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Abstract

Infertility is a major health issue affecting human life. The most notable factors caus-
ing male infertility is exposure to environmental contaminants. Bisphenol A (BPA) is a
common toxic environmental contaminant. Human population is exposed to bisphe-
nol A through air, water, food and a variety of industrial products. Growing evidence
from research on laboratory animals supports the hypothesis that bisphenol A is able to
adversely affect male reproductive function. The specific mechanisms of action of bisphe-
nol A are wide but not definite. Bisphenol A interferes with the hormonal metabolism
and regulation, binding affinity or enzymatic activity, resulting in a deviation from a
normal reproductive behaviour. Binding ability to androgen and oestrogen receptors, as
well as other properties, is currently investigated. A decreased sperm count, inhibition of
sperm motility and reduction of organ weights were observed and linked with oxidative
stress after bisphenol A treatment. In addition, prenatal exposure to bisphenol A may
lead to adverse effects in the offspring. In this review, we address the topic of BPA effects
on male reproductive function and emphasize its effects on testicular steroidogenesis
and spermatogenesis. A considerably more detailed and systematic research focusing
on bisphenol A toxicology is required for a better understanding of risks associated with
exposure to this endocrine disruptor.

Keywords: reproduction, male, bisphenol A, steroidogenesis, spermatogenesis

1. Introduction

Over the last decade, research has focused on the potentially hazardous effects of a wide
range of chemicals present in the human or wildlife environment. An increased occurrence
of male reproductive and developmental disorders such as hypospadias, cryptorchidism and
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testicular cancer as well as a decreased semen quality have been related to the action of endo-
crine disruptors. Endocrine-disrupting effects of commercially available products have the
potential to cause reproductive dysfunction alongside with adverse effects on development
and sexual differentiation. The group of known endocrine disruptors is extremely hetero-
geneous. One of the most common environmental contaminants classified as endocrine dis-
ruptors is bisphenol A (BPA). Many studies have defined BPA as hazardous to the health of
humans and animals, particularly to male reproduction [1]. BPA plays a key role in testicular
disorders, due to its oestrogenic properties. Oestrogen biosynthesis takes place in the tes-
ticular cells; hence the absence of oestrogens causes negative effects on male reproduction
[2]. Physiological levels of oestrogens are essential for a normal spermatogenesis; however,
overage of oestrogens together with a deficiency of testosterone may cause infertility [3]. In
addition, some reports have shown that BPA behaves as an androgen receptor antagonist,
interrupting normal androgen receptor binding activity and interactions between androgen
receptors and endogenous androgens. Such effects by BPA on the function of endogenous
androgens could interfere with normal processes of spermatogenesis, which are controlled
by numerous endogenous hormones [4, 5]. Moreover, androgens play characteristic roles in
the expression of the male phenotype, development and maintenance of the secondary male
characteristics and regulate the expression of an array of target genes that are important for
a proper male fertility [6]. As such the chemical substances with antiandrogenic properties
can react with male sexual functions and behaviour by blocking the binding of androgens
to androgen receptors and a following induced expression of gene by androgen. It has been
reported that BPA has adverse effects on the male reproductive system including a decreased
sperm count, abnormal sperm motility and reduced reproductive organ weights [7]. One of
the potential mechanisms of action of BPA on male reproductive functions and sperm quality
has been also proposed to act through oxidative stress. Environmental contaminants such as
BPA have been shown to induce reactive oxygen species overgeneration in both intracellular
and extracellular spaces leading to cell death and tissue injury [8]. Sensitivity to BPA is not the
same at all stages of life, and there are specific critical phases of male development that are
more vulnerable to BPA exposure [9]. One such sensitive phase wherein organ differentiation
and development take place is the prenatal and perinatal period. The cumulation of BPA in
tissues of the male reproductive system is associated with different pathological consequences
since low-level BPA exposure during embryonic phase of life has been observed in reduction
of effectiveness of spermatogenesis in male descendants [44]. Many experiments have exam-
ined the effect of prenatal, neonatal and lactational exposure to low BPA doses. Such studies
examined the impact of small dosage of this endocrine disruptor throughout crucial stages of
development in various cells and organs. These crucial stages continue throughout reaching
of sexual maturity, the physiological phase of modification to fertility [10]. In relation to male
reproductive functions, sexual dysfunction in animal studies is difficult to conduct. However,
changes in sexual behaviour including a reduced performance in latency and frequency of
intromission among rodents exposed to BPA have also been reported [10, 11]. Even results
from a human study involving workers of BPA manufactures in China from 2004 to 2008
provide important evidence that occupational exposure to BPA significantly increases the risk
of male sexual dysfunction [12]. Another issue that is becoming increasingly debated in the
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context of male reproductive function and endocrine-disrupting compounds, such as BPA is
their ability to modify the epigenome. Hormone cascade pathway is usually returnable and
activates constant modulations of cell processes. Throughout sexual development, sex steroids
are able to initiate persistent impact on activities of gene that induce developmental changes
of cells and genes to react to another hormonal impulse during life. This hormonal imprinting
or gene programming probably include mechanisms of epigenetics related to DNA meth-
ylation, which can be transmitted from mother cell to daughter cells and cause permanent
changes [13]. Multiple evidence from in vitro and in vivo models have established that epigen-
etic modifications caused by in utero exposure of BPA can induce alterations in gene expres-
sion [14]. Currently, over 2.7 million metric tons of BPA are produced annually, primarily to
be used in the production of polycarbonate plastics. This product is a constituent of a wide
variety of products, including plastic packaging, water or milk bottles, food wrapping and
food cans. BPA can leach into food or beverages from plastic containers and has been found
in various human food samples. We may conclude that humans are exposed continuously to
BPA primarily through diet [15, 16]. We considered these facts as crucial in the context of a
mutual relationship between BPA and potential modifications in male reproductive system.

2. Potential impact of BPA on the steroidogenesis

There is overwhelming evidence about the potential ability of BPA to affect cellular processes,
such as steroidogenesis and spermatogenesis. The testicular compartments responsible for
steroidogenesis and spermatogenesis are the seminiferous tubules and interstitium. Both
are morphologically distinct but functionally connected. Steroidogenesis and spermatogen-
esis are two vital, high energy demanding processes which are exceptionally vulnerable
to damage caused by BPA [17]. Steroidogenesis is a process underway in the Leydig cells.
Testosterone as a product of the steroidogenic pathway is released from the Leydig cells
under the control of the luteinizing hormone (LH). LH binds to the LH receptor to induce the
dissociation of the a subunit of the G protein. Gsa then activates the cyclic adenosine mono-
phosphate (cAMP). cAMP binds to protein kinase A (PKA). The active PKA phosphorylates
certain cytoplasmic proteins, which, in turn, will increase the transportation rate of choles-
terol into the inner mitochondrial membrane. Cholesterol is then catalyzed by the P450,_.
enzyme into pregnenolone. Pregnenolone is delivered to the smooth endoplasmic reticulum
and subsequently converted into testosterone. Depending on the species, this conversion can
occur via progesterone, 17a-OH progesterone and androstenedione through delta-4 inter-
mediates or via 17a-hydroxypregnenolone, dehydroepiandrosterone and androstenediol as
delta-5 intermediates by the actions of enzymes, 33-hydroxysteroid dehydrogenase (33-HSD),
17a-hydroxylase and 17B-hydroxysteroid dehydrogenase (173-HSD) [18]. BPA can alter the
level of endogenous steroids at a particular site by altering its synthesis, metabolism, distribu-
tion or clearance. Alternatively, the chemicals may interact directly with the steroid receptor
to either mimic or block steroid actions [19, 33]. Hormonal activity is mediated by binding to
steroid receptors. Specific hormone-receptor complex is translocated to the DNA molecule.
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After this step alterations in the expression of steroid —responsive genes—are observed [20].
BPA is able to inhibit the steroidogenic process through specific mechanisms such as binding
to the receptors and damage to the steroidogenic enzymes.

2.1. Estrogenic and antiandrogenic affinity of BPA

Although there are different mechanisms through which endocrine disruptors are able to
modify the endocrine response, chemical substances that might simulate the effect of steroid
hormones by a reaction with their respective receptors continue to receive considerable atten-
tion. The initial step in the mechanism of action of steroid hormones is the binding of the ste-
roid to its receptor or binding protein. BPA has been shown to be able to bind to the oestrogen
receptor and initiate transcription of the oestrogen receptor —regulated genes in vitro. Several
studies using laboratory rodent models have found that defects in the reproductive tract were
associated with oestrogenic activity of BPA [21, 22, 33]. The effects of BPA on a wide variety of
tissues and cells have, until recently, been thought to be mediated by a single nuclear hor-
mone-receptor oestrogen receptor a (ERa). ERa was consistently demonstrated in rodent
Leydig cells. In in vitro systems, BPA competes with estradiol for binding with the ERa. After
the merger of oestrogen with receptors is the complex transported to the specific site of DNA
molecule (oestrogen responsive elements), located in the 5’ flanking region. Other compo-
nents and transcription factors interact with each other and initiate gene transcription [23].
ERa exhibits two distinct gene-transactivating regions, AF1 in the amino terminus and AF2 in
the carboxyl terminus [24]. However, the discovery of a second oestrogen receptor (3 (ER) has
prompted a re-evaluation of the molecular basis for the oestrogen action. Localization of ER(3
has been variable in the mouse Leydig cells. Structurally, ERf3 is highly homologous to ERa in
the DNA-binding domain (>95% amino acid identity) but shows only a 55% homology in the
ligand-binding domain. Furthermore, ER3 shows a discrete tissue distribution being the most
predominant oestrogen receptor in the ovary, brain and prostate [25]. According to experi-
mental analysis, BPA can produce major alterations in the context of functional gene product
synthesis inside the cells with active ER3 and major coactivator TIF2, although it can be active
in the cells with ERa or ER( and coactivator-1a [26]. However, the validity of these findings
has been compromised. BPA is able to induce the expression of the nuclear transcription factor
NUR?77 in mice Leydig cells, which is involved in LH-mediated testosterone synthesis. After
BPA administration, higher activity of protein kinase A and phosphorylation of MAPK medi-
ated with NUR77 expression in Leydig cells was observed. Changes in steroidogenic process
within 5 min after administration were detected. This response is too rapid to be mediated by
activation of the transcription domains, including classical nuclear oestrogen receptors such
as AF1 or AF2. NUR77 mRNA levels were increased above baseline at 1 nm BPA [27]. The
oestrogenic activity of BPA was further confirmed by the ability to upregulate the oestrogen
target gene expression like pS2 and calbindin-D (9K) in mammalian systems. In fact, BPA is
weakly oestrogenic, with a lower potency than the endogenous oestrogen [28, 29]. BPA selec-
tively binds to ERa and ERP and has a higher affinity for ER( in the target cells. It was also
found that the binding affinity relative to 173-estradiol for BPA at ER(3 was 6.6-fold higher
than ERa. Binding of BPA to the oestrogen receptors alters their ability to recruit coactivators
that may be important for the differences in tissue-dependent responses [26]. BPA and other
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alkylphenols stimulated the production of a biomarker of oestrogenic activity, vitellogenin, in
male fish. Vitellogenin has been used as a biomarker of exposure to antioestrogenic com-
pounds in numerous in vivo and in vitro studies using fish. It is induced by an oestrogen-
dependent activation of gene expression [30]. According to recent molecular studies, BPA is a
selective oestrogen receptor modulator, which means that it acts as an oestrogen agonist in
some tissues and an oestrogen antagonist in others. Wersinger et al. [31] demonstrated that
male mice with deficient in ERax gene were infertile but had a higher serum testosterone levels
than their wild-type siblings, indicating that ERq, albeit along with androgen receptors, has a
role in mediating the steroid feedback on the pituitary. Compared to researches on the oestro-
genic activities of BPA, data on antiandrogenic activities are controversial. Sohoni and
Sumpter [32] reported that BPA exhibits antiandrogenic activities, whilst Gaido et al. [33]
emphasized that BPA had no antiandrogenic activity. The chemical substances with antian-
drogenic properties are able to react with male reproductive function and behaviour by inhib-
iting the binding of androgens to androgen receptors (AR) and subsequent androgen-induced
gene expression. AR is held as an inactive state, being associated with specific 90 kDA heat-
shock proteins before exposure to androgens. Upon ligand binding, androgen receptors are
translocated into the nucleus and form a complex with specific DNA sequences called andro-
gen-responsive elements (ARE) to enhance the transcription of target genes recruiting coacti-
vators [34, 35]. In this context, we define coactivators as molecules that interact with nuclear
receptors and enhance their transactivation. For example, androgen receptor activator-70
(ARA70) was detected in human prostate cells to enhance the androgen receptor transactiva-
tion [36]. So, damages of AR gene at molecular level involve the syndrome of androgen insen-
sitivity (AIS) with specific extent of altered reproductive function development, which is
associated with defects of androgen receptor-androgen binding, nuclear import, DNA-
binding and transcriptional activation. AIS is an archetypal example of a hormone-resistance
disorder. In fact, more mutations have been reported in the AR gene than in any other tran-
scription factors [37]. The impairments associated with action of BPA have motivated some
researchers to investigate whether BPA could inhibit androgen receptor binding and subse-
quent androgen receptor-dependent transcription. Once bound to AR, androgen antagonists
are imported into the nucleus excluding endogenous androgens from regulating the andro-
gen-dependent transcription. It has been shown that most of the antiandrogenic chemicals
contain at least one aromatic ring with a hydroxyl group. The hydroxyl group on the A-phenyl
ring of BPA is essential for the inhibitory effect on the AR transactivation. In addition, the
hydrophilic substituent at the methylene bridge of BPA is also an important factor for a higher
activity [6]. Lee et al. [38] investigated how AR can be affected. BPA inhibits the interaction of
AR and its coactivator, interaction of AR and androgens, nuclear translocation of AR and
androgen-induced AR transcriptional activity. The inhibition of androgens following BPA
treatment is partial and lacks a dose-response relationship, which suggests that the manner of
their inhibition may be noncompetitive. On the other hand, according to Sun et al. [39], BPA
has the strongest activity to block the gene expression. When they studied the reason why
BPA could inhibit the reporter gene expression, it was found that BPA could compete with
5a-dihydrotestosterone (DHT) to bind to AR. DHT is reduced from testosterone through the
action of 5-a-reductase. According to preliminary results, 3,5-substituents of phenol ring of
BPA decreased its antiandrogenic activity. Nevertheless 3,5-substituents were reported to
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increase the oestrogenic and thyroid activity [40]. A lot of substances with oestrogenic proper-
ties are implicated in a number of cancers as an initiator, which confirms carcinogenic charac-
ter. The potential risk is visible in early life stages related to the development of cancer later in
life. The proliferation of human prostate cancer was confirmed at low doses (0.1-10 nM) of
BPA mediated with mutation of the AR [4]. It was demonstrated that up to 80% of hormone-
refractory tumours are characterized by high production of nuclear AR signifying that the
receptor is stimulated even without occurrence of competent ligands. Moreover, amplification
of the AR has been reported between 22 and 30% of prostate tumours, providing at least one
understanding of how the receptor can be stimulated without occurrence of androgens, such
as testosterone and testosterone derivates [41]. Though in different experimental animal mod-
els exposure of low doses of BPA during embryonal stage of development initiated enlarge-
ment of prostate size, enhancement of AR expression, reduced differentiation patterns of the
prostate and alterations in secretory activity of the gland [42], on the other side, this evidence
is questioned by many several experiments that observed no significant impact of this endo-
crine-disrupting substance in experimental animals [43]. Based on these conclusions, we may
speculate that essential compartments of the reproductive system, such as Leydig cells or
spermatozoa, are primary targets of BPA. Some experimental studies have shown that BPA
affected spermatogenesis probably by competing with testosterone for the cell binding site or
other destructive mechanisms. Degeneration of seminiferous tubules and the loss of elon-
gated spermatids were also demonstrated [44]. Furthermore, there are several studies docu-
menting that BPA not only competes with the oestrogen and testosterone receptor, but it also
modifies the gene expression of ERa and ER(. Furthermore, BPA has been found to induce
cell death by inhibiting the testicular endoplasmic reticulum Ca* pumps [45]. According to
recent information, BPA is able to affect steroidogenesis in Leydig cells not only through
receptor-mediated response but also to inhibit the steroidogenic enzymatic activity.

2.2. Interaction of BPA and steroidogenic enzymes

There are mechanisms other than ER- or AR-mediated effects through which BPA could affect
physiological functions, including modulation of steroidogenesis and interference with meta-
bolic breakdown of oestrogens and detrimental effects on signalling cascades. Examination
of the expression of different steroidogenic enzymes provides information on the molecular
basis for alterations in hormone biosynthesis caused by exposure to BPA [46—48]. Essential
male reproductive hormones are testosterone and androstenedione. Their biosynthesis is
called steroidogenesis where steroidogenic enzymes step out as stable components respon-
sible for specific cascades of reactions which transform cholesterol to endogenous male hor-
mones. Steroidogenic processes start with the transport of cholesterol to the mitochondrial
inner membrane where the first steroidogenic enzyme cytochrome P450 cholesterol side chain
cleavage enzyme (CYP11A1) uses it as a substrate to produce pregnenolone. Pregnenolone
subsequently diffuses to the smooth endoplasmic reticulum, where it is converted to tes-
tosterone by the enzymes such as 3p3-hydroxysteroid dehydrogenase, cytochrome P450
17a-hydroxylase/17,20-lyase (P450c17) and 17p3-hydroxysteroid dehydrogenase (173-HSD).
The first reaction in the smooth endoplasmic reticulum is catalyzed by 33-HSD to progester-
one. P450c17 catalyses two reactions that convert progesterone to 17a-hydroxyprogesterone
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and then to androstenedione. 17B-hydroxysteroid dehydrogenase catalyses the last step from
androstenedione to testosterone.

Recent experimental studies have demonstrated that the production of both androstenedi-
one and testosterone was inhibited by BPA in a concentration-dependent manner over the
course of 24 h incubation. Lower concentrations of androstenedione and its direct down-
stream product, testosterone, after the exposure to BPA are consistent with a direct inhibi-
tion of enzymatic activities, such as 33-HSD, cytochrome P450c17 and 173-HSD. A decrease
in the activity of 17a-hydroxylase resulted in a lower production of its direct product
17a-hydroxyprogesterone. Moreover, the decreased activity of 17,20-lyase inhibited the rate
of 17a-hydroxyprogesterone conversion to androstenedione, which led to in a 7.7-fold reduc-
tion in the androstenedione synthesis and a 2.4-fold reduced testosterone level [49]. It has
been reported that prenatal exposure of BPA in rodents causes a reduction in the testosterone
production. It is possibly caused by the downregulation of the steroidogenic enzymes in the
Leydig cells and an inhibition of LH secretion [50]. Ye et al. [51] confirmed a dose-dependent
inhibition of human 33-HSD and P450c17 by BPA. At 10 uM, BPA also weakly but signifi-
cantly inhibited human and rat 173-HSD activities. In general, human steroidogenic enzymes
are more sensitive to BPA than rat enzymes. The results also demonstrate that BPA partially
competes with cofactor NAD* (for 33-HSD) in the cofactor binding site of this enzyme. The
second essential enzyme 17(3-HSD, which is responsible for testosterone synthesis from
androstenedione, was observed to decrease the activity of this enzyme. 173-HSD accounts
for most of the circulatory testosterones in males and in the case of genetic mutation induced
by BPA may cause the autosomal recessive genetic disorder male pseudohermaphroditism
in which males often are born with female external genitalia and without a prostate [52, 53].
The aromatase enzyme, which is encoded by the CYP19 gene and catalyses the conversion
of androgens to oestrogens, is expressed more in the male reproductive tract than in other
tissues in rodents. Some experimental data show that BPA caused a direct inhibition of aro-
matase gene expression and oestrogen biosynthesis. Disruption of CYP19 gene expression of
aromatase in Leydig cells was ERa mediated as oestrogenic agents act via ERa to upregulate
the promoter region of the aromatase gene [54, 55]. Some experimental studies indicate that a
decreased androgen production by Leydig cells does not correlate with level of testosterone in
serum after chronic BPA exposure which can be due to compensatory mechanisms initiated in
vivo, for example, elevated pituitary luteinizing hormone. Higher serum luteinizing hormone
levels in BPA-treated rats presumably resulted from a decreased sensitivity to the andro-
gen negative feedback on the hypothalamus and pituitary and the consequent stimulation
of luteinizing hormone secretion [25]. Nikula et al. [56] demonstrated that exposure to envi-
ronmentally relevant BPA levels had also adverse effects on testicular function by decreasing
pituitary LH secretion and reducing Leydig cell steroidogenesis. For example, exposure of
pubertal rats to 2.4 pg/kg for 15 days indicated a decreased testosterone levels as well as
Leydig cell androgen biosynthetic capacity. On the other hand, small but significant reduc-
tion in LH was observed in rats treated with BPA after 2 weeks of treatment, although this
effect had disappeared after 5 weeks. Even if BPA inhibits production of testosterone through
reduced secretion of LH, it is proved that BPA binds with LH receptor ligand binding, and
releasing of LH from the receptor may cause reduction of steroidogenic activity. In the human
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testes, isoforms of ER(3 implying that BPA is able to modulate oestrogen synthesis have been
localized. Imbalance in the androgen an oestrogen action, during early stages of differentia-
tion, may induce potential damage of male reproductive parameters and sexual behaviour in
adulthood [57]. Both oestrogen and testosterone are necessary for development and functions
of male reproductive system tissues; inhibition of steroid hormone biosynthesis can be associ-
ated with abnormalities of testes after BPA exposure.

2.3. Effects of BPA exposure during gestation through puberty

We recognize that the development is epigenetic, which refers to changes in gene activity dur-
ing developments that are mediated by chemical signals. Autocrine, paracrine (growth fac-
tors) and endocrine (steroids) signals coordinate the direction of tissue differentiation during
critical periods in development. Androgens, mediated by the AR, do play an indispensable
role in induction of male sex differentiation and development of the male phenotype. It has
been demonstrated that the developing embryo may be much more susceptible to harmful
effects of environmental contaminants than adult animals. A high in vivo BPA efficiency dur-
ing embryonic development is caused by low BPA binding to oestrogen-binding proteins in
plasma that are intended for control of endogenous estradiol absorption into cells and by the
low embryos and newborn capacity to metabolize and inactivate BPA in the liver [58].
Potential BPA cumulation in embryos is supported by findings which demonstrate that BPA
status in amniotic fluid at 15-18 weeks of pregnancy is fivefold higher than BPA status in
serum of pregnant and non-pregnant females [59]. After treatment of mice during gestation
with BPA in dose 100 mg/kg BPA (given subcutaneously), BPA was identified in the brain,
liver, foetal sera, uterus and testes 30 min after exposure [60]. Significant effects caused in rats
and mice by exposure during development to doses of BPA involve structural and neuro-
chemical changes throughout the brain associated with behavioural changes, such as hyper-
activity, learning deficits and increased aggression. Increased aggressiveness in male CD-1
mouse offspring occurred as a result of oral administration of 2 pg/kg/day of BPA to pregnant
females [61]. A lot of current researches have observed that BPA treatment of rodents during
gestation even in low doses induced persistent impact on tissues of male reproductive organs
and female descendants. Recent experiments by Nagel et al. [62] and Vom Saal et al. [63]
reported that administration of low oral doses of BPA (2-20 pg/kg/day) to pregnant female
mice produced statistically significant increase in the weights of the prostate and decrease in
epididymis weights and the efficiency of sperm production in their male offspring. These
findings are important for several reasons. Firstly, they provide evidence that microgram vol-
umes of BPA are able to cause teratogenic and genotoxic effects in foetus during gestation.
Secondly, they prove that BPA is both absorbed and active after oral administration. When
female mice were administered to BPA, in the testicles of BPA-exposed male offspring, expres-
sion of anti-Miillerian hormone and steroidogenic acute regulatory protein (StAR) was inhib-
ited, and also size of testicles was reduced. In addition, negative impact was persisting in the
sexually developed male offspring at 42 postnatal days [64]. From the viewpoint of organ
systems and organisms, sexual steroid hormones are responsible for different implications of
male fertility development, such as development and keeping of sexual organ system and
secondary sex differences. One of the most interesting findings concerning organizational
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effects of BPA is decrement in sex differences that are usually evident between sexes.
Fascinating is also the effect of this substance only on one of the sexes. The reactions causing
diverse impact of BPA within genders are still not fully understood, but there is known mech-
anism that metabolism of endocrine disruptors, such as BPA, is under the influence of testos-
terone, whilst BPA is able to alter testosterone metabolism [50, 65]. It follows that particular
impact of BPA on male sex in the reproductive organs and tissues is caused by cross-reactions
with sex steroid hormones. In pregnant female rats exposed to BPA, serum testosterone levels
were decreased in male foetus and pups. The testosterone inhibition is probably induced by
BPA-suppressive effect on testicular Leydig cells. In fact, BPA inhibits expression of StAR
protein, 173-HSD and others. Protein expression of luteinizing hormone receptor is also com-
promised following BPA exposure and may lead to decreasing androgen biosynthesis [66, 67].
Direct mitogenic effect of BPA on the foetal prostate has been demonstrated in some experi-
mental studies. Prostate ductal budding begins in mice 2 days before birth. Prostate develop-
ment is dependent on DHT production. AR expression in the prostatic mesenchyme is
required for directing growth and branching morphogenesis of epithelial buds, presumably
by induction of paracrine factors secreted by the mesenchyme [68, 69]. There is evidence that
oestrogens modulate the activity of androgens in regulating prostate development. The mes-
enchyme in mice and rats responds to oestrogens via ERa whereas in the human prostate
ERB. Prostatic growth and androgen receptor ligand-binding activity are permanently
decreased in response to high doses of BPA during development [70]. Study of Alonso-
Magdalena et al. [71] showed that BPA in small doses throughout sensitive stages of develop-
ment is able to induce negative effect on glucose homeostasis and insulin sensibility. In this
experiment mice exposed to BPA by orally administration were pregnant. These mice exhib-
ited glucose intolerance and increased insulin, glycerol, triglycerides and leptin status in
plasma compared to control group of pregnant mice. Currently, there is a lot of evidence that
this xenobiotic has severe impact not only on mammals but also on amphibian. Xenopus laevis
exposed to BPA (107 mol/L) showed feminization of male sexual characteristics, whereas this
impact was significant in female larvae phenotypes compared with control individuals [72].
Primary sexual differentiation in X. Izevis tadpoles is initiated with an indifferent gonadal
phase before differentiation into ovaries or testes occurs. It has been shown that the most
sensitive period for the induction of sex reversal in X. laevis is between stages 50 and 52 [73].
This sex reversal phenomenon was discovered before, when X. laevis tadpoles were treated
with 17(3-estradiol during gonadal differentiation, and observed that all treated tadpoles
developed as fertile females. Exposure to exogenous sex steroids and structurally related sub-
stances like BPA, during sensitive phase of sexual differentiation, alters the genetically deter-
mined gender of the animals [72, 74]. It is suggested that although the definite fate of the
primordial germ cells is determined by genetic factors, alterations in the sex steroid hormonal
milieu can override this genetic mechanism. Recently, attention has been drawn to reports of
BPA-induced gonadal malformation in either testes or ovaries. In the context of feminization
impact, reproductive dysfunction is associated with the development of ovo-testis condition.
This phenomenon is characterized as the presence of eggs in the testicular tissue. Ovo-testis
structure was observed in some gonochoristic fish species (Oryzias latipes) both in laboratory
and wild animals exposed to BPA. The induction of ovo-testis was observed in O. latipes after
60-day posthatch only in the 1820 ug/L treatment. Growth suppression was also observed in
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concentration-dependent manner. This suppression might be caused by oestrogenic and
alkylphenolic character of BPA [75]. Ashfield et al. [76] suggested that the growth suppression
of rainbow trout exposed to alkylphenol chemicals might be influenced by the oestrogenic
activity of these chemicals in vitellogenin synthesis, which diverts energy resources from
growth. The oestrogenicity of BPA can also prevent anti-Miillerian action on the Miillerian
ducts in the male, leading to the feminization of male foetus, and feminization can be initiated
via upregulation of genes necessary for normal differentiation of ovary tissues (FoxI2 and
Wnt4), with simultaneous inhibition of genes required for testis differentiation (Sox9 and
Fgf9) in the foetus [77, 78]. Experimental studies in rodents suggest that BPA causes reproduc-
tive toxicity that persists into the second generation. Experimental study of CD-1 mice
revealed that exposure to high levels of BPA via ingestion caused a longer gestation period
and decreased litter size in the high-dose range. The first female generation appeared to be the
most affected as they delivered 51% fewer pups when mated with control partners. The males
sired 25% fewer pups in the high BPA group [79].

3. The potential impact of BPA on the spermatogenesis

Spermatogenesis is under the control of the hypothalamic-pituitary-testicular axis and the
thyroid gland. Dysfunction of this axis, initiated by endocrine disruptors such as BPA, may
result in a discontinuance or alteration of spermatogenesis [80]. BPA acts through sex steroid-
mediated hormone cascade pathway to influence functions of reproductive system, and it is
likely that BPA is also able to modulate specific characteristics of sexually dimorphic systems,
in particular gender differences in the mental functions and behaviours of the sexes [81]. The
harmful impact of BPA on male reproductive function may occur over embryonic, pubertal
and/or adult life [80]. Many current studies have demonstrated that low doses of this wide-
spread oestrogenic chemical substance can induce strong, membrane-initiated oestrogenic
effects [82], indicating that low levels of BPA exposure might interfere with normal oestro-
genic signalling pathway [4]. It is known that oestrogen receptors are expressed in the Leydig
cells (ERa), whereas ER[3 have been described in Sertoli cells, pachytene spermatocytes and
round spermatidis of the adult rat and male testis. ER has been also shown to be expressed in
other tissues of the male reproductive tract [83]. Recent in vitro study has shown that uncon-
jugated (aglycone) BPA binds to ERa and [3, generating weak oestrogenic action, and has
also high affinity for two membrane-bound oestrogen receptors, G-protein-coupled oestrogen
receptor 30 and membrane oestrogen receptor «, in addition to orphan nuclear oestrogen-
related receptor y [84]. Due to previous evidence about biological activity of BPA, in which
BPA has the ability to induce division of cultured human breast cancer cells and bind with the
ERs, one cannot rule out the possibility that BPA is able to impact process of spermatogenesis
in males [83]. Another relevant action by which endocrine disruptors perform their negative
impacts on male sexual system is to break the balance between oxidants and antioxidants in
testicular tissues, which is associated with the development of oxidative stress and conse-
quent harmful effect on spermatogenesis [85]. The activity of superoxide dismutase, catalase
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and glutathione peroxidase was reduced, whilst the status of peroxide and peroxidation of
lipids significantly increased in the rats exposed to BPA compared to control animals without
BPA treatment. Data obtained in this experiment showed that upgrade levels of BPA induce
fall of antioxidant defence system and cause oxidative stress in rat epididymal sperm [8].
Also, BPA is administrated during the embryonic/foetal life and over infancy via the placenta
and milk; reactive oxygen species were induced in mice testis. Peroxidation of the testis was
enhanced and finally resulted in their underdevelopment [86]. In vitro studies demonstrated
that BPA could cause oxidative stress in sperm cells, which leads to accumulation of free radi-
cals, together with the reduction of cell antioxidant system activity. These oxidative responses
were associated with spermatozoa quality decrease, as measured by decline in the rates of
spermatozoa motility and velocity. BPA administration also leads to depletion of ATP metab-
olism and significant DNA fragmentation in sperm cells [87]. Besides that, D’Cruz et al. [88]
study suggested that the oestrogenic and oxidative stress-inducing ability of BPA could have
supported to the violation of glucose homeostasis in the testis. Results show that sustained
exposure to BPA may damage the testicular functions by targeting the glucose metabolism in
the testis.

3.1. Spermatogenesis and sperm function affected by BPA

A lot of experiments with BPA have confirmed that this chemical substance, even at levels
under doses that are considered as safe for human population, is able to impair sexual func-
tions and behaviour in rodents [89], and for male reproduction, it is proved that the exposure
of adult rats to environmental doses of BPA can reduce activity of spermatogenesis and sperm
count [8, 83]. In vivo study with adult rats suggests that low dosage (2 pg/kg body weight) of
BPA after oral administration impairs spermatogenesis by reducing reproductive hormones
to stop meiosis of germ cells and activating the Fas/FasL pathway to induce the apoptosis of
germ cells, lowers the biosynthesis and secretion of testosterone via inhibiting the activity of
GnRH neurons, and decreases the expression of steroidogenic enzymes. Subsequently,
declining testosterone rate was accompanied by reduction of sperm concentration [90].
Another recent in vivo study with experimental rats evaluated the potential impact of BPA in
the doses of 1, 5, 10 and 100 mg/kg body weight on spermatogenesis. Seminiferous tubules
were devoid of spermatozoa or were filled with immature germ cells and cellular debris with
sloughing of germ cells into the seminiferous tubular lumen. Furthermore, the seminiferous
epithelium appeared to be disintegrating with loosening of the intercellular bridges between
germ cells as well as between germ cells and sertoli cells. Epididymal tubules also showed
empty lumen or lumen filled with cellular debris [91]. Study of Furuya et al. [92] refers to
stunted development of testicular tissue in male chickens that were treated for up to 23 weeks
by oral administration of BPA in doses low as 2 mg/1000 g body weight every 2 days; chickens
receiving BPA showed reduced weight of testes, with the smaller seminiferous tubules exhib-
iting constrained spermatogenesis. The antispermatogenic potency of BPA proved in experi-
mental animals has been confirmed by several epidemiological studies realized among
groups of exposed human males. Epidemiological evidence in humans indicates that urine
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BPA levels are highly associated with decline sperm concentrations, indicating an essential
association between BPA exposure and production of sperm cells. Compared with men who
did not have noticeable urine BPA levels, those with noticeable urine BPA had more than
three times the chance of lowered sperm concentration and lower viability of sperm, but there
was no found correlation between urine BPA levels and semen volume or sperm morphology
[93]. Wang et al. [94] reported an implication between higher urinary BPA concentrations and
clinically abnormal thyroid hormones (elevated serum-free T3 levels) that also affect sper-
matogenesis. Direct action of BPA on spermatozoa is still unclear. Human sperm incubated
with 1 uM of BPA showed no significant changes in influxes of calcium and pathological acro-
some reaction in the sperm cells. Equally, the genetic material of sperm cells, as evaluated by
the TUNEL protocol, comet and redox activity were not damaged by in vitro BPA exposure
[95]. These facts indicate that the severe BPA impact on male sexual system is caused in vivo
by different mechanisms, in the concrete alterations in the function of the hypothalamic-pitu-
itary-gonadal axis and thyroid hormone activity [50]. Motility is still the most important
parameter in the semen analysis and initial investigation of the male fertility factor, and it is
a basic prerequisite that enables sperm cells to fertilize the egg cell [96]. Spermatozoa motility
closely relates with mitochondrial activity, because spermatozoa contain many mitochondria
helically arranged around the middle piece axonema. Mitochondria play a key role in the
energy production through the generation of adenosine triphosphate and maintenance motil-
ity of spermatozoa [97]. Possibly, BPA uses endogenous oestrogen signalling pathway and
similarly to 17p-estradiol modulates sperm motility. This may be related to its effects on
sperm mitochondrial potential and, thus, the generation of ATP. It appears because of the
proven middle piece localization of ERs in sperm. This region of sperm cell is characteristic
for mitochondrial incidence, and mitochondria are possibly target organelles for oestrogen
action [98]. In addition, there is proof that mitochondrial enzymes in the testis such as succi-
nate dehydrogenase, malate dehydrogenase, isocitrate dehydrogenase, monoamine oxidase
and NAD dehydrogenase decreased after BPA exposure [99]. Adult male mice show signifi-
cant reductions in testicular sperm counts, as well as in epididymal sperm counts, after expo-
sure to 25 ng/kg body weight of BPA [100]. Similarly, a reduction of sperm count and motility
and an increase of sperm morphological abnormalities, following 2 weeks of BPA administra-
tion (10-40 mg/kg body weight), were found [101]. A dose-dependent effect of BPA on male
birds was observed also in Singh et al. [102] in vivo experiment with physical attributes of
semen such as semen volume, sperm motility and sperm concentration. Semen volume was
highest in low dose (1 mg/kg body weight), whilst sperm concentration was lowest, indicat-
ing tail off of bird semen treated with low-dose BPA. The sperm motility was found smaller
in high dose (5 mg/kg body weight) of BPA. It is supposed that high dosage of BPA rises the
availability of metabolically active BPA in the blood, which is associated with lower motility
parameters of sperm due to blockage of the Ca* channels activated by voltage or by rising
oxidative stress in the sperm cells [103]. The results obtained from in vitro study of Lukacova
et al. [104] confirm that BPA have the detrimental effect on bovine spermatozoa motility. This
study also showed that BPA in different doses (1, 10, 100 and 200 pg/mL) is able to decline
mitochondrial activity and spermatozoa viability and caused mitochondrial dysfunction by
the increasing intracellular formation of superoxide radical. Analysis of sperm motility
parameters confirmed the significant differences between the experimental samples from
groups with doses of BPA higher than 100 pg/mL and the control samples. Sperm motility
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results obtained after 6 h of cultivation at the doses higher than 10 ug/mL of BPA showed
significant reduction of motility, and after 24 h cultivation, it was found that the doses less
than 10 pg/mL statistically improve motility parameters, whilst the doses higher than 100 pg/
mL significantly reduced motility in comparison to samples from control group. Results of
motility in this study correlate with other in vitro experiments with sperm of various species.
Motility parameters of experimental mice sperm were measured following 6h of in vitro cul-
tivation with increasing BPA doses (0.0001, 0.01, 1 and 100 uM). Number of motile sperm cells
was significantly reduced after incubation with BPA in concentration of 100 uM [105]. Also,
another study with chicken sperm showed that environmentally serious concentration of
BPA (0.74 mM) significantly decreased motility as well as fertilizing ability, live sperm per-
centage and mitochondrial membrane potential [102]. Exposure to various BPA concentra-
tions (0.6, 4.5 and 11.0 ug/L) negatively affected motility of fish too [106]. Study with human
male observed a demonstrable correlation, although not statistically significant, between BPA
exposure, specifically urinary BPA concentration, and altered sperm parameters, such as
reduced sperm count affected sperm motility attributes and morphology, and increased dam-
age of DNA integrity in sperm, between infertile men [107]. According to Danish research,
98% of tested men had quantifiable rates of BPA after measuring in urine with an average
amount of 3.25 ng/mL. Urine samples from group of tested men with high amounts of BPA
also showed considerably higher testosterone, estradiol and luteinizing hormone status than
urine samples with lowest amount of BPA. These men showed loss of spermatozoa motility
too [108].

BPA experiments on different animals exhibit that impact is usually more damaging through-
out in utero stage, which is the most sensitive developmental phase for the foetus. It has
been observed that this chemical substance is able to generate different injuries in the foe-
tus, including male embryos feminization, reduced function of the testes and epididymides
with breakdown of tissues, enlarged prostate, shortening of anogenital distance and altera-
tion of adult sperm parameters, such as sperm count, motility and density. BPA is also able
to affect embryo thyroid development [80]. Recent findings support another additional BPA
activity mechanism, by a non-genomic pathway, initiated at membrane receptors, including
standard ERs and/or G-protein-coupled receptor 30 [109]. By disrupting levels of hormone
or receptor activity, the negative effect of this chemical substance may be to modulate male
reproductive organ development throughout foetal life. In addition, harmful BPA impact can
be more noticeable and nonreversible throughout this phase of development, in contrast to
adults, who reached a functional sex maturity and physiology, in which the harmful impact
is eventually not persistent since the first exposure [110]. In utero exposure to BPA was found
to cause negative effects on reproductive organs in rodents. In utero exposure of pregnant
CD-1 mice to BPA in amount 50 ug BPA/kg body weight/day during 16-18 days of gestation
showed increasing the anogenital distance in male young [111]. This conflicts with study of
Chahoud et al. [112], who presented shortening of the anogenital distance, following pre-
natal BPA exposure. However, these studies exhibited that BPA has the ability to alternate
anogenital distance during prenatal life. Alteration in the development and tissue organiza-
tion, changes in prostate gland weight, reduced sperm efficiency and daily sperm production
were also observed [58, 62]. Oral administration of 2-20 ng BPA/g body weight to female
mice on 11-17 gestational days exhibited significant decline of relative testis weight of male
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young [61]. Vom Saal et al. [63] researched BPA exposure on male mice during pregnancy
and observed raising size for preputial glands and reduced size of epididymides, as well as
reduced capacity of daily sperm production. When female mice were co-administered with
BPA in combination with di(2-ethylhexyl) phthalate, another chemical plastic substance, the
expression level of anti-Miillerian hormone was decreased in the testicular tissue of treated
young males and also reduced the size of testes. And more significantly, the negative impact
was sustained in the sexually mature young at postnatal day 42, associated with decrease
counts of epididymal sperm cells [64]. A decline in fertility, daily sperm production and count
and motility of sperm in BPA-exposed male offspring over maturity was also reported in
Salian et al. study [113].

3.2. Impact of BPA on Sertoli cell function

Normal function of Sertoli cells that are part of a seminiferous tubule is crucial in the sper-
matogenesis. Process of differentiation and production of mature sperm cells is under the
control of the FSH because Sertoli cells are equipped with FSH receptors on their membranes
and are activated by secretion of this adenohypophysis hormone. Inhibition of the Sertoli cell
function by BPA, directly or indirectly through reduction of hormone synthesis, may impair
reproductive function in exposed males [80]. Sertoli cell function is to provide support, in
other words, provide the adequate metabolic and structural background for developing
spermatozoa because a lot of factors important for gamete maturation are associated with
functions of somatic Sertoli cells. Consequently, any agent that impairs the viability and the
function of Sertoli cells may have profound effects on spermatogenesis [114]. Experimental
study dealing with impact of BPA on Sertoli cells demonstrates that exposure of cultured
Sertoli cells to BPA decreased cell viability. Treated cells showed alterations in morphology,
including blebs on membrane, breakdown of cytoskeletal structures, cell rounding and con-
densation and fragmentation of DNA that conform to the morphological changes of apopto-
sis. Results strongly suggest that death of BPA-exposed Sertoli cells is not due to necrosis, but
to activation of the apoptotic signal pathways in the cells [115]. In cultured Sertoli cells, BPA
also has been shown to induce apoptosis. Moreover, BPA-induced damage of Sertoli cells has
been reported by blocking endoplasmic reticulum Ca* homeostasis [116] and the ectoplasmic
specialization between Sertoli cells and spermatids [117]. Previous findings suggested this
chemical inhibits endoplasmic reticulum Ca*-ATPase activity and mobilizes intracellular Ca*
concentration in mouse Sertoli cell lines, TM4 [45]. Fiorini et al. [118] also studied mechanism
of BPA action on Sertoli cells. Sertoli cells establish intercellular junctions that are essential
for spermatogenesis. Currently, it is known that SerW3 Sertoli cells form characteristic pro-
tein elements of cell junctions such as gap junctions with connexin 43, tight junctions with
occludin and zonula occludens-1 and anchoring junctions with N-cadherin. This xenobiotic
substance impairs junctions between adjacent cells in the tissue by decreasing their number
or by inducing abnormal position of these membrane proteins within cells. In addition, BPA
is also able to induce downregulation of several genes associated with Sertoli cell function
(Msilh, Ncoal, Nidl, Hspb2 and Gata6) in 6-week-old-male mice after prenatal exposure
[119], thereby disrupting the blood-testis barrier and impairing spermatogenesis [120].
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3.3. Induction of oxidative stress by BPA in the male reproductive system

Exposure to environmental toxicants such as BPA induces the overproduction of reactive oxy-
gen species, leading to testicular oxidative stress. It is known that BPA decreases the activity of
the male-specific cytochrome P450 isoforms, and cytochrome P450 has been shown to induce
reactive oxygen species that impairs sperm functions and spermatogenesis [121]. Reactive
oxygen species can modify the sperm cytoskeletal and axoneme structures, causing a decrease
of sperm motility parameters and low probability of sperm-oocyte fusion and therefore lead-
ing to low fertility potential [122]. Free radicals are also able to impair the genetic information
within the nucleus of the sperm cell, and this damage to the genome may be translated into
infertility [102]. In El-Beshbishy et al. [123] experiment, body weight of BPA orally applied
for 14 days to male rats was 10 mg/kg, and considerable decline of enzymes with antioxidant
activity in testicular tissue such as catalase, glutathione reductase, superoxide dismutase and
glutathione peroxidase has been found. Also, hydrogen peroxide quantity and lipid peroxi-
dation were increased in testes and spermatozoa of BPA-treated animals. Kabuto et al. [86]
investigated the modifications in endogenous antioxidant capacity and oxidative damage in
the mice testis exposed to BPA, whilst animals were treated with BPA during embryonic and
foetal phase of life and during lactation phase by oral administration of drinking water with
BPA (5 or 10 ug/L) to their pregnant/lactating mothers and male mice were killed in the fourth
week of life. BPA increased levels of thiobarbituric acid-reactive substances in the testis, and
results suggested that exposure to this chemical substance induces tissue oxidative stress and
peroxidation, ultimately leading to testicular underdevelopment. In another in vivo study,
testicular antioxidant enzymes were impaired by a very low dose (0.005 mg/kg body weight/
day) of BPA following 45 days of exposure [124]. Exposure to BPA may also decline antioxi-
dant enzyme activities and induced lipid peroxidation in both epididymides and sperm cells
in rats after administration of BPA (0.2, 2 and 20 ug/kg body weight per day) for 45 days and
resulted in inhibition of epididymal motility of sperm and number of sperm depending on the
level of dose in treated rats as compared with the corresponding group of control animals [8].
Hulak et al. [87] reported that BPA exposure to fish sperm at concentrations 1.75-10 ug/L is
capable of inducing oxidative stress, leading to impaired sperm quality, DNA fragmenta-
tion and intracellular adenosine triphosphate content. In research with human spermatozoa,
in vitro exposure to BPA at concentration starting from 300 uM equally could affect sperm
integrity through the induction of prooxidative as well as apoptotic mitochondrial dysfunc-
tion. It was associated with an increased mitochondrial generation of superoxide anion,
caspase-3 and caspase-9 activation and motility decline [125]. Similar results also provided
Lukacova et al. [104] in an in vitro study with bovine spermatozoa. Generation of superox-
ide radical within sperm cells was measured by the NBT assay after 24h incubation with
BPA. The results showed that in samples of experimental groups, the quantity of superoxide
radical increased unlike to samples in control group without BPA. At the dosages higher than
100 pg/mL of BPA, significant differences were noticed. The viability of spermatozoa in meta-
bolic activity assay (MTT) declines in all experimental groups, but significant differences were
observed only at the highest doses of BPA after 24h of in vitro cultivation. These results dem-
onstrated that BPA can directly promote biological damage by oxidative stress and induces
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apoptosis in sperm cells across a range of animal species, including humans. The potential
impact of BPA on essential reproductive parameters is presented in Figure 1.

3.4. Epigenetic effect of BPA on male reproduction

Some chemicals with oestrogenic properties pass through CYP-mediated redox cycle to qui-
nones. Quinones represent biologically active molecules that can bind by covalent bonds to
DNA and proteins occurring in the nucleus, such as DNA and RNA polymerases. In vitro
study of Atkinson and Roy [126] showed that BPA is oxidized by 70% to bisphenol o-quinone.
Authors also postulate that BPA is oxidized first to semiquinone and after that oxidized to
bisphenol o-quinone. The chemical reaction of DNA with bisphenol o-quinone produced 6-8
adducts. Quinones and several other reactive components have short half-lives; therefore,
negative impact of BPA arises especially in oestrogen-sensitive structures. Given that it is
expected that modification to quinones and generating of DNA adducts intervene in struc-
tures that binding and retaining BPA. Formation of DNA adducts in tissues of sexual system
throughout organogenesis can cause genetical imbalance, gene modifications and chromo-
somal mutations with permanent effects for mature individuals [127]. Whether irreversible
binding of BPS to DNA through metabolic activation may be responsible for some of the
toxic effects produced by BPA is not clear. Atkinson and Roy [128] also present an in vivo
study, where binding BPA to DNA was confirmed. BPA is first converted to hydroxylated
BPA. Like catechol BPA then enters into redox reactions. During this redox cycling, BPA is
enzymatically oxidized first to semiquinone. Bisphenol semiquinone is then further oxidized
to bisphenol-o-quinone. BPA without metabolic activation did not bind to DNA [129]. In con-

BISPHENOL A

I! l: ; - BPA disturb the pro-oxidant-
- Decreased in spermatozoa

motility and velocity

BPA modulate gene - BPA competes with NAD in
transcription the cofactor bindign site of 3p- - Significant DNA fragmentation
HSD enzyme
- Induced expression of - Reduced sperm count and
the nuclear transcription - Direct inhibiton of 17p-HSD concentration
factorNUR77
Disruption of CYP19 gene - Increased of morphological
- Vitellogenin, biomarker expression of aromatase enzyme abnormalities
of estrogenic activity v
- BPA increase caspase-3 and

- ARAT70 to enhace
androgen receptor
transactivation

caspase-9 activation

- Inhibition of sperm-oocyte
Inhibition of reproductive activity through fusion

‘. modulations i transcript of steroid
‘ hormones and steroidogenic mediating 3
genes. » Decrease sperm quality «

Figure 1. A model summary for the effects of bisphenol A (BPA) on reproductive system. NAD*, nicotinamide adenine
dinucleotide; 33-HSD, 33-hydroxysteroid dehydrogenase; 173-HSD, 173-hydroxysteroid dehydrogenase.




Male Reproduction: One of the Primary Targets of Bisphenol A
http://dx.doi.org/10.5772/intechopen.68629

clusion, directly after metabolic change to metabolites with reactive properties, DNA with
covalently converted nucleotides leads to mutational alterations and, therefore, can represent
a key attribute in cellular toxicity and development of tumorigenesis process.

Experiments on toxicity of reproductive system exhibited that pregnant female exposed
to BPA in prenatal period involved significant fertility disorders of not explicitly F1 male
descendants but also subsequent F2 and F3 generations. It also causes increased occurrence
of damage during implantation phase in all the three generations. This increase was signifi-
cant in F3 generation suggesting that this xenobiotic is able to perform its impacts through
male germline [130]. Current studies have also begun to suggest the possibility of transla-
tion of early exposures to physiological modifications later in life and across generations by
epigenetic mechanisms such as methylation-meditated promoter silencing [4]. Epigenetics
deals with molecular processes that are associated with hereditary and permanent changes
in gene expression. However, these changes do not involve modifications in sequences of
DNA. DNA sequences stay constant, but the expression or silencing of genes and regions of
gene is mediated by different epigenetic processes, such as methylation, and in reaction to
different exposures of environment. DNA methylation is a process by which methyl groups
are linked to the DNA molecule, specifically to the cytosine in cytosine-phosphate-guanine
segment of DNA. Methylation is able to modify the activity of a DNA sequence without
modifying the sequence, and it may cause silencing of gene expression in the segment of
DNA [131]. Experiments with rats have demonstrated that BPA exposure and its impact on
sexual hormones may cause persistent alterations in the whole male hypothalamic-pituitary-
gonadal axis, including development of transgenerational alterations in the levels of steroid
hormone receptors in testes, motility of spermatozoa as well as sperm count [113]. Adverse
effect of BPA on male germ cells is not matter only prenatal exposure; Tiwari and Vanage
[130] experiment demonstrated that adult male rats exposed to 5 mg/kg body weight of BPA
during a time of 6 days will generate fatal mutations in spermatozoa. It leads to low sperm
motility parameters and sperm production. Due to these facts, it is key to research the epi-
genetic alterations in male fertility caused by BPA also in later life, not only in critical stages
of development. BPA exposure has also been connected to sexually dimorphic alterations in
anxiety-like behaviour and general motor activity [132]. This suggests that dose-dependent
effects of BPA on emotional aspects and sexually dimorphic manner are associated with
demasculinization of characteristic male behaviour [133]. There were also observed altera-
tions in sexual behaviour, especially in a decreased performance in latency and frequency
of intromission among BPA-exposed rodents [10, 11]. An impairment in the timing of copu-
latory sequence was found in Sprague-Dawley male rats, perinatally exposed to BPA via
oral administration during pregnancy or lactation [11] or exposed throughout early stages
of development [134]. In animals that were postnatally treated by oral administration of
BPA, a decrease activity in terms of latence and intromission frequency was noticed [11].
Moreover, same effect in this direction was observed with animals treated in phase of early
puberty [134]. Results obtained from study with workers of manufacturers of BPA in China
also showed relevant proof that BPA exposure at work significantly increases the possibil-
ity of sexual dysfunction in male. The results were the same for all tested parameters that
were measured regarding to male sexual dysfunction, all indicating increased risks associ-
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ated with exposure of BPA. The noticed findings remained after monitoring of wide physi-
ological and psychological aspects that may be related to reproductive disorders between
workers exposed to BPA and unexposed workers. Moreover, the relationship between dose
and response for found associations also supports the discovery. These findings strengthen
probably essential association between exposure to high doses of BPA and raising possibility
of reproductive dysfunction in males [93]. Apoptosis of spermatogenic cells was also affected
intergenerationally with differential DNA methylation of sperm promoter regions in the F3
generation which was observed in all exposed male lines [135]. Considering the imprinted-
like nature of the modified epigenetic DNA methylation sites, sperm cells transfer this epig-
enome and adult onset disease phenotype to next generations, which is termed epigenetic
transgenerational inheritance [136].
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