of imprinted Igf2r, Peg3, and HI9 genes was ob-
served in mice with increased concentration of BPA, result-
ing in increased mRNA level of these proteins, which in turn
suppressed the maturation of oocytes due to the abnormal
structure of the spindle during meiosis [88]. The authors
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came to the conclusion that BPA exposure in the embryo-
nal period can change the cell processes and pathways of
development through epigenetic mechanisms by changing
the phenotype of the descendants. Exposure to low doses
of BPA in the preimplantation period in laboratory mice can
disturb DNA methylation during cleavege and at later stages
of embryonal development. BPA caused the dose-dependent
reduction of DNA methylation level in the 1-cell and 2-cell
embryos and in blastocysts, which was accompanied by in-
hibition of cleavage. In germ cells on the 9" day of develop-
ment, i. e., during early organogenesis, a small increase in
the level of genome-wide DNA methylation was observed.
At the same time, on the 12" day of embryonal develop-
ment, both DNA hypomethylation and hypermethylation
were detected depending on the body part (tissue type) and
the germ weight [77—79]. The obtained data confirmed that
preimplantation development is a highly sensitive period to
BPA exposure. This was due to active reprogramming pro-
cesses connected to the different pattern of changes in DNA
methylation in the whole genome. Probably, this process
involves different repeated DNA sequences that are also
important for the regulation of gene activity, chromosome
arrangement, and nuclear architecture.

It appeared that BPA can reduce the genome-wide
DNA methylation in combination with the reduction of ex-
pression of DNA methyltransferase Dnmt1, which is stip-
ulated by the disturbance of estrogenic mechanisms [89].
The reduction of the level of the genome-wide methyla-
tion of sequences LINEI of DNA in sperm of males aiter
BPA exposure was reverse proportional to the BPA level
in urine, but it was not observed for methylation LINEI
in blood cells [90]. This indicated that epigenetic changes
explained by DNA methylation are one of the possible
mechanisms of the unfavorable effect of BPA on hemato-
genesis and fertility.

Futhermore, BPA exposure in the prenatal period
caused disturbance in gene expression crucial for brain
development, including the main (spiral-turn-spiral) tran-
scriptional factors, which could be connected to epigenetic
changes in CpG islands associated with the promoters of
these genes [30]. For example, BPA exposure on develop-
ing neurons in the brain cortex of mice, rats, and humans
reduced the level of mRNA of chlorine potassium trans-
porter 2 gene (Kcc2). Probably, this was connected to the
increased activity of bonding of methyl-CpG-bonding pro-
tein 2 (MECP2, MBD2) with “cytosine-phosphate-guanine
coasts” of promoter of gene Kcc2 and due to the reduction
of interaction with acetylated histone H3K9 surrounding the
site of transcription initiation. Wherein it were observed sex
differences: the BPA effect was stronger in females than in
males [91]. The reduction of expression of DNA methyl-
transferases and hypomethylation of genes connected to
lipid synthesis was also detected after BPA exposure in
Hepal-6 (mouth hepatoma) and BeWo (human tropho-
blasts, chorion carcinoma) cell lines [60, 92, 93].

BPA can result in DNA hypomethylation as well can
cause the increase in the level of DNA methylation. Hyper-
methylated DNA was found in tissues of tail of the mouth
successors, which was exposed to low BPA doses in the
perinatal period, i. e., in successors of the second genera-
tion [94]. Experiments with laboratory animals demonstrated
that this toxicant results in the stable expression of certain
genes, including lactoferrin, epidermal growth factor, and
proto-oncogenes (c-fos and c-jun), inhibiting the methyla-
tion process [53]. It was shown that BPA exposure in the
neonatal period causes hypermethylation of the promoter of
the receptor gene of estrogen in rat testicles [95]. Exposure
to low doses of BPA on the cells of the primary culture of
epithelium of the human breast results in the increase in
methylation of CpG islands of DNA of the lysosomal-bound
membrane protein 3 gene (LAMP3) and the suppression of
transcription of this gene, which indicates the role of BPA
in the enhancement of breast cancer development risk [96].
The epigenetic mechanism of regulation of BPA effects in
breast carcinogenesis is also indicated by the elevated ex-
pression of trimethylated histone H3 as per lysine EZH2
after exposure to this xenoestrogen [97]. BPA can also in-
crease the level of transcription of the cytokine gene of the
family of tumor necrosis factor (TNFSFI11 and RANKL) and
the family of genes coding secreted signal proteins (WNT-4)
required in embryogenesis regulate proliferation, partici-
pate in carcinogenesis of stem cells of breast, and play an
important role in the metabolism of the bone tissue [98].
It was reported that BPA can increase the expression lev-
el of microPHK-146a, which is important in immune re-
sponse [94]; therefore, the regulation of the epigenetic pro-
gram and microRNA can become one of the areas of study
and probably cancer therapy associated with BPA exposure.

It was demonstrated that BPA exposure during preg-
nancy (in mice and rats) can induce in the brain the suc-
cessors of the first generation in puberty the sex-depen-
dent, dose-dependent, and area-specific (in brain areas)
changes in expression of genes coding receptors of estro-
gen (ERa, ERB, and ERRy). Together with the changes
in estrogen-associated receptors, the dose-dependent
changes of the mRNA level of DNA methyltransferases
DNMTI and DNMT3A genes were observed in juvenile
cortex (male) and hypothalamus (female) as well as the
level of methylation of ERa gene [16—99]. Besides, such
successors (male) demonstrated changes in the regulation
of glucocorticoid, namely increased DNA methylation in
Fkbpb gene and reduction of the level of this protein in the
hippocampus, which resulted in anomalies in behavior and
response to stress of these animals [100]. BPA exposure
in the prenatal and neonatal periods also disturbs the ex-
pression of methyl-CpG binding protein 2 in hypothalamic
cells, which can be the reason for the disorders of the nor-
mal development of hypothalamus and its functions [99].

Thus, all these data indicate the interaction of two reg-
ulation systems, epigenetic and receptor (hormonal), and
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underline the importance of the study of BPA exposure ef-
fects on the health of humans and animals. Obviously, the
methodological differences in research of BPA exposure on
living organisms (studies in vivo and in vitro, different
objects of study, different ways of exposure and experimen-
tal doses of BPA, and exposure of individual compounds
and mixtures) explain an alternative hypothesis about the
molecular mechanisms of this xenoestrogen effect. For ex-
ample, mice and rats are different models for understand-
ing the mechanisms of the human disease occurrence.
Moreover, it should be noted that the same dose of BPA
can result in DNA hypomethylation and hypermethylation
or does not change it depending on the gender differences
in response of the organism to the exposure, stage of de-
velopment, cell differentiation, and tissue type.

CONCLUSION

Data on epidemiological studies indicate potentially
harmful chronic exposure of BPA on human and animal
ontogenesis; therefore, BPA penetration into the organ-
ism (even in small doses) should be limited as much as
possible, especially during pregnancy, taking into account
its possible remote negative effects on health. It should be
noted that some individuals have a low risk of pathology
development under the effect of harmful environmental fac-
tors, whereas others are more sensitive to such effects. This
is explained by genetic features, although individual epig-
enome differences should not be excluded at the current
stage. Results of many studies indicate that the molecular
mechanisms of xenobiotic effect go far beyond the limits of
interaction with the DNA sequence. Apparently, additional
research and development of new test systems are required
for the assessment of the actual ratios of the dose and the
effect and the mechanisms of ecotoxicant action in patho-
logy development, as stated in the review. The development
of preventive measures for the negative effect of xenobiotics
requires research of the features of epigenomic/epigenetic
modifications and DNA methylation first of all. Such stud-
ies shall be preferably conducted at different levels of ar-
rangement — from molecular (DNA and chromatin), cell,
and tissue to the entire organism — in experimental mod-
els in vivo and in vitro, taking into account different sen-
sitivities to unfavorable BPA consequences.

One more very important aspect that should be given
attention is the fact that epimutations caused by BPA in
early embryogenesis result in changes in gene normal ex-
pression that can be kept in adults and transferred to the
next generations through germ cells resulting in the inter-
generation inheritance of abnormal phenotypes. Besides,
it should be kept in mind that we actually are exposed to a
mixture of pollutants; as a result, adaptive and synergetic
effects take place, including BPA with other widespread
compounds. Finally, it should be underlined that the ap-
proaches used in ecotoxicology based only on the analysis
of nucleotide DNA sequence are currently insufficient for

the complete explanation of the risks of diseases that can
be modulated by nongenetic or extragenetic mechanisms.
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