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Abstract

Bisphenol A (BPA) is an endocrine-disrupting
chemical that is capable of mimicking, antag-
onizing, and interfering with the normal bio-
logical functioning of the endocrine system.
BPA is used in diverse industries, hence its
vast sources of exposure. Although the half-
life of BPA is relatively short (<24 hours),
studies have reported its detection in the urine
of different populations. It, therefore, became
important to investigate its effect on general
health, including male reproductive health.
The adverse effects of BPA on male fertility
have been evaluated and reported from both in
vivo and in vitro studies. Up to date, reports
from randomized controlled trials remain con-
troversial, as some revealed decreased sperm
quality, sperm concentration, and total sperm

effect was seen after exposure. Findings from
animal model studies and in vitro experiments
have shown that exposure to BPA led to a
reduction in sperm quality and increased
sperm DNA fragmentation, and some even
revealed altered expression of the gene that
encodes gonadotropin-releasing hormone.
This shows that BPA not only may adversely
affect male fertility by acting as an endocrine
disruptor but also can potentially impact male
fertility via its possible contribution to oxida-
tive stress. Therefore, this book chapter aims
to identify and elucidate the effect of BPA
exposure on male fertility, and to as well illus-
trate the mechanisms through which this
occurs, while emphasizing the role of oxida-
tive stress as a potential pathway.
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8.1 Introduction

The decline in male fertility has been attributed
to diverse etiologies. This includes lifestyle
choices (obesity), endocrinological abnormali-
ties (Kallmann syndrome), congenital defects
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(cryptorchidism), idiopathic and genetic anoma-
lies (Y-chromosome microdeletions), and
acquired dysfunctions (varicocele) and could as
well be caused by endocrine-disrupting chemi-
cals (EDCs) and other environmental toxins
(Vander Borght and Wyns 2018; Babakhanzadeh
et al. 2020). Numerous types of EDCs have been
shown to adversely affect male reproductive
health. EDCs are a class of exogenous substances
or chemical compounds that interfere with the
function of the endocrine system, often exerting
estrogen-like and/or anti-androgenic effects,
which consequently cause adverse health effects
in an intact organism, or its offspring, or subpop-
ulation (Mima et al. 2018; Sharma et al. 2020).
These substances, including bisphenol A (BPA),
pesticides, and other environmental chemicals,
may disrupt normal hormonal stimulatory effect,
inhibitory action, or elimination of hormones.
Exposure to organophosphates, for instance, a
commonly used compound in pesticides, has
been associated with abnormal sperm parameters
including reductions in sperm counts, motility,
viability, increased DNA damage, and abnormal
morphology (Krzastek et al. 2021). Several stud-
ies have also reported its negative influence on
serum reproductive hormones, as a reduction in
total testosterone and an increased in luteinizing
hormone (LH) and follicle-stimulating hormone
(FSH) levels were observed following exposure
to organophosphates (Mima et al. 2018;
Melgarejo et al. 2015). Another compound is
cadmium, a heavy metal, which is known to
cause toxicity by impacting the hypothalamic-
pituitary-gonadal (HPG) axis, testicular function,
and spermatogenesis (Rana 2014). Exposure to
cadmium can also induce endocrine disruption
via interfering with the DNA zinc finger motif
and substituting zinc for cadmium subsequently
causing a decrease in steroidogenesis (Krzastek
et al. 2021; Kumar and Sharma 2019). Another
widely used chemical is BPA. BPA is a crystal-
line chemical compound used as a monomer or
plasticizer in the production of epoxy resins and
polycarbonate synthesis. It is also used in the
production of medical equipment, aluminum

cans, thermal papers, toys, food packaging, and
jar caps, among others (Fig. 8.1). Due to the vast
sources of BPA, more than 90% of people in
Western countries have detectable BPA levels in
the urine (Castellini et al. 2020). Exposure to
BPA has been found to cause reduced sperm
count, motility, and normal morphology (Chiang
et al. 2017). After exposure to, and absorption of,
BPA via inhalation, ingestion or skin contact, and
distribution in the body (Fig. 8.1), it directly dis-
rupts the HPG axis by lowering circulating levels
of gonadotropins and reduces the expression of
the gene that encodes gonadotropin-releasing
hormone (GnRH) within cells in the preoptic
area. This is caused due to BPA having an affinity
to alpha and beta estrogenic receptors (ERa,
ERp), thereby inducing an estrogenic receptor-
dependent gene expression which leads to endo-
crine disruption in the HPG feedback mechanism
and, thus, causing hypostimulation and decreased
spermatogenesis  (Castellini et al. 2020).
Additionally, BPA may also impair male fertility
by causing imbalance between the generation of
reactive oxygen species (ROS) and the antioxi-
dant activities. When this trend persists, oxidative
stress ensues. This shows that BPA not only may
adversely affect male fertility by acting as an
endocrine disruptor but also can potentially
impact male fertility via its possible contribution
to oxidative stress. Although environmental
EDCs generally exist at low concentrations that
may cause a negligible impact on general health,
daily exposure to these toxins could potentially
pose a threat to male reproductive health.
Therefore, the purpose of this study is to identify
and elucidate the effect of BPA exposure on male
fertility and to as well illustrate the mechanisms
through which this occurs, emphasizing the role
of oxidative stress.

Key Statement

“Several environmental factors are associated
with the global decline of male fertility. These
compounds are abundant in our modern society,
and the daily exposure to these compounds
adversely affects male fertility.”
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Bisphenols are chemical compounds that acquire
two specific hydroxyphenyl capacities. Many of
the derivatives of bisphenol are diphenylmethane-
based except bisphenols M, P, and S (Liang et al.
2020). Other derivatives of bisphenol are BPA,
bisphenol AP, bisphenol AF, bisphenol B, bisphe-
nol BP, bisphenol C, bisphenol C2, bisphenol E,
bisphenol F, bisphenol G, bisphenol M, bisphe-
nol S, bisphenol P, bisphenol PH, bisphenol
TMC, bisphenol Z, dinitrobisphenol A, and tetra-
bromobisphenol A. The derivatives are classified
based on their reactants. For instance, acetone is
the reactant of BPA, the most common derivative
of bisphenol (Liang et al. 2020). This chapter will
predominantly focus on BPA.

Key Statement

“The classification of the different types of
bisphenol compounds depends on their reactant.
In comparison to BPA, very limited studies are
available on the effect of exposure to other sub-
strates of bisphenol.”

duced worldwide per year (Plasticstoday 2019).
BPA is now widely considered as a structural
component present in epoxy resin and polycar-
bonate materials used to manufacture medical
devices, water supply pipes, safety equipment,
beverage bottles, and food packaging, all of which
are items and products that the average individual
is exposed to daily (Fig. 8.1) (Castellini et al.
2020). The varied sources containing BPA allow
for several different modes of BPA consumption,
for instance, oral ingestion from canned foods,
inhalation of dust from the air, and transdermal
through physical contact (Fig. 8.1) (Loganathan
and Kannan 2011). BPA is exceptionally preva-
lent in consumer merchandise production with
approximately 90% of the people in the Western
countries having a detectable amount of BPA in
the urine, serum, seminal plasma, amniotic fluid,
follicular fluid, placental tissue, and umbilical
cord blood (Vandenberg et al. 2007). This is partly
due to the act of consuming foods that are stored
in BPA-containing packaging. The free mono-
mers transfer from the packaging into the food
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due to BPA’s solubility which is then orally
ingested, altering the cellular functionalities and
development of the body, which is the leading
cause of reproductive damage (Castellini et al.
2020). In recent years, the health risks following
exposure to BPA have been examined. The data
obtained through standardized toxicological tests
displayed evidence that high exposure to BPA
affects fertility and fetal development, hormonal
levels, neurological and cardiac functionalities,
and other physiological aspects of the human
body. BPA is a known xenoestrogen, as it mimics
estrogen effects due to its characteristic polycy-
clic phenolic chemical structure, which is similar
to estradiol. BPA also affects redox homeostasis
by altering the standard equilibrium of oxidative
mediators, such as ROS and antioxidant enzymes.
This causes the direct induction of cellular dys-
function due to the alteration of cell signaling
pathways and activation of apoptosis (Castellini
et al. 2020). Although studies have shown that low
levels of BPA have no effect on human health,
nonetheless, the increased exposure to high levels
of BPA through direct and indirect contact causes
potential adverse health effects (Gassman 2017).

Key Statement

“BPA has a chemical structure that is similar to
estrogen, hence its affinity to bind to the estrogen
receptors. Additionally, BPA damages redox
homeostasis by altering the standard equilibrium
of oxidative mediators, such as ROS and antioxi-
dant enzymes.”

8.3  Toxicokinetics of Bisphenol A

Data obtained through toxicological and epide-
miological studies presented evidence of high
concentrations of BPA in the body causing nega-
tive effects on physiological health and develop-
mental capacity. It has been determined that BPA
levels from 20 to 400 pg/kg/day and above inter-
fere with normal human physiology (Acconcia
et al. 2015). After ingestion, with the aid of uri-
dine diphosphate glucuronosyltransferase, BPA
binds to glucuronic acid to form BPA glucuro-
nide (BPA-G) (Fig. 8.2). The same process occurs

when BPA binds to sulfonic acid via sulfotrans-
ferases, such as phenol sulfotransferase, to form
BPA sulfate (BPA-S). The glucuronidation or
sulfation of BPA is a rapid process that makes it
more soluble in water with a half-life of
<24 hours. The toxicokinetic process of BPA can
however be influenced by physiological changes
(Castellini et al. 2020). The toxic accumulation
of BPA is evident as the substance concentration
diverts from the regular pharmaceutical range.
There is no standard dose that causes detrimental
effects in humans, as females and males react dif-
ferently to specific concentrations of the toxin.
Overall, the singular effect of BPA is weak.
However, reports indicate that the excessive con-
sumption of the toxin is the leading cause of
adverse effects (Acconcia et al. 2015).

Key Statement

“The toxicokinetic process of BPA is rapid. The
swiftness of the process makes it more soluble in
water, especially when heat is applied. It has a
half-life of 5.4-6.4 hours.”

8.4 Bisphenol A, Sex Hormones,

and Male Fertility

Testosterone is a crucial sex hormone in males as
it regulates libido, the production of red blood
cells and spermatozoa. Studies have emphasized
the importance of preserving a specific level of
estrogen in the male body in addition to testoster-
one to sustain the reproductive capacity. Exposure
to BPA decreases the biosynthesis and secretion
of testosterone, causing a decline in steroido-
genic enzyme expression which affects testoster-
one production and spermatozoa concentration
and quality. Studies have reported the concurrent
decrease in testosterone production and an
increased levels of FSH and LH following BPA
toxicity (Meli et al. 2020).

Estradiol is the predominant hormone deriva-
tive of estrogen that plays an important role in
maintaining male sexual maturation. During BPA
toxicity, the transcription of target genes that are
mediated by the estrogen receptor f is affected, as
BPA inhibits receptor degradation and ubiquitina-
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Fig. 8.2 Toxicokinetics of bisphenol A (BPA). Following
oral ingestion, BPA undergoes first-pass metabolism in
the liver (conjugation phase). Briefly, BPA binds to gluc-
uronic acid with the aid of uridine diphosphate glucurono-
syltransferase to form BPA glucuronide (BPA-G). This
process is called glucuronidation. The same process
occurs when BPA binds to sulfonic acid via sulfotransfer-
ases, such as phenol sulfotransferase, to form BPA sulfate

tion (Masuyama and Hiramatsu 2004). This
occurs as a result of BPA affecting the estrogen
receptors (o and P) in target cells. The BPA mol-
ecule contains specific phenolic structural quali-
ties that allow BPA to bind to the estrogen receptor
subtypes o and f§ by imitating the estrogen recep-
tor features, promoting alterations in cell migra-
tion, proliferation, and viability. BPA also
stimulates cell growth which has a similar effect
to estrogen on the human body, therefore present-
ing an association between the increased exposure
of BPA and the reduced production of sperm and
testosterone while prompting male reproductive
diseases. Specific levels of the estrogen hormone
are required in human males to regulate standard
sexual development and fertility. The normal
range of estradiol in human males to promote fer-
tility is 1040 pg/ml (Schulster et al. 2016).
Abnormal levels of the testosterone-to-
estrogen ratio provoke damage to important

2 v
4V <« Unconjugated BPA
»

|

Urine

(BPA-S), a process termed sulfonation. After glucuronida-
tion or sulfonation, BPA metabolites are excreted either
into the bile/GUT and then urine or into the blood and
then passed into the kidney to be excreted as urine. The
first-pass metabolic phase is avoided when BPA is
absorbed through inhalation or transdermal route. This
enhances the production of unconjugated BPA in the
blood

processes such as spermatogenesis and steroi-
dogenesis. The testicular compartments of the
two cellular processes are vulnerable to BPA-
induced damage due to their functionally simi-
lar state. The testosterone hormone is produced
during steroidogenesis. BPA-induced oxidative
stress alters the synthesis and distribution of the
steroid receptors required for the mediation of
hormonal activity by binding to the receptors
and destroying the steroidogenic enzymes. As a
result, the influence of BPA profoundly alters
the quality of sperm produced and decreases the
likelihood of successful male fertility (Acconcia
et al. 2015).

Key Statement

“BPA is a known xenoestrogen as it mimics
estrogen effects due to its characteristic polycyclic
phenolic  chemical structure, similar to
estradiol.”
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8.5 Evidence of Bisphenol
A-Induced Male Infertility:

The Role of Oxidative Stress

Since the use of BPA in diverse “works of life”
keeps increasing, it remains important to continu-
ally investigate the effect of its exposure on male
reproduction. At present, several studies have
pinpointed its adverse effects on male fertility (Li
et al. 2021; Liu et al. 2021; Rahman et al. 2021;
Minguez-Alarcén et al. 2021), while some, how-
ever, showed no association (Benson et al. 2021).
The controversy may be due to differences in
methodological approaches, such as in vivo ver-
sus in vitro versus ex vivo. To reduce the dispar-
ity in findings, some authors have conducted
meta-analyses and systematic reviews, establish-
ing a conclusion from a holistic perspective
(Castellini et al. 2020; Santiago et al. 2021). This
section of the chapter will discuss some studies
that have reported the effect of BPA exposure on
male fertility (Fig. 8.3).

It has been previously established that BPA
has estrogenic and anti-androgenic activity
affecting the hypothalamus, which in turn dis-
rupts the hypothalamic-pituitary-gonadal (HPG)
axis. The disruption occurs by altering the
gonadotropin-releasing hormone (GnRH) pulsa-
tile release, resulting in impairment of adequate
secretion of FSH and LH (Santiago et al. 2021).
These two hormones play an important role in the
male reproductive system, where LH stimulates
the Leydig cells and FSH stimulates the Sertoli
cells. Leydig cells produce testosterone, and
Sertoli cells are responsible for testicular growth
and promoting the production of androgen-
binding protein. Both of these cells are found in
the seminiferous tubules, which are responsible
for hosting spermatogenesis and sustaining the
maturing spermatozoa (Emedicine.medscape.
com 2021). In summation, there is a reduction
and/or inhibition of androgen production, as well
as a decrease in the number and function of
Sertoli cells leading to the degeneration and
decline of spermatocytes. In other words, it dis-
rupts the rather complex process of spermatogen-
esis (Santiago et al. 2021).

Prenatal maternal exposure of BPA when car-
rying male fetuses has been studied and was
found to have an increased risk of urogenital
developmental abnormalities. These abnormali-
ties include cryptorchidism, hypospadias, and
structural alterations of the testis of male fetuses
(Pallotti et al. 2020). Similar to BPA exposure in
adults, the main effect of this exposure is related
to disruption of the preexisting and well-
established hormonal homeostasis.
Consequentially, this may hinder the appropriate
development of the male genital tract as well as
the induction of chronic structural modifications
which is partly mediated by oxidative stress
through ROS and inflammatory mechanisms
(Pallotti et al. 2020). For instance, cryptorchi-
dism may occur due to Leydig cell dysfunction,
and it has been suggested that a history of crypt-
orchidism in boys could potentially increase the
risk of fertility issues in the future (Komarowska
et al. 2015). It may also be relevant to state that
couples with a history of BPA exposure have
reported difficulties in conceiving (Komarowska
et al. 2015), and this may be attributed to the
alteration in the mechanisms involving hormonal
homeostasis and histopathological changes in the
testicular structure.

Additionally, extensive in vivo and in vitro
studies have been conducted to further elucidate
the effect of BPA on male fertility. After exposure
to BPA, the levels of circulating hormones (tes-
tosterone, estrogen) in the animal samples and
histopathological changes in the testes were ana-
lyzed. It was identified that the circulating hor-
mone levels were altered where testosterone
levels decreased and estrogen levels had increased
(Jia et al. 2020). Furthermore, the glandular cav-
ity in the BPA group was slightly enlarged, with
abnormal morphological changes in the sper-
matogenic cells and Leydig cells (Jia et al. 2020).
It was identified that there is a reduction in the
number of spermatozoa, the different phases of
spermatogenesis were altered, and there were
histopathological changes in the seminiferous
tubule as vacuolation and shrinkage of the tubule
occurred (Jia et al. 2020). It was also noted that
there was a decline in the testicular mitochondrial



8 Bisphenol A and Male Infertility: Role of Oxidative Stress 125

Leydig Cell
Dysfunction

Reduced Abnormal
Mitochondrial Spermatogenic
Enzymatic and Leydig Cell
Activity Morphology
N /"
Altered Testicular Bisphenol A Urogenital
(BPA) Abnormalities

Reduced Sertoli
Cell Number
and Function

Increased DNA
Damage
Fig. 8.3 Bisphenol A and male infertility. Exposure to
BPA may lead to urogenital developmental abnormalities,

decrease in testicular mitochondrial enzymatic activities,
altered testicular structure, abnormal morphological

enzymatic activities such as monoamine oxidase
(MOA), NADH dehydrogenase (NDH), malate
dehydrogenase (MDH), succinate dehydrogenase
(SDH), and isocitrate dehydrogenase (IDH)
(Meli et al. 2020; Santiago et al. 2021).
Unsparingly, it also reduces the activity of anti-
oxidant enzymes such as superoxide dismutase
(SOD), glutathione reductase (GR), catalase
(CAT), and glutathione peroxidase (GSH-Px)
(Meli et al. 2020; Santiago et al. 2021), thus pro-
moting an imbalance that results in oxidative
stress (Santiago et al. 2021).

In vitro studies using mice spermatozoa
exposed to BPA demonstrated a significant
decrease in the percentage of motile spermato-
zoa, decreased intracellular ATP levels, increased
levels of ROS, and impaired epididymal sperm
motility and viability potentially attributed to the
oxidative stress (Rezaee-Tazangi et al. 2020).
Findings from human studies reported mitochon-
drial dysfunction, reduced sperm motility, and
increased oxidative DNA damage (Barbonetti
et al. 2016). Furthermore, mitochondrial dys-
function in Sertoli cells may be a resultant of the
increased ROS in the testes which propagate
DNA damage and cellular apoptosis (Wang et al.
2017).

Decline in

Spermatocyte
Proliferation

Decreased
Sperm Motility
changes in the spermatogenic and Leydig cells, increased
DNA damage, decreased sperm motility, reduction in the

number and function of the Sertoli cells, and decline in
spermatocyte proliferation

Exposure to BPA has been demonstrated to
be dose-dependent (Rochester 2013), so, in the-
ory, prolonged exposure to BPA and higher con-
centrations thereof have an increased risk of
causing the mechanisms of change described
above. Some studies have attempted to evaluate
male adults with a known history of BPA expo-
sure in their lifetime with known difficulties in
conceiving and without. Nevertheless, there is a
variation in these studies according to the dose-
dependent exposure that could not be identified
(Pallotti et al. 2020). Additionally, the measure-
ments done to identify exposure included urine
BPA which has been highlighted to be a subop-
timal method of evaluating the exposure to BPA
(Konieczna et al. 2015), serum BPA, and semi-
nal BPA levels (Vitku et al. 2015). In compari-
son to healthy males, infertile males have
significantly higher levels of seminal and serum
BPA. It was identified that seminal BPA levels
were associated with a reduction in the semen
parameters (total sperm count and sperm con-
centration), while this was not true for serum
BPA (Vitku et al. 2015). This finding provides
an emphasis on the significance of seminal BPA
levels which may aid and be a future focus in
upcoming research attempting to approach this
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issue. Furthermore, BPA exposure was found to
be associated with increased serum prolactin
levels in males (Liu et al. 2015), and this has a
detrimental effect through inhibiting pulsatile
GnRH secretion which as a result inhibits the
release of FSH and LH (Dabbous and Atkin
2018). This will negatively affect and impact
testosterone levels and the process of spermato-
genesis. Furthermore, another study analyzed
the urine samples of men undergoing IVF to
investigate whether there is a link between IVF
outcome and BPA concentration (Minguez-
Alarcén et al. 2021). The presence of BPA was
identified in the urine samples, and the hazard
ratio between cycle failure prior live birth and
BPA concentration is greater than 1. This sug-
gests that there is a probability that exposure to
BPA may increase IVF failures before live
births.

Key Statement

“Several adverse effects of BPA have been
reported following its toxicity. This includes
altered testicular structure, reduced mitochon-
drial enzymatic activities, and altered sperm
quality, to mention a few. The hallmark mecha-
nisms through which these adverse effects are
exerted include (i) initiation of oxidative stress
and (ii) disruption of the HPGA signaling.”

8.6 Mechanisms Through Which

BPA Impairs Male Fertility

Metabolically, BPA exposure will impair the
homeostatic balance between the production of
ROS and their neutralization. This occurs through
an increase in the production of ROS and reduc-
tion of the antioxidant enzymes, which will lead
to oxidative stress (Santiago et al. 2021).
Oxidative stress is one of the main components of
inflammatory reactions; these reactions will
cause damage and changes to the male reproduc-
tive system mainly centered around testicular
damage (Pallotti et al. 2020). The oxidative stress
occurring in the epididymal and testicular sperm
occurs through an increase in the levels of oxi-
dants such as superoxide and hydrogen peroxide
(H,O,) and a decrease in antioxidants, which

consequently results in lipid peroxidation (LPO).
Moreover, there are decreased levels and activity
of glutathione reductase (GR), glutathione per-
oxidase (GPx), SOD, CAT, and glutathione
(GSH). GSH is a known cofactor for multiple
peroxidase enzymes that are involved in the
detoxification process of ROS (Santiago et al.
2021). Additionally, BPA toxicity-induced oxida-
tive stress may also cause mitochondrial dysfunc-
tion with resultant alteration of diverse cellular
signaling and the concurrent initiation of
apoptosis.

Hence, the main mechanisms of impair-
ment fall under HPG axis dysfunction with
hormonal imbalances and oxidative stress. Be
that as it may, the induced oxidative stress and
concurrent inflammation have a multitude of
pathological and histopathological changes to
the testicular structure. This is deemed to be
significant and potentially more contributory
to dysfunction of the male reproductive sys-
tem and the risk of male infertility. In addition
to altered hormone function and development
of oxidative stress, BPA can also impair male
fertility by promoting adipogenesis and lipid
storage in adipocytes, thereby exhibiting obe-
sity-related metabolic dysfunction. BPA also
exerts anti-androgenic activity, as it interferes
with androgen receptor signaling. That is,
BPA acts as an antagonist of the androgen
receptor and consequently results in decreased
secretion of androgens. The different path-
ways through which BPA impairs male fertil-
ity are summarized in Fig. 8.4.

Key Statement

“Excessive accumulation of ROS and subsequent
development of oxidative stress are key mecha-
nisms through which BPA affects male fertility.”

8.7 Summary of the Mechanisms
Through Which BPA Impairs

Male Infertility

All the available literature confirms that BPA is a
potent endocrine disruptor affecting the HPG
axis; this may occur during intrauterine and adult
life. The two main mechanisms coexist and
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Fig. 8.4 Mechanisms through which bisphenol A (BPA) thereby reducing the production of testosterone. It also
impairs male fertility. Briefly, BPA may impair male fer-  acts as an antagonist of androgen receptor, which conse-
tility by inducing oxidative stress and inflammation, cause  quently results in decreased expression of androgen. The
hormonal imbalance via disruption of the HPG axis, and  resultant outcomes of the diverse pathways are male sub-
promote adipogenesis and lipid storage in adipocytes, fertility or infertility

are collectively responsible for causing endo- anti-androgenic properties, oxidative stress,
crine dysfunction and an imbalance in the cellu- and overall impact on spermatogenesis.
lar redox system as well as mitochondrial Consequently, these factors are known to have
dysfunction, overall resulting in altered develop- an impact on male fertility, yet we cannot con-
ment of the testis in terms of structure and func- clude that they will ultimately lead to male
tion, manifesting with abnormal sperm infertility or that there is a direct causative
parameters. These parameters include concentra- effect. Hence, the current consensus is that
tion and motility, both of which are decreased BPA exposure and the sequel of events may
with an increase in genetic abnormalities due to increase the risk of male infertility or lead to
DNA damage. In general, there is a reduction in  difficulties in conception.
the semen quality and its parameters in exposed
individuals. Key Statement

While this dilemma has been ongoing for “Excessive exposure to BPA may not only have
decades, the review and analysis of the existing an effect on semen parameters such as sperm
literature do not provide a definitive answer to  motility, concentration, or total count but may
whether or not there is direct causation between  also cause genetic and epigenetic
BPA exposure and male infertility. It influ- modifications.”
ences the HPG axis, estrogenic properties,
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8.8  Reactive Oxygen Species

(ROS)

Having provided a background on BPA, the
effects of BPA toxicity on male fertility, and the
possible mechanisms through which these conse-
quences are exerted, especially, the role of oxida-
tive stress. This section and the succeeding
sections of this article will briefly lay emphasis
on ROS, the development of oxidative stress, and
the management of oxidative stress-induced male
infertility.

ROS is a collective term used to describe an
array of oxygen-containing reactive species.
Variations of ROS contain unpaired electrons
and, therefore, are associated with free radicals
(unstable atoms that sabotage cell integrity). ROS
are predominantly valuable for ensuring appro-
priate functionality of cell development and pro-
liferation for the maintenance of fundamental
physiological processes, namely, immunological
defenses to ultimately circumvent cell death.
Nonetheless, overproduction of ROS within the
human body can be detrimental to crucial cellular
and biochemical functions as they are known
toxic by-products of aerobic metabolism. The
dual biological role of ROS exhibits the impor-
tance of a balance between ROS and antioxi-
dants. Low levels of antioxidants in comparison
to high levels of ROS obstruct the performance of
neutralization activities. Thus, increased concen-
trations of ROS cause deliberate activation of a
physiological cell death pathway and induce oxi-
dative stress (Li and Trush 2016). Please refer to
(Du Plessis et al. 2015) for a detailed review on
ROS.

8.8.1 Pathophysiology of ROS

in Human Semen

ROS play a fundamental role in the pathogenesis
of various reproductive processes. An imbalance
in ROS to antioxidant ratio due to the overpro-
duction of ROS exhausts antioxidant defenses
which directly affect male fertility. Hence, the
regulation of ROS is vital. ROS present within
human seminal plasma acquires a role in capaci-

tation; ROS facilitates communication using the
NADPH oxidase enzyme complex. ROS also
modulates sperm chromatin condensation by
altering the number of germ cells. Increased lev-
els of ROS in seminal fluid induce apoptosis and
proliferation of spermatozoa (Agarwal et al.
2003).

8.9  Oxidative Stress

Oxidative stress is a phenomenon that pertains to
the disturbance between levels of production and
elimination of ROS in the cells and tissues. The
elevated levels of ROS within the human body
modify the lipids, proteins, and DNA, thereby
inhibiting the body’s ability to detoxify the reac-
tive products which activate an oxidative stress
response. Cellular processes such as the activa-
tion of transcriptional factors, protein phosphory-
lation, immunity, and differentiation depend on
adequate ROS production to commence proper
functionality. Deviations made to the desired
level of ROS pose harmful effects on crucial cel-
lular structures (Tremellen 2012).

8.9.1 Origin of Oxidative Stress
Oxidative stress is associated with numerous
intracellular and extracellular pathologies. ROS
are the main cause of oxidative stress as they
occur naturally in aerobic cells. There can be
multiple sources of ROS, and the origins can
include idiopathic and iatrogenic sources, as well
as lifestyle and environmental factors such as
smoking and pollution.

8.9.2 Idiopathic

The term idiopathic refers to a disease with an
unknown cause and unspecified origin. Studies
classify the idiopathic origin of oxidative
stress-induced male infertility as multifactorial
heterogeneous etiologies. Idiopathic male infer-
tility is indicative of sperm abnormalities with no
previous familial history of fertility problems,
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medical information, or abnormal laboratory test
results to corroborate the occurrence. The current
consensus on idiopathic male infertility refers to
an array of genetic disorders that could poten-
tially affect fertility as a consequence (Alahmar
2019).

8.9.3 latrogenic

Iatrogenic causes of oxidative stress are conse-
quences of certain medical treatments or exami-
nations. In terms of oxidative stress-related male
infertility, exposure to specific medications or
medical equipments containing BPA could harm
testicular function, spermatogenesis, and testos-
terone production due to hypothalamic-pituitary-
testicular  suppression; a  dysfunctional
reproductive axis causes irreparable conse-
quences to developmental stages of fertility
(Gandhi et al. 2017). Alteration at any stage of
spermatogenesis may impair the overall sperm
structure and quality, thereby affecting the vital
fertilization functions. For instance, varicocele is
one of the most common etiologies of male infer-
tility. It is associated with elevated levels of oxi-
dative stress-induced responses such as the
impairment of sperm quality due to the overex-
pression of ROS, causing swollen veins in the
scrotum. Moreover, an operative procedure such
as varicocelectomy can be performed to remove
the swollen varicoceles within the scrotum (Ni
et al. 2016).

Several pharmaceutical medications have
been approved to impair human spermatogenesis,
including fluvoxamine maleate, cortisone ace-
tate, and bosentan, danazol, among others (Ding
et al. 2017). The mentioned medications are fre-
quently prescribed to treat an array of psycho-
logical and physiological illnesses. Therapeutic
drugs affect spermatogenesis function at varying
degrees, causing temporary or persistent sper-
matogenesis impairment depending on their
chemical properties and patients’ immune
response. Moreover, medications that alter the

cellular function of either the testis or the epidid-
ymis will likely lead to adverse effects on fertility
(Twigg et al. 1998).

Diet and lifestyle are among the prime con-
tributory factors increasing the expression of free
radicals within the human body. Medical condi-
tions, treatment, and certain medications can also
temporarily induce oxidative stress reactions due
to mild inflammation. Also of importance is the
exposure to BPA via oral ingestion, inhalation, or
transdermal route. Oxidative stress occurs when
the body is unable to facilitate the appropriate
defense mechanisms against oxidative stress.
Long-term exposure to oxidative stress leads to
the development of chronic medical conditions,
such as cardiac and neurological diseases
(Pizzino et al. 2017).

8.9.4 Effect of Oxidative Stress
on Male Fertility

The imbalance in the concentration of ROS and
antioxidants alter DNA integrity, leading to the
production of a lower quality of semen and
inducing male infertility. ROS is required for
sustaining regular cellular function. However,
oxidative stress amplifies the production of ROS
to a level of toxicity. Ooverproduction of ROS
modifies sperm function by breaking DNA
strands, altering bases and inducing chromatin
cross-linking. The cellular characteristics are
vulnerable to the influence of ROS, thereby lead-
ing to impaired defense mechanisms against
ROS-induced oxidative stress damage (Agarwal
etal., 2014).

8.10 Methods of Assessing
Oxidative Stress-Related
Male Infertility

Assessing the concentration of seminal ROS in
infertile men is pivotal in determining therapeutic
strategies that would offer the most effective
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treatment. Numerous direct and indirect modes
of detection have been developed to identify the
ROS levels in seminal fluid (Alahmar 2019).

8.10.1 Direct Methods
of Identification

Direct methods of identifying oxidative stress-
related male infertility include the following:

e Chemiluminescence assay (CLIA) is a diag-
nostic tool that utilizes a variety of standard
enzyme immunoassay methods with immuno-
chemical reactions to detect oxidation or
reduction through light generation (Alahmar
2019).

e Flow cytometry is an immunophenotypical
mode of identification that is used to measure
ROS concentration. A small sample of sper-
matozoa is required to facilitate the assay.
Assessment of ROS concentration occurs by
examining the visible light scatter and fluores-
cence parameters of single cells and particles
that migrate past lasers in a buffered salt-based
solution. The ability to simultaneously mea-
sure markers is a great advantage of the assay.
However, it is a costly piece of equipment that
is not sustainable for widespread clinical
usage (Alahmar 2019).

e Electron spin resonance (ESR) is a spectro-
scopic method that allows for the detection and
quantitative analysis of short-lived free radi-
cals ESR-based methods have become widely
used because the process can detect free radi-
cals without interference from the sample
properties, including its phase (solid, liquid, or
gas). A limitation of ESR is the possibility of
neutralization occurring by rapid reactions
between a free radical and a molecule rather
than a spin-trapping agent (Kohno 2010).

e The MiOXSYS System is used to measure
oxidation-reduction potential (ORP). ORP
measures the transfer of electrons from a
reductant (or antioxidant) to an oxidant. ORP
is measured in millivolts (mV). ORP is an
overall measure of the oxidative stress to
which a biological component is subjected.
MiOXSYS System provides two measures of
oxidative stress. Static ORP (sORP), mea-

sured in millivolts, is the integrated measure
of the existing balance between total oxidants
and reductants in a biological system. After
this initial SORP reading is recorded, the ana-
lyzer automatically applies a small current
sweep to the sample, resulting in the exhaus-
tion of all antioxidant species, providing a
measure of antioxidant capacity reserve
(cORP), measured in microcoulombs (pC).
Unlike other measures, SORP represents an
integrated measure of all oxidants and reduc-
tants, making it a more clinically meaningful
measure when diagnosing idiopathic cases
associated with high levels of oxidative stress
(Agarwal et al. 2016).

Nitroblue tetrazolium assay is used to deter-
mine the ability of cells to produce ROS, giv-
ing insight into their oxidative metabolism.
During this assay, NBT is reduced and pre-
cipitated, resulting in dark blue granules
(formazan). Phorbol myristate acetate (PMA)
in this assay acts as a stimulant, inducing the
reduction of NBT to form formazan (Aitken
2018).

8.10.2 Indirect Methods

of Identification

Indirect modes of identifying oxidative stress-
related male infertility include the following:

Lipid peroxidation levels are measured
through colorimetric and thiobarbituric acid
assays. MDA and toxic 4-HNE are detected
by identifying the by-products of lipid peroxi-
dation (Alahmar 2019).

Mpyeloperoxidase identifies granulocytes in
semen. Peroxidase charge (positivity) is mea-
sured through staining using benzidine.
Myeloperoxidase is suitable for white blood
cell differentiation from the immature germs
present in semen. However, a disadvantage of
the assay is its inability to identify ROS pro-
duction in spermatozoa (Alahmar 2019).
Cytochrome c reduction test quantifies oxida-
tion by detecting the decrease in absorbance at
500 nm of ferricytochrome ¢ caused by its oxi-
dation, therefore displaying evidence whether
an organism contains cytochrome c, an
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enzyme derived from the electron transport
chain. The assay measures oxygen released
through the respiratory burst of neutrophils or
isolated enzymes.

e Increased levels of sperm DNA damage have
adverse effects on male reproductivity. Sperm
chromatin structure assay (SCSA) is used to
measure and identify sperm DNA damage.
Sperm with an abnormal chromatin structure is
more likely susceptible to acid and heat denatur-
ation. SCSA measures the susceptibility of
sperm DNA to acid-induced denaturation in
situ.

e Chemokines are generated as a by-product of
ROS-induced inflammation. Chemokines are
measured using commercial ELISA. The
prime disadvantage of using chemokines as a
measurement of ROS in semen is that more
than 0.5 L of biological material is required in
order to facilitate proper ROS identification
and measurement.

e Oxygen radical antioxidant capacity (ORAC)
is a common assay used to determine antioxXi-
dant capacity. The assay measures antioxidant
ability to reduce the degradation of fluorescent
dye by ROS. Briefly, the assay measures the
oxidative degradation of the fluorescent mol-
ecule (such as beta-phycoerythrin or fluores-
cein) after being mixed with free radical
generators such as azo-initiator compounds.
Azo-initiators are considered to produce per-
oxyl radical by heating, which damages the
fluorescent molecule, resulting in the loss of
fluorescence. Antioxidants are considered to
protect the fluorescent molecule from the oxi-
dative degeneration (Ou et al. 2001).

8.11 Male Infertility Treatments
and Oxidative Stress

Management

Oxidative stress-induced male infertility can be
managed by combating the underlying cause of
the pathogenesis, such as the use of antioxidants
to reduce the excessive ROS production accrued

due to BPA toxicity, and performing testicular
sperm extraction for patients with low sperm
count and/or azoospermia.

8.11.1 Antioxidants

Suboptimal fertility in men is associated with
oxidative stress due to an increase in the levels of
ROS production, which subsequently induces
DNA damage resulting in lower rates of preg-
nancy. Occurrence of oxidative stress due to
excessive production of ROS has been reported
in BPA toxicity. This means that BPA toxicity
can be ameliorated with the use of antioxidants.
The role of antioxidants as a method to approach
male infertility due to the increase in ROS has
been explored. Favorable results such as improve-
ment in sperm quality, mitigation of DNA dam-
age, and combating lipid peroxidation have been
elucidated following treatment with antioxidants
(Martin-Hidalgo et al. 2019).

The nature and characteristics of antioxidants
can be generally divided into enzymatic (SOD,
CAT, etc.) and small organic molecules (ascor-
bate, urate, etc.). Organic molecules can be sub-
sequently classified as lipid-soluble (vitamin E)
and water-soluble molecules (glutathione, urate,
and ascorbate). The main mechanisms by which
antioxidants act are either by inducing a chain
break via donating an electron to the free radical
present in the system or by removing the ROS via
quenching the chain-initiating catalyst. However,
antioxidants may still act by other mechanisms
such as metal-ion chelation and regulation of
gene expression (Lobo et al. 2010; Ali et al. 2020;
Stone and Pham 2021).

Antioxidants from a nutritional and synthesis
point of view can be classified into endogenous
and exogenous antioxidants. Endogenous anti-
oxidants are made of smaller molecules, and it
encompasses all enzymatic antioxidants and a
few nonenzymatic antioxidants. Endogenous
antioxidants depend heavily on the continuous
synthesis of the reduced forms of reductants. On
the other hand, exogenous antioxidants can only



132

M. Mubarak et al.

be obtained via diet and cannot be naturally syn-
thesized in eukaryotic cells due to their synthetic
pathways being present only in plant and
microbial cells. Common dietary sources for
antioxidants include tomatoes, pineapples, water-
melons, and all citrus fruits which contain high
amounts of vitamin C, as well as vegetable oils,
nuts, broccoli and, fish that are mainly abundant
with vitamin E (Sharifi-Rad et al. 2020). The pri-
mary antioxidants found in the seminal plasma
include SOD, CAT, GSH-px, vitamin C, vitamin
E, and zinc (Pahune et al. 2013).

Extensive research exploring oral antioxi-
dants and their possible role in terms of treating
subfertility or infertility due to an increase in
ROS has been performed throughout the years.
However, only a few have demonstrated an
improvement in terms of fertility rates and live
births (Martin-Hidalgo et al. 2019). On the other
hand, there is a possibility of causing more harm
than good by using oral antioxidants, as demon-
strated in the “Selenium and Vitamin E Cancer
Prevention Study” (SELECT) where it showed
that dietary supplementation with vitamin E sig-
nificantly increased the risk of prostate cancer
among men (Klein et al. 2011). In the interim,
the overall evidence that is present in the litera-
ture is inconclusive due to a lack of proper meth-
ods and outcome reporting on live birth rates and
pregnancy. This requires studies to include prop-
erly designed randomized placebo-controlled
trials that would report the role of antioxidants
on pregnancy and live births (Smits et al. 2019).
In summary, the use of antioxidants remains
essential when treating oxidative stress-induced
male sub(in)fertility.

8.11.2 Testicular Sperm Extraction

Testicular sperm extraction (TESE) is the process
of sperm retrieval from focal areas of spermato-
genesis in the testis. It is usually used in men with
nonobstructive azoospermia (NOA) caused by a
multifarious array of etiology ranging from
genetic disorders to gonadal toxins such as BPA,
which impairs the process of spermatogenesis by
causing hormonal imbalance. Men with NOA

usually have focal areas of spermatogenesis on a
background of germinal cell aplasia. There are
several methods for sperm extraction, and they
include fine-needle aspiration (FNA), percutane-
ous testicular biopsy, open testicular biopsy, and
microdissection TESE. TESE, micro-TESE, and
FNA carry the risk of vascular supply injury dur-
ing the procedure which can lead to an intrates-
ticular hematoma, and FNA could also cause
epididymal injury (Janosek-Albright et al. 2015;
Schlegel 1999). This method can be used to
extract healthy sperm from the focal areas of
spermatogenesis in men with BPA toxicity.
Additionally, in cases where BPA toxicity
resulted in oligospermia, asthenozoospermia,
teratozoospermia, or combinations thereof,
assisted reproduction such as in vitro fertilization
(IVF) and intracytoplasmic sperm injection
(ICSI) can be utilized.

8.11.3 Cryopreservation

Cryopreservation is the process by which bio-
logical structures are subjugated to extremely
low temperatures. This is done mainly by first
introducing the specimen to a cryoprotective
agent such as dimethyl sulfoxide or polyvinyl-
pyrrolidone and cooling the samples by using
chemicals such as liquid nitrogen and then stor-
ing them until they are thawed again for usage
(Martin-Hidalgo et al. 2019; Jang 2017). This
procedure is useful when the source of oxidative
stress cannot be immediately managed. For
instance, if it is anticipated that workers would
have a higher exposure to BPA, which may even-
tually lead to BPA toxicity, workers should be
advised to cryopreserve their gametes to prevent
the repercussions of BPA toxicity.

8.12 Conclusion

BPA is an ideal plasticizer because of its cross-
linking characteristics. However, free monomers
can be released in food content after polymeriza-
tion, especially on exposure to high temperatures
and with reuse of the containers. This chapter has
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identified that BPA exerts both estrogenic and
anti-androgenic properties, which interfere and
impair testicular homeostasis. Although the half-
life of BPA is relatively short, successive
exposure to BPA poses a risk to male fertility.
These threats are unraveled when the production
of ROS begins to increase above the physiologi-
cal level, thus leading to the induction of oxida-
tive stress. The initiation of oxidative stress
results in alteration of diverse signaling pathways
which will adversely affect male fertility. Other
ways through which BPA toxicity affects male
fertility include endocrine dysfunction and the
subsequent alteration in spermatogenesis, as well
as the ability of BPA to promote adipogenesis
and enhance obesogenic phenotype. Hence, cau-
tion must be taken, especially by men of repro-
ductive age, to mitigate the exposure to BPA.
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