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Foreword

Since the introduction of the concept of “oxidative stress” introduced into redox
biology and medicine and coining of the term by Helmut Sies more than three
decades ago in 1985 [1], it became very clear that oxidative stress is involved not
only in the pathogenesis of many conditions ranging from aging, infections, inflam-
mations, obesity, and cancer, but also in male and female factor infertility. A multi-
tude of almost 157,000 PubMed entries in September 2016 for a general search of
“oxidative stress” highlights the importance of research in this field. If one is only
thinking of the significant impact oxidative stress has on sperm function, prevalence
rates between 30 and 80% have been reported. One feature of this condition is that
it is caused by either an excessive production of reactive oxygen species (ROS) and/
or a deficiency in the antioxidative defenses in the body. Therefore, it is important
to understand not only the pathophysiology of the respective medical condition but
also the biochemistry behind as well as consequences and treatment options.
Alongside with a better understanding of the implications of oxidative stress, par-
ticularly in an infertility clinical setting, the diagnostic tests of oxidative stress have
evolved from very costly and insensitive tests into cheaper and more sensitive
assays. These assays allow proper statistical evaluation with Receiver Operating
Characteristics (ROC) curve analyses, providing useful information such as the
ROC plot and full sensitivity/specificity reports, which are important in optimal
counseling and advising patients in terms of options of treatment, be it options of
assisted reproductive techniques or antioxidant treatment.

Oxidative Stress in Human Reproduction: Shedding Light on a Complicated
Phenomenon is an excellent and up-to-date summary of the efforts made to under-
stand the contribution of oxidative stress to male and female infertility and relevant
treatment options. The authors of this book are well suited to report on this topic as
they are affiliated to the World’s Number One Andrology laboratory of infertility
care. The lead authors (Drs. Ashok Agarwal, Rakesh Sharma, and Sajal Gupta) are
the authorities in the field who have contributed to the advancement of knowledge
on various aspects of oxidative stress in male and female infertility in more than 750
scientific articles (includes original articles, reviews and invited book chapters) and
have assembled renowned authors elaborating on the sources of reactive oxygen



vi Foreword

species (ROS) and methods to measure ROS. Further chapters review the physio-
logical and pathological roles of ROS and oxidative stress in both the male and
female reproductive systems as well as lifestyle, general health, and environment as
extrinsic factors causing oxidative stress. In addition, various therapeutic options
for the treatment of infertility as an important part of patient care are adequately
dealt with. Finally, the current knowledge is summarized in a compendium of stud-
ies published on oxidative stress by the Cleveland Clinic in the past 24 years. The
book is clearly structured, well written, and appropriately referenced.

For all these reasons, I am convinced that this book will be of great value to
researchers, embryologists, infertility specialists, urologists, and practitioners
involved in human infertility assessment and treatment. I am sure the reader will
learn a lot from this book and I recommend it strongly.

Ralf Henkel
Bellville, South Africa

Dr. Henkel studied Biology and Chemistry at the Philipps
University of Marburg, Marburg, Germany, and obtained
his PhD in Zoology also from the same university. After
his further training in Andrology with Wolf-Bernhard
Schill, MD, at the Justus-Liebig University of Giessen,
Giessen, Germany, Thinus Kruger, MD, and Daniel
Franken, PhD, at Tygerberg Hospital, Tygerberg, South
Africa, he obtained his Habilitation (Second PhD) in
Reproductive Biology at the Justus-Liebig University of
Giessen. Dr. Henkel is a member of the German Society
of Andrology. He is a Professor and the Head of the Department of Medical Bioscience
at the University of the Western Cape, Bellville, South Africa. He developed and
evaluated new tests for andrological diagnosis. Furthermore, Dr. Henkel extensively
investigated the impact of oxidative stress on sperm function and DNA fragmenta-
tion. He has published 94 original research papers and review articles as well as 28
book chapters and graduated 49 MSc and PhD students. He is also member of edito-
rial boards of several international journals, Associate Editor of the Journal of
Reproductive Biotechnology and Fertility, and Co-Editor-in-Chief of Andrologia.
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Chapter 1
Overview and Sources of Reactive Oxygen
Species (ROS) in the Reproductive System

Gulfam Ahmad, Mazen Almasry, Amolak S. Dhillon, Muna M. Abuayyash,
Narasimhan Kothandaraman, and Zeynep Cakar

1.1 Introduction

Reactive oxygen species (ROS) are highly reactive molecules that are generated
from oxygen metabolism. They can be free radicals or non-radicals. Free radicals are
molecules that contain at least one unpaired valence electron at their outer shell,
making them highly reactive and short lived [1]. Among all the ROS, superoxide
anion (*O,7), hydrogen peroxide (H,0O,) and hydroxyl radicals (*OH) are the most
known examples. Reactive nitrogen species (RNS), is the subclass of ROS that con-
tain nitrogen compound [2]. Both ROS and RNS, when present in physiological
amount, have important roles in normal cellular functions such as fighting against
infection, regulating different intercellular signaling pathways and facilitating
normal maturation and fertilization in reproductive systems [1, 3—7]. However, when
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ROS present in high concentration, overwhelming the antioxidant defense system,
oxidative stress results, and this may lead to cellular dysfunction via lipid peroxida-
tion, protein and DNA damages [8]. Due to such damaging effect on the cells, OS is
related to many pathological conditions including infertility [3, 9].

This chapter introduces concepts of free radicals, redox reactions, and then
focuses on ROS, RNS and their sources at cellular levels, particularly in both male
and female reproductive systems as well as covering a brief overview of oxidative
stress.

1.1.1 Free Radicals

Free radicals are molecules that contain at least one unpaired valence electron, mak-
ing them highly reactive and short-lived [1]. Among all the free radicals, hydroxyl
radical (*OH), and superoxide anion (*O,”) are the most known examples. They
derive from molecular oxygen under reducing conditions; however, because of their
reactivity, these free radicals can have deleterious effect on normal cellular func-
tions when present in high concentrations [1]. Other examples of free radicals are
hydroxyl radical (*OH), superoxide anion (*O,"), nitric oxide (¢NO), lipid peroxyl
(sLOO™) and thiyl (sRS) [9].

1.1.1.1 Superoxide Anion (O,*")

Univalent reduction of oxygen will result in the formation of superoxide anion
(O,*7) [1]. This reaction can happen in the mitochondrial electron transport chain
(ETC) without the involvement of any enzymatic activity by the action of oxidation-
reduction reactive intermediates such semi-ubiquinone [10]. On the other hand,
enzymes such as nicotinamide adenine dinucleotide phosphate (NADPH) oxidases
and xanthine oxidase (XO) can also mediate this reaction. High amounts of super-
oxide anions are usually released from neutrophils and macrophages by the action
of different isoforms of NADPH oxidase. These superoxide anions can then be
converted into non-radical species, hydrogen peroxide (H,0,) and singlet oxygen
(10,), enzymatically with oxidative enzymes such as superoxide dismutase (SOD)
or nonenzymatically [4].

e +0, >0,
SOD
20,* +2H" - 0, +H,0,
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1.1.1.2 Hydroxyl Radical (*OH)

The interaction between hydrogen peroxide (H,0,) and reduced transition metals
such as copper and iron results in Fenton reaction, which leads to the formation of
hydroxyl radical (*OH). In addition, the exposure of water molecules to ionizing
radiation can also result in the production of hydroxyl radical [1, 11, 12].

Fe’*+H,0, — Fe’* + OH™ ++OH

1.1.2 Oxidation-Reduction (Redox) Reactions

Redox reactions or oxidation-reduction reactions are reactions that involve transfer
of electrons between two chemicals. The number of electrons accepted, lost or
shared is known as the oxidation number. When the oxidation number of any chemi-
cal increases, it is said that this chemical is oxidized and the process is known as
oxidation. In contrast, when the oxidation number is decreased, the chemical is
reduced and the process is known as reduction C [12, 13]. Iron rust is a good
example of a redox reaction. As shown below, iron (Fe) loses electrons to oxygen.
Hence, the oxidation number of iron increases while the oxidation number of oxygen
decreases. In other words, iron is oxidized while oxygen is reduced at the same
time. This is what happens when an iron nail rusts [13].

4Fe’* +0, — 4Fe™ +20*

1.1.2.1 Haber-Weiss Reaction

Haber-Weiss reaction is another example of a redox reaction. In Haber-Weiss reaction,
superoxide anion interacts with hydrogen peroxide in the presence of a metal ion
(as a catalyst) to produce a hydroxyl radical [13]. The net reaction can be broken
down into two reactions. The first step involves the reduction of ferric to ferrous ion;
followed by the second step, the Fenton reaction. Along with the Fenton reaction,
these two reactions are important in generating the highly reactive hydroxyl radicals
[14, 15].

Reactionl : Fe’* +0, o~ — Fe’* + 0,
Reaction2 : Fe** + H,0, — Fe’" + OH™ +eOH

NetReaction: O, " +H,0, - e¢OH+OH™ +0O,
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Fig. 1.1 Generation of ROS via electron transport chain

1.1.2.2 Electron Transport Chain (ETC)

Electrons passage through a couple of specialized enzymes known as ETC in the mito-
chondria is important in cellular energy (adenosine triphosphate, ATP) production.
It involves a series of redox reactions. Electrons first enter the chain after the reduction
of NADH and FADH,, both of which act as electron carriers. Cytochrome oxidase, acts
as the final acceptor of these electrons, enhances the tetravalent reduction of oxygen
into water through a process known as oxidative phosphorylation [16]. During this
process, a small amounts of oxygen (2—5 %) are univalently reduced into free radicals
[17]. Ubisemiquinone, a part of ETC, is considered the main site of electron leak
leading to the generation of superoxide anions (Fig. 1.1) [4].

1.1.3 Reactive Oxygen Species (ROS)

The term reactive oxygen species (ROS) includes the reduced form of oxygen and
their reaction products with other molecules. Some but not all ROS are free radi-
cals [1]. Superoxide anion and hydroxyl radical are examples of radical ROS,
whereas hydrogen peroxide and hypochlorite ion are non-radical ROS (Table 1.1).
ROS usually have high reactivity due to the extra-unpaired electron at their outer
shells and their half-lives are in the order of milliseconds [10, 18, 19]. The hydroxyl
radical is the most damaging radical because it cannot be scavenged easily in our
bodies [1, 20].

Intracellular ROS can be produced by stimulation of tightly regulated NADPH
intracellular oxidases and peroxidases or as an alternate product by other enzymes
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Table 1.1 Radical and non-radical reactive oxygen species (ROS)

ROS

Free radicals Non-radicals

Hydroxyl radical (*OH) Hydrogen peroxide (H,0,)

Superoxide anion (*O,") Singlet oxygen ('0,)

Lipid peroxyl (<LOO") Ozone (0;)

Thiyl (*RS) Lipid peroxide (LOOH)
Peroxynitrite (ONOO™)

such as cytochrome P450 and nitric oxide synthase. Additionally, ROS can be pro-
duced by the leakage of electrons from the ETC (Fig. 1.1), which is regarded as the
main ROS source in most cells and xanthine oxidase [4, 21, 22].

The univalent reduction of oxygen in the mitochondria generates superoxide
anion, which can be further reduced by the action of mitochondrial superoxide
dismutase into hydrogen peroxide [21]. As previously mentioned, ubisemiqui-
none, a component of mitochondrial respiratory chain, is the most common site
for this univalent reduction of oxygen. While small amounts of reduced oxygen
exist in all functional cells, large quantities of superoxide anion and its derivatives
are generated by neutrophils and activated macrophages via the NADPH oxidase
pathway [4].

Another ROS production pathway involves xanthine oxidase (XO). The conver-
sion of hypoxanthine into xanthine by XO and xanthine into uric acid yields superox-
ide radicals [23]. But only a small amount of ROS is released by the activity of XO
under normal circumstances. However, increased degradation of ATP as a result of
metabolic stress activates XO leading to increased production of superoxide anion
[23]. As a matter of fact, XO has been implicated as a major contributor to ROS levels
in certain pathological conditions involving ischemia and reperfusion [24].

Inflammation and infection also play a significant role in generating ROS.
For instance, a high production of ROS has been noted in endothelial cells
induced by tumor necrosis factor (TNF) [25], lymphocytes can produce ROS via
the 5-lipoxygenase (5-LO) pathway possibly with CD 40 ligation [26], and cyclo-
oxygenase-1 generates ROS after stimulated by different chemicals including
TNFa, interleukin-1, bacterial lipopolysaccharide, and tumor promoter
4-O-tetradecanoylphorbol-13-acetate (TPA).

Interestingly, oxidation of dopamine can also lead to ROS production and this
has been shown to be related to neurodegenerative diseases like Parkinson’s
disease [4].

1.1.3.1 Physiological Roles

ROS are formed during normal cellular metabolism. They are involved in many
physiological processes, including the activation of the immune system. For
instance, phagocytes activated as part of the immune system release hydrogen per-
oxide to kill the pathogens. Superoxide anion is also known to have a role in fighting
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Table 1.2 Radical and RNS
non-radical reactive nitrogen
species (RNS)

Free radicals Non-radicals
Nitric oxide (*"NO~) Nitrogen dioxide: NO,
Nitrous acid (HNO,") | Dinitrogen tetraoxide: N,O,

against infections [1, 27]. On the other hand, ROS released by non-phagocytic cells,
including fibroblast, endothelial cells and cardiac myocytes is involved in regulating
different intercellular signaling pathways. These cells contain various NADPH oxidase
isoforms [4, 5, 28, 29]. Furthermore, physiological amount of ROS is required in
spermatozoa capacitation, hyper-activation, acrosome reaction and sperm-oocyte
fusion [30].

1.1.4 Reactive Nitrogen Species (RNS)

Reactive Nitrogen species (RNS) are special forms of ROS that contain nitrogen
[2]. Similar to ROS, RNS can also include radicals such as nitric oxide (NO) and
nitrous acid (HNO,) and non-radicals such as nitrogen dioxide (NO2) and dinitro-
gen tetraoxide (N,O,4) (Table 1.2). Nitric oxide synthase (NOS) can convert L-
arginine and oxygen to NO and L-citrulline in the presence of multiple cofactors,
including calcium, NADPH, flavin mononucleotide (FMN), calmodulin and flavin
adenine dinucleotide (FAD) [31]. Furthermore, different forms of RNS including
nitrosonium cation (NO*), nitroxyl anion (NO~) or peroxynitrite (ONOO™) can be
produced as a result of the interactions of NO with various chemicals. Although NO
is not reactive enough to cause DNA damage, NO can react with superoxide anion
to produce peroxynitrite (ONOO™) [32].

1.1.4.1 Physiological Roles

RNS are involved in many physiological mechanisms and processes including
production of several hormones and regulation of inflammatory response by inhibiting
platelets aggregation and preventing the margination of neutrophils to endothelial
cells [33, 34].

NO can alter the heme moiety of guanlate cyclase resulting in alteration in the
structure of the enzyme leading to the activation of the enzyme. The activated form
of guanylate cyclase results in the production of cGMP, which controls the activity
of phosphodiesterases, protein kinases and ion channels. These modulations are
required for many physiological processes including the control of the smooth muscle
tone and suppressing platelet adhesion [35].
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1.1.5 Sources of ROS in Male Reproductive System
1.1.5.1 Generation of ROS

Superoxide anion is considered to be the most abundant ROS in human sperm and it
is the precursor of other ROS types. Accepting another electron to form hydrogen
peroxide and reacts with other radicals such as nitric oxide to form peroxynitrate can
further reduce superoxide anion. Finally, it can also react with itself by dismutation, a
reaction that is catalyzed by SOD to produce hydrogen peroxide. In the presence
of catalase and a transition metal, hydrogen peroxide is converted to the hydroxyl
radical, one of the strongest oxidants in nature [9].

The generation of such ROS occurs via two methods: (1) in the cell membranes,
using NADPH oxidases, and (2) in the mitochondria, using NADH oxido-reductase.

NADPH Oxidases

NADPH oxidase enzymes are located in the cell membranes of the spermatozoa [9].
NADPH oxidases are a group of enzymes that catalyses the conversion of molecular
bivalent oxygen to superoxide. The substrates for these reactions are NADPH
molecules generated by the hexose monophosphate shunt. NOX 5 gene was found
to be expressed in NADPH oxidase in the spermatozoa, located both in the flagella/
neck region and the acromsome and hence, may involve in this process [36].

Electron Leakage in the Mitochondria

ROS are generated by sperm mitochondria under normal cellular respiration.
Spermatozoa are rich in mitochondria because they constantly require ATP for
motility [37]. Electron leakage from cytochromes in the ETC sources the monova-
lent reduction of oxygen to the superoxide anion. There is a link between ROS
production and NADH oxido-reductases activity in the inner and outer mitochon-
drial membranes within respiring spermatozoa. NADH oxido-reductase (ubiqui-
none oxido reductase) catalyses electrons transfer from NADH to coenzyme Q10 in
the ETC. Electron leakage occurs during reverse electron transfer, which acts as a
source of electrons for the reduction of oxygen to the superoxide anion.

Hyperoxic conditions also increase ROS production [38]. When sperm respira-
tion increases due to an increased need for ATP, the concentration of molecular
oxygen in the matrix of the mitochondria increases thus leading to increased
superoxide production as well. However, it is interesting to note that ROS produc-
tion also increases under hypoxic conditions as ROS producing sites in mitochon-
dria have a higher affinity for oxygen than the cytochrome oxidases under such
conditions [39].
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1.1.5.2 Sources of ROS in Seminal Plasma
Immature/Abnormal Spermatozoa

A marked difference has been noted in the quantity of ROS produced by spermato-
zoa at different stage of maturation, suggesting that the level of maturation affects
ROS production [40].

Immature spermatozoa are characterized by retaining excessive residual cyto-
plasm (ERC) around their mid-piece, which is normally expelled during spermio-
genesis. ERC contains high levels of glucose-6-phosphate dehydrogenase (G6PDH),
a cytosolic enzyme that utilizes the hexose monophosphate shunt to produce abnor-
mally high levels of NADPH. Excessive NADPH results in a greater production of
superoxide anions by NADPH oxidases [41]. A positive correlation of high ROS
levels with excessive cytoplasmic retention in spermatozoa is documented [42].

Furthermore, abnormal morphological sperm produce more ROS than their nor-
mal counterparts [43]. In one study, a negative correlation was observed between
the production of ROS and the number of healthy sperm with normal or borderline
morphology. In the same study, a positive correlation of was seen between ROS
production and the number of sperm with amorphous heads, tail defects, excess
cytoplasm and abnormal midpiece [44].

Leukocytes

Activated leukocytes (peroxidase positive) produce large quantities of ROS and it
has been shown that leukocytes are the predominant source of ROS in raw human
semen. ROS produced by leukocytes is believed to account for toxicity against
human sperm.

Peroxidase positive leukocytes are primarily macrophages and polymorphonu-
clear (PMN) leukocytes originating from the prostate and seminal vesicles [40].
Such leukocytes are often found in the seminal fluid. In one study in which seminal
oxidative stress (OS) was artificially-induced, removal of leukocytes by
“Dyanabeads” reduced ROS levels significantly [45].

Although it is generally accepted that an association exists between the number
of leukocytes in the seminal fluid and excessive ROS production, OS can still result
in the absence of leukocytospermia. Of note, one study reported that ROS produc-
tion from PMN up to a concentration of 0.5 x 10%ml is negligible [46].

On the contrary, when PMN leukocytes are activated by stimuli like infection
and/or inflammation, a discharge of ROS ensues [47]. For instance, neutrophils that
contain myeloperoxidase use superoxide anions to oxidize chloride ions. This results
in the production of hypochlorous acid (HOCL), which acts as an anti-bacterial agent
but is also a kind of ROS. Moreover, leukocytes increase the production of NADPH
by the hexose monophosphate shunt, thus increasing the activity of NADPH oxidases
that ultimately increase the production of superoxide anion.
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As a matter of fact, a strong association exists between the presence of male
accessory gland infections (MAGI) and seminal ROS levels. Prostatitis, prostato-
vesiculitis and prostato-vesiculo-epididymitis are the commonest MAGI; the most
prevalent being prostatitis. The immune response to MAGI results in an increased
number of leukocytes in the male genital tract, which subsequently leads to ROS
production [9].

Studies have also linked bacterial prostatitis and the autoimmune response to
prostate antigens with excessive ROS production [48]. Although it is generally
accepted that granulocytes in the prostatic fluid are a source of ROS, semen of indi-
viduals suffering from chronic prostatitis that do not contain leukocytes may also
have elevated ROS levels, suggesting that another source of ROS exist in the pros-
tate gland.

The degree of OS is increased when the prostatitis is associated with seminal
vesiculitis. Along the same lines, when compared to prostato-vesiculitis and prosta-
titis, a higher number of white blood cells and ROS levels are observed in prostato-
vesiculo-epididymitis [49].

Varicocele

Varicocele is the dilatation of veins in pampiniform plexus around the spermatic
cord. Studies have associated varicocele with many abnormal sperm parameters,
including DNA damage. The latter has been linked to increased levels of ROS and
OS. The higher the varicocele grade, the higher the ROS production [30].

1.2 Conclusion

Despite the strong evidence indicating that animal sperm make ROS, the ability of
human sperm to produce significant amounts of ROS is surrounded by controversy.
Notwithstanding, some evidence that human sperm produce ROS exists but experi-
ments should ensure that sperm preparations are free of leukocytes, since leukocytes
are prolific sources of ROS.

1.2.1 Sources of ROS in Female Reproductive System

While the role of ROS has been extensively investigated in the male reproductive
system, the literature is relatively poor in studies addressing the role of ROS in the
female counterpart. Nonetheless, ROS have been shown to be associated with
pathologies of the female reproductive system, including preeclampsia, polycystic
ovary syndrome, recurrent pregnancy loss and endometriosis [3].



10 G. Ahmad et al.

In the female reproductive system, ROS are mainly found in the cells of ovarian
follicles, the fallopian tube, the endometrium and the peritoneum.

1.2.2 Steroidogenesis and Ovulation

Completion of meiosis I during oocyte maturation is induced by an increase in ROS
and is inhibited by an increase in antioxidants. The contrary occurs during meiosis
I, thus indicating that ROS play an important role during the pre-ovulatory states
[50]. Besides, steroidogenesis is also linked to increased ROS production in the
ovaries by utilizing the cytochrome P450 pathway [51].

An earlier study in the rat suggested that ROS levels in corpus luteum increased
during the regression phase [52]. Newer discoveries shed light to the relationship
between different hormones and ROS production in the luteal phase. In the growing
follicle, ROS induces apoptosis whereas FSH and reduced glutathione (GSH) are
anti-apoptotic. FSH stimulates estrogen production within the granulosa cells,
which in turn increases catalase that inhibits apoptosis [53].

On the contrary, excessive production of LH increases ROS production. The LH
surge in the ovulatory is followed by a post-surge inflammatory phase. If LH secre-
tion is in excess, the post-surge inflammatory precursors may increase thus causing
OS-induced damage due to the overly produced ROS [21, 54].

After ovulation, the corpus luteum produces progesterone. It was found that both
copper/zinc-superoxide dismutase (Cu/Zn-SOD) and progesterone levels increase
in the early-mid luteal phase but decline in the regression phase. Lipid peroxide
opposes Cu/Zn-SOD and progesterone in both phases [21, 54]. On the contrary,
manganese-superoxide dismutase (Mn-SOD) is not affected by progesterone levels
and is independent in its action, whereby its levels are sustained to protect the luteal
cells from OS-induced inflammation [21].

1.2.3 Graffian Follicle

The Graffian follicle has been studied as a potential source of ROS because it con-
tains macrophages, neutrophils, granulosa cells and the oocyte [21].

The oocyte has shown to be a source of ROS by different mechanisms. First,
oxidative phosphorylation within the oocyte utilizes O, to produce energy (ATP).
Second, the XO system eliminates toxic wastes in the form of uric acid, but at the
expense of generating ROS. Lastly, the NADPH oxidase system whereby the oxida-
tive burst produces HOCI to kill microbes. All these systems are prominent sources
of ROS in the oocyte [21].

Aging is defined by the gradual loss of organ and tissue functions. The ageing of
oocytes was linked with ROS production that may increase oocyte damage [20].
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This hypothesis has led researchers to speculate that ROS might be related to the
occurrence of congenital anomalies in neonates seen originated form older women
[21]. It has been observed that oocytes from women at advanced reproductive age
carry dysfunctions at the mitochondrial DNA level and chromosomal aneuploidy
The marker that has been utilized to assess mitochondrial DNA (mtDNA) damage
is an oxidized derivative of the deoxyguanosine base, namely oxodeoxyguanosine
(8-OHAG) [54].

Menstrual blood is one pivotal way females lose iron (Fe) As discussed earlier,
Fe potentiates oxidative damage—and its build-up in the body poses a higher risk
on menopausal women to OS-related diseases [21]. Menopause also causes
decreased production of estrogen along with its protective properties against oxida-
tive damage of the endometrium [55].

1.2.4 Granulosa Cells and Cumulus Mass Cells

The granulosa cells are one of the main sources of ROS in the graffian follicle.
Undifferentiated granulosa cells give rise to the cumulus oophorus, which anchors
the oocyte and keeps it in place. SOD is the main antioxidant present in these cells
to counteract the ROS production [20, 56]. OS in the granulosa cells and cumulus
oophorus may damage the cell contents, including DNA [54]. There has been shown
that a positive correlation between 8-OHdG levels in the granulosa cells and poor
oocyte quality [57, 58] but the exact mechanisms of ROS production in the granu-
losa cells and cumulus mass remain unclear.

1.2.5 Follicular Fluid

ROS and antioxidants are found in the follicular fluid (FF), which levels have
been linked with oocyte quality [50]. Since FF is produced by both granulosa
cells and theca cells interna [59], it is likely these elements are the sources of
ROS and antioxidants. The most abundant antioxidants in the follicular fluid are
non-enzymatic, including Vitamin C, Vitamin E, glutathione (GSH), hypotaurine
and taurine [50].

The FF has high metabolic activity and contains steroid hormones, growth fac-
tors, leukocytes, cytokines and granulosa cells, all of which are known to increase
ROS production [50].

ROS levels have been studied in the FF of women trying to conceive via
assisted reproductive technology (ART). Total Antioxidant Capacity (TAC) were
lower in those who fail to conceive [60]. In another study, TAC levels were shown
to be higher in FF aspirates that yielded oocytes that successfully fertilized via
ART [61].
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1.2.6 Fallopian Tube

Nitric oxide (NO) synthase is present in human tubal cells, which catalyzes the
formation of NO, the most common source of reactive nitrogen species (RNS). NO is
a potent vasodilator, and its presence in the tubal cells promotes fallopian tube contrac-
tions. These contractions aid to move the oocyte as well as spermatozoa [62]. Increased
NO levels protect the fallopian tubes from microbes, but such levels are also toxic to
spermatozoa. Conversely, decreased NO levels is associated with impaired tube
contractions, with negative effects on both spermatozoa and ovum [54].

As mentioned earlier, NO is formed from O, and L-arginine, and it further reacts
with superoxide anion to form peroxynitrite. Peroxyinitrite induces lipid peroxidation
and nitration of tyrosine molecules on enzymes essential for signal transduction.

There are essentially three types of NOS: endothelial (eNOS), neuronal (nNOS),
and inducible (iNOS). eNOS has vasodilator effects during pregnancy and its produc-
tion is stimulated by LH and hCG. iNOS is mainly associated with pathological condi-
tions as it is found within macrophages that await stimulation by cytokines [3]. High
levels of NOS over stimulate the tyrosine-dependent enzymes and cause cytotoxicity.
On the other hand, low levels of NOS due to absence of L-arginine is associated with
increased superoxide anion levels, thus causing OS. NO absence has been shown to be
a key factor in disruption of the vascular system that leads to infertile states [54].

Notably, the fallopian tubes are rich in antioxidant enzymes [3, 20, 21, 50, 54,
63-69]. The effect of ROS on sperm capacitation can be blocked by these antioxi-
dants. Alternative sources of physiological ROS, possibly generated by the cumulus
cells might promote capacitation and prepare the sperm to fertilize.

1.2.7 Peritoneal Cavity

The main sources of ROS in the peritoneal cavity are macrophages, endometrial
cells, red blood cells and menstrual-reflux debris [65]. Idiopathic infertile women
were shown to have elevated levels of peritoneal leukocytes, up to 95 % of which are
macrophages. Increased levels of malonaldehyde, a stable end-product of lipid
peroxidation, was found in patients with idiopathic female infertility [21, 39, 65, 66,
70, 71]. Furthermore, the presence of higher level of ROS and lower level of anti-
oxidants in the peritoneum has been suggested to cause endometriosis, a common
cause of female infertility [63].

1.2.8 Endometrium

ROS levels in the physiological range generated within endometrial cells ultimately
increase in prostaglandin F 2alpha (PGF,,), which in turn plays a role in luteal
regression [72]. Moreover, withdrawal of estrogen and progesterone causes a
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decrease in SOD levels and a subsequent increase in ROS levels, which promotes
NF-KB transcription factor to express cyclo-oxygenase-2 (COX-2) enzyme. COX-2
will catalyze the synthesis of PGF2a that contributes to the process of endometrial
shedding [73].

1.3 Conclusion

Although there is strong evidence indicating that ROS are generated by several cel-
lular elements and systems in the female reproductive tract, the role of ROS remains
to be further elucidated.

1.3.1 Oxidative Stress (0S)

As highly reactive molecules, ROS readily react with a wide range of biological
molecules, including unsaturated fatty acids, sulphydryl proteins and nucleic acids
[8]. In combating the ROS, there is antioxidant defense mechanism in our body,
which are enzymes or non-enzymes that are able to neutralize these reactive mole-
cules. The loss of the required balance between the production of ROS and the
elimination of these radicals by the antioxidant defense system leads to a condition
known as oxidative stress (OS). This can be caused by either high ROS production
or decreased antioxidants or even both of them together. As discussed earlier, ROS
are formed during the normal cellular metabolism. However, when ROS levels
increase beyond the normal capacity of antioxidant defense, OS occurs and can
result in cellular dysfunction or cell death through different mechanisms including
lipid peroxidation, nucleic acid and protein damages directly or indirectly [8].
Apoptosis is defined as a unique form of programmed cell death, which plays a
significant role in controlling the growth and homeostasis of different organisms
[4]. An association between increased ROS levels and apoptosis is also well docu-
mented [74, 75].

The extent of these damages due to OS depends on several factors, which include
the extent of anti-oxidation in the environment and lipid saturation. As unsaturated
fatty acids contain unconjugated double bonds adjacent to the methylene groups,
this makes the methylene carbon-hydrogen bonds weaker and thus more susceptible
to peroxidative damage [76]. Other factors like the presence of metal binding pro-
teins (MBP), including transferrin and albumin [77, 78] also seem to play a role;
these molecules help to bind iron that are present in the cell, which would otherwise
potentiate the oxidative damage.

Due to its damaging effect on the cells, OS is related to many pathological
conditions and diseases including cancer, ischemia and infertility, as well as non-
pathological process including aging [3]. The negative effects of OS to the male and
female reproductive systems can be found in Chap. 4.
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Methods to Measure Reactive Oxygen Species
(ROS) and Total Antioxidant Capacity (TAC)
in the Reproductive System
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2.1 Introduction

ROS production in the male reproductive tract has become a real concern because
of their potential toxic effects on quality and function of sperm [1-3]. ROS is pro-
duced by abnormal, immature, morphologically abnormal spermatozoa and con-
taminated white blood cells especially the polymorphonuclear granulocytes in the
seminal ejaculates [4—7]. Examples of ROS include the superoxide anion (*O,"),
hydrogen peroxide (H,O,), the extremely reactive hydroxyl radical (*OH) and the
peroxyl radical (HO,™) [8]. Reactive nitrogen species are often considered to be a
subclass of ROS. It includes nitric oxide (NO), nitrous oxide (N,0O), peroxynitrite
(NOj;7), nitroxyl anion (HNO), and peroxynitrous acid (HNO;) [5-7, 9]. High
levels of ROS have a detrimental effect on sperm concentration [10-16], motility
[10, 12, 14, 16], abnormal sperm morphology [12, 17-21] as well as increase DNA
damage [22-24], apoptosis [25] and result in sperm dysfunction [26-30]. Increased
presence of ROS with progressive depletion of antioxidant reserves results in
oxidative stress, which is strongly correlated, with the etiology of male infertility
[28, 31-33].
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There are two methods by which ROS can be measured; direct and the indirect
methods. The direct methods measure the ROS directly whereas indirect methods
measure their oxidized products. Direct assays include chemiluminescence, nitroblue
tetrazolium test (NBT), cytochrome c reduction, flow cytometry, electron spin reso-
nance, and xylenol orange-based assay. Indirect methods include measurement by
myeloperoxidase test, measurement of redox potential, lipid peroxidation levels,
levels of chemokines, antioxidants, and antioxidant enzymes measuring levels of
DNA damage and proteomic alterations (Table 2.1).

2.1.1 Types of Semen Sample Used to Detect ROS

Various types of semen samples can be used to detect ROS levels, some of which
include the unprocessed seminal ejaculate, the processed semen sample by swim up
and by density gradient centrifugation [20, 42]. Seminal ejaculate comprises of not
only spermatozoa but also all other secretions from prostate and seminal vesicles
and other accessory glands and cellular components such as round cells, leukocytes
and epithelial cells. Levels of ROS are reflective of the de novo status of the ROS in
the sample. In a simple wash and resuspend sample, the seminal plasma is removed
but the leukocytes, round cells and debris remain in the sample. The sperm prepared
by swim-up separates the actively motile sperm from the non-motile sperm and the
debris. Similarly, in the density gradient separation, the spermatozoa are separated
on the basis of their densities, which results in the separation of actively motile and
morphologically normal sperm. The density gradient technique is used to measure
ROS levels in both mature and immature spermatozoa [20, 42].

2.1.2 Measurement of ROS
2.1.2.1 Nitroblue Tetrazolium Test

Nitroblue Tetrazolium or the NBT test is based on the generation of ROS by sperm
and leukocytes by using the compound Nitroblue Tetrazolium. NBT is a yellow
water-soluble nitro-substituted aromatic tetrazolium compound that reacts with cel-
lular superoxide ions to form formazan derivative that can be monitored spectropho-
tometrically [72]. This test is based on the principle that when heterogeneous
samples such as seminal ejaculate are stained with NBT; it results in the formation
of colored formazan due to reduction of NBT. This has been shown to correlate with
impaired sperm function [72]. NBT is an electron acceptor that becomes reduced in
the presence of free oxygen radicals to form a blue-black compound, formazan [73].
The spermatozoa containing this formazan can be also be stained histochemically
and scored under microscope.

The method involves preparation of NBT solution by adding phosphate- buffered
saline (PBS) with NBT powder. This is then used to stain the whole ejaculate,
i.e., leukocytes and abnormal spermatozoa. The tubes are centrifuged and the pellet



19

2 Methods to Measure Reactive Oxygen Species (ROS) and Total Antioxidant...

(panunuod)
[ed1per
[Ax01pAY pue uorue aprxoradns 10j oyroads st urua3on|
(Teotpea [Ax01pAYy ‘oprxorad uaSoIpAy ‘uorue aprxoraidns)
Ie[n[[odeNUI PUR JE[N[OOBNXA YI0q S[IAJ] SO [8qO[D QOUQOSUIWN[IAYD
poyjow oyroads SQINSBAW [OUTWUNTT “UIIaSI1oNT pue jourunj—saqoid £q JuowaInseaw
[st—6¢] PUE 2ATISUDS )SNGOI ST OUISAUIUN[IWIYD) oM sas() "SOY Jo uononpoid owin (BT SAINSLIN | 10211 SOV
syonpouid 9[qe)s 210w W0}
SW9JSAS JR[NOSBAOIQAIAD 01 STEOIPEI Q21 YIIM SJOBAI YOIYM pasn aIe sutuee[uoyd
[s¢] PUE JR[NOSBAOIPIED UI SOY 2INSBIW 0} Pas() pue saJe[Ad1[eS "OAIA UI Paonpold SOY 2INSeaw 0} pas) | 1021 sden onewory
~/:ambo tOtY [owrrd ur passardxe are
synsay “A[earowoloydonoads pamseaw aq ued yorym
Jo AJISUQIUI JO[0D QYY) ‘WNIPAW JIPIOE UL UI 9FULIO [OUIAX
QATISUAS | M XI[dWOD PAIO[OD B SULIOJ SIY) PUB UOI JLLIJ O] SNOLIDJ Kesse paseq
[8€]| pue o[qerjar ‘oarsuadxour ‘o[qe)s ‘Ased ‘pider sIi| | SIZIPIXO USWas Ul O YL, TozA[eue pajewone sasn S, | 1021 J3ueIo [OUQ[AY
sodures [e9130[01q JO AJOLIBA B Ul SUONRIIUIIUOD
SOY Jo uoneurwIa)ap as1oa1d pue 9jeIndde 10§ soqoxd/sden-urds pajres sonoojowr Jurzijiqess
anbruyo9) renuajod e st ‘seqoid onousewrered Sursn Aq A[[ensn (SPUOIISOIINUW 0] SPUOIISOULU)
Jo asn oy s pa[dnoo ‘Kdoosonoads Ydq QJI[-J[BY MOys AIoA AqQ PIZLIAJORIRYD SJUBPIXO
sordures [eor3ororq ) JO JSOW JO JUAUWISSASSE ) UI 901 Jofewr € sAe[q
JO SJUSWIINSBAW (OAIA UT) QAISEAUTUOU ordwes e ur soroads [ed1pET 991) JO
pue (OI)IA UI) QAT)ONIISOPUOU SI[QRUD UONIA)IP | 9dudsald  snosuejuelsul,, oy) JO UOTIIP JOAIIP SIPIAOI]
MdH Peseq-pley oneugew Ay, ‘so[noojour | - s1ajowojoydonsads ST Aq parnseaw ST yorym ‘)ess urds (YdH) 2ouruosal
onougewered pue S[EdIPRI 921 $3109)9(] | UONII[R Jo A3I1ou Ay Jurzinn enoads uondiosqe AeIoud3d onougewered
[L€ ‘9¢] Koyroads pue Aanisuss ysiy opdung udy) SIY) pue p[oy ondusew [euIlxd jo uonedrdde uo uonodg
[s¢ spidiy pue surojoxd uorjeIpel O1)OUSBWONOI[ qIOSqe 0) WAY) J[qRUD S[edIpel (YSH) 2oueUOSAI
b€ ‘6T ‘6] UO $SAIS 9ATEPIXO QINSEAW 0} PIsn ST ST, 2213 ur suondde parredun jo sontadoid onouSew Ay, | 1021 urds uonoarg
suorue oprxorodns UOIBULIO} 9pIX01adns 109)0p 0} pasn SI 159) UOONPAI
[¥€] Te[N[[2JB1XA SULINSBIW I0J PIBPUE]S P[OD) 9 QWOID0)AD01IJ 0 O QWOIII0JAJLLIY JO UONONPAI YL, | 10T 2 QWoIYO0ILD)
Q0UAIJY agejueApy ordrourg adAL, POYISIA

SOY Sunmseaw sKesse J02IIpUl pue 10311 |7 [qRL



R. Sharma et al.

20

(uazoiy pue ysaij ypoq) ewseld feurwos
ur pue soje[noefd [eUTlos Ul Yjoq paInseal aq

ordwes uaAIS ® Ut sjueprxonue
PUE SJUBPIXO UMOUNUN PUB UMOUY [[B SOINSBIW I]

[enuojod uononpar

[12-69] ue)) "AoeIndoe pue Aoyroads ‘K)Anisuas Y3y “WRISAS [BO130[01q UIAIT B UI 90UB[RQ XOPAI 9} SAINSEI[A | JOIIpU] uoneprxQ
Kesse 1ow0d J0 Aesse uorsIadsIp unewroryo
(TANNL Pue YSDS) poylouwt aAnIsuas ‘ysnqor | wirads ‘Aesse THN.L ‘Aesse armonns unewoyd wrads £q
[89-6S ‘9] ‘seaIq YN PUBNS 2[qnop Jo 9[SUIS 2INSea]A | uonejudwWwIel) YN POPUBNS 2[qnOp pue 9[SUIS SAUNSLIA] | 1021Ipu] aSewrep YNA
VSI'Td
[86-9¢] uoneoynuenb ur sdjay ‘prdey VSITd | 19:11pu] 3Nppy SIH-ANH
[sg] punodwos a[qe)s ‘oyroadg Anowonoads ssewr wapue)-Ayderdojewolys pmbry | joarpuy aueysoxdosy
Kdoosorony 10 Anowriofod Aq Jonppe (VIL-VAIN) (SYVgL) Aesse
[#6 ‘€61 oy10ads uou Inq ordwig opAyoperpuolew s1o0930 ‘uoneprxorad pidi saInseaAl | 1991Ipu] | PIo€ JLINYIQIRqOIY L,
Kyoedeo
[zs ‘161 poyjow JajouwIo[0d prdey ewse[d [BUIUQS UT SJUBPIXONIUR [B)0) SAUNSBIA] | 1091IpU] JUBPIXONUE [BI0],
Aydei3oyeworyo pmbip eoueurrojrod
Y31y Sursn Jo A[[eOIWUAYO0Iq PAINSLAW T S[9A] HSSDH
OATA-UT pue /HSD "OATA UT S[2A] SOY JO UOHEIIPUT UE SAAIS (DSSD) DSSOH/HSO
[0S ‘0z ‘L] | OMIA-UT SSOIIS QAIIEPIXO QINSBAW O} PAsn 9q Ue)) ULIOJ POZIPIXO S)I PUE QUOTYJEINS Poonpar Jo adueeq | 10IIpu[ renujod xopay
rozojewrads Aq uonerouad SOy Surpiedax
uonewIojur Aue opraoid jou seop ng ‘sajkoo[nuei3d
uQwIds ur s)K003n9 Aq JearonuoydiowAjod ure)s 0) pasn st aseprxoradojoAw
[6¥ ‘8 ‘¢] | uoneIoUaS SOY QAISSIIXA JO JOJBIIPUL JOAIPU] Y], "S9IL00) N[ Aq pAjeIouUas Afurew st SO | 1021puy 159) Z3puyg
opixorad ua30IpAY Ie[n[[9ovnUI JO) A1BIAORIP
rozojewads UI20S0ION[OIOTYIIP pue uorue aprxoradns repnjeoenur
ur SO Te[nyeoenur 19jo3 Aoyroads Y3y saInseaw WNIPIYIQ0IPAYI(] ‘ANOWOIAD MOJJ AqQ UOTUR
[8t—9t] ‘eozojewr1ads Jo sjunowre mof K194 saxmbaoy aprxo1adns pue oprxorod ua3oIpAy Jo JuowaINsEIW SOY | 19211 A1QWOIAD MO[
Q0UAIRJY 3eIuBAPY ordroung adAL POYIRIN

(ponunuod) Tz AqeL



2 Methods to Measure Reactive Oxygen Species (ROS) and Total Antioxidant... 21

formed at the bottom is used to make smears. The smears are air dried and using the
Wright stain, the slides are stained again and scored under microscope [73].
Leukocytes are scored as: no detectable formazan (—), scattered or few formazan
granules (+), intermediate density (++), and cells filled with formazan (+++).
Spermatozoa are scored as follows: formazan occupying 50 % or less of the cyto-
plasm (+) and more than 50 % of cytoplasm (++) [73]. NBT reaction reflects the
ROS generating activity in the cytoplasm of cells, and therefore it can help deter-
mine the cellular origin of ROS in semen [74].

The cells stained with NBT are NBT positive cells and there exists a relation
between the NBT+ cells and the levels of ROS in the same suspension [73]. This test
helps in identifying the source of ROS whether it’s sperm or the infiltrating leuko-
cytes in the semen. It is important to distinguish between the sources of ROS, as the
clinical implications of infiltrating leukocytes are different from the pathological
conditions in which sperm are themselves the source of ROS [75]. The advantages
of this method include that it is readily available, inexpensive and has high sensitiv-
ity. It provides information about the differential contribution of leukocytes and
abnormal spermatozoa in the production of ROS i.e., the cellular origin of ROS in
the sample [73]. The major limitation of this test is that presence of other cellular
reductases may also reduce NBT. Furthermore, changes in the cellular content of
various oxido-reductases may also alter the rates of NBT reduction [74].

2.1.2.2 Chemiluminescence Assay

Chemiluminescence is one of the most commonly employed methods used to detect
ROS in semen sample [44, 75, 76]. The reaction causes emission of light, which is
measured with a luminometer. The two major types of luminometer include the
photon counting luminometer and the direct current luminometer. The photon
counting measures the individual photon whereas the direct counting measures the
current passing through a luminometer. These are measured as photons per minute
or relative light units, respectively [77].

Luminometers are also classified as single tube luminometer, which can measure
only single sample, or multiple tube luminometer, which can measure multiple sam-
ples at any time, and this is the one used in research laboratories. The third one is
the plate luminometer, which utilizes a 96 well plate to read multiple samples at a
time [77].

The basic principle of chemiluminescence is the measurement of emitted light
due to a chemical reaction occurring between chemical reagents and the ROS gener-
ated. The following equation shows two reactants A and B in presence of an excited
intermediate [{] resulting in emission of light. The decay of this excited state [0] to
a lower energy level causes light emission.

[A]+[B]— [0] = [Products] + light

There are two major types of probes used in chemiluminescence which include
Luminol and Lucigenin (Table 2.2).
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Table 2.2 Major types of probes for measuring ROS by chemiluminescence

Luminol Lucigenin

1. It works through one electron oxidation 1. This works through one electron reduction

2. Measures both intracellular as well as 2. It measures only the extracellular ROS
extracellular ROS

3. Hydrogen peroxide radical and oxygen 3. It involves measuring the superoxide anion
radical are involved

[y ¥y}

AT

e

Fig. 2.1 Autolumat 953 Plus Luminometer used in the measurement of ROS by chemilumines-
cence assay. Multiple tubes can be loaded simultaneously for measuring ROS. The luminometer
can be connected with a computer and monitor

The reagents used are the stock luminol probe (100 mm), the working luminol
(5 mm) and the dimethylsulfoxide (DMSO) solution [78]. The procedure is
performed in an indirect light. A luminometer is attached to a computer (Fig. 2.1).
A total of 11 tubes are used that include 3 blank tubes which contain only the PBS,
3 negative controls which contains PBS +luminol (working solution), 2 tubes which
has the patient sample and + luminol, 3 positive control which contains PBS+ hydro-
gen peroxide (50 pL) +luminol (Fig. 2.2). The tubes are loaded in to the luminom-
eter (Berthold, Autolumat Plus LB 953) and a real time [lot of the ROS Ievels
produced in each sample are visualized on the computer monitor (Fig. 2.3) and the
results can be visualized and printed in an excel sheet [78].

The factors affecting chemiluminescence reactions include sample volume, time
of analysis, viscosity of the sample, concentration of reactants, reagent injection,
temperature control, human error, background luminescence. The major advantages
include that it is high specificity and sensitivity and can measure both intracellular
as well as extracellular ROS [41]. The major disadvantages are: (1) it cannot mea-
sure multiple markers simultaneously and (2) the level of ROS decline with the time
after ejaculation due to short half-life of ROS. Factors affecting ROS measurement
are: (1) luminometer calibration; (2) sensitivity and the dynamic range as well as
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Collect Semen Specimen

+ Exam for volume, color and pH
« Perform Endtz test

+ Perform analysis by CASA

Liquefied
semen

ﬂ/ \4_

3 5 9 10 1
Blank Negative Control Test Sample Positive Control
Add 400 uL PBS Add 400 uL PBS Add 400 pL Add 400 uL PBS
+ Sperm Suspension +
10 uL Luminol (5mM) * 50 uL H,0,
working solution 10 pL Luminel (SmM) +
working solution 10 pL Luminol (5mM)

working solution

Fig. 2.2 Preparing the tubes for ROS measurement. A total of 11 tubes are labeled from S1 to S11:
Blank, negative control, test sample and positive control. Luminol is added to all tubes except the
blank. Hydrogen peroxide is added only to the positive control

the units used; (3) concentration and the type of probe used; (4) concentration and
the volume of semen used, and (5) temperature of the instrument at the time of
measurement. Semen age, viscosity of the sample, repeated centrifugation, use of
media containing albumin that can generate spurious signals; spikes and sensitivity
of luminol to pH changes are other variables that influence ROS production. ROS is
an independent factor of male factor infertility [26]. We have reported different
cutoff values for ROS in processed semen samples [4, 6, 17] and seminal ejaculates
[17, 21, 24, 43].

We have recently revised the reference range of ROS in seminal ejaculates [43].
ROS levels >102 RLU/s/10° sperm are considered abnormal. At this cutoff ROS
sensitivity is 76 % with a positive predictive value of 82.1 %. When the controls
were strictly comprised of individuals who had established pregnancy, the cutoff
was slightly lower at <93 RLU/s/x10° sperm. The sensitivity increased to 93.8 %
indicating that the test can differentiate subjects that are fertile from those that are
not. Levels of ROS >102 RLU/s/x10° sperm must be considered pathological.
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Fig. 2.3 A typical graph showing the ROS levels in the 11 tubes (SI-S11). As seen here, only the
positive controls have significantly higher levels of ROS. Those producing low levels (Tubes S1-S8)
of ROS are seen very close to the X axis

The major diagnostic application of chemiluminescence is that it provides
independent assessment of the quality of the ejaculate and this is extremely
important in patients with unexplained infertility as these patients demonstrate
high levels of ROS despite conventional semen parameters within normal ranges
[20, 77, 79-81]. The reproducibility of ROS by chemiluminescence assay makes
the test sensitive and reliable in measuring ROS levels. ROS levels in the mature
spermatozoa may have both diagnostic and prognostic importance as elevated
ROS levels in mature spermatozoa may reflect oxidative stress in semen samples
that will be used for ART purpose and may also be used to predict the fertilizing
potential of the spermatozoa. This can be accomplished by characterizing the
semen samples that are used in ART based on the established reference values
of ROS.

The intracellular levels of ROS can be measured by flow cytometry using
dihydrofluorescein diacetate (DCFH) to detect intracellular hydrogen peroxide
radicals. This dye is oxidized to the highly fluorescent derivative dichlorofluores-
cein (DCF), which is detected by the use of flow cytometer [46—48, 82]. A counter-
stain dye for nucleic acid (propidium iodide) is used to exclude the apoptopic
spermatozoa [83]. Dihydroethidium (DE) can be used to detect intracellular levels
of superoxide anions [46, 48, 83]. The results are interpreted as percentage of
fluorescent spermatozoa [83].
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2.1.3 Measurement of DNA Fragmentation

Reduced fertility, embryo development, increased rates of miscarriages has been
reported in cases of higher sperm DNA damage [84-86]. Several etiological factors
such as cigarette smoking, irradiation, chemotherapy, leukocytospermia, varicocele,
cancer, elevated levels of ROS, abnormalities during chromatin packaging and advanc-
ing age have demonstrated compromised sperm DNA quality [31, 83, 87-91].

Oxidative stress is responsible for single strand breaks in DNA [20, 91].
Furthermore, apoptosis can also occur as a result of increased oxidative stress and
result in DNA fragmentation. Several studies show that infertile men have high
number of sperm with single or double stranded fragmentation [59, 92-94].

Several tests have been introduced to measure the sperm DNA damage [64, 88,
95-101]. The methodological approaches by which sperm DNA damage is investi-
gated in these tests are varied. Some tests measure abnormalities in sperm chromatin
whereas others measure direct DNA strand fragmentation. Among such test the most
commonly used are the sperm chromatin structure assay (SCSA) and terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL) [87, 97, 99, 102, 103].
These are briefly described below:

2.1.3.1 Sperm Chromatin Structure Assay (SCSA)

Sperm Chromatin Structure Assay (SCSA) detects damaged sperm DNA using flow
cytometry of acridine orange stained sperm. It is based on the susceptibility of DNA
breaks to acid denaturation. Low pH treatment opens the DNA strands at the sites of
breaks. Staining by acridine orange is highly precise and repeatable and comparable
between fresh and frozen samples. The DNA damage is induced by exposing to dena-
turing conditions. This utilizes the metachromatic properties of acridine orange to
distinguish single stranded/red fluorescence and double stranded/native DNA/green
fluorescence [59, 60, 83]. The DNA fragmentation index (DFI) is the ratio of percent-
age of sperms showing red fluorescence/total fluorescence (red +green) [48, 59].

The SCSA also measures sperm with high DNA stainability (%HDS) which is
related to the nuclear histones retained in immature sperm and shown to be predic-
tive of pregnancy failure [60]. The current clinical threshold 25 % DFI that catego-
rized patient into a statistical probability of the following: (a) longer time to natural
pregnancy, (b) low odds of IUI pregnancy, (c) more miscarriages, or (d) no preg-
nancy [60]. The test is precise, repeatable with acceptable DNA fragmentation that
has a threshold of placing a man at risk of infertility.

2.1.3.2 Terminal deoxynucleotidyl Transferees dUTP Nick End Labeling
(TUNEL) Assay

TUNEL assay utilizes a template-independent DNA polymerase called terminal
deoxynucleotidyl transferase (TdT) that non-preferentially adds deoxyribonu-
cleotides to 3’ hydroxyl (OH) single- and double-stranded DNA. Deoxyuridine
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Fig. 2.4 Schematic of the
DNA staining by the
TUNEL assay

- \Sperm DNA

Fig. 2.5 Set up of the
bench top flow cytometer

triphosphate (dUTP) is the substrate that is added by the TdT enzyme to the free
3’-OH break-ends of DNA (Fig. 2.4) [96, 99].

The more DNA strand breaks sites that are present, the more labels are incorpo-
rated within a cell. This identifies the in situ DNA breaks. Here, the 3" hydroxyl free
ends are labeled using a fluorescent label which on passing through a flow cytome-
ter generates fluorescence, which is directly proportional to the number of strand
breaks [96, 99]. Various protocols are used to detect DNA damage via TUNEL
assay like fluorescein isothiocyanate labeled dUTP system and Apoptosis detection
kit. DNA fragmentation can be measured by both a simple bench top flow cytometer
(Fig. 2.5). This test is highly sensitive and specific [96, 99]. It measures a definite
end point and is considered to provide better prediction regarding the potential of
embryo implantation [86, 102].
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Many factors involved in the processing, fixation and permeabilization of the
specimen adversely affect the clinical implication of TUNEL assay [104]. The
difficulty in the permeablization of sperm chromatin due to its highly dense com-
paction and tightly packed protamines plays a major role in reduced sensitivity
preventing TdT from directly interacting with DNA strand breaks [105]. Unlike
SCSA, the cutoff values of sperm DNA fragmentation for TUNEL have not been
clearly established [61]. Studies have reported DNA fragmentation measured by
TUNEL assay to range from 12 to 36.5 % at which no pregnancies were reported
[106, 107]. A cutoff value of >19.2 % and 16.8 % has been recently shown to have
>90 % specificity [61]. The specificities can be further increased by including
only men with established pregnancies as controls. The high specificity and positive
predictive value is important particularly in cases of idiopathic and unexplained
infertility.

2.1.3.3 Epifluorescence Using Acridine Orange Dye

Acridine orange is a nucleic acid specific, fluorescent, cationic dye. It interacts
with DNA by intercalation and by electrostatic interaction with RNA or single
stranded DNA [96]. Fluorescence microscopy is used along with acridine orange
dye. There is exposure to acid, which denatures DNA with single- or double
stranded breaks. The dye acridine orange binds to DNA. The double stranded DNA
fluoresces green and single stranded DNA gives red color. In addition the sperm
suspension after staining with the Apo-direct kit for the TUNEL assay can also be
visualized for DNA fragmentation by the fluorescence microscope (Fig. 2.6).
Sperm stained green indicate sperm with DNA fragmentation [96]. This method
uses fluorescence, which is relatively rapid, simple and inexpensive. The major
disadvantage of this technique is the heterogeneous staining and color fading of the
slides. Also, the presence of indistinct colors ranging from red to green interferes
with the results [108].

Fig. 2.6 Fluorescent
staining showing intact
(red) spermatozoa and
spermatozoa with DNA
fragmentation (green)
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2.1.3.4 Comet Assay

This is a single gel electrophoresis method, which basically measures the breaks in
DNA [66]. Electrophoresis is used to mobilize DNA fragments that are produced
from nucleoids after being depleted of proteins. It is based on the general concept
that DNA fragments resulting from pre-existing DNA breaks have different mobility
in the electrophoretic field depending on the relative size of the fragment. This gen-
erates morphological differences between nuclei containing fragmented DNA when
examined under fluorescent microscopy. The resulting image represents a “‘comet”
that consists of a head and a tail chromatin in the direction of the anode. Larger the
size of the comet, higher is the level of DNA fragmentation [109, 110]. Thus, sperm
with more DNA breaks shows intense comet tail [111]. At the end of electrophoresis,
all the broken strands of DNA migrate towards the anode and this forms a comet
tail, which can be used to assess the DNA damage using the fluorescence micro-
scope or cytometer [64]. The comet’s tail length and fluorescent intensity is directly
proportional to the degree of DNA fragmentation [65].

The assay can be performed in both neutral as well as alkaline environments. In
neutral buffer, double stranded DNA damage is measured while in alkaline environ-
ment DNA can be denatured, both single— (SS) and double stranded (DS) DNA
damage can be measured due to unwinding of the DNA strands [112]. Under the
influence of electric field, there is separation of broken DNA strands (SS and DS)
[65, 113-116]. After separation, the broken DNA fragments migrate towards the tail
forming comet tail and the intact DNA remains confined to the head forming the
comet’s head [117]. The major limitation of the comet assay for its routine use in
fertility labs is (1) slide processing is time consuming and (2) it requires electropho-
resis equipment and fluorescence microscopy.

2.1.3.5 Sperm Chromatin Dispersion (SCD) Assay

Sperm chromatin dispersion (SCD) assay uses the Halosperm kit to differentiate
between non-fragmented spermatozoa from the fragmented spermatozoa [64].
This test is used in laboratories with no access to flow cytometry. It can be visual-
ized using bright field or fluorescence microscopy. It is based on a controlled
species-specific DNA denaturation to produce single-stranded DNA stretches
from any DNA breaks, coupled with controlled DNA depletion [67, 101, 118, 119].
The process involves (1) integration of sperm sample into an inert agarose microgel
on pretreated slide, (2) controlled acid denaturation of DNA, (3) controlled protein
depletion. Normal sperm produce halos of dispersed chromatin around a dense core.
In fragmented DNA, no halos of dispersed chromatin are produced [120, 121].
The halos can further be classified according to their morphology and the results
can be expressed for each patient against the established cutoff criteria (Fig. 2.7).
The results show a strong correlation when compared with indirect assessments of
DNA damage such as the SCSA or comet assay [64, 122]. The advantages and
disadvantages of the sperm DNA fragmentation assays are shown in Table 2.3.
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..

Fig. 2.7 Assessment of sperm DNA fragmentation using the sperm chromatin dispersion (SCD)
test. Nucleoids from human spermatozoa obtained with the improved SCD procedure (Halosperm,
Halotech DNA, SL, Madrid, Spain) under (a) bright field microscopy and Wright’s stain (b) under
fluorescence microscopy and DAPI staining. Green arrows target spermatozoa containing a nor-
mal DNA molecule. Red arrows target a highly fragmented spermatozoon (degraded sperm). (c—g)
Electronic filtered images showing a series of nucleoids with different levels of sperm DNA dam-
age. Nucleoids with highlighted core delineation in green correspond to (c¢) large (d) and medium
halos of dispersed chromatin representing a normal DNA molecule. Nucleoids in red are sperma-
tozoa containing fragmented DNA and are represented by (e) small or (f) no halos of dispersed
chromatin and (g) degraded spermatozoa. Bright-field and fluorescence microphotographs were
obtained using a motorized fluorescence microscope controlled with software for automatic scan-
ning and image digitization (Leica Microsystems, Barcelona, Spain). The microscope was equipped
with a Leica EL6000 metal halide fluorescence light source and Plan-Fluotar 60 x objectives with three
independent filter blocks (DAPI-5060B; FITC- 3540B and TRITC-A; Semrock, Rechestern NY,
USA). A charge coupled device (Leica DFC350 FX, Leica Microsystems, Barcelona, Spain) was
used for image capture (Courtesy of Prof. Jaime Gosélvez, Madrid, Spain)
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Table 2.3 Assays measuring DNA fragmentation
Assay Advantage Disadvantage Reference
SCSA Established clinical Not available in commercial kits, [59, 60]
thresholds, robust and calculations are complex, acid
sensitive assay; uses induced denaturation. Not performed
metachromatic acridine in routine andrology labs
orange staining and flow
cytometry; requires only
10,000 cells; can be done in
fresh or frozen samples
TUNEL | High sensitivity and Thresholds not standardized, not [61, 86, 96,
specificity. Can be done on specific to oxidative damage, need for |99,
fresh or frozen samples. special equipment (flow cytometer or | 104-107]
Associated with fertility and | fluorescence microscope). Results
available in commercial kits. | affected by fixation and
Measures definite end point | permeabilization of sperm. Although
can be measured by fluorescence
microscopy, results are subjective and
prone to inaccuracy due to
heterogenous nature of staining and
instability of the stain
Comet Requires small number of Time and labor intensive, not specific | [63, 64, 66,
cells; high sensitivity, to oxidative damage, requires special | 111]
measures breaks in DNA; imaging software, lacks correlation
correlates with seminal with fertility. Requires electrophoresis
parameters. Assay can be and fluroscence microscopy. Slide
performed in neutral and in processing is time consuming
alkaline environment
SCD Differentiates fragmented Interobserver subjectivity to [64, 67, 68,
from non-fragmented categorize the halos is a limitation of | 101, 118,
spermatozoa. Does not SCD 119, 122]
require flow Cytometry. Can
be visualized both by bright
field and fluorescence
microscopy
Strong correlation with
SCSA or Comet assay

SCSA=Sperm chromatin structure assay, TUNEL=Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL), SCD = Sperm chromatin dispersion

2.1.4 Other Methods for Measuring ROS

In addition to the more popular methods of measuring DNA damage described above
there are other less common techniques reported in literature. These are shown in
Tables 2.4 and 2.5.
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Table 2.4 Different methods to measure total antioxidants
Technique Principle Advantage Disadvantage Reference
TEAC Inhibition method Standard by other [123]
assays
ORAC Inhibition method | High specificity, Time consuming | [124]
responds to
numerous
antioxidants, gross
differentiation of
aqueous and lipid
soluble
antioxidants
FRAP Reduction of Simple, Does not measure | [125]
Fe’ — Fe? inexpensive SH-group
containing
radicals
Enhanced Chemiluminescence | Accurate Cumbersome, [126]
Chemiluminescence expensive
instrumentation,
time consuming,
signal reagent
might reduce in
intensity
Colorimetric Colorimetric Less time Significantly [51, 52]
analysis consuming, expensive
relatively reagents
inexpensive,
convenient, can be
used as an in office
test
ROS-TAC Score* Chemiluminescence | Better predictor Requires [6, 127]
compared to ROS | statistical
and TAC alone modeling
ORP* using the Galvanostat based | Prognostic marker | Affected by [69-71,
RedoxSYS mechanism (cORP), easy, less | viscosity of the 128]

Diagnostic System

time consuming,
requires less
expertise, can be
used for frozen
specimens

sample

TAEC=Trolox equivalent antioxidant capacity, ORAC = Oxidation radical absorbance capacity,
FRAP = Ferric reducing ability assay, ORP = Oxidation reduction potential
2 These techniques do not directly measure ROS or TAC but rather predict the OS status in the sample

2.1.4.1 Measurement of Total Antioxidant Capacity

The total antioxidant capacity (TAC) is a parameter that can be measured by evaluating
the reducing ability of various antioxidants present in semen against an oxidative
reagent such as hydrogen peroxide, and measuring the effect on the substrate [51, 52].
The reaction can be measured with a spectrophotometer, colorimeter, depending on



32

Table 2.5 Various techniques to measure lipid peroxidation

R. Sharma et al.

Technique Principle Advantage Disadvantage Reference
Thiobarbituric | MDA-TBA adduct Simple but non | Rigorous controls | [53, 54]
acid assay detection by colorimetry | specific are required
(TBARS) or fluoroscopy
Isoprostane EIA/Liquid Specificity, Labor intensive [55]
chromatography-tandem | stable and expensive
mass spectrometry compound cost of equipment
HNE-His ELISA Rapid, helps in | Chances of cross | [56-58, 129]
Adduct ELISA quantification | reactivity

MDA =malondialdehyde, TBA =Thiobarbituric acid, HNE-His=hydroxynonenal histidine

the substrate. Most techniques employed to estimate TAC measure the low molecular
weight, chain breaking antioxidants and do not include the contribution of antioxi-
dant enzymes (glutathione group of enzymes, catalase, and superoxide dismutase)
and metal binding proteins.

Colorimetric Analysis

The antioxidant assay is based on the principle that aqueous and lipid antioxidants
in the seminal plasma specimens inhibit the oxidation of the 2, 20-Azino-di-[3-
ethylbenzthiazoline sulphonate] (ABTS) to ABTS*. Under the reaction conditions
used, the antioxidants in the seminal plasma cause suppression of the absorbance at
750 nm to a degree that is proportional to their concentration. A stable blue—green
color is formed [49, 50]. The capacity of the antioxidants present in the sample to
prevent ABTS oxidation is compared with that of standard Trolox (6-hydroxy-2, 5,
7, 8-tetramethylchroman-2-carboxylic acid), a water-soluble tocopherol analogue.
Results are reported as micromoles of Trolox equivalent. Clear seminal plasma is
used for the assay.

Ten microliters of metmyoglobin and 150 pL of chromogen are added to all
standard/sample wells. The reaction is initiated by adding 40 pL of hydrogen perox-
ide as quickly as possible. The plate is incubated for 5 min at room temperature on
a horizontal shaker and absorbance monitored at 750 nm using a microplate reader.
The total antioxidant concentration of each sample can be calculated using the
equation obtained from the linear regression of the standard curve by substituting
the average absorbance values for each sample into the equation:

Unknown average absorbance — Y intercept «dilution x1000

Antioxidant (1M )= 3
ope

Men with oxidative stress have reduced levels of total antioxidants in their seminal
plasma.
Some of the other methods measuring antioxidants are illustrated in Table 2.4.
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Oxygen Radical Absorbance

Oxygen radical absorbance capacity (ORAC) is a technique that works on utilizing
the unique property of phycoerthrins. It works on the sample principle as Trolox
equivalent antioxidant capacity (TEAC) [123, 124].

Ferric Reducing Ability Assay

Ferric Reducing Ability Assay (FRAP) is a simple and automated test working on
the principle of reduction of ferric to ferrous ions. Antioxidants present in the seminal
plasma reduce ferric-tripyridyltriazine (Fe**-TPTZ) complex to Fe?*-TPTZ and
form a blue colored complex. Comparing the changes in absorbance occurring at
593 nm gives an estimate of the antioxidant capacity [125].

2.1.4.2 ROS-TAC Score

It is a novel parameter derived from the ROS concentration and seminal TAC values
called ROS-TAC score. The ROS and TAC values from controls are used to create a
scale of these two variables using controls as reference point. Both values are nor-
malized for distribution after converting ROS to the log of ROS+1. Both log
ROS +1 and TAC are standardized to Z scores so that both will have the same vari-
ability. Standardized scores are calculated by subtracting the mean value of the con-
trols from the individuals observed values and dividing by the standard deviation of
the control population.

The standardized values are analyzed with principal component analysis, which
provides linear combinations or weighted sums that account for most variability
among correlated variables [6]. The ROS-TAC scores are novel measures of oxida-
tive stress and superior than the individual ROS and TAC alone as it is capable of
discriminating fertile from infertile men [6, 49, 127]. Infertile men with male factor
or idiopathic diagnoses were reported to show low ROS-TAC scores. Infertile men
with higher ROS-TAC scores were able to initiate pregnancies compared to those
who had low scores and had failed pregnancy [6].

2.1.4.3 Measurement of Redox Potential

Redox potential or oxidation- reduction potential (ORP) is a novel measure of oxi-
dative stress or a redox balance in a given biological system. It has been shown to
correlate with illness or injury that is related to a state of oxidative stress [69, 70,
130, 131]. Unlike measuring a single marker of oxidative stress, the Redox system
allows the assessment of all known and unknown oxidants and antioxidants in a
given sample. It is based on the electrical conductance relative to an internal refer-
ence standard according to Nernst equation
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Where E is the Redox potential or ORP, E, is the standard potential of a redox
system measured with respect to hydrogen electron, which is arbitrarily assigned an
Ey of 0 V, R is the gas constant, 7T is the absolute temperature measured in degrees
Kelvin and F'is Faraday’s constant [69, 128]. It has been measured in whole blood,
plasma, urine, cerebrospinal fluid, saliva, tears and amniotic fluid [70, 130, 131].
ORP values higher than the established reference values are indicative of oxidative
stress [132]. More recently ORP values have been reported in fresh and frozen
semen and seminal plasma samples [71]. It involves the RedoxSYS or MiOXSYS
Analyzer and the sensor strip which has an application port where the sample is
loaded (Fig. 2.8).

It measures two parameters. The first parameter, static ORP or sORP is snap-
shot of the current oxidative stress in the sample that may be induced due to
infection, inflammation or disease. The second parameter is capacity ORP or
cORP, and this parameter gives us an estimate of the antioxidants reserves pres-
ent. The sperm concentration in the sample is calculated and the SORP and cORP
results are normalized and expressed as SORP/10° sperm or cORP/10° sperm.
Initial results have shown high sensitivity, specificity and accuracy of ORP
reflecting its potential application as a diagnostic tool in oxidative stress related
male infertility [133].

2.1.5 Measurement of Lipid Peroxidation

Polyunsaturated fatty acids (PUFAs) containing cellular macromolecules are par-
ticularly susceptible to ROS. Lipid peroxidation is characterized by breakdown of
these PUFASs into lipid peroxides due to oxidative stress [55]. Lipid peroxides are
unstable indicators which on decomposition form more complex and reactive
compounds such as 4-hydroxynonenal (4-HNE), acrolein (ACR) and malondial-
dehyde (MDA).

Compared to free radicals, these aldehydic products are relatively stable and are
able to move freely and react with molecules like DNA, proteins and lipids. These
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products not only modify proteins and alter their function but are also considered as
cytotoxic second messengers of oxidative stress. This property of these aldehydic
fragments makes them highly utilized in biomedical research [56, 57]. Measurement
of the end products of lipid peroxidation is a widely accepted marker of oxidative
stress. Some of the common methods to measure lipid peroxidation are described
below:

2.1.5.1 HNE-His Adduct ELISA/HNE Adduct Competitive ELISA

HNE-His Adduct ELISA functions on the principle of enzyme immunoassay and
has been developed for quantification and rapid detection of HNE-His protein
adducts. 4-HNE can react with lysine, histidine or cysteine residues in protein to
form adducts. A 96-well titer ELISA plate is taken and protein samples (10 pg/mL)
or BSA standards 0-200 pg/mL are adsorbed onto it. The HNE-protein adducts
present in the standard or sample are probed with a primary antibody, (anti-HNE-
His antibody). This is followed by addition of a HRP conjugated secondary anti-
body. Standard curves prepared from predetermined HNE-BSA standards are used
to compare and quantify the HNE-protein adduct content in an unknown sample.
Using a primary wavelength of 450 nm, the absorbance of each well is read on a
microplate reader. Results are expressed as pmol/mg [58].

2.1.5.2 Isprostane (IsoP) Method

Another important biomarker of lipid peroxidation is 8-isoprostane (IsoP) measured
as ng/mL [129]. It is a specific end product belonging to family of eicosanoids
derived from nonenzymatic peroxidation of polyunsaturated fatty acids [34]. The
advantages of using the IsoP marker are: it is not produced by enzymatic pathways
like cyclooxygenase and lipoxygenase pathways of arachidonic acid, it is stable and
it can be quantified in seminal plasma.

2.1.5.3 TBARS Assay

Malonaldehyde (MDA) is a reactive compound formed during lipid peroxidation
[134]. The thiobarbituric acid (TBA) assay is one of the commonly used tests to
assess changes in MDA. The assay detects TBA-reactive substances (TBARS) via
spectrophotometry, high performance liquid chromatography (HPLC), colorimetry
or spectrofluorescence [53]. MDA and TBA are reacted together to form the MDA-
TBA adduct. This is carried out in acidic conditions and under a high temperature
(90-100 °C). This adduct formation is measured colorimetrically at 530-540 nm or
fluorometrically at an excitation wavelength of 530 nm and an emission wavelength
of 550 nm [54]. Lipid peroxidation in sperm is expressed as nmol MDA 107 sperm
[135-137]. The advantages and disadvantages of various lipid peroxidation meth-
ods are shown in Table 2.5.
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2.1.6 Measurement of ROS-Induced Post-Translational
Modifications

Reactive oxygen species can modify proteins resulting in altered functions such as
activation or inhibition of transcription factors, signal transducers and enzymes
[100, 138, 139]. These result in alterations in structural and functional integrity of
specific proteins. Most of the oxidants will react with several amino acids to yield
multiple products. Only a few stable and specific products those are characteristic
of a selected oxidant that may be used as a signature for any selected type of
ROS. Three principal type of post-translational modification of proteins are induced
by ROS, namely, S-glutathionylation (GSS-R), nitrotyrosine modifications
(Nitro-Y) and carbonylation. Carbonylation, nitration and thionylation of proteins
are regarded as the most common post-translational modifications leading to dys-
function of proteins [139, 140].

Nitrotyrosine is formed by the reaction of peroxynitrite or donors of NOe with
tyrosine residues. It can be produced by the sperm cell by the reaction of superoxide
and NOe. The nitrotyrosine protein modification can result in alteration of protein
function or structure. Higher amounts of nitrotyrosine were found in patients with
impaired motility (athenozoospermia) or spermatic duct cord blood in varicocele
patients [141-143]. Reactive carbonyls are produced by direct protein oxidation
(oxidation on Trp, Lys, Arg, Pro, and Thr) reaction with low- or high-molecular
weight dicarbonyls (modifications of Lys, Arg, and Cys) generated during lipid
peroxidation and glycoxidation, and oxidative degradation of Amadori products.

Similarly, for detection of quantification of carbonyl modification of spermato-
zoa proteins, BSA standards or protein samples (10 pg/mL) are adsorbed onto a
96-well plate for 2 h at 37 °C. The protein carbonyls present in the sample or stan-
dard are derivatized to DNP hydrazone and probed with an anti-DNP antibody,
followed by an HRP conjugated secondary antibody. The protein carbonyl content
in unknown sample is determined by comparing with a standard curve prepared
from a predetermined reduced and oxidized BSA standard.

Introduction of carbonyl group to protein involves oxidative modification of spe-
cific amino acids namely proline, arginine, lysine and threonine, to aldehyde or
ketone and their eventual cleavage. Protein carbonylation is irreversible and leads to
structural and functional alterations in the protein and the carbonylated proteins are
generally destined to proteosomal breakdown [144].

Products of oxidation such as protein carbonyls are useful for detection and in
estimation of ROS levels in a semen sample [145]. Protein carbonyls are chemically
stable, more reliable and a frequently used marker for protein oxidation [146].
ELISA is commonly used to quantify the levels of protein carbonyl content in the
seminal plasma by colorimetric analysis [147].

Both nitrosylation and carbonylation can be measured by ELISA. ELISA is a
commonly used technique to detect and quantify a specific protein in a complex mix-
ture. The analysis is done by immobilizing proteins in microplate wells using specific
antibodies. The specific antibodies are chemically linked to biological enzymes.



2 Methods to Measure Reactive Oxygen Species (ROS) and Total Antioxidant... 37

The activities of these enzymes produce a measurable signal when they are mixed
with solutions containing appropriate substances [148]. The end product is a stable
color that can be measured colorimetrically or fluorometrically if fluorophore-
labeled antibodies are used for signal generation, especially in multiplex arrays.

Competitive ELISA kit can be used for nitrotyrosine quantitation. In this assay, the
unknown protein nitrotyrosine sample or nitrated BSA standards is first added to a
nitrated BSA preabsorbed EIA plate. After a brief incubation, an anti-nitrotyrosine
antibody is added, followed by an HRP conjugated secondary antibody. The protein
nitrotyrosine content in unknown sample is determined by comparing with a standard
curve prepared from predetermined nitrated BSA standard.

2.1.7 Measurement of ROS-Induced Protein
Alterations—Proteomic Analysis

Proteomics and bioinformatics tools can be utilized to understand alterations in pro-
teins as a result of exposure of spermatozoa to reactive oxygen species or oxidative
stress. It also helps in demonstrating that how post-translational modifications, such
as phosphorylation, proteolytic cleavages, glycosylation and mutations, bring about
changes in the physiological functions of the spermatozoa. Global change occurs in
proteomic profile of human spermatozoa and seminal plasma under oxidative stress
conditions [149-151].

Differential regulation of protein expression in infertile patients has been reported
with variations in ROS level as evidenced by global proteomic profiling [28]. Both
spermatozoa and seminal plasma proteome influence fertilization and implantation
in infertile men with various levels of ROS or oxidative stress [28, 150-152]. Most
commonly employed techniques to understand sperm specific proteins include 2D
polyacrylamide gel electrophoresis (2D-PAGE), differential in gel electrophoresis
(DIGE) and Liquid Chromatography-Mass spectrometry or LC-MS/MS. Global
proteomic analysis involves analysis of pooled or individual test samples (either
spermatozoa or seminal plasma from semen samples of infertile men exhibiting
oxidative stress).

Exposure to different levels of ROS has shown that in the seminal proteome,
proteins involved in biomolecule metabolism, protein folding and protein degrada-
tion are differentially modulated infertile patient group exposed to low, ROS,
medium ROS and high ROS in comparison to fertile controls. In the sperm pro-
teome, differentially expressed proteins with distinct reproductive functions have
been demonstrated only in men with low, medium or high ROS levels [28]. Similarly
in the seminal plasma proteome, pathways involved in post-translational modifica-
tion of proteins, protein folding (heat shock proteins, molecular chaperones) and
developmental disorder are overexpressed in the high ROS group compared with
fertile control group [152].
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2.1.7.1 Validation of Proteins of Interest

Proteins of interest that are modified by ROS and identified by proteomic and
bioinformatic analysis can be further validated in order to be categorized as a poten-
tial biomarker of ROS in spermatozoa or seminal plasma. Potential biomarker can-
didates of interest can be validated by Western blot analysis utilizing specific
antibodies to proteins of interest, or by ELISA and Immunochemistry.

Western Blot Analysis

Western blot analysis is a commonly used technique that helps in quantification of
proteins and also in identification of a target protein from a complex mixture of
proteins extracted from a cell. It involves the separation of proteins using gel elec-
trophoresis on the basis of their 3-D structure or denatured proteins by the length of
the polypeptide. The gel is carefully transferred onto a membrane (PVDF), thus
producing a band for each protein. After washing and blocking, it is incubated with
primary antibodies specific to the protein of interest. Following incubation with a
secondary antibody, the unbound antibodies are washed off. Bound antibodies are
detected by chemiluminescence. Proteins are quantified by comparing it to a stan-
dard protein (Fig. 2.9) [153-155].

Immunochemistry

Immunocytochemistry is a technique employed on spermatozoa to localize antigen
expression. It works on the principle of epitope-antibody interactions. Positive
staining patterns are visualized using a molecular label, which can be fluorescent or

Fig. 2.9 Validation of 5 C uv BV
proteins by western blot

analysis in control (fertile I B, PKAR1A
men) and infertile men L % 2 SPEEAT SRR 3

with unilateral varicocele
(UV) or bilateral
varicocele (BV)
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chromogenic. Briefly, an aliquot of 10x 10°spermatozoa is centrifuged initially at
500 g for 5 min. It is then fixed for 15 min in 2 % paraformaldehyde. The fixed cells
are then washed in 0.1 M phosphate buffered saline. The cells are then resuspended
in 0.1 M glycine/PBS, and they are then transferred to poly-L-lysine coated coverslips
to settle overnight. The spermatozoa are permeabilized using Triton X-100-PBS
(0.2%). This is carried out for 10 min at room temperature and is followed by a
wash in PBS.

By mixing 3 % BSA solution (900 mg PBS, 30 mg BSA and 100 pl goat serum)
for 30 min, non-specific antibodies are inhibited. The cells are then rinsed in PBS and
treated with the primary antibody of interest, diluted in PBS overnight at a tempera-
ture of 4 °C in a humidified chamber. The cells are washed in PBS and treated with
the secondary antibody in PBS for 1 h at 37 °C. They are then re-washed in PBS. The
cells are mounted on frosted slides and images are captured on a fluorescent micro-
scope at 530 nm and positive staining patterns are identified [153]. The localization
of the protein can be in the acrosome, neck, mid piece or the tail [156].

Proteins of interest can also be identified by ELISA utilizing the antibodies to
proteins of interest.

ELISA

Protein of interest can also be validated by ELISA. The proteins (antigen) is directly
or indirectly immobilized and coated onto the surface of the wells of the microplate.
All unsaturated surface binding sites are then covered by adding blocking antibod-
ies. Antigen specific antibodies are then added and incubated. These antibodies bind
to the antigens. A signal is generated by the primary or secondary tag present on the
specific antibody when the antibody binds to the antigen. This signal is then detected
and quantification of the protein is done by measuring the signal [148, 157].

2.2 Conclusion

Oxidative stress is recognized as an important factor in male infertility. Accurate
assessment is therefore critical in the laboratory evaluation of male infertility attrib-
uted to oxidative stress. In this chapter we have described various techniques that
can be used to measure reactive oxygen species or their end-products using simple
techniques such as nitroblue testing to ROS measurement by chemiluminescence
assay, measuring antioxidants or end products of oxidative stress such as lipid per-
oxidation, DNA damage or protein modifications. We have highlighted the value of
the newer tools such as proteomics in identifying oxidatively modified proteins and
validating these proteins. The ultimate goal is to identify potential markers of oxidative
stress to assist in elucidating the underlying mechanism of oxidative stress related
sperm dysfunction that ultimately results in male infertility and assists the clinicians
in the management of these patients.
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Chapter 3
Physiological Roles of Reactive Oxygen
Species (ROS) in the Reproductive System

Stefan S. du Plessis, Avi Harlev, Mohamed Iesar Mohamed, Eiad Habib,
Narasimhan Kothandaraman, and Zeynep Cakar

3.1 Introduction

Reactive oxygen species (ROS) are highly reactive oxidizing agents which play certain
physiological and pathological roles in the human body [1]. These substances are
normally present within the cells. ROS are mostly free radicals. Free radicals have
been labeled as molecular entities containing at least one unpaired electron which
gives rise to a highly reactive group of compounds [2]. Moderate concentrations of
ROS are vital in maintaining a number of physiologic processes in both male and
female reproductive systems. ROS can be acquired through two different classes of
sources, either endogenous (cellular) or exogenous. Unlike endogenous ROS, exoge-
nous sources such as ultraviolet light, chemotherapeutic agents and inflammatory
cytokines do not play a major role in generating ROS in the female reproductive
system [3]. Endogenous sources, however, are the most prominent birthplace from
which ROS are derived. The major intracellular sources of ROS include the electron
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transport chain in the mitochondria, endoplasmic reticulum as well as the peroxisomes
[4]. Conversely, other extra-mitochondrial ROS sources exist through numerous
enzymatic pathways. Examples include NADPH oxidase, xanthine oxidase, lipoxy-
genases, cyclooxygenases and the cytochrome P450 systems [5].

Examples of ROS include molecules such as superoxide (O2¢7), hydroxyl (OHe),
peroxyl (ROOe) and hydrogen peroxide (H,O,). There are also some other types of
ROS-derived molecules that might not be as naturally prevalent. For instance, hypo-
chlorous acid (HOCL), a well-known component of bleach and bactericidal agents
is regarded as one of these less commonly acknowledged ROS members. The ROS
family mentioned in this chapter also includes Reactive Nitrogen Species (RNS)
[6]. Regarding RNS, nitric oxide (NOe), nitrogen dioxide (NO,®) and peroxynitric
acid (ONOO") constitute the majority of RNS.

Under normal circumstances, a balance between the concentrations of oxidants and
antioxidants is maintained. In case of an overproduction of ROS, or in cases where the
body is unable to eliminate excess ROS, oxidative stress (OS) occurs, leading to cell
and tissue damage. ROS may inflict damage to DNA, proteins and cell membranes [1].
The pathogenic role played by ROS will be discussed in Chapter 6Under physiologic
conditions, cells exhibit defensive mechanisms against an increased concentration of
ROS. Antioxidants are scavenging molecules that convert ROS to H,O to prevent the
ROS elevation and the resultant OS. They are divided into enzymatic and non-
enzymatic antioxidants [7, 8]. Enzymatic antioxidants, known as natural antioxidants,
neutralize excess ROS and prevent it from interfering with cellular or membrane
structures. Enzymatic antioxidants are superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPx) and glutathione reductase (GSR) [4]. Non-
enzymatic antioxidants, also known as synthetic antioxidants, are essentially dietary
supplements. Dietary intake of antioxidant vitamins and minerals such as vitamin C,
vitamin E, selenium, zinc, taurine, hypotaurine, glutathione, beta carotene and carotene
greatly influences the body’s complex antioxidant system [7-9].

Vitamin C is a chain breaking antioxidant that is responsible for halting the prop-
agation of peroxidative processes. Vitamin C plays also a role in recycling oxidized
vitamin E and glutathione [10]. Taurine, hypotaurine and transferrin protect the
embryo from oxidative stress and are mainly found in tubal and follicular fluid [11].
Glutathione is present in the oocyte and in tubal fluid; it contains sulfur chemical
groups and has a role in enhancing the development of the zygote from the 2-cell
cluster all the way to the morula or the blastocyst stage [11].

The physiological role of ROS has been first examined by Aitken et al. [12]
who suggested that ROS were positively involved in the normal sperm physiology.
The authors’ observations indicated that physiological levels of ROS are crucial for the
completion of most, if not all of the maturational stages that spermatozoa undergo,
maximizing their fertilizing potential. On the other hand, spermatozoa are particularly
susceptible to lipid peroxidation because of the relatively elevated levels of poly-
unsaturated fatty acids present in their plasma membrane. Furthermore, spermatozoa
lack adequate amounts of cellular repair mechanisms and antioxidant defense systems.
The reason behind this is the unusually low cytoplasmic volume, which happens after
spermatozoa extrude ample volumes of their cytoplasm during maturation [13].
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ROS also play a role in various physiological processes in the female reproductive
system, including follicular development, ovarian steroidogenesis, ovulation,
formation of the corpus luteum, luteolysis, germ cell function, maintenance of preg-
nancy and parturition.

This chapter will focus on the physiological role of ROS in both male and female
reproductive systems.

3.1.1 Physiological Roles of ROS in Male Reproductive System
3.1.1.1 Spermatogenesis and Sperm Maturation

ROS are involved in the physiology of the sperm maturational stages, particularly
during epididymal transit. At this stage, spermatozoa go through large-scale
changes, including remodeling of the plasma membrane and nuclear material,
installment of the signal transduction and enzymatic machinery essential to the
completion of capacitation and hyperactivation [13]. Inoperable at this stage of
maturation, some surface proteins are released while others, mainly novel proteins,
get strongly attached and rearranged onto the plasma membrane [14—16].

Unlike somatic cells, histone packing is not sufficient to maintain the biochemical
integrity of the genetic material stored in spermatozoa. The reason is spermatozoa
are deficient in the preventative and DNA repair systems that are usually found in
other somatic cells [17]. Therefore, additional forms of stability are required to
ensure that nuclear genome contained within a spermatozoon’s chromatin entangle-
ment does not get damaged during the migration from the caput to epididymis
cauda. This unique form of stability is achieved through the oxidation of the thiol
groups present in protamines, which are small nuclear proteins that eventually
replace histones in the process of spermiogenesis, producing particularly strong
disulfide bonds between cysteine residues. The formation of disulfide bonds occurs
in the epididymis cauda, where spermatozoa are stored prior to ejaculation [18].
As a matter of fact, regulatory redox mechanisms that produce ROS have shown to
be implicated in the proper chromatin packing of multiple mammalian species,
including humans [18]. Approximately 98.5 % of the cysteine residues present in
human spermatozoa are found in the oxidized form. ROS contribute to the genera-
tion of the disulfide bonds by acting as oxidizing agents providing oxidative power
[19]. Mature spermatozoa located in the epididymis cauda were found to produce
ROS as indicated by an extemporaneous luminol-peroxidase signal [20].

Moreover, the contribution of ROS, particulary peroxides, in the formation of the
protective mitochondrial covering, known as the “’mitochondrial capsule”, has been
confirmed. If this capsule is not formed correctly, a marked impairment of cellular
function, predominantly relating to power generation, will be noticed [21]. Peroxides
exert an oxidizing influence on an enzyme known as phospholipid hyperoxide
glutathione peroxidase (PHGPx). The product of this oxidation reacts with a protein
thiol group, forming a selenedisulfide bond.
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3.1.1.2 Sperm Capacitation

Capacitation has been recognized as one of the crucial sperm maturation events
taking place inside the female genital tract. During capacitation, spermatozoa
acquire a status of hyperactive motility, also known as hyperactivation, which is
accompanied by an increase in the cellular responsiveness to chemotactic signalling
[22]. It normally takes place as a post-ejaculatory phase, optimizing the spermato-
zoa’s fertilizing capacity. This process ensures that only viable and mature sperm
reach the oocyte. The molecular background of capacitation includes cellular
changes on a large scale, namely, an efflux of cholesterol, influxes of HCO;™ and
Ca*" ROS generation, increase in cAMP, pH, protein phosphorylation (Ser/Thr and
Tyr) and membrane hyperpolarization [23, 24]. Currently, the most frequently used
in vitro method to distinguish between capacitated and non-capacitated sperm is by
assessing the spermatozoa’s ability to undergo the acrosome reaction (AR). It has
been found that the AR can be induced by Ca?* ionophore A23187, progesterone,
zona pellucida (ZP), and lysophosphatodiylcholine (LPC) [25].

Hyperactivation is generally regarded as a marker of capacitation. Hyperactive
spermatozoa demonstrate a unique pattern of motility characterized by an overall non-
linear motility. They also experience a considerable lateral displacement of the head
together with elevated amplitude, asymmetric flagellar movements. This type of
motility provides spermatozoa with the sufficient propulsive force necessary to pene-
trate the cumulus cells and zona pellucida surrounding the oocyte. Although hyperac-
tivation is essential for fertilization, it is not as important for the AR. Hyperactive
spermatozoa are unlikely to exhibit substantial stagnation in the female oviductal epi-
thelium, thus facilitating progressive movement. There have been studies suggesting
that progesterone secreted at the zona pellucida of an oocyte might initiate the bio-
chemical cascade of hyperactivation [26]. Nevertheless, the biochemical background
regarding hyperactivation is yet to be fully elucidated. Despite of that, some notable
cellular breakthroughs have been reported. These include: a rise in cAMP activity and
pH [26], fluxes of HCO;™ [23], an elevation in the concentration levels of intracellular
calcium (Ca?? [27, 28] and increased production of ROS [29].

In order to illustrate the physiological role of ROS more clearly, spermatozoa
were incubated with minimal levels of H,O,. This eventually stimulated the initia-
tion of capacitation, thereby increasing the overall rate of sperm-oocyte fusion [30].
This experiment relied on sperm hyperactivated motility and the readiness to
undergo the acrosome reaction in response to exposure to the A23187 calcium iono-
phore [31]. Likewise, extensive research has been carried out to identify the physi-
ological role of ROS during capacitation. The presence of ROS plays an essential
role in amplifying the numbers of P-Tyr proteins, mainly those with a molecular
weight of around 100 kDa [32, 33].

Itis generally believed that H,O, is central to the process of capacitation, whereas
O, mainly acts as a regulatory molecule for hyperactivation [34]. On the contrary,
physiological levels of hydrogen peroxide seems to have a minor impact on acro-
some reaction [34, 35]. Superoxide anion has also similar effects, albeit to a slighter
extent compared to H,0O, [29, 36].
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Nitric oxide (NO), which is a type of RNS, has been found to enhance capacita-
tion specifically in the female reproductive system. When catalase, which converts
hydrogen peroxide to hydroxide radical is added to a sample where sufficient NO is
available, capacitation is promptly prevented, thus indicating that the NO-induced
effects are achieved through complex mechanisms involving hydrogen peroxide.
Further proof is that cAMP, a nucleotide greatly involved in the biochemical frame-
work of capacitation, gets severely depleted whenever ROS scavengers or nitric
oxide synthase (NOS) inhibitors are present [37].

As for hyperactivation, studies report that O,~ performs the most fundamental
role in regulating hyperactive motility, but the effect of H,O, varies depending upon
the concentration used. When ROS were generated via an array of distinctively
different methods, including the administration of fetal cord serum (FCS), fetal cord
serum ultrafiltrate (FCSu), and xanthine +xanthine oxidase (X +XO), results sup-
porting the role of superoxide were obtained [28]. O, has been found to be pur-
posely helpful in vivo, because hyperactivation was swiftly inhibited in the presence
of SOD mixed with FCS or even FCSu [38]. As the case is with capacitation, the
completion of hyperactivation cannot take place without phosphorylation of some
certain proteins. A prime example of these is the A-kinase anchoring protein, other-
wise known as AKAP. This protein acts to bind the protein kinase A to the fibrous
sheath of a spermatozoon [39].

The protein kinase A (PKA)-dependent pathway is thought to regulate the pro-
cess of capacitation. The process is initiated by influxes of calcium and bicarbonate
ions, which enter the cell due to the inactivation of a unique type of plasma mem-
brane channel, known as ATP-dependent Ca** regulatory channel (PMCA) [37].
The entire ROS dependent capacitation cascade is sensitive to high pH [40]. One
study showed that removing HCO;~ from an incubating medium blocks ROS gen-
eration. The increased levels of calcium ions, together with ROS activate the down-
stream amplifier molecule adenylate cyclase (AC), which acts on ATP converting it
to the nucleotide cyclic adenosine monophosphate (cAMP). It is worth noting that
O, is specifically implicated in activating AC by oxidizing a thiol group. The raised
cAMP levels promote PKA activity that triggers Ser/Thr phosphorylation, which is
linked to both the activation of protein tyrosine kinases (PTKs) and inhibition of
protein tyrosine phosphatases (PTPs). PKA activation is also associated with the
stimulation of NADPH oxidase, an essential ROS-generating enzyme. PTKs phos-
phorylate tyrosine residues located in the fibrous sheath of spermatozoa. Where
superoxide is hypothesized to directly promote tyrosine phosphorylation, H,O,
seems to work indirectly by activating PTKs and inhibiting PTPs [37].

3.1.1.3 Acrosome Reaction

The acrosome reaction (AR) is characterized by the release of proteolytic enzymes,
mainly acrosin and hyaluronase, and modification in the anterior part of the head,
which facilitate sperm movement through the cumulus oophorus and subsequent
sperm-oocyte fusion. This process takes place immediately after capacitation [9, 23].
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In vivo, the AR starts when the ZP3 ligand on the oocyte binds to the sperm
plasma membrane, perhaps with some progesterone assistance [41]. ROS were
shown to increase sperm affinity to ZP3 ligand, possibly through the increased
expression of complementary receptors on sperm plasma membrane, including
phosphorylation of three specific plasma membrane proteins on the sperm head,
fertilin beta, spermadhesin family, and P47 [42].

In vitro, AR can be initiated by sperm incubation with recombinant zona pellu-
cida glycoprotein 3 (ZP3), progesterone or ROS, but reports are mixed. In one
study involving both normozoospermic and oligozoospermic individuals, low to
moderate levels of free radicals (above 17.46 counts/viable spermatozoa) were
found to be associated with mature spermatozoa. On the contrary, high levels of
ROS in the seminal plasma were associated with low numbers of viable mature
spermatozoa. Whereas no clear relationship between the level of free radicals and
the action of the acrosomal enzymes, particular acrosin, has been found by some
investigators [43], others have reported that adding ROS to incubation media acti-
vates the AR [44, 45]. Furthermore, O,’, H,0, and even NO were able to exert posi-
tive influences on the AR, provided they were present in low concentrations
[46-49]. Hydrogen peroxide seems to have a positive effect on AR whereas adding
catalase has an opposite effect.

Collectively, these results suggest that ROS are implicated in the AR in vitro, but
the exact mechanisms involved have not been fully elucidated [30, 35, 44]. Since both
capacitation and acrosome involve tyrosine phosphorylation of certain proteins, such
as those with molecular weights of 70, 76, 81 and 105 kDa, it has been suggested that
there must be a common chemical pathway regulating both capacitation and acrosome
reaction [47].

As far as the cellular mechanisms of AR are concerned, an influx of Ca®* ions
(coming from the acrosomal calcium store and extracellular compartment) into
the cytosolic compartment is thought to initiate the overall process [50]. It has
been speculated that ROS generated through enzymatic action might induce this
influx of calcium ions. A possible pathway might involve NADPH, which is pres-
ent at the plasma membrane level, converting normal diatomic oxygen to the
highly reactive superoxide radical [51]. The next step in the AR would be the
cleavage of phosphatidylinositol-4, 5-biphosphate (PIP2) forming diacylglyercol
(DAG) and inositol triphosphate (IP3). IP3 activates actin-severing proteins,
which then break actin threads that are located in the intermembrane space
between the plasma and acrosomal membranes, causing the fusion of the two
membranes. The acrosomal material is exocytotically released afterwards.
Subsequently, DAG galvanizes a special type of protein kinase, known as protein
kinase C (PKC) which causes an additional influx of calcium through the plasma
membrane Ca®* ATPase channel. DAG also activates (via phosphorylation) a
unique type of fatty acid hydrolase referred to phospholipase 2 (PLA2), which
cleaves the second carbon of the triacylglyercol molecule liberating a membrane
fatty acid. This aims to increase the plasma membrane fluidity in preparation of
successful sperm-oocyte fusion [52].
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3.1.1.4 Sperm-oocyte Fusion

After AR, sperm-oocyte fusion takes place. This step involves plasma membrane
fluidity that is dependent upon a high polyunsaturated fatty acid content and activity
of phospholipase A2. It has been suggested that O, generated by sperm may act as
a membrane phospholipase. As a result, there is an increase in the levels of lyso-
phosphatidylcholine—a fusogenic type of lysophospholipid kinked with the AR
[53]. Others have demonstrated that superoxide anion can activate phospholipase
A2 (PLA2), which in turn promotes the release of plasma membrane lysolipids
similar to the process of AR itself [54, 55].

The association between increased levels of ROS and sperm-oocyte fusion has
been confirmed by Aitken et al. [52, 56]. A pronounced increase in sperm-oocyte
fusion was observed in spermatozoa exhibiting major tyrosine phosphorylation,
which suggests that the events accompanying capacitation and AR are related to the
ones involved in sperm-oocyte fusion. ROS, typically H,O, and O,~, have been
shown to increase fertilization rates [30, 50, 52]. Notably, addition of SOD or cata-
lase is associated with a marked reduction in fusogenicity.

Likewise the activation of phospholipase A2, de-esterification of membrane
phospholipids is also important for increasing membrane fluidity [57]. Phospholipase
A2 activity is significantly reduced by dephosphorylation. ROS are proposed to
inhibit PTPases, thus enhancing PLA?2 activity [58]. A more direct optimization
mechanism might be the fact that ROS activate PKC via the action of protein tyro-
sine kinase. PKC is known to phosphorylate phospholipases, which subsequently
triggers an augmented PLA?2 activity [41, 59, 60].

An additional contribution by ROS is chemotaxis during the migration of
spermatozoa towards the oocyte in the female genital tract, as a response to the
secretion of progesterone by the cumulus oophorus cells. Chemotaxis is not just
confined to the presence of progesterone, but could also be initiated by follicular
fluid. Sanchez et al. carried out an experimental study aimed to determine the role
of ROS in mediating chemotaxis. Specimens were divided into four treatment con-
ditions: (1) spermatozoa in BWW medium (as a control), (2) spermatozoa where
0.1 ROS-producing 0.1 mM phorbol 12-myristate 13-acetate (PMA) was added, (3)
spermatozoa where H,0O,-scaveging catalase was applied, and (iv) a final prepara-
tion with both catalase and PMA. The outcome measures were capacitation status,
ROS-production, and most importantly, chemotaxis level. All three parameters were
examined at time zero and after 3 h of incubation under conditions facilitating the
occurrence of capacitation [61].

At time zero, there was no remarkable change in the chemotaxis of the cultures
under PMA treatment or PMA and catalase treatment. However, the treatment con-
taining catalase revealed a significant fall in the level of chemotactic spermatozoa.
At the end of the 3-h incubation period, spermatozoa treated with PMA were shown
to have become less responsive to the chemoattractant compared to the other groups.
The same culture was significantly more sluggish in responding compared to time
zero. Adding catalase seemed to have reversed that effect, with respect to the results
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at time zero. These experimental results suggest that there must be some sort of
physiological gateway of ROS at which they assist chemotaxis. Beyond that point,
ROS result in oxidative stress which in turns cause the downfall of chemotaxis.

3.2 Conclusion

ROS are not strictly harmful to male reproductive health. On the contrary, ROS are
currently regarded as essential for the proper maturation and formation of healthy
sperm, provided ROS are within so-called physiological ranges (Fig. 3.1). The pro-
posed mechanism of action for ROS-related physiology is that ROS mediate the
oxidation-reduction of thiol-groups, which controls the activation of AC, cAMP,
and many other biochemical intermediates further downstream. ROS have been
involved in strengthening DNA integrity by enhancing chromatin stability and for-
mation of the mitochondrial capsule by facilitating the creating of disulfide bonds.
Hydrogen peroxide has been considered the major type of ROS to sperm physiol-
ogy, including capacitation and AR, whereas superoxide anion is primarily involved
in hyperactivation. At present, not all mechanisms in the ROS-mediated sperm
maturation have been elucidated.

3.2.1 Physiological Roles of ROS in the Female Reproductive
System

3.2.1.1 Follicular Development

During the follicular phase of the menstrual cycle, a number of primordial follicles
undergo development and maturation, and this process often results in one or more
dominant mature follicles. These dominant follicles are the only ones destined for
ovulation; other follicles that start to develop during the follicular phase will eventu-
ally undergo follicular atresia. Follicular atresia is influenced by three factors: loss
of sensitivity to gonadotropic hormones (mainly FSH), loss of steroidogenic func-
tion and lastly mediation of ROS [2, 62].

Follicular angiogenesis is induced by hypoxia of the granulosa cells; a vital pro-
cess for follicular growth and development [63]. ROS act as signal transducers or
intracellular messengers of this angiogenic response [64]. The source of ROS in the
follicular fluid is currently unknown, but it has been speculated that ROS might be
generated by the oocyte itself, granulosa cells as well as endothelial and thecal cells.
The theca interna is richly vascularized, thus providing a gateway for the passage of
factors from the circulation into the follicular fluid [65]. Furthermore, follicular
fluid is known to contain cytokines, neutrophils and macrophages, all prominent
ROS sources [66]. The ovary initiates defensive mechanisms for detoxification and
protection against ROS. These include enzymes such as catalase and superoxide
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Fig. 3.1 Physiological roles of ROS include maturation, capacitation, hyperactivation, the acro-
some reaction and sperm-oocyte fusion. Pathological roles of ROS include lipid peroxidation,
DNA damage and apoptosis
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dismutase, antioxidants such as vitamins C and E [67], carotenoid lutein [68] and
the peroxidase cofactor reduced glutathione [69]. It has been suggested that a cor-
relation between poor oocyte quality and abnormally low amounts of ROS in fol-
licular fluid exists [66]. The free oxygen radical and related metabolites play
essential roles in the cellular metabolism, prompting the breakdown of follicular
walls for ovulation to occur [66].

3.2.1.2 Ovarian Steroidogenesis

Steroid hormones greatly influence the production of ROS in the uterus [70]. In the
presence of estradiol, uterine weight increases along with a 200-fold increase in per-
oxidase activity [71]. This increase is largely due eosinophils present in the leukocyte
infiltrate, which provide a substantial amount of peroxidase [2]. The function of per-
oxidase is to ensure to the uterus an antibacterial environment [72]. Peroxidase also
regulates the levels of estrogen through a negative feedback mechanism [73].

The apical plasma membrane of the endometrial epithelium hosts NADPH oxi-
dase, which is responsible for dismutation of superoxide anion. This, in turn, results
in the production of hydrogen peroxide which is the major source of peroxidases
[74]. Hydrogen peroxide plays a role in generating prostaglandins through enzy-
matic mechanisms, catalyzed by cyclooxygenase [75], as well as non-enzymatic
pathways [76].

Arachidonic acid is an unsaturated fatty acid that serves as the main precursor of
a family of lipid compounds called eicosanoids. Eicosanoids possess hormone-like
properties and provide a very wide range of other compounds, such as prostaglan-
dins. Once oxygen is added to arachidonic acid, cyclooxygenases produce different
prostaglandins, including PGF,, which play essential roles in chemotaxis, implan-
tation as well as degradation of the corpus luteum [2]. Phospholipase A2 is a
calcium-dependent enzyme, which acts on the phospholipids in the membrane to
produce arachidonic acid. Phospholipase A2 activity can be enhanced by lipid per-
oxidation and inhibited by antioxidants [77, 78].

3.2.1.3 Ovulation

Ovulation is frequently compared to an acute inflammation given it includes vas-
cular swelling, a buildup of immune cells and the immediate production of prosta-
glandins [2]. Superoxide levels increase when ovulation takes place. Conversely,
LH causes a temporary increase in SOD activity during ovulation [67]. Leukocytes
located around pre-ovulatory follicles are a potential source of ROS during ovula-
tion [79]. Interestingly, ovulation is significantly impaired in the presence of SOD
[80]. It has been hypothesized that free radicals cause membrane damage which
initiate the production of prostaglandins through the cyclooxygenase system by
activation of phospholipases. These prostaglandins are essential for ovulation to
occur.
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Oxygen free radicals induce OS in the ovarian follicles, which elicit apoptosis of
granulosa cells and instigates ovulation, whereas ROS scavengers have an inhibitory
effect [81, 82]. Indomethacin inhibits cyclooxygenase activity, thus also inhibiting
ovulation [2]. A rise in LH levels activates polymorphonuclear (PMN) cells, which
leads to an increase in ROS production in the ovary. PMN cells exhibit LH receptors;
these can facilitate oxygen production as soon as they are activated [83]. Oxygen
plays various physiologic roles during ovulation.

3.2.1.4 Corpus Luteum
Formation

Following ovulation, granulosa and thecal cells differentiate to give rise to the corpus
luteum. The corpus luteum is a temporary endocrine gland responsible for progester-
one and estradiol secretion [70]. LH exhibits luteotropic action in the maintenance of
a high level of vitamin E in the corpus luteum. On the contrary, LH has been shown to
cause a remarkable drop in the level of ascorbic acid in the corpus luteum [84]. Due
to the presence of high levels of antioxidant vitamins, it has been suggested that ROS
might have functional significance in the corpus luteum [2].

An association between ROS and progesterone has also been suggested.
Progesterone seems to have the ability to modulate ROS generation. Low ROS levels
exert luteotropic effects and maintain the corpus luteum. During the formation of the
corpus luteum, the level of antioxidants increases and ROS activity decreases [1].

Luteolysis

If pregnancy does not occur, the corpus luteum undergoes luteolysis [70]. This pro-
cess involves two changes: halting the progesterone secretion which is also referred
to as “functional luteolysis”, and modifications in the structure of the corpus luteum
as degeneration of cells takes place [85]. In addition, a decrease in the activity of
SOD occurs coupled with an increase in ROS; this serves to exert luteolytic effects
on the CL [1]. This instant increase in the level of ROS triggers the expression of
cyclooxygenase-2 (COX-2), which leads to activation of nuclear factor-kappa B
(NF-kB) and a successive stimulation of PGF,, synthesis [86]. PGF,, prompts luteal
cells as well as phagocytic leukocytes to produce superoxide anion [87, 88].
Action of PGF,, inhibits the formation of cAMP by LH [85]. Depletion of ascor-
bic acid and lipid peroxidation occur within 2 and 4 h after treatment with PGF,,,
but interestingly enough, both returned to their normal physiological concentrations
after 24 h. Since ascorbate plays a role in synthesis of collagen, ascorbic acid deple-
tion might be correlated with structural luteolysis [89]. PGF,, boosts production of
hydrogen peroxide while simultaneously decreases the level of progesterone in rat
luteal tissue [90]. It is worth noting that the action of PGF,, applies to most species,
but primates are an exception. The factors responsible for triggering luteolysis in
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humans are currently unknown, even though a number of studies proposed that
hydrogen peroxide generation performs some sort of luteolytic function [2].

During luteolysis, a decrease in luteal blood flow occurs and this initiates activation
of the xanthine-xanthine oxidase system, a system responsible augmenting the
production of ROS and causing tissue damage [91]. This system generates superox-
ide anion that is not very reactive compared to other radicals. However, it can still
inhibit LH stimulation of progesterone secretion induced by cAMP as well as cAMP
synthesis, which appear to be due to G-protein uncoupling mechanisms [92, 93].
One of the other functions of the superoxide anion is its ability to activate phospho-
lipase A2 which plays a role in production of arachidonic acid [54].

Hydrogen peroxide is vital in regression of the corpus luteum. It instantly inhibits
LH-dependent cAMP and progesterone production and is responsible for depletion of
ATP within the cells. This breakdown of ATP is primarily the result of peroxide-induced
DNA damage [93]. Translocation of cholesterol across the outer mitochondrial mem-
brane is a rate-limiting step in which it is metabolized into progesterone. Hydrogen
peroxide inhibits this step and therefore blocks steroidogenesis [94]. The effect of
increased lipid peroxidation by hydrogen peroxide has a physiological role because its
subproducts can enhance phospholipase A2 activity thus leading to an increased produc-
tion of prostaglandins [76, 95]. This suggests that H,O, might actually be part of a
positive feedback mechanism related to ROS induction and synthesis of PGF,, [70].

The origin of hydrogen peroxide in the ovary remains elusive. Since H,O, is
critical in luteolysis, its suppression must play a role in prevention of regression of the
corpus luteum, and this is required for the maintenance of early pregnancy [2]. For
example, adenosine expresses progonadotropic actions in ovarian cells [96] and this
can inhibit the production of ROS by neutrophils when exposed to catalysts like the
colony-stimulating factor [97]. In addition, the ovary produces transforming growth
factor-p which has the ability to deactivate macrophages and diminish the respiratory
burst [98]. Research has shown that a-interferon can antagonize the effect of
y-interferon, which usually activates the respiratory burst in macrophages [99].

3.2.1.5 Maintenance of Pregnancy

Despite the fact that ROS are considered waste products of metabolic oxidations,
small concentrations might in fact participate in physiological signaling pathways
in the embryo [100]. ROS play a role in signal transduction and have the ability to
exert vasoactive effects on the placenta [101]. Decidual macrophages are involved
in the regulation of apoptosis during the process of implantation. This is necessary
for invasion of the developing embryo during pregnancy [102]. When exposed to
bacterial lipopolysaccharides, decidual macrophages produce superoxide anion and
TNF-a -an inflammatory cytokine- and these actions are thought to play a role in
protecting the fetus against intrauterine infections [103]. Recent studies have shown
that oxidative stress and hypoxia trigger normal placental apoptosis of the tropho-
blast. These conditions are vital for growth and development of the embryo and
placenta [5]. Conversely, a high level of oxidative stress has disastrous effects on
pregnancy. During the early stages of placental development, a high level of
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oxidative stress has been linked to miscarriage, intrauterine growth restriction, pre-
eclampsia and embryo resorption [101]. Early human pregnancy failure has been
associated with defective placental antioxidant systems [104].

3.2.1.6 Parturition

In conditions of high metabolic demand, ROS levels are known to increase remark-
ably in humans [1]. During parturition, neutrophils and monocytes invade uterine
tissues as part of an inflammatory event which takes place in humans and animals
[105]. When an increased expression of cytokines in the myometrium and cervix
develops during labor, migration of leukocytes to the site of inflammation is actively
enhanced [106]. These leukocytes are responsible for producing superoxide anion by
combining hypoxanthine with xanthine oxidase, which triggers a rise in intracellular
calcium thus leading to myometrial contraction [107]. H,O, acts as a contractile
agent on smooth muscles, participating in a number of mechanisms including the
opening of Ca’* release channels as well as the reuptake of Ca?* in the sarcoplasmic
reticulum, and modulating myofibrilar Ca?* sensitivity [108]. Therefore, the process
of labor can be thought of as a positive feedback system involving ROS and mediators
of inflammation (prostaglandins and cytokines) [109, 110].

Before parturition can take place, serum concentrations of progesterone are
reduced and levels of estrogen are elevated. Estrogen boosts ROS generation through
pro-inflammatory actions, bringing about metabolic and enzymatic changes.
Together, ROS and estrogen enhance myometrial contractions and uterine involu-
tion, which is essentially the shrinkage of the uterus after childbirth [110]. During the
last phase of gestation, a tremendous increase in the enzymatic antioxidant reserve
takes place in order to prepare for life in an oxygen-rich environment [111].

3.3 Conclusion

ROS participate in development of follicles, ovarian steroidogenesis and ovulation,
breakdown of the corpus luteum and maintenance of pregnancy. Because their
actions are transient, experimental tests remain complex and challenging. Future
perspectives would include setting a more accurate cut-off value differentiating
physiologic from pathologic levels of ROS in different organisms, and how this can
affect reproductive health and fertility.
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Chapter 4
Negative Effects of Oxidative Stress (OS)
on Reproductive System at Cellular Level

Rakesh Sharma, Shubhadeep Roychoudhury, Rakan Alsaad,
and Fares Bamajbuor

4.1 Introduction

There are multiple physiological processes occuring at the cellular as well as at the
molecular level in the reproductive system. They are important in maintaining the
homeostatic balance between various ions; and such balance is essential for pre-
serving the quality of both the sperm and oocyte. Disturbance in this may lead to
infertility and oxidative stress (OS) is believed to be the major culprit [1].

Reactive oxygen species (ROS) are generated as byproducts of oxygen metabo-
lism. They usually contain at least one unpaired electron and play important physi-
ological roles. Antioxidants, on the other hand, help in combating ROS by converting
these highly reactive metabolites into water and molecular oxygen. The state
when there is an excess in ROS related to antioxidants results in OS [2].

OS has a negative impact on several male physiological parameters and processes
such as motility, morphology and concentration at the cellular level [1, 3]. It can
cause cellular damage [4], DNA damage, and other deleterious effects [2] on both
male and female reproductive systems. Similarly, high ROS levels in the various bio-
logical windows such as follicular fluid, peritoneal fluid and hydrosalpingeal fluid
have all been reported to have adverse impacts on fertility. These microenviron-
ments are essential in creating an ideal environment for nurturing oocytes and the
resultant development of competent and mature oocytes that are necessary for suc-
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cessful reproductive outcomes. Alterations in these fluid windows can lead to abnor-
mal reproductive processes and affect the follicle quality [5].

This chapter discusses the negative effects of OS on male and female reproductive
systems and fertility, focuses particularly on the effects at the cellular level.

4.1.1 Negative Effects of Oxidative Stress in Male
Reproductive System

4.1.1.1 Sperm Parameters
Sperm Concentration

One of the most common semen abnormalities is that of low concentration (<10 x 10°
sperm/mL), which is known as oligozoospermia, and it is a main contributor to male
infertility [6]. The reasons behind oligozoospermia are numerous; which include
inefficient spermatogenesis, smoking, fever and use of recreational drugs.
Oligozoospermia can also result from testicular trauma, chromosomal disorders and
hormonal imbalances [7]. Recent studies have shown a strong correlation between
ROS levels and the sperm count [6, 8-10]; where oligozoospermic men produce
higher levels of ROS [9]. The exact mechanism of oligozoospermia is not well under-
stood even though it has been suggested [11-13] that chromosomal abnormalities
may play a role [9, 11-13]. Another relationship seen with increasing levels of ROS
is an increase in apoptosis of mature spermatozoa, resulting in oligozoospermia
[14, 15]. As apoptosis continues, DNA damage caused by ROS accelerates apoptosis
of the germs cell and leads to a further decline in sperm count [5].

Sperm Motility

Acquisition of motility is critical for spermatozoa to swim towards the oocyte and
fertilize in the female reproductive tract after insemination. The sperm motility is
generated by axoneme, a highly organized structure that composed of more than
250 proteins. It occurs after the proteins undergo tyrosine phosphorylation, a crucial
modification process in the regulation of flagella motility [16].

OS is one of the most common factors known to affect sperm motility. It can occur
due to many reasons such as a defect in the mitochondrial ultrastructure, which was
found to be related to decreased sperm motility in oligozoospermia. Alteration in the
expression of mitochondrial proteins was also found to cause an impairment of sperm
parameters as seen in asthenozoospermic men (motility <40 %), as this can disrupt the
phosphorylation of proteins responsible for motility [17].

Increased ROS levels can also lead to lipid peroxidation (LPO), which results in
oxidation of polyunsaturated fatty acids in the plasma membrane and the formation
of malondialdehyde (MDA), a reactive aldehyde [18]. In asthenozoospermic and
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oligoasthenozoospermic men, significantly high levels of MDA were observed and
the motility impairment was attributed to changes in membrane fluidity brought by
oxidation [19-22]. It has been shown that MDA can lead to activation of the caspase
cascade and externalization of phosphatidylserine, leading to apoptosis [22].
Furthermore, the addition of lipid aldehydes such as 4-hydroxynonenal (4-HNE)
and acrolein, the simplest unsaturated aldehyde, causes a dose-dependent loss of
both total and progressive motility (Fig. 4.1) [23]. A dose-dependent decline in
motility was reported in spermatozoa treated with hydrogen peroxide. These effects
clearly show that oxidative stress has an impact on the sperm motility [24].

Sperm Morphology

Normal range of spermatozoa morphology values along with other semen parameters
have been lowered in the past few decades [25]. The average value for normal sperm
morphology is about 4 % [26]. In a study of men with good sperm motility and
concentration but poor morphology, it suggested that the sperm morphology best
reflects its fertilization potential.

Most of the morphological abnormalities have been reported to be caused by
genetic and chromosomal abnormalities such as aneuploidy of the sex chromo-
somes [27]. However, OS can also cause morphological defect in the spermatozoa,
impairing its fertilizing ability [28]. A study showed that increased proportion of
spermatozoa with mid-piece defects had increased production of ROS [29]. These
mid-piece defects have been negatively correlated with in-vitro fertilization rates
[30]. The presence of excessive cytoplasm has been speculated as the cause of such
ROS production [31].

Fig. 4.1 The effect of lipid Sperm lipid membrane
peroxidation of 4-HNE on A aaan G
sperm motility
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+ Total motility
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Furthermore, Agarwal et al. showed that men with normal white blood cell levels
and normal spermatozoa parameters but manifesting teratozoospermia (abnormal
sperm morphology) displayed increased production of ROS [28]. This further sug-
gests abnormal morphology of spermatozoa contributes to infertility by increasing
ROS production.

Apart from mid-piece defects, it has also been shown that OS can cause amorphous
head defect in the spermatozoa [32].

Although these studies have highlighted the correlations between spermatozoa
morphological defects and increased ROS levels, the exact mechanism is not fully
understood and more research is warranted [28, 32, 33].

4.1.1.2 Lipid Peroxidation

Lipid peroxidation (LPO) is a consequence of OS, which leads to the oxidation
of membrane lipid components. This process impairs the fluidity of the cell
membrane, inactivates membrane-enzymes and increases its permeability for
non-specific ions [34].

Spermatozoa are highly susceptible to OS due the presence of high amounts of
polyunsaturated fatty acids in their cell membranes that weakens the methyl carbon-
hydrogen bond [35]. Interestingly, Huszar et al. reported a positive relationship
between creatine kinase activity (which involves in reflecting the degree of cytoplas-
mic extrusion) and the rate of LPO (as measured by MDA formation), indicating that
creatine kinase could be used as a biomarker of OS [36].

4.1.1.3 Mitochondrial Membrane Potential (MMP)

Like all cells, spermatozoa contain mitochondria for various normal physiological
processes. But unlike other cells, spermatozoa mitochondria are physically sepa-
rated in a subcellular compartment known as the mid-piece, which indicates how
crucial and specific its functionality is [37]. The membrane potential of the mito-
chondria is strictly regulated in order for it to function properly [35]. Any disruption
in highly regulated function could cause the disruption and breakdown of the organ-
elle and cell as a whole.

One of the factors that can alter mitochondrial potential is OS, which ultimately
leads to the disruption in mitochondrial homeostasis. It does so by affecting the
mitochondrial membrane potential (MMP), which could depict a negative correla-
tion with functional spermatozoa parameters, such as motility and fertilization
ability. Electrophilic aldehydes that are generated from OS-induced LPO, enter the
mitochondria, inhibit the electron transport chain, results in the leakage of large
amounts of ROS. The ROS then attack the membrane of the mitochondria and
affect its integrity by altering the MMP [22].

MMP can also be affected by spermatozoa released from the germinal epithe-
lium carrying surplus residual cytoplasm as a result of impaired spermatogenesis.
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This retention of residual cytoplasm has been positively correlated with increased
ROS generation and has been suggested to be driven by the cytosolic enzyme
glucose-6-phosphate dehydrogenase [38, 39]. In the event of elevated ROS levels,
lipid metabolism and redox reaction responsible genes are also affected [40]. In a
study on testicular inflammatory disease, it was reported that the MMP showed
marked reduction as a result of the testicular inflammation [41]. Rapid loss of
adenosine tri-phosphate (ATP) due to LPO also causes spermatozoa morphological
defects, and a decrease in viability ultimately decreasing the motility [42, 43].
In contrast, no effect of MMP on spermatozoa motility has been reported, which
further supports that metabolic pathways and processes involved in motility are not
fully understood yet [44].

4.1.1.4 Protein Phosphorylation

The tyrosine phosphorylation of a protein is of high importance, not only because it
plays a role in the activation of specific proteins but also its role in flagellar motility
in the spermatozoa of many species [16, 45]. For example, the spermatozoa axo-
neme, as previously mentioned, is activated by phosphorylation [45-49]. Several
other proteins such as hexokinase and AKAP82, which were found to be phos-
phorylated have also been suggested to be involved in the activation of sperm motil-
ity [50]. The phosphorylation of these proteins usually involves cAMP-dependent
protein kinases [46, 47].

It has been suggested that elevated ROS levels may lead to a decrease in axone-
mal protein phosphorylation and thus, reduce membrane fluidity [51, 52].
Interestingly, RNS, a subclass or ROS cause a toxic effect when they interact with
superoxide anions to form peroxynitrite (Fig. 4.2) [53, 54]. Peroxynitrite and its
breakdown products can induce peroxidative damage and nitrosation of trysoine
molecules responsible for signal transductions [55, 56]. Furthermore, it affects the
kinases and phosphatases used in capacitation, thereby disrupting tyrosine phos-
phorylation and lowering its fertilizing potential [57]. Spermatozoa of infertile
patients fail to undergo tyrosine phosphorylation, and this could suggest that OS has
arole in this impairment, as it is one of the leading causes of infertility [58].

4.1.1.5 Acrosome Reaction

Prior to binding and penetration of the oocyte zona pellucida, the spermatozoa must
be able to undergo acrosome reaction; a process by which proteolytic enzymes are
released from the acrosome in order to facilitate zona pellucida binding and sperm
surface remodeling in preparation for sperm-oocyte fusion [59]. Controlled ROS
levels are required for triggering the acrosome reaction as well as promoting the
binding ability of human spermatozoa with the zona pellucida [44]. However,
excessive amounts of ROS impair membrane dependent processes such as acro-
some reaction and sperm-oocyte fusion [60, 61].
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4.1.1.6 DNA Damage

A healthy and intact spermatozoa DNA is required for fertilization. Any alteration
in DNA structure could alter or lead to loss of function of proteins [62]. An example
would be alteration and deletion in mitochondrial DNA which negatively influence
cellular homeostasis and leads to a decrease in spermatozoa functionality [44].
Spermatozoa and seminal plasma with low antioxidant enzyme levels caused by
homeostatic imbalances have been associated with impaired spermatozoa function
and DNA integrity. This usually occurs when a cell is under OS induced by ROS or
RNS [23, 63].

High concentrations of NO have been found to induce detrimental effects on
mitochondrial and nuclear DNA via deamination, oxidation and nitration [64—66].
Moreover, elevated levels of aneuploidy have been positively correlated with
increased levels of spermatozoa DNA damage, potentially resulting in genetic
abnormalities [67]. Another cause of DNA damage results from LPO induced by
OS, in which the electrophilic aldehydes induce the nuclear DNA damage [22]. The
type of DNA damage could be in the DNA structure as a whole or on proteins at the
molecular level. This occurs in the form of base modifications, deletions, cross-
links or even frame shifts [5]. In addition, RNS can also cause chromosomal rear-
rangements and microdeletions [68, 69]. Also, it has been observed that single
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stranded breaks in the DNA of spermatozoa are a result of OS, while double stranded
breaks are also a result of 4-HNE exposure, a major product of LPO [70].

Although spermatozoa possess the first base excision repair (BER) enzyme for
DNA damage repair, the lack of the second enzyme of the process, oxoguanine
glycosylase (OGG1), is a reason for their susceptibility to OS as this damage can
only be repaired by the oocyte after fertilization [71]. The intrinsic apoptotic path-
way of spermatozoa does not seem to have an apparent increase in DNA fragmen-
tation because the spermatozoa mitochondria, which are a source of ROS
generation, and the nucleus, are in two different physically separated subcellular
compartments [22]. As stated earlier, the integrity and correct DNA modifications
are required for proper fertilization to occur [62]. Sperm DNA damage has been
associated negatively with live-birth rates after IVF [72].

4.1.1.7 Sperm-oocyte Fusion

For sperm-oocyte fusion to occur, a spermatozoon must first penetrate the cervical
mucous membrane in the female reproductive tract to be able to fuse with an oocyte.
The capacity of spermatozoa to fuse with an oocyte is related to their ability to pene-
trate the cervical mucous membrane [73]. Following penetration, the spermatozoon
must be able to undergo capacitation to further activate the cell. This process is trig-
gered only when a spermatozoon detects the ionic and environmental changes in the
female reproductive tract [16].

Like many reproductive physiological processes, capacitation requires a low and
controlled level of ROS for sperm-oocyte interaction by increasing the membrane
fluidity and fusion rates [74—76]. Physiological levels of NO, hydrogen peroxide
and superoxide anions are important in the regulation of tyrosine phosphorylation
that is associated with capacitation [38, 61, 77]. An elevated ROS levels in the geni-
tourinary tract is associated with poor sperm-oocyte fusion. Disturbances such as
OS-induced DNA damage, in either spermatozoa or oocyte integrity, will have an
impact on their functions that will ultimately affect the chances of fusion and thus
fertilization [78, 79]. OS not only damages the DNA but also causes LPO, resulting
in a poor sperm-oocyte fusion and adhesion [19-21].

4.1.1.8 Fertilizing Capacity

Sperm require low (physiological) amounts of ROS for proper fertilizing ability to
occur during capacitation [24]. This occurs when ROS triggers the activation of
adenylate cyclase, increases intracellular calcium levels and phosphorylating pro-
tein kinases rendering them active [47, 80-82]. In a study using in vitro fertilization
(IVF) as a biological end point, hyperactivation was found to be the most critical
single characteristic of sperm movement that predicts the fertilizing potential of
human spermatozoa [83, 84].
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Elevated ROS levels have been associated with abnormal spermatozoa develop-
ment and fertilizing capacity [74]. Henkel et al. examined IVF and ICSI outcomes
in patients with ROS induced spermatozoa DNA damage and showed that the
women had low pregnancy rate [85]. RNS have also been implicated in poor sper-
matozoa function and fertilizing ability [86—88]. Another study showed that sper-
matozoa with a deficiency in superoxide dismutase 1 (SOD1) caused a decrease in
fertilizing ability during IVF procedures. This was attributed to increased LPO,
decreased ATP levels and malfunctioning of tyrosine phosphorylation [89].

Furthermore, a study conducted by Yeung et al. proposed that ROS could have
another positive influence on fertilization capacity [90]. However, another study on
patients with oligozoospermia undergoing ICSI concluded that patients with sper-
matozoa concentration below 10x 10° sperm/mL showed significantly lower fertil-
ization rates [91]. Interestingly enough, some studies suggested the possibility that
excessive antioxidant levels could restrain spermatozoa fertilization capacity by
lowering ROS levels below the physiological levels [92-94]. Despite the known
negative effects of ROS, some studies have proven otherwise, that ROS may not
have any negative impact on IVF and intracytoplasmic injection (ICSI) outcome
[90, 95]. Establishing an ROS cut-off value for fertilization rates and pregnancy
outcomes is still controversial because there is still nonconformity with the study
design and protocols used for ROS measurement [96].

4.1.1.9 Apoptosis

Apoptosis is defined as programmed cell death, which is essential in an organism’s
development [97]. Apoptosis is an important phenomenon for the male germ line in
early development as well as in adulthood [22]; it regulates the germ cell-Sertoli cell
ratio and eliminates damaged germ cells from the seminiferous tubules in response
to stimuli [22].

Any disruption in spermatogenesis will cause the germ cells to default to apop-
tosis, namely the Fas/FasL apoptotic cascade [98]. Sertoli cells regulate the induc-
tion of apoptosis and remove about 50% of the cells during meiosis I of
spermatogenesis by marking them with Fas type apoptotic markers for phagocytosis
and elimination [99—101]. However, defective or abortive apoptosis can cause cells
that are destined to be eliminated to escape apoptosis and get released in the ejacu-
late, leading to abnormalities in the embryo after fertilization [102].

Elevated levels of RNS damage in the mitochondrial membrane induce cyto-
chrome-c release and activate the caspase cascade for initiation of apoptosis [68,
69]. A study observed that increased levels of H,O, in mature spermatozoa had an
increase in the percentage of apoptotic spermatozoa; however, there was no sig-
nificant increase in the percentage of dead sperm [103, 104]. Another study by
Mahfouz et al. showed that addition of H,0, to mature spermatozoa decreased
both apoptotic and dead cells [105]. Although apoptosis is sometimes required
and useful for physiological functions, OS has an impact on spermatogenesis and
transduction pathways of apoptosis. As this process is not fully understood, more
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studies need to be conducted to further explain the mechanism of action and the
pathways involved.

4.1.2 Negative Effects of Oxidative Stress in Female
Reproductive System

4.1.2.1 Follicular Fluid

Follicular fluid provides an optimal microenvironment for the maturation of the
oocyte before fertilization and can influence the IVF outcome parameters such as
fertilization, embryo cleavage, and pregnancy rates [106]. Follicular fluid originates
from the transfer of the blood plasma components, which crosses the follicular-blood
barrier and from secretory contributions by granulosa and theca cells. The fluid
contains steroid hormones, growth factors, leukocytes, cytokines and macrophages.
All of these factors can lead to elevated ROS production [107, 108].

Adequate level of ROS is important in fertilization and implantation. Oxidative
stress, on the other hand, influences the oocyte and embryo quality and thus the
fertilization rate [109]. However, the existing literature regarding the impact of ROS
on reproductive outcomes is controversial. A study done by Jozwik et al. reported
that the concentration of oxidative stress markers such as conjugated dienes, lipid
hydroperoxides and thiobarbituric acid-reactive substances in follicular fluid did not
reflect the reproductive potential of oocytes [110]. In contrast, Attaran et al. reported
higher levels of ROS in women who became pregnant with IVF [107], whereas
Pasqualotto et al. reported elevated follicular fluid LPO in women who became
pregnant versus those who did not [111].

High levels of ROS or low levels of antioxidants can affect oocyte maturation.
SOD, has a crucial role in protecting the oocyte during their maturation phase by
converting superoxide anions to less harmful substances like hydrogen and water
[112]. Higher total antioxidant capacity (TAC) level increases fertilization poten-
tial in women undergoing IVF [113]. Deficiency of selenium-dependent glutathi-
one peroxidase levels has also been reported to result in fertilization failure [114].
This is in agreement with studies conducted on genetically manipulated mice
where a decrease in the litter size and number of litters per month was seen with
deficiency of superoxide dismutase (SOD) level [115, 116]. Persistently elevated
ROS level can ultimately lead to toxic effects on the embryos and impairs cleavage
patterns of the embryos [117]. Borowiecka et al. evaluated the levels of lipid and
protein peroxidation markers in the follicular fluid of patients undergoing
IVE. Oxidative stress markers were examined in pregnant women versus those that
were not. A two-fold increase in levels of protein carbonyl was reported in non-
pregnant women. The study demonstrates that elevated levels of lipid and protein
peroxidation levels in the fluid might have a negative impact on IVF outcome.
Their findings support the idea that increased level of oxidative stress markers in
follicular fluid is an important predictor of fertility outcomes [118].
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Bedaiwy et al. reported higher follicular fluid TAC, fluid ROS-TAC scores and
lower follicular fluid ROS levels were associated with pregnancy after ICSI [119].
Follicular fluid NO concentrations have been negatively associated with embryo
quality and rate of cleavage [120]. Although ROS may serve important physiologi-
cal roles within the ovary, the cyclical production of these damaging agents over
years may lead to a higher cumulative risk of ovarian pathology that would probably
be exacerbated under conditions of reduced antioxidant status [121].

Das et al. examined the effect of ROS on follicular fluid of women undergoing IVF
and related these levels to embryo formation and quality. A favorable effect of ROS on
percentage of embryo formation with ROS levels of up to 100 counted photons per
second (cps) in grade IT and grade III oocytes have been reported and embryo forma-
tion declines at ROS levels higher than 100cps. An overall negative correlation was
reported between higher follicular fluid ROS and embryo quality [122].

Basini et al. reported that oxidative stress did not affect swine follicular growth
although concentrations of hydrogen peroxide, hydroperoxides were significantly
reduced during follicle growth. In addition, these authors reported significantly
reduced concentrations of all enzymatic and nonenzymatic antioxidants levels with
the exception of catalase during follicle development, suggesting that other factors
may be involved in ROS detoxification during follicle development [123]. Similarly,
during follicle maturation, the theca interna cells play an important role in protecting
the developing oocyte from ROS by acting as blood-follicular barrier [124].

Antioxidants block the resumption of meiosis, whereas the generation of ROS
initiates oocyte maturation in the follicle. Similarly, other investigators have shown
that high levels of SOD activity in the follicular fluid are associated with a smaller
success rate of IVF that are characteristic of women of advancing age [125, 126].
A positive correlation between the antioxidant capacity of the follicular fluid and
that are successfully fertilized or augmented steroidogenesis has been reported
[113, 127]. Apoptosis of granulosa cells can induce OS, and negatively affect the
follicle development and result in poor oocyte quality in the presence of endome-
triosis [128].

A recent investigation examining oxidative stress and poor oocyte quality among
women undergoing IVF and embryo transfer indicated that concentration of 8-OHdG
(a measure of DNA oxidation) was significantly greater in the follicular fluid with a
high rate (>30%) of degenerative oocytes [129]. Shaeer et al. measured the OS
markers such as lipid peroxidation (MDA), nitrite/nitrate ratio (NO,/NOj; ratio),
reduced glutathione (GSH), reduced glutathione/oxidized glutathione ratio (GSH/
GSSG ratio) by high performance liquid chromatography (HPLC) in follicular fluid.
The study demonstrates that follicular fluid OS is aggravated in obesity and has a
negative impact on pregnancy outcome of ICSI cycles [130].

Lower follicular fluid concentration of p-carotene with associated lower IVF
success rates has been reported among smokers [131], suggesting that follicular loss
of B-carotene occurs in response to tobacco-related oxidative stress. Both active and
passive smoking may require increased antioxidant requirements [132, 133].

In obese and infertile women, presence of oxidized low-density lipoprotein
(oxLDL) and enzyme antioxidants in the follicles (intrafollicular) may be a
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contributory factor in reproductive disorders [134]. These investigators measured
the concentrations of oxLDL and the activities of superoxide dismutase (SOD),
catalase, glutathione peroxidase and glutathione reductase in the serum and follicu-
lar fluid of obese and non-obese women. A thousand-fold lower level of oxXLDL was
seen in the follicular fluid compared to the levels in the serum. Higher levels were
seen in the catalase activity and not in the SOD levels. Elevated levels of oxLDL in
the follicular fluid of obese women were associated with higher catalase activity
indicating excessive oxidative stress [134].

An association between adverse effects of OS on oocyte meiotic spindle (MS)
assembly have been demonstrated in mouse oocytes [135]. These results corrobo-
rate the findings that non-visualization of MS is fairly correlated with higher follicu-
lar levels of ROS. Women with PCOS were reported to have a number of oocytes
with meiotic spindle visualization and higher mean ROS levels in follicular fluid.
This indicates a poorer oocyte and thus embryo quality in these women, which may
be attributed to an excessive generation of ROS and LPO, and to an impaired anti-
oxidant defense mechanism in follicular fluid of PCOS women. In contrast, women
with endometriosis were observed to have a low follicular fluid oxidative stress
status and good meiotic spindle imaging results, suggesting a possible role of
endometrial receptivity rather than oocyte quality accounting for low pregnancy
rates in these women [136].

In the existing literature, some studies suggest optimum level of follicular fluid
ROS to be a marker for predicting success in IVF cycles [137], others have demon-
strated a toxic effect of high ROS levels in follicular fluid on oocytes and lower
pregnancy rates [113, 138]. Recent studies also indicate high follicular fluid ROS
levels tend to decrease the fertilization potential of oocytes; furthermore, a higher
percentage of good quality embryos were observed corresponding to ROS levels
<100 cps [139].

4.1.2.2 Peritoneal Fluid

Peritoneal environment and associated peritoneal fluid have a complex role in OS
induced female infertility. Reactive oxygen species (ROS) are produced by perito-
neal fluid mononuclear leucocytes in endometriosis patients [140]. Production of
ROS is known to increase after activation of immune cells, especially polymorpho-
nuclear leukocytes and macrophages. Consequently, ROS are likely to be important
mediators in the etiopathogenesis of endometriosis [140, 141].

Murphy et al. reported increased concentrations of oxidized low density lipoproteins
in the peritoneal fluid of women in whom the disease was developing [142, 143].
Oxidative modification of these molecules involves peroxidation of the lipid com-
ponent, which leads to release of aldehydes, such as MDA, and reaction with lysine
residues of proteins [144]. It has been hypothesized that endometriosis is associated
with ROS in the peritoneal and tubal fluid, adversely affecting sperm motility and
function [145], and increasing the growth and adhesion of endometrial cells in the
peritoneal cavity [142, 146]. Sperm motility has been negatively correlated with
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peritoneal fluid volume [147, 148], suggesting the possibility that increased fluid
volume may be a causative factor in endometriosis-associated infertility. Zeller
et al. observed a significant increase in ROS production by resting peritoneal mac-
rophages in peritoneal fluid samples collected during mid-luteal phase of menstrua-
tion in women with endometriosis compared with fertile controls [140]. It is
hypothesized that peritoneal fluid diffuses into the fallopian tubes where it may
cause damage to sperm, as they are known to be sensitive to OS [149]. Peritoneal
fluid of women with idiopathic infertility demonstrated a higher concentration of
ROS compared with fertile controls, but these levels were not significantly different
from women with endometriosis [148].

In the presence of macrophages, cytokines are released in the peritoneal fluid due
to inflammation. Cytokines such as interleukin (IL) 1,2,5,8 and 10 and tumor necro-
sis factor (TNF) may also be implicated in infertile patients with endometriosis
[141]. Significantly lower levels of vitamin E have been reported in the peritoneal
fluid of women with endometriosis, as a result of the increased OS [150]. OS is also
known to be the contributing factor in the formation of intraperitoneal adhesions; one
of the key factors implicated in infertility associated with endometriosis [151].

Peritoneal fluid of women with endometriosis-induced infertility has been found
to have elevated ROS and/or poor antioxidant defense mechanisms [152—154]. While
some studies failed to observe increased OS in the peritoneal fluid of patients with
endometriosis [148, 155, 156], others have reported increased levels of OS markers
in women with infertility [142, 150, 157-159]. High concentrations of MDA,
pro-inflammatory cytokines (IL-6, TNF-alpha, and IL-beta), angiogenic factors
(IL-8 and VEGF), monocyte chemo-attractant protein-1 [160], and ox-LDL [161]
have all been reported in the peritoneal fluid of infertile patients. Pro-inflammatory
and chemotactic cytokines play a central role in the recruitment and activation
of phagocytic cells, which are the main producers of both ROS and RNS [160].
The elevated levels of ROS have detrimental effects on gametes. Mansour et al. dem-
onstrated that oocytes incubated with peritoneal fluid of women with endometriosis
exhibited increased DNA damage [162]. A concurrent study by the same group
showed that even spermatozoa co-incubated with peritoneal fluid of women with
endometriosis exhibited increased DNA fragmentation [162, 163].

Patients with endometriosis tend to have lower pregnancy rates than those with-
out the disease. In addition to the toxic effect on spermatozoa, low oocyte and
embryo quality may be mediated by ROS and this may contribute to the subfertility
experienced by patients with endometriosis [164]. Intraperitoneal administration of
melatonin, a potent scavenger of free radicals, has been shown to cause regression
of endometriotic lesions in rat endometriosis explant models [165—-167] by neutral-
izing OS [168, 169].

4.1.2.3 Hydrosalpingeal Fluid
Hydrosalpingeal fluid (HSF) is fluid that is produced in an inflamed fallopian tube,

either unilaterally, or bilaterally [170]. Hydrosalpinx is caused by occlusion of the
fimbriated end of the fallopian tube near the ovary, and retention of HSF in the site,
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followed by swelling and distension triggers the loss of its anatomical shape and
its functionality. Hydrosalpinx represents a post-inflammatory state of OS. It
exhibits elevated production of ROS and MDA levels and low total antioxidant
capacity [171]. The tubal fluid originating from the hydrosalpinx has been shown in
a murine experimental model to have embryotoxic properties. The development of
blastocysts was inversely correlated to the percentage of hydrosalpingeal fluid
added to the murine two-cell embryo culture when compared with controls without
HSEF. These correlated positively with the production of ROS [171]. Several possi-
ble mechanisms for the embryotoxic properties of the hydrosalpingeal fluid have
been suggested, including presence of microorganisms, endotoxins, cytokines, OS
and lack of nutrients [172].

Bedaiwy et al. hypothesized that blastocyst maturation is dependent on low levels
of ROS in hydrosalpingeal fluid, and increased concentration of the above mentioned
parameters (except LPO, which did not show any significant change) are indicative
of improvement in blastocyst growth [171]. Several research studies have examined
the mechanisms by which the HSF exerts embryotoxicity. Some of the proposed
mechanisms for hydrosalpingeal embryotoxicity include oxidative stress, toxins in
the fluid, altered endometrial receptivity or the embryos are washed away. Chan et al.
reported the mechanistic pathways by which hydrosalpingeal fluid exerts toxicity
using the rat embryo model. They investigated the impact of hydrosalpinx fluid on rat
embryos by assessing the levels of 8-iso prostaglandin f2-alpha levels and protein
content of mouse embryos. They did not find a correlation between higher levels of
OS markers and morphologic abnormalities in the embryos [173]. Bedaiwy et al.
aspirated hydrosalpingeal fluid from 11 infertile women with confirmed hydrosalpin-
ges. ROS and enzymatic TAC (both measured by chemiluminescence), and lipid
peroxidation (measured by TBARS) were quantified. 2-cell mouse embryos were
incubated with 25, 50 or 75% hydrosalpingeal fluid and observed for blastocyst
development. Blastocyst development was inversely correlated with concentration of
hydrosalpingeal fluid. It was demonstrated in embryos cultured in 75 % hydrosalpin-
geal fluid compared to control embryos. Lipid peroxidation was not significantly
related to blastocyst development, and TAC was detectable in only 18 % of samples,
although TAC was at a level unlikely to affect blastocyst development. Blastocyst
development was positively correlated with ROS concentration, but overall low ROS
concentration was suggestive of healthy endosalpinx rather than a concentration
potentially deleterious to the developing embryos [171].

Embryotoxicity is normally associated with the presence of hydrosalpingeal
fluid that is not necessarily caused by an excess of ROS. The excess ROS levels
detected in hydrosalpingeal fluid may originate as byproducts from other natural
physiological processes such as cellular respiration. Higher levels of ROS may also
be generated by the inflammatory response resulting from chronic salpingitis [174].
The definite reasons for embryotoxicity associated with hydrosalpinx are not
completely identified and the recommendations are to surgically remove hydrosal-
pinx before IVE.
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4.1.2.4 Qocyte Quality and DNA Oxidation

A mature competent oocyte is required to achieve fertilization. In order to accomplish
this, the oocyte needs to be nurtured in an optimal microenvironment. Among several
factors attributing to detrimental influences of cellular damage to the oocyte and the
cellular response to protect it, the mechanism of ROS induced damage is important
(Fig. 4.3). 8-Ox0-2'-deoxyguanosine (8-oxo-dG) is one of the products of DNA oxi-
dation, and any increase in its level is indicative of OS [175]. A correlation was noted
between oocyte quality and the level of 8-OHdG in granulosa cells in patients under-
going IVF-ET and ICSI. A negative relationship was reported between fertilization
rates and OS from granulosa cell resulting in increased level of 8-OHdG in both
cumulus and granulosa cells. Similarly, a negative correlation was seen between
8-OHdG and production of good embryos [176]. Higher levels of 8-OHdG have been
reported in patients with endometriosis when compared with other categories of infer-
tility such as tubal factor, male factor and unknown. Bedaiway et al. conducted a study
to find the correlation between the early embryonic development and the level of ROS
in culture media on day 1 after insemination. High level of ROS associated with a low
fertilization were reported in day 1, and low blastocyst rates on day 3, and lower preg-
nancy rates on day 5 day and high embryonic fragmentation rates with ICSI but not
with IVF [120]. Addition of vitamins E and C, especially vitamin C was found to
improve blastocyst development [177]. In another study, LPO levels were examined
and elevated ROS level in follicular fluid did not result in oocyte fertilization support-
ing the hypothesis that higher LPO levels and lower level of TAC result in reduced
fertilization rate due to reduced availability of antioxidants [113].

Guanine is more prone to oxidative damage. Oxidation of guanine leads to the
formation of 7, 8-dihydro-8-oxoguanine (8-oxo-G), which is one of the major oxi-
dative DNA adducts. It is known that 8-0xo-G is considered as a biomarker for OS
in DNA [178]. In a study done by de Carvalho et al., [179] the histological levels
of hydroxyl-2-deoxyguanosine were examined in biopsy specimens from healthy
biopsy specimens including cervix, tubes, uterus, peritoneum, and topic endome-
trium in secretory phase and compared with benign gynecological biopsy tissues
including hydrosalpinges, leiomyoma, adenomyosis and tubal cysts. Oxidative
DNA damage was confirmed in these benign gynecologic disorders by the pres-
ence of high DNA damage as demonstrated by immunohistochemical staining of
8-hydroxy-2-deoxyguanosine. These authors concluded that hydrosalpinges, leio-
myoma, and adenomyosis exhibit the highest amounts of oxidative DNA damage
in the pelvic cavity [179].

Oocyte quality has been assessed by visualization of meiotic spindle and ROS
levels. Aspirated follicular fluid from mature oocytes was examined in study patients
with endometriosis, PCOS and tubal infertility. Following ovarian stimulation
(long stimulation protocol), higher rates of meiotic spindle visualization were seen
in mature oocytes and these were associated with lower ROS levels [180]. Oocytes
with higher rates of spindle visualization yielded good quality (grade 1) embryos
within each subgroup of patients. Disorganization of the meiotic spindles could
result in chromosomal dispersion, failure of normal fertilization, chromosomal
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Fig. 4.3 Illustration of different internal and external factors that could have detrimental effects on
sperm and oocytes

disjunction and karyotypic abnormalities in the embryo. Most studies on microtu-
bular damage of oocytes have documented the sensitivity of the MII spindle to OS
induced by cryopreservation. This increased buildup of ROS results in depolymer-
ization of the microtubules, which are more prone to OS compared with variations
in the chromosomal alignment. This may explain the poor oocyte quality and low
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fertilization and poor pregnancy outcomes both in vitro and in patients with endo-
metriosis. These changes were validated using hydrogen peroxide as an exogenous
inducer of ROS and also with the addition of 200 ng/mL of TNF-a. The effects of
TNF-alpha inhibitors on microtubular structure and chromosomal alignments aimed
at reducing alterations provoked by the cytokine and ROS should be examined cau-
tiously. This is important when studying the potential benefits of combining such
inhibitors with antioxidant(s) in an effort to enhance oocyte quality [181, 182].

4.2 Conclusion

ROS are important factors for a variety of mechanisms occurring in the body. In this
chapter, the negative impacts of OS on male and female reproductive systems at cel-
lular level are elaborated. Elevated levels of ROS and their effects in spermatozoa,
follicular fluid, peritoneal fluid, hydrosalpingeal fluid and oocyte and embryo were
discussed. Imbalance between ROS and antioxidants results in OS, which lead to
damage of lipids, proteins and DNA. The mechanisms involved in such damage along
with their possible consequences at cellular level have all been discussed. There are
still areas regarding the influence of OS on male and female reproductive systems at
cellular level that remain unclear and hence further studies are warranted.
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Chapter 5

Extrinsic Factors Inducing Oxidative Stress
(OS) in Male and Female Reproductive
Systems

Avi Harlev, Stefan S. du Plessis, Deepak Kumar, and Luay AlKattan

5.1 Introduction

Reactive oxygen species (ROS) are free radical and non-free radical oxidizing
agents that play a normal physiological role in the body at low physiological amount
[1]. Biological reactions and mitochondrial processes generate regular amounts of
ROS. In the female reproductive system, ROS plays an essential role in signal trans-
duction pathways and metabolic pathways in processes such as follicular develop-
ment, oocyte maturation, ovulation, implantation, steroidogenesis, and maintenance
of pregnancy. In the male reproductive system, ROS are critical in spermatozoa
capacitation, hyperactivation, acrosome reaction and sperm-oocyte fusion [2, 3].

When ROS increases beyond the physiological levels, overwhelming oppos-
ing antioxidant forces, oxidative stress (OS) results. When this occurs, ROS can
lead to lipid peroxidation (LPO), DNA damage, and OS-induced apoptosis and
autophagy, all of which are harmful to the cells especially in the highly susceptible
gametes [2].

There are many internal and external sources of ROS. This chapter will focus
only on the extrinsic factors. The two main subcategories include lifestyle and
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environment. Under lifestyle factors, we discuss the effects of habits, occupation,
and general health. Under environment factors, we cover pollution, radiation,
and altitude. We will review the impact of these factors on ROS levels and OS in
more detail.

The significance of this review is in its relevance to our daily lives. We all lead a
different individual lifestyle and many of our lifestyle factors and exposures to dif-
ferent environmental conditions may impact our body’s reproductive system
(Fig. 5.1). The main goal of this chapter is to provide an insight into the various
extrinsic factors and the mechanisms by which they induce OS.
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5.2 Lifestyle Factors

5.2.1 Habits
5.2.1.1 Smoking

Cigarette smoking (CS) causes a multitude of adverse corporeal health effects. It can
lead to cardiovascular diseases, respiratory diseases, and cancer. Unbeknownst to
many, smoking has a significantly negative impact on the reproductive health of
both males and females [4]. Smoking is, however, one of the most clinically rel-
evant and manageable OS-inducing extrinsic factors.

CS contains over 4000 chemicals, many of which are toxic, carcinogenic and
mutagenic [4, 5]. Some of these chemicals include polycyclic aromatic hydrocarbons
[such as benzo(a)pyrene, BaP], aromatic amines, and heavy metals (i.e. Cd, Cr, Pb,
Ni) [6, 7]. Smoking affects the body primarily via two mechanisms: inducing
abnormally high ROS levels and/or weakening antioxidant defenses, ultimately
leading to OS and cellular damage [5, 6, 8—10].

Increased ROS Mechanisms

In two similar studies by Gannon et al. [8, 9], CS exposure and its effect on stimulat-
ing the autophagy pathway and dysregulating mitochondrial processes in mice were
explored. Autophagy pathway is described as the breakdown of damaged organelles
or macromolecules by phagosome-lysosome degradation [8]. They demonstrated
that CS was involved in follicular damage, OS induction, autophagy pathway acti-
vation and downregulation of superoxide dismutase 2 (SOD2)’s expression, an
important antioxidant enzyme in the mitochondria, as well as possibly altering
mitochondrial functions. They found three main mechanisms by which CS exposure
induces OS; (1) by increasing the activity of heat shock protein 25, (2) activating
cytochrome P450 enzymes by CS-containing chemical aryl hydrocarbon receptor
(AhR) agonists like BaP, and (3) by increasing leukocytes production. Furthermore,
progenitor cells in smokers also displayed a greater amounts of ROS production [9].
According to Jennings et al., CS interferes with the redox potential of thiols, and
the high nitrogen dioxide (NO,) content in CS induces the production of sulfur-
free radicals, influencing disulfide bridge formation, and leads to oxidative dam-
age [11].

CS contains approximately 10!7 oxidant molecules/puff of smoke, of which a sig-
nificant portion, 10', are ROS. CS occurs in two phases: gas and tar (particulate). A
few studies show that CS gas and tar particles are pro-oxidants that increase LPO of
cellular membranes [12, 13]. In the gas phase, short-lived ROS, such as superoxide
anion and nitrous oxide, exist and react to form the highly reactive peroxynitrite radi-
cal. In the tar phase, long-lived hydroquinones, involved in redox cycle processes, form
superoxide radicals and hydrogen peroxides. Auto-oxidation of hydroquinone and
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catechol, for example, generates hydrogen peroxide (H,0,), which is iron (Fe) cata-
lyzed to highly reactive hydroxyl radicals via Fenton reaction. CS can also stimulate iron
release from ferritin and activate the autophagy pathway, leading to the generation of
ROS [6]. These hydroquinones and peroxides cause oxidative DNA and cellular
damage.

In a study comparing the levels of lipoperoxides (LP) and nitrous oxide (NO) in
smokers and non-smokers, smokers were found to have a significant greater amounts
of LP and NO in the plasma and LP in the erythrocytes compared to non-smokers
[14]. Another related study showed an increase in malondialdehyde (MDA), a
chemical product of the lipid peroxidation of polyunsaturated fatty acids. Regardless
of gender, MDA levels were higher in smokers as compared to non-smokers [15].
These studies further elucidate the generation of ROS in CS.

Mechanisms of Decreased Antioxidant levels

CS exposure decreases SOD?2 activity in the mitochondria of granulosa cells in mice
and that progenitor cells had decreased plasma antioxidant concentrations [8].
Glutathione-S-transferases (GST) are part of the glutathione enzyme family, impor-
tant antioxidant biomolecules. Mai et al. reported that CS causes a decrease in GST
[6]. These lead to OS as both GST and SOD2 are important in counterbalancing the
overpowering pro-oxidants.

Smoking also reduces intracellular and extracellular antioxidant concentrations
of ascorbate, beta-carotene and alpha-tocopherol, a form of vitamin E [16]. Acute
CS exposure shows a decrease in glutathione peroxidase levels (GSH-Px) but sur-
prisingly, chronic exposure increases glutathione antioxidant activity. This increase,
however, is not significant enough to relieve the OS induced [17].

CS is shown to exhaust plasma antioxidants both in vitro and in vivo. Keeping
dietary intake as a control variable among active, passive, and nonsmokers, active
smokers were found to have a lower antioxidant capacity (i.e. lower plasma ascorbic
acid levels). Both side-stream (second-hand or passive smoke) and mainstream
(active or inhaled) smoke decreases antioxidant defenses, particularly in beta-
carotene levels [12, 18]. In another study comparing groups of smokers and non-
smokers, SOD, catalase, glutathione peroxidase activities were measured in
erythrocytes, while vitamin C, E, and beta-carotene levels were monitored in the
plasma. Smokers displayed a significant decrease in SOD, catalase and GSH-Px
activities, as well as in vitamin C, E, and beta-carotene levels relative to non-smokers
[14]. Such compromised antioxidant system may result in OS.

In Hulea et al.’s study, they focused on the effect of age on oxidant and antioxi-
dant levels in smokers and non-smokers. The authors reported that the activity of
SOD and GSH-Px was elevated in smokers from the age of 18—45 and diminished
in smokers from the age of 46—80. This study reveals important information, par-
ticularly for males. It demonstrates that during the ages of 18—45, the antioxidant
defenses may be working efficiently, leading to higher activities of SOD and
GSH-Px, but as the smokers past the age of 45, the defenses are weakened and the
plasma/tissue are under a state of continuous OS [19].
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According to the Second National Health and Nutrition Examination Survey,
smokers are less likely to consume as many fruits/vegetables as non-smokers and
consequently, do not obtain satisfactory levels of these essential vitamins and anti-
oxidants [12]. Furthermore, studies show that dietary antioxidants supplements pro-
vide only limited protection to smokers [20, 21]. Thus, over time, the beneficial
effect of these supplements is diminished and smokers display declining antioxidant
defenses.

Studies have commented on the reverse-effects of smoking cessation on ROS and
OS levels. One study measured oxidative damage via values of known pro-oxidant
inducers and antioxidant capacity. It explicated that after 1 year of quitting smoking,
reformed non-smokers yield values of pro-oxidants and antioxidants that are not sig-
nificantly different from original non-smokers. This data potentially suggests a prom-
ising future health and reproductive capacity in reformed non-smokers [14].

Overall, the association between cigarette smoking and OS is likely exist.
Smoking is harmful to the male and female reproductive systems as it interferes
with vital processes via OS. CS either attenuates antioxidant defenses or stimulates
production of abnormally high amounts of ROS, yielding oxidative damage.
Quitting smoking seems to be the most viable option to restore the body’s OS and
ROS to homeostatic levels.

5.2.1.2 Alcohol

Alcohol consumption is common around the world. Unfortunately, this lifestyle
factor causes unfavorable effects on the health of male and female reproductive
systems [22]. Studies have shown that hormone levels of follicle stimulating hor-
mone (FSH), luteinizing hormone (LH), and testosterone are decreased in alcohol
consumers. Additionally, sperm parameters are significantly reduced in alcoholics
[23, 24]. A study carried out by Maneesh et al. reported that OS was correlated with
an increase in lipid peroxidation byproducts and a reduction in antioxidants, and
possibly led to a reduction in testosterone level [25].

One way in which alcohol induces OS in male and female reproductive systems is
through the production of ROS. ROS is generated in response to alcohol metabolism
by the microsomal ethanol-oxidizing system (MEOS). Ethanol (EtOH) metabolism
also leads to the formation of NADH; hence, augments the electron transport chain
(ETC), which increases oxygen consumption and ROS formation [26-28].
Furthermore, the overproduction of ROS also decreases the activity of the antioxidant
superoxide dismutase (SOD) and lowers glutathione (GSH) levels [29].

The OS induced by EtOH metabolism may activate the oxidation steps of the
Maillard reaction, which increases the production of advanced glycation end prod-
ucts (AGE). The accumulation of AGE is considered to be toxic [30]. When AGE
bind to its receptor (RAGE), it causes an inflammatory state via the transcription
factor NF-kappa B activation and subsequently by cytokine expression [31-36].
Alcohol also speeds up the process of OS by increasing apoptosis, altering cell
structures and damaging tissue; as well as, stimulates the production of free radicals
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from damage to mitochondria in addition to the already weakened antioxidant
defense system caused by alcohol consumption [37-39].

Studies show that the production of AGE can be prevented by supplementations
derived from vitamin B and/or vitamins A, C and E [40—42]. Unfortunately, most
alcohol abusers suffer from diet deficiencies including protective antioxidants [43].
It is agreed among most experts that it is best to avoid more than two drinks a day
to prevent the adverse effects of alcohol abuse.

5.3 General Health

5.3.1 Diet/Undernutrition

The United Nations Food and Agriculture Organization approximated 805 million
of the 7.3 billion people in the world as chronically undernourished in 2012-2014.
The majority of these malnourished individuals reside in underdeveloped and devel-
oping countries [44]. Proper management of diet is essential in maintaining the
physiological processes and preventing the development of OS and hence the sub-
sequent pathologies.

There are two main types of undernutrition: (1) protein-energy malnutrition,
and (2) micronutrient deficiency. Protein malnutrition is considered more detri-
mental because proteins are essential components of normal physiology. The two
kinds of protein-undernutrition are known as marasmus and kwashiorkor.
Marasmus is characterized by rapid weight loss and decrease in total energy intake
of any of the fundamental macromolecules, while Kwashiorkor’s primary onset is
in young children usually between the ages of 1-3 and is differentially character-
ized by edema [44, 45].

Akinola et al., studied the effects of severe malnutrition on OS in rats. They com-
pared rats that were normal (control), marasmus, kwashiorkor and marasmic-
kwashiorkor, a more severe combination. The measured SOD activity was much
lower in rats with marasmic-kwashiorkor compared to the control group and cata-
lase activity was much greater compared to all other groups. This shows that the
antioxidant system has been altered, indicating a potential advent of OS. Because
antioxidants are interdependent, if one or few antioxidant enzymes are affected, the
whole system could be compromised, multiplying the negative effects [45].

Most of the other studies reported similar results; they established the compro-
mised antioxidant defenses due to poor diet and nutrition. An animal study exhibited
that pregnant female Wistar rats that were fed half of their normal diet, ended in
producing offspring with decreased SOD activity and a subsequent increase in super-
oxide anion concentration. This in vivo study suggests that intrauterine undernutrition
could lead to OS [46]. Another study induced protein malnutrition in maternal rats,
the offspring of which had either hypoactive or hyperactive antioxidant enzyme
activity in their pancreatic islets (such as SOD). In this case, SOD activity was
increased without co-activation of catalase and glutathione peroxidase. This lack of
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co-activation could lead to increase in hydrogen peroxide formation. These results
demonstrate that early modifications in antioxidant capacity can engender OS later
on in life [47].

Additional studies in rats have demonstrated the diminished antioxidant defenses
due to poor diet. Maternal protein malnutrition increased xanthine oxidase (XO)
expression and LPO in the islets of 15 month-male offspring. Manganese-SOD
(Mn-SOD), Copper/Zinc-SOD (Cu/Zn-SOD), and heme-oxygenase-1 (HO-1)
activities were reduced [48]. Poor dietary antioxidants intake further weakens the
defense system, leaving the body vulnerable to OS [49]. In babies born small for
their gestational age via maternal malnourishment, an increase in OS and DNA
damage has been reported [50].

One study revealed that plasma concentrations of malondialdehyde-modified
low-density lipoproteins (MDA-LDL) were higher in individuals with low body
mass index (BMI). Because MDA acts as a biomarker of oxidative damage and LPO
in the body, higher MDA indicates greater levels of ROS [50, 51].

In summary, adequate nutrition is required for normal physiological functions.
An increase in ROS production, evidenced by high levels of MDA was reported
[51]. However, when the body is malnourished, an impaired antioxidant defenses is
the root cause of OS.

5.3.2 Obesity/Overnutrition

Obesity also plays a significant role in inducing OS in the reproductive system.
Obesity reduces the levels of circulating testosterone and increases estradiol levels.
Furthermore, obesity can cause infertility by decreasing sperm concentrations and
increasing DNA damage [52-54]. Usually, diet goes hand-in-hand with obesity,
especially a high-energy diet (HED) with high amounts of fats and carbohydrates.
HED can contribute to OS in the testicular environment [55].

Metabolic syndrome (MS) is a condition that is closely linked to obesity.
There are several mechanisms by which MS causes infertility: (1) the excess adi-
pose tissue results in the conversion of testosterone to estrogen; consequently, lead-
ing to the development of secondary hypogonadism through the inhibition of the
hypothalamic-pituitary-gonadal axis [56], (2) in severely obese subjects, there is an
accumulation of suprapubic and inner thigh fat which can lead to increase in scrotal
temperature [57], and (3) MS is also associated with systemic pro-inflammatory
states and thus increased OS in both males and females [58].

Even though the rate of beta-oxidation increases directly with HED [59], testicu-
lar mitochondria may not be capable of oxidizing all the fatty acids at the same rate
as the consumption; causing an energy overload and leading to mitochondrial stress.
The resultant mitochondrial stress disturbs the regular functions of the testicular
ETC. As mitochondria are the major producers of ROS, mitochondrial stress predis-
poses mitochondria to trigger a cascade of oxidative damage to the testicular envi-
ronment [55]. A recent study reported that there was a decoupling in the activities
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of the mitochondrial complexes I and III in the testis of rats that were on HED [55].
These decoupling of activities of both complexes reverses the electron flow, disrupt-
ing the ETC functions and lowering the levels of adenosine triphosphate (ATP)
production. This disturbance leads to the deficiency of energy production and ROS
overproduction. What makes these events even more germane is the fact that mito-
chondria are essential for proper sperm functions [60]. HED-induced OS is accom-
panied by decreased and damaged mitochondrial DNA (mtDNA) [55]; this is crucial
since mtDNA codes for proteins that are essential for oxidative phosphorylation,
and also because mtDNA is very susceptible to OS. Mutations intensify the effect of
impaired ETC leading to more ROS production [55]. This also applies to the female
reproductive system, where an accumulation in intracellular fat can disturb mito-
chondrial functions and potentially damage the mitochondria; hence, disturbing the
ETC leading to a deficit in ATP production. This is crucial since the mitochondria in
oocytes are important for normal embryonic metabolism [61].

Another mechanism as to how HED induces OS was found in the same study,
where HED affects the testicular antioxidant defense system by limiting the testicular
antioxidant capacity, and decreasing the expression of ROS-detoxifying enzymes per-
oxisome proliferator-activated receptor y coactivator 1-a (PGC-1la) and sirtuin 3
(SIRT 3) [55]. PGC-1a regulates OS regulatory pathways to activate ROS-detoxifying
enzymes in stress conditions, and this is all facilitated by the action of SIRT 3 [62].

Generally, obesity induces OS due to the fact that adipose tissue releases pro-
inflammatory cytokines, which promote leukocytes production of ROS [63]. The
OS causes lipid peroxidation, DNA damage and ineffective sperm-oocyte interac-
tion [64, 65]. Furthermore, the eating habits associated with obesity such as HED
induces the release of ROS from over-stressed mitochondria and impedes ROS-
detoxifying pathways, leading up to OS that damages mtDNA and henceforth sperm
parameter and function. These adverse effects also, to a degree, affect the female
reproductive system, where mitochondrial damage is vital to oocytes instead.

5.3.3 Psychological Stress

Stress is a major part of every person’s life, and is stimulated by various sources that
differ from one person to another. There are studies that demonstrate mental stress
causes OS, as it is associated with lower antioxidant levels such as GSH and SOD,
and higher levels of pro-oxidants. Overall, stress is linked to increase in ROS in the
seminal plasma and impaired sperm quality, specifically in males. Similarly, stress
can trigger OS in the female reproductive system, impairing oocyte development
[66, 67].

Other studies show that stress and depression are associated with infertility since
they are thought to reduce testosterone and LH levels in the blood; disturbing
gonadal functions and leading to reduced spermatogenesis and sperm parameters
[68, 69]. However, it is still unclear whether stress and depression are the causes of
low testosterone levels or vice versa, despite the link between the two [70].
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5.3.4 Medications

Medications have profound effects on our body, operating through a vast network of
various signaling pathways. There are many proposed mechanistic effects of medi-
cines on ROS and OS. Bactericidal antibiotics can overproduce ROS and lead to
mitochondrial dysfunction in mammal cells. Conversely, studies on bacteriostatic
agents, like tetracycline, indicate no significant increase in ROS production [71].

Anticancer drugs, like doxorubicin (DOX) and cisplatin, display rather elaborate
mechanisms for ROS production. Cisplatin and DOX are both known to diminish
antioxidant reserves [72]. DOX has a particular affinity for the mitochondria and
thus, accumulates there. Ordinary DOX, or quinone DOX, in the presence of NADH,
converts to semiquinone DOX via one-electron reduction. Semiquinone DOX, in
turn, reacts with O, to form superoxide radicals and reproduce quinone DOX [73].
Further processing of the abundant superoxide radical can lead to formation of
hydrogen peroxide and other free radicals. DOX also causes accumulation of
intracellular iron, which generates harmful hydroxyl radicals via Fenton reaction.
Thus, DOX-induced propagation of the superoxide radical and regeneration of
quinone DOX can greatly enhance OS [74].

Non-steroidal anti-inflammatory drugs (NSAIDs) can also induce LPO and
mitochondrial damage. Sulindac sulfide, a specific NSAID, increase levels of ROS
biomarkers [75]. Acetaminophen in mice decreased catalase and GSH activity,
allowing physiological levels of H,O, and hydroperoxides to become more potent
and caused cellular damage. This is evidenced by reported damage of mice hepato-
cytes in the study [76, 77]. A recent study reported that co-intake of DOX and tax-
ane induces OS, demonstrating that co-administration of multiple drugs could
possibly have greater detrimental effects [78].

Although many of the studies indicate significant effects of on causing OS, fur-
ther research is required on distinct classes of these drugs in order to create a more
complete picture in term of their underlying mechanism in inducing OS.

5.4 Environment

5.4.1 Environmental Pollution
5.4.1.1 General Pollutants

Environmental pollutants are prevalent, on both lands and seas. Many of the toxic
substances that we are exposed to originate from human activities and a few from
natural disasters [79]. Examples of human sources of pollutants include industrial
discharges and products, mining, petroleum refining, smelting, plastic manufacturing,
and cosmetics [79, 80]. Specific pollutants include nitric oxide, sulfur dioxide, carbon
tetrachloride, ozone, wood dust, particulate matter (PM), volatile organic compounds
(VOC), bisphenol A (BPA), xenoestrogens, and phthalates [79, 81-83].
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Xenoestrogens are steroid-mimetic chemicals that target the mitochondria,
inciting DNA damage and organelle dysfunction. One review correlated this mito-
chondrial damage to increases in ROS levels [79]. BPA, a chemical found in plas-
tics, is reported to increase OS. Exposure to BPA throughout embryonic and
neonatal stages in mice also showed increases in tissue peroxidation, but strikingly
also displayed increases in antioxidant enzyme activity [84]. In a study with mature
male mice, BPA diminished the antioxidant protective enzymes and LPO remained
high [85]. This suggests that exposure to BPA possibly triggered adaptive mecha-
nisms in some mice, leading to a greater antioxidant expression [84, 86]. A third
study focused on the DJ-1 gene, which is involved in oxidative protection and ROS
elimination, and its relation to BPA exposure. As BPA concentrations rose, DJ-1
activity lessened and cells began to die. This indicates that BPA triggers hydroxyl
radical production, overwhelming DJ-1 and other protective mechanisms [87].

Carbon tetrachloride, or CCl,, found in ambient air, refrigerants, oil solvents, and
aerosols, is a substance that binds to lipids and proteins and induces peroxidation by
reacting with oxygen to form CCl,-related peroxy free radical (CC1;00) [88]. VOC,
from fuel burning, solvents, paints, and glues, form hydroxyl radicals and increase
ROS levels [89, 90]. These ROS incite LPO and diminish GSH activity [81, 91].
Ozone initiates OS in the cell via ozonide and hydrogen peroxide radical formations
[89]. Concentrated ambient particles (CAP) doubled ROS levels from steady-state
conditions in rat lung and heart, by Fenton reactions or by altering redox mecha-
nisms. CAP, like BPA, increases SOD activity, indicating adaptive functioning [86].

When mice were exposed to mono-(2-ethylhexyl) and di-(2-methylhexyl) phthal-
ates, chemicals found in plastics, antioxidant mechanisms were inhibited and folli-
cle growth was stunted. After providing antioxidant supplements, follicle growth
returned [92]. Another study found that di-(2-methylhexyl) phthalates induced
accumulation of superoxide radicals due to diminished SODI1 expression [93].
These studies surmise that phthalates overproduce ROS.

Particulates (PM), including wood dust and secondary particles like sulfur and
nitrous oxides, also induce OS. Wood dust, primarily affecting carpenters, has
ROS-stimulatory effects and shows reduction of glutathione function [94]; it is also
reported to increase DNA damage and chromosomal aberrations.

Sulfur dioxide (SO,), originates from fossil fuel combustion, can also damage
DNA. One proposed mechanism is the conversion of SO, derivatives, sulfite and
bisulfite, into peroxyl radicals after reacting with O,. These radicals proliferate LPO
[83]. Benzene similarly induced oxidative DNA damage. Using OS biomarkers,
researchers showed that PM increased MDA levels, a byproduct of peroxidation,
suggesting oxidative damage to lipids/proteins in the plasma [95].

Exposure to heavy metals such as lead (Pb), cadmium (Cd), zinc (Zn), chromium
(Cr), and iron (Fe) can lead to metal toxicity and OS. Cadmium displaces zinc, pre-
venting zinc from scavenging free radicals. In a similar study, cadmium in ciga-
rettes, reduced the bioavailability of selenium, a vital element in the antioxidant
mechanism [12]. Iron toxicity generates free radicals. Similarly, lead is able to
replace vital bivalent cations, increasing ROS and decreasing antioxidant forces.
When chromium (III) is oxidized in excess atmospheric oxygen to chromium (VI),
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it becomes a stronger oxidizing agent and soluble/mobile in water, reacting with
thiols to produce high levels of ROS [96].

Overall, many of these pollutants seem to either systemically upregulate ROS
production or downregulate antioxidant protective mechanisms, engendering
OS. However, future studies are required in order to determine the actual effect of
elevated OS on physiological functions.

5.4.1.2 Pesticides

Pesticides are frequently used worldwide for the protection of crops. Ironically,
there are some pesticides that have been found to be harmful, specifically to the
reproductive systems of both men and women. Studies have shown that pesticides
such as lindane, methoxychlorate and dioxin-TCDD have been linked to testicular
OS in rats and mice [97-99]. However, carbendazim, a broad-spectrum fungicide,
has been reported to have harmful effects in rodents as well as humans, altering
sperm parameters, testicular weight and seminiferous tubule diameters [100, 101].
One of the studies done on rats showed that carbendazim was capable of inducing
OS, causing harmful effects on the male reproductive system. Damaged steroido-
genic enzymes and antioxidant defenses can engender OS. Carbendazim also
increases hydrogen peroxide radicals and lipid peroxidation in Leydig cells [102].

Regarding organophosphate pesticides, studies have shown decreased activity
and levels of antioxidant enzymes in combination with increased lipid peroxidation
[103]. The extent of damage caused by organophosphate pesticides or compounds
depends on the amount and length of exposure. A decrease in GSH with increased
ROS generation is what triggers the OS. Chlorpyrifos is an example of an organo-
phosphate pesticide that can lead to lipid peroxidation and DNA strand breaks
induced by ROS [104].

5.4.1.3 Radiation
Cell-Phone Radiation

Most people are aware of the potentially harmful effects of solar radiation, but radi-
ation from a mobile device, such as cell-phone, can also increase ROS. In males,
almost exclusively, studies have linked cell-phone radiation or radio-frequency
electromagnetic radiation (RF-EMR) to OS.

One study on male Wistar rats exposed to EMR displayed decreases in glutathione
and SOD activity and increases in catalase activity and MDA levels [105]. In another
study of human spermatozoa, RF-EMR incited mitochondrial ROS generation and
increased DNA damage. Researchers believed that the radiation caused electron
seepage and subsequently led to ROS production [106]. Long term mobile phone
radiation-exposure exhibited significant decreases in antioxidant capacity and
increases in NADH oxidase activity, possibly stimulating ROS [107].
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In summary, cell-phone radiation shows a fairly strong correlation with ROS
production and the onset of OS in males. This prompts understanding of the effect
of RF-EMR on female reproductive cells/organs and OS, but this idea has currently
not been explored.

5.4.1.4 High Altitude

Studies have indicated that high altitude environments, areas containing lower
amounts of molecular oxygen, may cause changes in ROS levels in the body, lead-
ing to OS [108].

One study in rats demonstrated that sporadic exposure to 4000 m altitude
increased LPO in both the slow and fast twitch muscle fibers. Over a period of four
weeks, LPO did not vary significantly, but protein oxidation levels remained high
[109]. Five-day exposure to 7576 m altitudes in rats, showed marked increase in
LPO as well [110]. A similar study comparing people in Peru residing at sea level
(control) and at 4300 m areas, reported OS with acute and chronic residence at high-
altitudes [111].

Conversely, the following studies did not indicate significant presence of
OS. Sheep were exposed to high-altitude environments and developed complica-
tions in their corpus luteum. They were later provided vitamin supplements to study
possible OS formation. The supplements proved ineffective and reported levels of
OS biomarkers were low, labeling hypoxia, and not OS, as the main contributor to
luteal dysfunction in the sheep [112]. Humans exposed to 4500 m altitude strikingly
displayed increased antioxidant activities (rise of glutathione and SOD activity),
indicating adaptive functioning.

Based on these varying results, the effect of high altitude on OS remains elusive.
Additional research in animal exposure to high altitudes and corresponding studies
in human populations living in high-altitude or relocating from low to high altitude
areas could be insightful.
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Chapter 6

Pathological Roles of Oxidative Stress (OS)
in Diseases Related to Female Reproductive
System

Sajal Gupta, Gulfam Ahmad, My Tran, Ghada Al Hayaza, and Zeina Kayali

6.1 Introduction

Nowadays, approximately 14 % of women in reproductive age have difficulties to
conceive in the United States [1]. Several strategies have been utilized to overcome
infertility, including assisted reproductive technology (ART). Although in vitro fertil-
ization (IVF) is still the most commonly used technique, the number of ART cycles
involving intracytoplasmic sperm injection (ICSI) has markedly increased [2].

It has been recognized that environmental and lifestyle factors modulate the cou-
ple’s fertility status through a series of known and unknown mechanisms, but oxida-
tive stress (OS) seems to play a major intermediary. Interestingly, the ovaries, the
testes, and the uterus are among those organs with the highest amount of mitochon-
dria in the human body. On the one hand, this is needed because of the high require-
ment of energy production via ATP. On the other hand, it makes these organs highly
susceptible to elevated levels of reactive oxygen species (ROS). An increase in ROS
production can be mainly due to mitochondrial dysfunction. OS and endoplasmic
reticulum stress (ER stress) can cause cell death or cell dysfunction. ER stress is
involved in protein misfolding, whereas OS is involved in several physiological
pathways. ROS in optimal levels are important in the ovaries to modulate luteal and
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granulosa cells function. However, elevated OS is associated with ovarian aging.
Furthermore, high levels of ROS in the peritoneal cavity and fallopian tubes makes
the latter inappropriate environments for oocytes, spermatozoa and embryos, thus
affecting fertilization and implantation [3]. It has been suggested that excessive OS
in the second trimester pregnancy is associated with fetal growth restriction [4, 5].
Despite the aforementioned association between OS and female infertility, further
research is needed to elucidate its clinical implications [6].

In this chapter, the current knowledge about the role of excessive levels of ROS
in the female reproductive system is discussed.

6.2 Polycystic Ovarian Syndrome (PCOS)

Polycystic ovarian syndrome (PCOS) is one of the most common endocrine abnor-
malities, affecting 18 % of women of reproductive age. PCOS is characterized by
hyperandrogenism and ovulatory dysfunction [3]. The clinical presentation includes
menstrual and skin disorders, central adiposity, insulin resistance and endothelial
dysfunction. Increased levels of ROS seem to aggravate this condition [3, 7, 8].

Patients with PCOS exhibit mitochondrial dysfunction that leads to high ROS pro-
duction and low oxygen consumption and glutathione (GSH) levels. The decreased
antioxidant capacity further aggravates oxidative stress (OS), thus creating a state of
inflammation. In hyperglycemic patients, the mononuclear cells produce ROS that is
followed by an increase in transcription factors such as TNF-a and NF-«f. This results
in insulin resistance and further increases OS [9]. Lifestyle modifications have been
postulated to be critical to reduce OS in PCOS patients, particularly those exhibiting
hyperglycemia [3].

PCOS is considered as a spectrum of metabolic and endocrine abnormalities.
Infertility treatment in such patients remains a challenge, even with the available
options such as IVF and embryo transfer (ET) [10]. High miscarriage and low con-
ception rates have been reported in obese PCOS patients [11]. Incompetent oocytes,
higher intra-follicular androgen levels and low fertilization rates have also been
observed in PCOS patients undergoing ART [12].

Since oocyte quality is critical to embryo development, it has been suggested that
oocyte spindle imaging could be used to determine oocyte quality [13—16]. Oocytes
with a visible spindle in Polscope microscopy seem to develop better than counter-
parts with no or less visible spindle [16—18]. In one study involving PCOS patients
subjected to IVF, Chattopadhayay et al. explored the effect of OS in the follicular
fluid (FF) on oocytes’ meiotic spindle (MS) formation to predict the embryo quality.
It was found that the OS markers were much higher while MS formation was much
lower in PCOS women than women with tubal infertility; and poorer quality
embryos were found in the same group even though not statistically significant. On
the other hand, Rajini et al. examined MS in women with endometriosis, PCOS and
tubal blockage; and they found that MS was observed the lowest in the PCOS group.
Also within each group, oocytes with spindle visualization produced a higher
number of Grade 1 embryos and lower ROS levels in FF [19]. These study suggested
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that high ROS and low number of oocytes with visualized may contribute to the
etiopathogenesis of infertility in women with PCOS.

The follicular fluid contains neutrophils and macrophages, which produces
ROS and cytokines. Despite being needed at low levels for oocyte and embryo
competence, high amounts of ROS has shown to exert toxicity [15]. It has been
suggested that good quality embryos were obtained in environments containing
<100 cps (counted photons per second) ROS [20].

In the second trimester of both normal and complicated pregnancies OS can be
associated with fetal growth restriction and retardation [4, 5]. In PCOS women
advanced glycation end products (AGEs) and advanced oxidation protein products
(AOPP), which are the markers of OS, are elevated. Advanced oxidation protein
products are increased in women with PCOS [21].

AGEs enhance the oxidative state by transcription factors, which increase ROS
levels and deplete antioxidants [22]. Offspring of women diagnosed with PCOS
may show growth disorders, either large or small for gestational age. Cytokines
production is stimulated by AGEs that may cause disruption in placentation [23].

The association between hyperandrogenism seen in PCOS women and OS has
also been reported. Excessive OS was correlated with insulin resistance, high blood
pressure and BMI [24].

Excessive OS can be due to the increased number of leukocytes, increased
expression of p47 (phox) gene and increased plasma thiobarbituric acid-reactive
substances. Furthermore, the antioxidants glutathione and haptoglobin are decreased
in females diagnosed with PCOS [22].

The first line of defense against ROS is superoxide dismutase (SOD), which cata-
lyzes the conversion of superoxide to hydrogen peroxide (H,O,). For normal cell
function, a balance between superoxide and hydrogen peroxide is needed, thus it is
essential that optimal levels of SOD are achieved in the FF. However, H,O, should be
removed as soon as possible since it reacts with superoxide radicals resulting in highly
reactive hydroxyl radicals. Accumulation of hydrogen peroxide has shown to nega-
tively affect both cAMP dependent and non-cAMP dependent steroidogenesis, thus
inhibiting progesterone secretion and gonadotropin action [25]. On the other hand,
there was an obvious decrease in SOD serum levels in women with PCOS compared
to controls. These authors also noted that levels of SOD in the serum were higher than
those in the FF [25]. As mentioned earlier, PCOS women have increased levels of
ROS due to insulin resistance [3] and excessive free fatty acids [25], which might
explain the increased utilization of SOD in order to neutralize ROS.

Weight loss, lifestyle modification and increased physical activity have been
shown effective in improving fertility in obese PCOS patients. Recently, the Dietary
Approach to Stop Hypertension (DASH) was proposed to help in the treatment of
PCOS. This diet contains low-glycemic index and low-energy dense diet, and was
reported to benefit patients with type 2 diabetes and gestational diabetes. The DASH
diet increases plasma total antioxidant capacity and GSH levels, which may help in
the control of OS levels and the increased lipid levels [26-28]. Moreover, adherence
to DASH diet has been effective to decrease body fat and insulin resistance, which
ultimately result in decreased testosterone levels.
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6.3 Pregnancy Loss

Spontaneous abortion is defined by an unexpected pregnancy loss before 20 weeks of
gestation [3]. Its risk increases with advanced maternal age. For instance, the inci-
dence of spontaneous abortion is 8.9 % in women between 20-24 years of age whereas
itis 74.7 % in those of 45 years and older [29]. On the other hand, recurrent pregnancy
loss (RPL) occurs only in 1-3 % of pregnancies and is characterized by three or more
consecutive miscarriages [3]. In 50 % of the cases, RPL origin is unknown etiology,
but some studies showed that OS might be contributory [3, 30]. Interestingly, decreased
levels of vitamin E, vitamin A, p-carotene, glutathione peroxidase (GPx), SOD and
catalase, and increased levels of GSH are produced to compensate for the increased
ROS levels as reported in patients with RPL [3, 31, 32]. This may be associated with
abnormal placentation during the first trimester that result in syncytiotrophoblast
deterioration, thus contributing to RPL [33].

In different pathological conditions unfolded or misfolded proteins accumulate
in the ER leading to what is known as endoplasmic reticulum stress. ROS affects
endoplasmic function by disturbing the calcium homeostasis. A study conducted by
Gao et al. in 2012 suggested ER stress induced by OS as a possible contributory
factor for unexplained miscarriage. Decidual cells were used to estimate the levels
of proteins and unfolded protein response (UPR). These cells treated with hydrogen
peroxide (H,0,) had elevated levels of glucose regulated protein 78 (GRP 78) and
ubiquitinated proteins [34]. Normal levels of valosin-containing proteins (VCP) are
needed for proper cell function. Extreme OS can affect the activity of UPR by
reducing VCP in decidual cells thus causing cell damage, inhibition of cell growth,
and apoptosis. This accumulation activates a cascade called UPR. The cascade leads
to inhibition of translation and increases the number of chaperones and folding
enzymes; it also enhances ER associated degradation of misfolded proteins (ERAD).
This cascade stimulates PERK and IRE1/X-box binding protein-1 activating
transcription factor 6 (ATF6). It has been found that decidual cells from patients
with early pregnancy loss (EPL) have low levels of ER chaperones and GRP 78.
GPR78 acts by inhibiting UPR, thus protecting against cell apoptosis and tissue
damage in non-stressed cells. UPR inhibition is achieved by binding to PERK, IRE1
and ATF6, which are then kept as inactive forms. ER chaperones and GPR 78 can
be used as markers of ER stress.

These aforementioned findings indicate that H,O, causes an increase in the levels
of both ubiquitin and GPR 78 in the decidual cells. Caspase-4 fragments, which are
used to determine ER stress, are found in high levels in the decidual cells exposed
to H,O,, further indicating that caspase is activated in these cells. In conclusion, OS
can stimulate UPR and ER stress in decidual cells leading to apoptosis and cell
damage. High levels of misfolded or unfolded proteins are associated with ER
stress, making this pathophysiology pathway an attractive explanation to early preg-
nancy loss [34].

Women with RPL exhibit higher levels of uterine natural killer cells (uNK) than
normal pregnancies [35], albeit his association is not unequivocal [36]. The density
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of uNK cells is directly associated with the density of endometrial vessels throughout
the luteal phase. It is also directly associated to the differentiation of endometrial
arterioles in the vascular smooth muscle cell (VSMC). VSMC allows pre-implanta-
tion blood flow by encircling placental spiral arteries. Higher levels of uNK cells in
women with RPL may cause an overly developed spiral arteries in association to
VSMC, which will lead to inappropriate blood flow to the fetal-placental unit [37].
Disorganized blood flow to the feto-placental unit may lead to pregnancy loss. OS
markers were found to be higher in women with higher miscarriage rates in compari-
son to gestational aged matched control women [38]. Understanding the connection
between the different immune responses and RPL along with the understanding of OS
markers might lead to a greater success in the treatment of RPL [39-42].

In a study conducted by Talukdar et al., the effects of coenzyme Q10 on Thl
(T helper cell type 1)/Th2(T helper cell type 2) in women with unexplained RPL
were evaluated [43]. A key step to a successful pregnancy is the shift from Th1 to Th2
response. It has been suggested that high levels of ROS and Th1-type immunity are
associated with RPL. The authors found that the levels of co-enzyme Q10 were lower
in patients with RPL than controls. Elevated Thl-type immune response (IFN-c-
producing CD3+CD4+) and decreased Th2-type lymphocytes (IL-4-producing
CD3+CD4+) were also noticed in the affected patients with RPL. The study also
showed that RPL is stimulated by excessive ROS production, which saturated the
capacity of antioxidants and stimulated OS and inflammation. Coenzyme Q10 regu-
lates the cell membrane as well as acts as an antioxidant. It is located in the inner
mitochondrial membrane and functions as both an electron carrier and lipophilic
substance. CoQ10 supplementation is suggested to improve the chances of women
with RPL achieve full term pregnancies [43].

6.4 Preeclampsia

Preeclampsia (PE) is a serious disease characterized by hypertension and protein-
uria [44]. It usually manifests during the 20th week of gestation or later. The main
pathophysiology mechanisms seem to involve focal vasospasm and movement of
fluid from the intravascular to extravascular space. The imbalance between vaso-
constrictors and vasodilators are speculated to underlie vasospasm, which affect
blood perfusion to some organs. Oxidative stress has also been implicated in pre-
eclampsia pathophysiology. Inadequate spiral artery conversion causes the genera-
tion of OS and leads to decreased placental perfusion associated with a low-level
ischemic-reperfusion injury [3]. Humoral factors are then secreted into the maternal
systemic circulation due to vascular dysfunction, which aggravates organ injury
[45]. Trophoblastic and endothelial cells are also capable of generating ROS and the
production is increased by the ischemic-reperfusion injury [46]. This oxidative stress
state is associated with the secretion of anti-angiogenic factors as well as cytokines,
which stimulates the adhesion of leukocytes and platelets to the endothelium [45].
OS enhances nitration of p38 MAPK activity reducing its catalytic function.
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The above processes are thought to be associated with the fetal growth restriction
noted in preeclampsia [47].

Added to this, high levels of circulating H,0O, are associated with decreased nitric
oxide (NO), a vasodilator, thus explaining hypertension. Other sources of ROS
include neutrophils, monocytes, and CD4+ T cells. Neutrophils increase superoxide
anion levels, which is accompanied by decreased NO levels leading to endothelial
cell damage [44, 48, 49].

Endothelial dysfunction might add to the understanding of preeclampsia. When
trophoblastic cells invade the maternal decidua, the spiral arteries of the decidua
undergo important changes making them high-capacity low-resistance blood ves-
sels. Impaired invasion of fetal trophoblast is one of the characteristics of PE. The
decreased remodeling capacity in PE leads to diminished blood flow to the placenta.
Hypertension is a compensatory mechanism to overcome the decreased blood flow.

The balance between antioxidants and oxidants, including NO, is disturbed in PE
thus causing a state of OS as already mentioned. Impaired redox reactions induce
cellular apoptosis (Fig. 6.1) [44, 49, 50].

NO is a vasodilator that mediates function of endothelial cells by regulating the
vascular tone, platelet aggregation, leukocyte adhesion, and smooth muscle devel-
opment [51]. Anion superoxide (-O,”) is another important free radical in
PE. Reperfusion causes oxidative damage after ischemia via conversion of xanthine
dehydrogenase (XD) to xanthine oxidase (XO). Also, the metabolism in an isch-
emic tissue involves ATP breakdown to hypoxanthine (HX). Xanthine and hypoxan-
thine can be converted to uric acid by XO. XO can also convert oxygen to ‘O~ and
H,O, [44]. This scenario becomes more complicated in the placenta where iron
needs to be restricted from passing to the syncytiotrophoblast and is stored in the
tissue until its concentration increases in the maternal circulation. Metals including
iron produce pro-oxidants named hydroxyl radicals (“OH) by Fenton reaction
(Fig. 6.2) [52].
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A different source of superoxide is NADPH oxidases. It has been shown that the
NADPH oxidase NOX1, triggered by the angiotensin Il cascade, is highly expressed
in PE placentas and causes inflammation. Lastly, mitochondria are equally essen-
tial during pregnancy to maintain the metabolic function of the placenta. But under
pathological conditions it turns out to be another source of superoxide.
Mitochondrial dysfunction has a potent effect on both fetal and placental growth
and function. Noticeably, oxidative stress in PE has a role in the development of
endothelial dysfunction [44].

In pregnancy, NO production is stimulated by NO synthase (NOS), which has
three different isoforms, namely, neural (nNOS), endothelial (eNOS), and inducible
NOS (iNOS). In the vascular endothelium eNOS is expressed to maintain NO syn-
thesis and the vascular tone, but also inhibits the inflammatory state caused by leu-
kocytes and platelets adhesion [45]. Elevated levels of ROS appear to suppress
eNOS [53]. Moreover, NO is scavenged by ROS forming peroxynitrite (ONOO™).
This peroxynitrite impedes different vascular signaling pathways. Also, it oxidizes
DNA, proteins, and lipids. The increase in both ROS and ONOO~ are believed to be
the cause of the reduction in the availability of NO and a possible cause of endothelial
dysfunction. This can be a the mechanistic basis of the underlying etiology of PE
[45]. eNOS is important at the cellular level to maintain the vascular function in
pregnancy. High levels of free radicals impair eNOS function leading to vascular
dysfunction, which characterizes PE.
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The treatment strategy for patients with preeclampsia remains experimental and
there is no well-known intervention for this disease. Although enzymatic antioxidants
might be effective in preventing the development of preeclampsia, studies with the
use of vitamins C and E have not yield conclusive results [54].

6.5 Menopause

Maternal age is directly related to oocyte quality. Age related reproductive dysfunctions,
including menopause, are associated with decreased oocyte quality, increased mito-
chondrial DNA (mtDNA) damage, and chromosomal aneuploidy [55, 56]. Typically,
as women age her body fat, blood lipids, and iron stores increase [3]. Hormonal
changes in menopausal women include a markedly elevation of pituitary gonadotro-
pins and decrease in the levels of anti-Mullerian hormone [57]. The increase in LH
and FSH can increase estrogen biosynthesis in the corpus luteum. In post-menopausal
women, estrogen exert a concentration dependent either pro-oxidant or anti-oxidant
roles [58]. Estrogen deficiency prevents its antioxidant protective effect. Although
estrogen helps in the prevention of bone turnover by inhibiting osteoclast formation
and function, in menopausal women macrophages produce TNF-alpha increasing
osteoblast and osteoclast formation that results in bone turnover [59].

It has been suggested that oxidative stress is exacerbated in menopausal women
partially due with impaired antioxidant reserve [59]. A healthy diet and antioxidant
supplementation may improve antioxidant levels of post-menopausal women.

6.6 Endometriosis

Endometriosis is a chronic, benign, inflammatory disease characterized by the
growth of ectopic endometrial glands and stroma, often implanted in the ovaries and
the cul-de-sac, but that can also be found in the lungs, urinary tract and the central
nervous system [3, 60, 61]. Patients presenting with endometriosis can be asymp-
tomatic or have a diverse range of symptoms as well as present with infertility.
Infertility and chronic pelvic pain are the two most prevalent clinical symptoms
of endometriosis, however, dysmenorrhea, dyspareunia and bladder/bowel symp-
toms can also be manifested [62]. It is an estrogen-dependent disease that is classi-
fied into three types: peritoneal, ovarian and rectovaginal septum endometriosis
(deep endometriosis). Depending on the location of the ectopic endometrial tissue
in the abdomen, each is a distinct type of disease and differs from the other in the
pathogenesis and presentation. Lesions of peritoneal endometriosis appear in the
peritoneum whereas those of ovarian endometriosis present in the ovaries. Deep
endometriosis is considered the most chronic and invasive form of endometriosis
since infiltration of endometriotic tissue is required [63]. Many studies have shown
that endometriosis affects 10 % of reproductive aged women, greater than 33 % of
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women with chronic pelvic pain and 5-50 % of women with infertility [60, 64—66].
The gynecological disorder of endometriosis is common affecting almost seven
million of US women [67].

Although many studies report high prevalence of endometriosis, its pathogenesis
remains unclear and it is therefore considered a multifactorial disease, which could
result from a genetic predisposition. Among the known factors of endometriosis; coe-
lomic metaplasia, metastatic spread, retrograde menstruation and altered immunity are
the leading theories behind the causation of endometriosis [62]. The coelomic metapla-
sia theory, proposed in the 1960s explaining endometriosis at distant sites, is based
upon the theory of presence of endometrial stem cells in the peritoneum. These stem
cells undergo metaplasia to develop lesions of endometriosis [68]. Also, the presence
of endometrial implants in the pelvic cavity could be explained by the theory claiming
that menstrual tissue is transported from the uterus to the pelvis through lymphatics and
veins [62]. On the other hand, retrograde menstruation is the most accepted theory
behind the etiology of endometriosis, clearly explaining the presence of endometrial
tissue in the peritoneal cavity as a result of its backflow through the fallopian tubes
[3, 62]. Ectopic endometrial tissue then develops its new blood supply and proliferates
in the pelvic/peritoneal cavity. Higher volume of refluxed menstrual blood has been
reported in women with endometriosis than in control [69]. Nevertheless, retrograde
menstruation cannot be considered as a definitive cause of endometriosis because it has
been seen that the occurrence of retrograde menstruation is indistinguishable in women
with and without endometriosis [62]. Furthermore, women with deficient cell mediated
immunity have a higher chance of developing endometriosis as a result of retrograde
menstruation. In these women, leukocytes are not capable of differentiating the ectopic
endometrial fragments from the reflux therefore failing to clear it out. The cytotoxicity
of natural killer cells against endometrial cells was found to be significantly lower in
patients with endometriosis compared with controls explaining their contribution to the
development of the disease [70]. The other important cause linked to endometriosis is
oxidative stress as discussed below.

6.6.1 Biomarkers of Oxidative Stress (OS) in Endometriosis

Oxidative stress (OS) also plays a significant role in the development and progression
of endometriosis. Patients suffering from abundant retrograde menstruation and
defective immune response are more prone to iron accumulation in the peritoneal
cavity as a consequence of the increase number of erythrocytes in the reflux. An
abundance of iron decreases the capacity of ferritin to store it, leading to its accu-
mulation. This in turn leads to the production of free radicals, which act as a catalyst
in the Fenton reaction [71].

During normal cellular metabolism, reactive oxygen species (ROS) are generated
and antioxidants present in the body prevent their toxicity. However, an imbalance
between the generation of ROS and antioxidants can lead to oxidative stress,
a factor contributing to the pathogenesis of endometriosis. Pathological levels of
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ROS have been reviewed by Defrere et al. and Agarwal et al. and were found to
contribute to the regulation of Nuclear Factor-kf3 (NF-kf}) -a transcriptional factor
involved in the progression of the disease. NF-kf} stimulates the release of pro-
inflammatory cytokines like IL-6, TNF-a, and IL-f, which helps in the recruitment
of phagocytes (Fig. 6.3). It is an established fact that phagocytes are the major con-
tributors in the production of ROS [3, 71]. The link between high levels of ROS and
NF-kB has been reviewed by Gupta et al. [72].

Furthermore, higher levels of 8-iso-prostaglandin F2- alpha (8-iso-PGF2-alpha)
were identified in the urine and peritoneal fluid of women with endometriosis. This
study, conducted by Sharma et al., found that an increase in levels of 8-iso-PGF2-
alpha resulted in lipid peroxidation and thus, oxidative stress. The measurement of
8-iso-PGF2-alpha can be used as a biomarker for oxidative stress in patients with
endometriosis [73].

6.6.2 Proteomics and Oxidative Stress in Endometriosis

The role of proteomics has been explored to provide a linkage between oxidative
stress and endometriosis [74]. Prieto et al. measured the levels of superoxide dismutase
(SOD), an antioxidant enzyme, in the follicular fluid of women with endometriosis,
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and found a decrease in SOD leading to oxidative stress [75]. Higher levels of
Afamin, a vitamin E binding protein, were detected in the peritoneal fluid of patients
with endometriosis, which caused a decrease in the scavenging role of antioxidants
leading to oxidative stress [76]. While this study indicated an increase in a protein
contributing to oxidative stress in patients with endometriosis, another study noted
a decrease in hemopexin, a protein responsible for inhibiting the production of reac-
tive oxygen species [77]. These two findings show a clear correlation between oxi-
dative stress and endometriosis. Heme binding protein was also found to be lower
than normal further underlining the relevance of oxidative stress in relation to endo-
metriosis [63]. Thioredoxin binding protein (TBP2) plays a role in the regulation of
thioredoxin (TRX), an antioxidant responsible for cell proliferation and apoptosis.
TBP2 stimulates apoptosis in cases of increased levels of ROS. Decreased levels of
TRX and TBP2 were noted in a study that measured their levels in the peritoneal
fluid of women with endometriosis. The following results marked a decrease in
antioxidant activity as well as cell apoptosis explaining the development of oxidative
stress related endometriosis [78].

Heat shock proteins (HSP) are chaperones stimulating cell proliferation by inhibit-
ing apoptosis. They are found in low concentration under normal physiological states,
but accumulate in conditions where cells undergo physiological stress [3]. Elevated
levels of HSP70, a member of the HSP family, were measured and found to lead to
increased proliferation of ectopic endometrial cells present outside the pelvic cavities
[79]. In a systematic review, it has been suggested that these oxidants released as a
result of an increase in HSP70 influence the progression of ectopic endometrial cells by
stimulating pro-inflammatory cytokines [3]. Regardless of its increase in the aforemen-
tioned study, the role HSP contributes to oxidative stress related endometriosis is still
unclear [74]. Contradictory reports in the literature have shown that levels of HSP9O0,
another member of the HSP family, were evaluated in ectopic endometrial tissue and
showed an increase in one study [80] but a decrease in another [81].

6.6.3 Metabolomics and Oxidative Stress in Endometriosis

Metabolomics is the study of metabolites in relation to the etiology and pathophysi-
ology of disease. Proton Nuclear Magnetic Resonance Spectroscopy Based Targeted
Metabolite Profiling (NMR) was used to measure the levels of OS biomarkers and
detect metabolite imbalances in patients with endometriosis to further comprehend
the causation of their disease. Among the 135 women recruited for the study, 55 %
were diagnosed with endometriosis and comprised the study group whereas 45 %
with tubal factor infertility were used as controls. The inclusion criteria strictly
allowed only those who did not receive any medical or hormonal treatment for the
past three months to participate in the study. The exclusion criteria was any history
of chocolate cysts being removed, pelvic tuberculosis and gynecological surgeries
like abdominal or lower pelvic surgeries. Patients were asked to present fasting and
in their early follicular phase, and venous blood was drawn and the following
parameters were measured in the serum: levels of reactive oxygen species (ROS),
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total antioxidant capacity (TAC), lipid peroxidation (LPO), superoxide dismutase
(SOD), glutathione (GSH), and catalase. Metabolic profiling using NMR was then
performed on 26 samples from the study group and 24 from the controls. An increase
in ROS and LPO was noted while a decrease in the antioxidant levels of SOD,
catalase and GSH were observed in the serum of the study group in comparison to
the controls. A decline in the levels of GSH contributes to the biosynthesis of oph-
thalamate, also releasing 2-hydroxybutyrate as a by-product. Metabolic profiling
displayed elevated levels of both opthalamate and 2-hydroxyvutyrate indicating
oxidative stress in patients with endometriosis. Advanced oxidation protein prod-
ucts (AOPP), albumin aggregations impaired by OS, were also measured in the
study [67]. The presence of ROS in the plasma induces oxidation of amino acids
through their reaction with chlorinated oxidants finally forming AOPP [82]. These
findings determine the contribution of oxidative stress to the pathophysiology of
endometriosis. This study also provides a more comprehensive assessment of free
radicals as well as their end products such as AOPP and how it translates into chang-
ing metabolic profile and its relationship with OS.

6.6.4 Treatment of Oxidative Stress Associated
with Endometriosis

Being an estrogen dependent disease, it has been suggested that endometriosis
could be approached using gonadotropin-releasing hormone agonists (GnRHa) as
well as contraceptive pills, both of which generate an estrogen-deficient state.
Consequently, growth of ectopic endometrial tissue is impeded and symptoms of
endometriosis are relieved [61]. Furthermore, treating infertile women with endo-
metriosis using GnRHa has proved to improve embryo implantation and to increase
pregnancy rates [83]. Aromatase inhibitors have also shown to alleviate symptoms
of endometriosis by hindering the activity of Aromatase P450, an enzyme respon-
sible for the biosynthesis of estrogen in the ovaries [60]. Aromatase activity is sig-
nificantly higher in patients with endometriosis in comparison to those without the
condition (Fig. 6.4). Increased estrogen levels caused by aromatase P450 stimulate
prostaglandin E2 further activating aromatase and progressing the development of
ectopic endometrial deposits [84].

Oxidative stress, which is triggered by chronic inflammation in patients with
endometriosis, also contributes to the progression of endometriosis. The increase in
ROS production affects the quality of the oocytes of these patients as well as implan-
tation explaining infertility in women with endometriosis. In a study conducted by
Tamura et al., GnRHa was administered to twenty-three infertile women diagnosed
with endometriosis to test its effect on oxidative stress related endometriosis and
infertility. The ultralong group, consisting of eleven patients, received three courses
of gonadotropin releasing hormone agonist (GnRHa), followed by a standard con-
trolled ovarian hyperstimulation. The control group on the other hand, which con-
sisted of the twelve patients, received one course of GnRHa in the mid luteal phase,
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Fig. 6.4 Role of aromatase in a persistent endometriotic state

followed by a standard controlled ovarian hyperstimulation as well. During oocyte
retrieval, follicular fluid aspirated from each woman of the two groups was ana-
lyzed. Fertilization, implantation and pregnancy rates were compared between the
ultralong and control groups as well. Oxidative stress markers, antioxidants and the
numbers of matured follicles and retrieved oocytes were also measured and com-
pared. Implantation rates in the ultralong group (21.4 %) as well as pregnancy rates
(27.3 %) were significantly higher than those in the control group (8.3 and 8.3 %
respectively). Levels of Tumor necrosis factor (TNF) a, a key oxidative stress
marker in patients with endometriosis, showed a remarkable decrease in the
ultralong group (5.8 +3.2 pg/ml) in comparison to the control group (10.6+3.2 pg/
ml). Melatonin, an antioxidant hormone released from the pineal gland, notably
increased in the follicular fluid of the ultralong group (139.2+45.7 pg/ml) when
comparing it to the control group (85.6+27.4 pg/ml). The study strongly indicates
that the administration of GnRHa alleviates the negative impacts of oxidative stress
markers in infertile women with endometriosis, leading to an increase their fertility
and pregnancy outcomes [83]. Desferoxamine (DFO), an iron chelator could also be
used as an effective treatment for oxidative stress related endometriosis. Iron chela-
tors decrease the detrimental effects of oxidative stress caused by iron overload in
the peritoneal cavities as a result of retrograde menstruation in patients with endo-
metriosis. In these women, DFO must be administered directly into the peritoneal
cavity using intrapelvic implants because of the heavy menstrual cycles these
women suffer from. This ensures that DFO will absorb the iron overload present in
the peritoneal cavity exclusively, and not further decrease the total body iron, which
has already been reduced as a result of the heavy menstrual cycles in these women
[71].
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An antioxidant rich diet has also shown to play a role in endometriosis regression
[3]. A study conducted by Mier-Cabrera et al. showed the correlation between admin-
istering vitamin E and C to patients with endometriosis and its effect on certain OS
markers. After 4 months of daily supplementation with bars containing vitamins E and
C, the levels of malondialdehyde (MDA) and lipid hydroperoxides in the plasma and
peritoneal fluids of the study group decreased significantly in comparison to the con-
trol group. However, no improvement in pregnancy rates was reported, suggesting that
despite the positive impact of antioxidants on OS biomarkers in these women, no
definitive treatment has been standardized [85]. Future adequate powered randomized
controlled trials are needed to study the alleviation of OS in endometriosis as well as
pregnancy outcomes. Treatment needs to be individualized for patients targeted
towards the type of endometriosis that each woman is suffering from.

6.7 Gestational Diabetes Mellitus (GDM)

Gestational diabetes mellitus (GDM) is a common pregnancy complication char-
acterized by a state of carbohydrate intolerance. Due to the hyperglycemic situa-
tion these women suffer from, the pancreatic beta cells have to release more
insulin to compensate, sustaining high insulin levels and developing insulin resis-
tance [86, 87]. The prevalence of GDM has been increasing, especially in women
who are obese and in those of advanced age [88, 89]. During routine screening,
2—-13 % of pregnant women are diagnosed with GDM [90]. GDM is a risk factor
for developing maternal conditions such as gestational hypertension, preeclamp-
sia and cardiovascular diseases [91, 92]. These women are also prone to develop-
ing type 2 diabetes mellitus later in life. A study conducted by Teede et al.
demonstrated that 26-70 % of GDM women developed type 2 diabetes mellitus
10—15 years after delivery [89]. GDM is also associated with adverse fetal and
neonatal outcomes such as macrosomia, shoulder dystocia and development of
obesity later in life [90, 91].

The pathophysiology explaining insulin resistance and changes in glucose toler-
ance in these women is still unclear; however OS was found to play a crucial role in
the development of GDM [93, 94]. A study conducted by Zhu et al. reported ele-
vated levels of plasma C-reactive proteins (CRP) in patients with GDM compared
to controls. An increase in this inflammatory biomarker was found to be correlated
to a decrease in the efficacy of the glutathione antioxidant system as well as an
increase in lipid peroxidation [88]. On the other hand, red blood cells (RBC) pos-
sess antioxidant characteristics under normal conditions, therefore contributing to
OS when the RBCs develop defects. For example, it has been noted that increased
levels of physiologically modified RBCs result in lack of scavenging activity in
patients with GDM, further underlining the relationship between oxidative state and
the development of the disease [88, 95].

Oxidants and antioxidants are produced abundantly in the placenta and the GDM
placenta was found to have increased levels of OS markers such as xanthine oxidase
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and malondialdehyde and decreased capacity to scavenge the free radicals [94, 96].
Furthermore, elevated levels of placental 8-isoprostane have been documented in
patients with GDM compared to controls. An elevation in this lipid peroxidation
marker additionally correlates OS to GDM [94].

It has been suggested that GDM develops as a result of increased intake of heme-
iron supplementation, a common prescription among pregnant women [97, 98]. It
was reported that the risk of developing GDM increases by 51 % with every 1 mg
intake of heme-iron [99]. OS related GDM induced by heme-iron intake was found
to increase lipid peroxidation, DNA damage and enhance insulin resistance [100].
Contradictory findings have been reported concerning the presence of OS biomark-
ers in GDM patients caused by the induction of the oxidative stress as a result of
excess iron [100].

An accumulation of catalytic iron inducing OS, caused by compromised fetuses
explains the variability in the results. It has been reported that enzymes such as
peroxidases can be used to diminish the detrimental effects of ROS in GDM patients.
Furthermore, the DASH diet has shown to decrease ROS production and treat insu-
lin resistance in GDM [101]. Those studies demonstrate that women with GDM
have decreased ability to counterbalance the oxidative state they suffer from, which
is reflected by their insulin resistance. Nevertheless, further research is needed to
determine effective therapeutic interventions to reduce OS, alleviate insulin resis-
tance and treat GDM in these women.

6.8 Unexplained Infertility

A couple is diagnosed with unexplained infertility when all other reasons of infer-
tility such as ovulatory disorders and hormonal imbalances as well as the male
factor have been ruled out. Hence, it is considered an exclusion diagnosis and is
more prevalent in females with advanced age [102]. Among the couples who con-
sult for infertility treatment, approximately 15 % are diagnosed with unexplained
infertility [103]. The pathophysiology behind unexplained infertility is still unclear,
however OS can possibly contribute to this condition [104]. The imbalance between
ROS and antioxidant levels in the peritoneal fluid of these patients is mainly due to
defects in their scavenging systems. Decreased antioxidant activity of both gluta-
thione and vitamin E could very likely be the basis of OS related unexplained
infertility [105].

Furthermore, homocysteine, an amino acid triggering OS and apoptosis [106],
was found to accumulate in cases of folate deficiency. Folate, a B vitamin, plays a
crucial role in female reproduction [107]. Polymorphisms in folate metabolism
pathways have been investigated to determine their role in the etiology of unex-
plained infertility. It has been reported that women with unexplained infertility have
polymorphisms in the 5,10-methylenetetrahydrofolate reductase (MTHFR) 677C/T
gene [108]. This gene is required for the conversion of homocysteine to methionine
through the folate methylation cycle, a process involved in the methylation of DNA,
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lipids and proteins [109]. Defects in this gene lead to reduced and unstable enzymatic
activity resulting in hyperhomocysteinemia [110, 111]. This condition induces ROS
production by inhibiting antioxidant enzymes such as glutathione peroxidase and
SOD leading to elevated levels of peroxyl and superoxide radicals [112].
Hyperhomocysteinemia was also found to be associated with decreased pregnancy
and implantation rates in IVF patients as well as increased abortion rates [113].
Hence, defects in the metabolism pathways of folate lead to distorted levels of
homocysteine explaining the development of unexplained infertility [108].

ROS levels were also investigated in the peritoneal fluid of women with unex-
plained infertility. In one study, Wang et al. detected higher levels of ROS in the
peritoneal fluid of patients with unexplained infertility in comparison to those with
endometriosis and tubal ligation. Moreover, this elevation did not affect fertility in
the other two groups, but played a significant role in those with unexplained infertil-
ity further suggesting an association between OS and unexplained infertility [105].
Increased OS has also been documented in the follicular fluid of patients with unex-
plained infertility undergoing IVF [114]. It has been observed that increased OS
damages the oocyte’s cell membrane through lipid peroxidation. This damage leads
to poor oocyte quality, which in turn impacts embryo quality [20, 115].

Pekel et al. detected lower levels of sFas (an apoptosis marker) in the serum of
unexplained infertility patients (2.85+0.44 pg/mL) in comparison to the control
group (2.90+1.01 pg/mL, p<0.01) [116]. Decreased levels of this marker of apop-
tosis were associated with an increase in apoptosis as well as down regulation of the
immune system of the affected patients [117]. Also, a remarkable decrease was
noticed in the total antioxidant capacity levels in the follicular fluid of the study
group (0.88+0.16 mmol/L) when compared to the controls (1.31+0.63 mmol/L,
p<0.05). These findings indicate an increase in apoptosis as well as a decrease in
the antioxidant scavenging system in these patients, correlating OS to unexplained
infertility [116].

To further validate the role of OS in unexplained infertility, the role of vitamin E
supplementation, an antioxidant, has been studied on such patients undergoing con-
trolled ovarian stimulation. 400 IU/day of vitamin E was administered to the study
group during the period of ovarian stimulation until the day in which the human
chorionic gonadotropin injection to trigger ovulation. It has been reported that
endometrial thickness and receptivity as well as implantation and pregnancy rates
were increased in the group of patients with unexplained infertility treated with
vitamin E [118].

6.9 Conclusion

In conclusion, OS has been recognized as contributory to the pathophysiology of
infertility in women with unexplained infertility; however the exact mechanistic
pathways are still not known. Antioxidant supplementation has been reported to
alleviate infertility symptoms, but the ideal regimens are still to be determined.
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Chapter 7
Therapeutic Role of Antioxidants (AOX)
in the Treatment of Infertility

Sajal Gupta, Stefan S. du Plessis, Saad AlQasem, Mohammad Nouh,
and Zeynep Cakar

7.1 Introduction

Infertility affects approximately 15 % of couples worldwide [1]. During normal cellu-
lar metabolism, reactive oxygen species (ROS) are generated on a continuous basis,
either by endogenous sources (see Chap. 1) or exogenous sources (see Chap. 5).
ROS are essential for many processes in the human body, including essential intra-
cellular signaling pathways [2]. Notwithstanding, an elevation in ROS eventually
leads to oxidative stress (OS), defined as the imbalance between oxidants and
antioxidants [3]. Oxidative stress can result in subfertility by negatively affecting
multiple processes in the male and female reproductive systems.

The main role of antioxidants (AOX) is to neutralize ROS [4]. An antioxidant by
definition is “any substance that delays, prevents or removes oxidative damage to a
target molecule” [5]. There are two types of AOX, namely non-enzymatic and enzy-
matic AOX, respectively. Non-enzymatic AOXs are natural substances that can be
found in diets rich in vegetables and fruits; they are also known as exogenous AOX.
Examples of these include vitamin C (ascorbic acid), vitamin E (tocopherol),
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pyruvate, glutathione (GSH), L-carnitine, taurine and hypotaurine, zync, selenium,
beta-carotene, and carotene. In contrast, enzymatic (also known as endogenous)
AOX represent the main antioxidant system and include superoxide dismutase
(SOD), catalase and glutathione peroxidase (Table 7.1) [6].

In general, AOX help to maintain a balance between ROS and oxidative damage
by acting as a defense mechanism. Any deficiency in AOX may lead to imbalance in
this process [7]. In addition to the known diseases leading to infertility, lifestyle
choices, including diet, alcohol consumption and smoking may contribute to an
increased risk of AOX deficiency. Overall, infertility patients have either an increase
in ROS levels, which lead to OS, lipid peroxidation and cellular damage, or a
decrease in the antioxidant capacity, or both [1, 8-10].

Based on the AOX properties of defending against ROS, their use has gained
increasing interest among practitioners as adjuvant agents to counteract the detrimen-
tal effects of OS [9, 11-14]. In this chapter, we will discuss the role of AOX as poten-
tial agents to alleviate OS-related male and female infertility.

7.2 Therapeutic Role of Antioxidants (AOX)
in the Treatment of Infertility in the Male

7.2.1 Evidence from In Vitro Studies
7.2.1.1 Superoxide Dismutase (SOD)

The testes contain enzymatic antioxidants that protect spermatozoa from excessive
ROS. An example is SOD, which is an endogenous enzyme that converts superox-
ide radicals ("O2") to hydrogen peroxide (H,O,) [15]. Hence, SOD neutralizes intra
and extracellular superoxide anions.

SOD was shown to preserve sperm motility and reduce lipid peroxidation, as
evidenced by the decrease in malondialdehyde (MDA) concentrations. In one study,
sperm incubation with high concentrations of SOD (2000 p/ml) preserved motility
in mouse spermatozoa and enhanced mice embryo development. On the contrary,
lower concentrations of SOD (<2000 p/ml) had no remarkable effect [16]. In another
study evaluating the effects of SOD on sperm viability, motility and morphology,
the authors found that SOD was associated with improved semen quality [17].
Interestingly, a study conducted by de Lamirande et al., which evaluated sperm
capacitation, hyperactivation and acrosome reaction, demonstrated that a higher
proportion of sperm exposed to superoxide anion exhibited capacitation and hyper-
activation as opposed to those unexposed to SOD [18].

7.2.1.2 Vitamin C

Vitamin C (ascorbic acid) is a water-soluble vitamin present in dietary sources. It is
considered a synthetic antioxidant because it cannot be produced by the human
body enzymatically. Vitamin C is found at ten times higher concentrations in the
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seminal fluid of fertile men than in infertile men and is therefore assumed to play an
important role as a seminal AOX [51].

Notwithstanding, the effects of vitamin C on semen parameters have yielded
conflicting results. A study by Askari et al. demonstrated that 10 mmol/l of vitamin
C added to TEST yolk buffer failed to preserve sperm motility during the cryo-
preservation process [52]. On the other hand, Verma et al., reported a dose-dependent
effect of vitamin C on sperm motility. In their study, sperm motility reached its peak
after six hours incubation with vitamin C at a concentration of 800 umol/l [53]. Not
only did vitamin C enhance sperm motility, but it also played a role in protecting
sperm DNA from oxidative damage. Donnelly et al. demonstrated that in vitro
sperm incubation with vitamin C at concentrations ranging from 300 to 600 umol/I
provided full protection to sperm against damage inflicted by H,0, [54].

Fraga et al. reported an inverse association between vitamin C and sperm DNA
damage. By testing normal semen samples, it was noted that increased 8-OHdG
levels in the seminal fluid was associated with decreased levels of vitamin C. When
administration of vitamin C reduced from 250 mg to 5 mg/day, a marked increase in
8-OHdG accompanied by a decrease in vitamin C levels in seminal fluid was noted.
Similarly, saturation of seminal fluid by vitamin C led to a decrease of 8-OHdG
levels and increase in vitamin C levels [55]. This result suggested that vitamin C
may protect sperm from OS-induced DNA damage.

7.2.1.3 Vitamin E

Vitamin E actually pertains to a family of vitamins in the tocopherol group. The major
type within this group is a-tocopherol. Vitamin E is a fat-soluble vitamin essential for
reproduction. Like other AOX, vitamin E plays a role in protection of the cell mem-
brane, prevention of protein modification and protection against DNA damage. With
regards to male infertility, the function of vitamin E depends on selenium levels.
During the scavenging process vitamin E utilizes glutathione peroxidase, a selenium-
dependent enzyme, to reduce hydrogen peroxide molecules [56].

In an in vitro study performed by de Lamirande and Gagnon, vitamin E was
shown to protect spermatozoa from damage by OS [57]. Moreover, addition of vita-
min E to semen during cryopreservation also protected spermatozoa from OS [23].
In a series of studies by Aitken and colleagues, the role of vitamin E as a sperm
motility enhancer and AOX was investigated. Using a 10 mmol dose, vitamin E
decreased lipid peroxidation and preserved sperm motility [58, 59]. Furthermore,
Verma and Kanwar reported that that 1 and 2 mmol/l dosages were related to
improvements in sperm motility in vitro in a dose-dependent manner [60].

Addition of vitamin E to the cryomedia was also shown to preserve sperm
motility during the freezing-thawing process [61, 62]. In contrast, vitamin E at a
dose of 1 mmol had no effect on lipid peroxidation [63]. When combined with
vitamin C, vitamin E may have pro-oxidative effects as shown by Hughes and
colleagues [64]. Others have found contrary results in which the combination of
vitamin E and C resulted in lower sperm DNA damage in normal and asthenozoo-
spermic men [54, 65, 66].
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7.2.1.4 Carnitine

L-Carnitine (LC) is a non-enzymatic AOX. It is produced by the liver and transported
to the epididymis through blood circulation [67], where it is found in high concentra-
tions. It has been suggested that LC is a key factor in promoting sperm motility dur-
ing epididymis transit [12, 68]. Both LC and acetyl-L-carnitine (ALC) play a major
role in providing energy for sperm, thereby affecting sperm function.

Several animal and human studies were conducted to explore the role of carnitine
on sperm motility in vitro. L-Carnitine, alone or combined with ALC, was shown to
increase sperm motility when added to sperm medium [69]. It seems though that
L-carnitine has to be converted to ALC to exert its effects [70-72].

7.2.1.5 Carotenoids

Carotenoids are mainly xanthophyll and carotene. Lycopene, found in vegetables,
fruits, as well as in the testes and seminal plasma, is the most powerful AOX within
this group [73]. Lycopene exerts its effects by donating electrons to free radicals,
thus balancing and neutralizing the latter [74]. Another mechanism of action is
regulation of the cell cycle [74, 75].

Zini et al. showed that sperm chromatin was protected by adding lycopene at a
concentration of 5 mmol to sperm medium in vitro [76]. Addition of lycopene was
shown to protect sperm previously exposed to hydrogen peroxide from DNA damage
at a concentration of 5 pmol/l but not 2 pmol/I [76].

7.2.1.6 Glutathione (GSH)

Glutathione, supplied by N-acetyl cysteine (NAC) during removal of free radicals,
is found in large quantities in the epididymis [7, 67, 77]. In an early study, sperm
incubation with NAC for 20 min enhanced motility and decrease ROS levels [78].
Subsequently, the combination of GSH and hypotaurine was tested in both astheno-
zoospermic and normal sperm at different concentrations and incubation periods,
but no effect on sperm motility was noted [79].

7.2.2 Evidence from In Vivo Studies
7.2.2.1 Vitamin C

In a randomized control trial conducted on 30 men suffering from infertility but
otherwise healthy, patients were divided into three groups according to the following
prescription given for one month: (1) Vitamin C 1000 mg/day; (2) Vitamin C
200 mg/day; and (3) placebo. At both high and low dosages vitamin C was shown
to improve sperm motility, viability and morphology compared to placebo [80]. In
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another study involving smokers, 75 healthy men were divided into three groups
and treated as aforementioned. Semen analysis revealed that only morphology was
improved on those individuals who received high dosages [81]. In two subsequent
studies exploring the dosage of 200 mg/day, vitamin C was given for 6 months but
no improvements on semen parameters were noted [82, 83].

7.2.2.2 Vitamin E

Vitamin E was shown to improve sperm parameters and protect testis from damage
in rats [84]. In humans, Moreover, 100 mg vitamin E given three times/day for 24
weeks to asthenozoospermic men resulted in motility enhancement and decreased
lipid peroxidation [85].

7.2.2.3 Carnitine

Carnitine was also shown to improve sperm parameters in the mice [86, 87].
In humans, one study involving 100 infertile men treated by either placebo or LC
(2 g/day) for 6 months revealed that sperm concentration and motility were improved
[36]. In another study involving 47 infertile men treated for 3 months with LC
(3 g/day), similar effects were observed with regard to sperm count and motility
[88]. On the contrary, no detectable differences were noted in semen parameters of
20 men with idiopathic infertility treated with ALC (4 g/day) for sixty days [89].

7.2.2.4 Carotenoids

In an experimental study involving rats, lycopene (7 mg/kg) was shown to protect
against cisplatin toxicity [90]. In humans, lycopene at a dosage of 4 mg/day given to 30
infertile men for 3 months resulted in a positive effect on sperm motility, morphology,
and concentration [91]. Furthermore, in a randomized clinical trial involving 30 men
with unexplained infertility treated with either 16 mg/day of astaxanthin or placebo for
three months, sperm motility was increased whereas ROS levels were decreased.
However, there was no impact on sperm morphology or concentration [92].

7.2.2.5 Glutathione (GSH)

In a placebo-controlled, double blind, cross-over trial of glutathione therapy involving
20 infertile men, Lenzi et al. observed that patients receiving 600 pg of GSH daily
for two months had a positive impact on sperm morphology and motility [93]. These
authors’ results were corroborated by another study involving 11 infertile men who
have taken the same GSH scheme [94]. In general, GSH seems to have a positive
impact on semen parameters, but further studies are needed to evaluate its effects on
male fertility.
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7.2.2.6 Combined Antioxidant Treatment

The synergistic effect of combined AOX therapy has been explored in a few studies.
In one study involving 54 infertile men, selenium (225 pg/day) and vitamin E
(400 mg/day) were given to 25 patients whereas vitamin B group (4.5 g/day) was
administered to the remaining 26 men. The authors observed that the combination
of selenium and vitamin E resulted in increased sperm motility and viability and
decreased lipid peroxidation [95]. In another study, Piomboni et al. examined the
effects of AOX combination (vitamin C, lactoferrin and vitamin E) given to a group
of 51 asthenoteratozoospermic patients. After a 3-month treatment period, sperm
motility and morphology was increased whereas sperm DNA damage was reduced
[96]. Comhaire et al. also examined the effect of AOX combination in a group of 27
infertile men. Different formulation involving N-acetyl-cysteine, vitamins A with E
and a combination of fatty acids were given for 6 months. The authors noted an
increase in sperm concentration and decrease in ROS levels with no change on
sperm morphology or motility [97].

Several studies investigated the combination of vitamin C and vitamin E and their
role in DNA protection and enhancement of male fertility. In a study conducted by
Greco and colleagues, 64 infertile men with high levels of sperm DNA damage were
randomized to receive 1000 mg/day of both vitamin C and E for two months or
placebo. Although no differences were observed in conventional semen parameters,
the group receiving AOX combination was shown to have lower levels of sperm
DNA damage [27].

7.3 Assisted Reproductive Technology (ART)
and AOX Therapy

Assisted reproductive technology (ART) has been widely used to treat infertility
due to severe male factor [98]. In these settings, the use of AOX has been suggested
to reduce the levels of ROS generated from many sources such as immature sperma-
tozoa and leucocytes [99, 100]. Reduction in DNA fragmentation [30], improve-
ment in sperm motility [101] and viability [102] after adding vitamin C to sperm
culture media during ART have been reported. Catalase added to sperm culture
media was also shown to be associated with reduction in ROS levels, DNA frag-
mentation and increase in acrosome reaction rate [21].

In addition, antioxidants have been used as cryomedia supplements aimed at
protecting sperm from the freeze-thawing process as AOX can antagonize the
ROS by preventing its formation or removing the already formed ROS [13, 99,
103]. The addition of vitamin E to sperm cryomedia was shown to have positive
effects on sperm motility [25, 95] and morphology (Fig. 7.1) [23].

AOX can also be given as oral supplements during or prior to ART to reduce the
levels of endogenous and exogenous sources of ROS [104-108]. Improvement in
sperm motility [85, 109] and decrease in lipid peroxidation after vitamin E admin-
istration have been reported in previous prospective studies and RCTs. Similarly,
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positive effects were found with folic acid and zinc sulphate on sperm concentration
[42]. Furthermore, oral intake of coenzyme Q, resulted in increased sperm concen-
tration and motility [110].

7.4 Therapeutic Role of Antioxidants (AOX)
in the Treatment of Female Infertility

In this section, the focus will be on the therapeutic role that antioxidants play in the
female reproductive system and how these interventions can affect the fertility
status of infertile women suffering from different reproductive diseases, either by
increasing the chances of regular conception or increasing the chances of successful
ART (Table 7.1).

{ Endogenous 3

Visible
light

Cryopreservation
(Freeze-Thawing)

( Exogenous ] - ‘ )

Fig. 7.1 Sources of ROS in ART
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ROS act as stimulants for oocyte maturation and are required for meiosis I
completion in the dominant oocyte. Although ROS are needed for the completion of
meiosis I, antioxidants are essential for the initiation and completion of meiosis II
[111]. Follicle stimulating hormone acts on pathways leading to catalase generation,
which has a protective effect against the pro-apoptotic effects of ROS. Glutathione
has also a role in neutralizing ROS.

7.4.1 Endometriosis

Endometriosis is a female reproductive disease in which the endometrium grows
outside of the uterine cavity. The most common site of endometriosis is presence in
the ovaries or peritoneum [112]. Endometriosis is a very common cause of infertil-
ity and is prevalent in 30 % of infertile women who are diagnosed with this condi-
tion [113]. It remains unclear how endometriosis has an effect on infertility;
however, Sampson’s well established theory suggests that the presence of endome-
trial tissue in the peritoneum can be explained by retrograde menstruation [114].
There are different treatment strategies to treat endometriosis related infertility;
therapeutic laparoscopy and ART are the most widely used approaches [115].

Many studies suggest that women suffering from endometriosis have increased
oxidative stress [116]. This can be explained by increased numbers of macrophages
present in the peritoneum as a result of inflammatory response by endometrial tis-
sue. Metabolic processes occurring in the macrophages are believed to be the cause
of excessive ROS production leading to oxidative stress [116]. In addition to exces-
sive ROS production, other inflammatory mediators such as cytokines, chemokines,
metalloproteinases and prostaglandins are involved in the pathophysiology of
endometriosis-related infertility [117]. Similar to a positive feedback mechanism,
inflammatory processes allow for the development of endometrial tissue by means
of increased ROS which leads to even further production of ROS thus making OS
levels very high [118]. Nevertheless, the association between endometriosis patients
and oxidative stress in the peritoneum is not unequivocal [119].

To further understand the relationship between endometriosis and OS, studies
were conducted to test whether the levels of antioxidants in the peritoneal and fol-
licular fluids of endometriosis patients were decreased. Overall, the levels of super-
oxide dismutase and glutathione peroxidase are usually decreased in endometriosis
patients compared to controls [120-122]. Animal models have been used to test the
effects of low molecular weight antioxidants such as vitamins C and E on induced
endometriotic implants. In one study, vitamin C decreased the number of natural killer
cells thus resulting in decreased levels of OS [123]. Another well-established method
to measure the effect of antioxidants on OS is through the various OS markers such as
malondialdehyde (MDA) (Table 7.1).

In a randomized controlled trial conducted by Mier-Cabrera et al. involving
endometriosis patient, vitamins C and E were shown to decrease the levels of
MDA and lipid hydroperoxides [124]. In another study conducted by Santanam
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et al. the authors tested the effect of various antioxidant vitamins administered
for 8 weeks to women with history of endometriosis and infertility in a random-
ized placebo-controlled trial. Several inflammatory markers were measured in
the peritoneal fluid, including interleukin 6 (IL6), monocyte chemotactic protein
(MCP), normal T-cell expressed and secreted (RANTES) [125]. In addition to
that, pelvic pain was measured using a pain scale. The results of this study indi-
cate that antioxidant treatment significantly decreases inflammatory markers in
the peritoneal cavity of women suffering from endometriosis. Regarding the
effects of antioxidants on pelvic pain, 43 % of those in the antioxidant group
reported decreased pain in contrast to 0 % in the placebo group. Moreover, 52 %
of patients in the antioxidant group reported no change in pain compared to 100 %
of the placebo group. While the study lacked any comments on the relieving of
infertility in endometriosis patient, the reduction in the levels of inflammatory
markers suggests a corresponding decrease in OS, which could result in alleviation
of infertility symptoms.

Many studies have demonstrated the effects of epigallocatechin-3-gallate
(EGCQG) on the size of endometriotic lesions. EGCG is a polyphenol that is present
abundantly in green tea [126]. It can inhibit mitotic divisions as well as angiogene-
sis. In addition to that, it has been shown to induce apoptosis in endometriotic
implants [127-129]. Its effects as an antioxidant have been studied in endometriosis
patients. In one study, the in vitro effects of EGCG were compared to N-acetyl-
cysteine (NAC)—a non-enzymatic antioxidant. Both NAC and EGCG reduced
endometrial proliferation, but only EGCG showed any significant results on cell
migration, invasion of endometrial tissue and reduction of alpha-smooth muscle
actin (aSMA; a marker of myofibroblastic activity) [130]. These findings suggest a
possible inhibition of the TGF-B1 signaling pathway leading to undifferentiation of
myofibroblasts thus leading to reduction in endometriotic implants [131, 132].
Further studies on the effects of EGCG in treating endometriosis patients are needed
to validate its reported beneficial effects, which might be hampered by its very low
bioavailability [133, 134]

To conclude, oxidative stress has been implicated in the pathophysiology of
endometriosis and antioxidants have shown to alleviate its effects. However, further
studies are needed to investigate the effects of antioxidants on fertility parameters
and assisted reproduction outcomes.

7.4.2  Polycystic Ovarian Syndrome

Polycystic ovarian syndrome (PCOS) is one of the most prevalent endocrine disorders
in women at reproductive age. It is characterized by variable manifestations, includ-
ing hyperandrogenism, hyperinsulinemia (insulin resistance) and hirsutism [135].
The underlying cause of PCOS seems to be multifactorial, including oxidative stress
[136, 137]. It has been argued that many of the clinical symptoms of PCOS,
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including central adiposity, hyperandrogenemia, obesity and infertility are intercon-
nected with elevated levels of ROS [138, 139].

A study conducted on clomiphene-resistant PCOS women outlined the effect
of L-carnitine on ovulation and pregnancy rates. L-Carnitine is a mitochondrial
carrier that transports fatty acids into mitochondria for f-oxidation (Table 7.1). It
has the ability to act as an antioxidant reducing intracellular metabolic stress.
The group treated with both clomiphene citrate (CC) and L-carnitine showed
significantly higher ovulation (64.4 % vs 17.4 %) and pregnancy rates (51.5 % vs
5.8%) than the groups treated with clomiphene citrate alone or placebo.
Secondary findings included faster follicle maturation rate as well as thicker
endometrium at the time of hCG administration in the former [140]. This is an
important finding given the reported detrimental effect of clomiphene citrate on
estradiol levels and endometrial thickness [141]. Miscarriage rates were also lower
in the experimental group when compared to the control; albeit of no statistical
significance.

N-acetyl-cysteine (NAC) is an essential antioxidant that has the property of
restoring glutathione to its reduced form (active form) [142—145]. Its effects on
PCOS patients have been mixed. In one study, Salehpour et al. tested the effects of
oral NAC as an adjuvant to clomiphene citrate on ovulation induction in PCOS
patients [145]. The authors found that NAC had a positive effect on ovulation and
pregnancy rates, which might be explained by NAC influence on insulin resistance
and this effect has been reported by other investigators as well [146]. On the con-
trary, Elnashar et al. found that NAC had no effect of ovulation induction in
CC-resistant PCOS patients [147].

Bahmani et al. investigated the effects of different doses of folate versus pla-
cebo on inflammatory factors and oxidative stress biomarkers in obese and over-
weight women suffering from PCOS [148]. The groups were given 1 and 5 mg/day
of folate for 8 weeks, and a placebo group was included. OS markers including
total antioxidant capacity (TAC), GSH, and MDA were measured prior to and
after the completion of the trial. The results were as hypothesized; in the groups
treated with folate there was an increase in TAC and GSH levels and reduction in
MDA in a dose-dependent manner [149]. Folate supplementation has been shown
to alleviate OS by decreasing ROS production [150]. Interestingly, folate administra-
tion had no noticeable effects on catalase or nitric oxide levels in the plasma.

7.4.3 Unexplained Infertility

Many studies have attempted to provide an explanation for the pathophysiology of
unexplained infertility; increased OS in the peritoneum has been noticed in some of
these patients [119]. A study conducted by Ruder et al. tested the relation between
dietary antioxidant intake and time to pregnancy (TTP) in unexplained infertility
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patients. Depending on age and body mass index (BMI) some antioxidants led to
shorter TTP. In women with BMI<25 kg/m? vitamin C was found to correlate with
shorter TTP. In those women with BMI > 25 kg/m? f3-carotene was shown to shorten
TTP. Women aged <35 years had shorter TTP when treated with either vitamin C or
B-carotene although the difference was not statistically significant. Furthermore,
women aged >35 years had shorter TTP with vitamin E supplementation although it
was not statistically significant. f-Carotene was found to actually increase TTP in
women >35 years [151]. Furthermore, it has been suggested that vitamin C alone
might not be strong enough as an antioxidant to quench the elevated ROS levels seen
in both women at advanced age or and those with high BMI [152, 153]. These
patients are of particular interest since they represent the subgroups most likely to
experience longer TTP and increased miscarriage rates [154, 155]. Overall the results
of the study of Ruder et al. suggest that administration of antioxidants to women suf-
fering from unexplained infertility may enhance their fertility status. In contrast, a
study conducted by Youssef et al. on women suffering from unexplained infertility
tested the effect of oral antioxidant supplementation (multivitamins and amino acid
chelated minerals) on IVF/ICSI outcomes [156]. Specifically, the authors assessed
oocyte maturity and pregnancy rates as the main outcome measures. There was no
significant difference between the control group and experimental group in terms of
oocyte quality or pregnancy rates suggesting that antioxidant supplementation
administration had no effect on oocyte maturity.

7.4.4 Role of Antioxidants Added to Culture Media in ART

During the various steps in ART, ROS production could potentially increase to
extreme levels causing oxidative stress, which is harmful to gametes and resulting
embryos [9]. This effect can be potentially augmented by the fact that gametes and
embryos have minimal antioxidant defense mechanisms (Table 7.1). As a result,
leading to decrease in the chances of ARTSs success [99]. Antioxidants can be inte-
grated into the media used in ART to minimize oxidative stress.

Melatonin has been one of the most investigated antioxidants in this regard.
Melatonin can act as a direct antioxidant and an indirect one. Melatonin has the
ability not only to directly scavenge ROS but also to stimulate other enzymatic
antioxidants (Table 7.1) [157, 158]. In one study, Unfer et al. tested the effect of
melatonin combined with myo-inositol (a molecule essential for the phosphatidylino-
sitol signal transduction pathway) [33]. The authors found that fertilization rates
and the number of embryos available to transfer were higher in treated patients.
Further studies are needed to better understand the type of AOX that would better
benefit culture conditions during ART.
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7.5 Conclusion

Subfertility can be a consequence of oxidative stress, which negatively impacts
multiple cellular processes in the male and female reproductive functions. AOX
supplementation plays an important role in decreasing the effect of OS. In the male,
in vivo and in vitro studies suggest that AOX may improve semen parameters and
decrease sperm DNA damage as well as at the cellular level decrease membrane
lipid peroxidation. In women, it is suggested that AOX can enhance fecundity and
reduce time-to-pregnancy. Although current data is not conclusive and results vary
with type and duration of AOX administration, the literature overall concurs that
AOXs are useful to reduce ROS levels, but there are some reported apprehensions
regarding adverse effects of AOX. Most investigators agree that further clinical tri-
als with adequate power are needed to conclusively demonstrate the beneficial
effect of AOX in both male and female fertility, but so far results are promising and
AOX may be used selectively in conjunction with other fertility treatments for indi-
viduals with male or female factor infertility.
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Chapter 8

Compendium of Oxidative Stress-Related
Research from Cleveland Clinic (1993-2016)

Damayanthi Durairajanayagam, Amolak S. Dhillon, Rian Salasin,
Anthony Kashou, and Narasimhan Kothandaraman

8.1 Introduction

Over the last two decades and more, the American Center for Reproductive Medicine
(ACRM) at Cleveland Clinic has made great contributions to medicine that have
helped in deepening our understanding of oxidative stress (OS) and its effects on
human reproduction, particularly in the male. In this chapter, we will explore the
findings of past research conducted by the Cleveland Clinic researchers to date,
which spans from reactive oxygen species (ROS), OS and its measurement, effects
of OS on sperm preparation and cryopreservation during assisted reproduction pro-
cedures as well as on semen parameters, the physiological and pathophysiological
effects (both direct and indirect) of endogenous and exogenous ROS, the role of
antioxidants in reversing the effects of oxidants and finally, the use of proteomics
and bioinformatics tools in discovering the biological processes and pathways
underlying oxidative stress-induced infertility.

A state of OS is said to be present when there is an imbalance between the pro-
duction of ROS and the body’s ability to neutralize them via antioxidant defense
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Fig. 8.1 The imbalance caused by the accumulation of reactive oxygen species due to various
factors and depletion of antioxidants leads to a state of oxidative stress. In the spermatozoa, high
oxidative stress levels cause membrane and DNA damage

mechanisms (Fig. 8.1) [1, 2]. Derived from oxygen, ROS are generated as a
byproduct of cellular metabolism, and its levels are maintained within a physiological
range by the actions of endogenous antioxidants. Excessive intracellular levels of
ROS can damage mitochondrial and sperm nuclear DNA, and thus it is associated
with the etiology of numerous diseases and reproductive complications [3]. For
example, high levels of ROS have been correlated with poor fertility outcomes seen
in assisted reproduction using assisted reproductive technology (ART) [4, 5]. In fact,
up to 50-60 % of recurrent pregnancy loss may be attributed to OS [6]. It is impor-
tant to note that seminal OS evaluation is thought to have prognostic capabilities
beyond tests for sperm quality and function [7]. An animal-based study looking
at ROS generation and antioxidative mechanisms in the rat kidney demonstrated
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that antioxidants play a predominant role in the protection against the deleterious
effects of ROS [8].

There are two types of ROS sources that could account for its presence within a
cell-exogenous and endogenous. Some exogenous sources include smoking and
toxins, while endogenous sources include varicocele and NADPH oxidase activa-
tion in immature spermatozoa (Fig. 8.2) [7, 9]. In immature spermatozoa, the mito-
chondria serve as a primary source of ROS. This is because superoxide is constantly
being produced as a byproduct of cellular respiration due to electron leakage in the
electron transport chain (specifically when electrons are passing through complexes
I-1V) [3]. Under physiological conditions, this superoxide is converted to hydrogen
peroxide (Fig. 8.3).

8.2 Physiological Roles of ROS

ROS are known to be involved in normal physiological processes, such as sperm
maturation, capacitation, hyperactivation, acrosome reaction, and sperm-oocyte
fusion [1, 10-15]. In a prospective controlled study, researchers at the Cleveland
Clinic have looked into, intracellular basal and induced levels of ROS and their
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relationship with sperm quality (viability and apoptosis) in neat, mature and immature
sperm fractions from healthy volunteers of unproven fertility [16]. They found that
sperm processing, particularly centrifugation may cause higher intracellular levels
of hydrogen peroxide and thus oxidative stress, as seen in mature and immature
sperm fractions compared to neat spermatozoa. In fact, sperm preparation may
cause a differential shift in intracellular levels of hydrogen peroxide and superoxide,
which could negatively impact sperm quality.

Several studies have been conducted to determine the physiologic levels of ROS in
infertile men and to determine the cut off values for OS that distinguish between
fertile and infertile men [17, 18]. The most recent results from a 2015 study showed
that the appropriate cut off value for OS was 102.2 RLU/s/10° sperm, which is defined
as the basal ROS level in infertile men [19]. This value is significant because it defines
a normal level of ROS generation that allows for essential reproductive functions to
occur physiologically without the harmful effect of OS. This value, obtained using a
luminol-based chemiluminescence assay, also represents the optimal cutoff value to
discriminate between normal and infertile men and may be used in a clinical setting
during routine diagnostic screening to test for male infertility [19].

The determination of the ROS cutoff values is also related to a study that had
explored the relationship between early embryonic development and levels of ROS
in culture media on the first day after insemination [20]. Findings of this study
suggested that ROS may be an important chemical marker for early embryonic
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growth and that high embryonic fragmentation and a slow cleavage rate may be due
in part to high levels of ROS in intracytoplasmic sperm injection (ICSI) cycles. In a
follow up study, embryonic development was also compared with day one total
antioxidant levels in culture media [21]. Cleveland Clinic researchers found that day
one total antioxidant capacity (TAC) in culture media was an important biochemical
marker for early embryonic growth considering that the TAC parameter seemed to
be partially related to decrease embryonic fragmentation, and enhanced cleavage
and blastocyst development rates.

8.3 Generation of OS

With an established background in understanding the production of ROS, the effects
of high levels of ROS and OS on sperm preparation, cryopreservation, and assisted
reproductive procedures were assessed.

8.3.1 Sperm Preparation

Research studies by the Cleveland Clinic have looked into the relationship between
ROS levels and the time interval (1, 3, 5 and 24 h) between semen collection and
analysis, as well as how levels of ROS generation fluctuate at different sperm con-
centrations (7.5, 15, 30 and 60 x 10% ml) [22]. This study was conducted on semen
samples from patients suspected of infertility and showed that ROS levels decreased
significantly over time. This suggests that the time between sperm collection and
analysis negatively affects sperm motility and viability, which could contribute to
the decreasing ROS levels. In addition, ROS levels from the same specimen were
found to vary when measured at different sperm concentrations. Thus, to obtain an
accurate measurement of the actual amount of ROS generated, ROS levels in whole
semen samples must be evaluated within an hour of sample collection. Following
this study, sperm preparation techniques including centrifugation (time and g-force),
resuspension, L4 filtration, swim-up, and washing were investigated to see if these
techniques influenced ROS levels and/or damaged sperm [23-25]. Results showed
that continuous washing, centrifugation, and vortexing of samples generated high
levels of ROS; with washing causing the most harm [2, 23, 24]. These findings
suggest that the overuse of these sperm preparation techniques should be avoided
during ART procedures. However, sperm samples processed using techniques such
as L4 filtration and swim-up yielded significantly lower ROS levels and with little
to no sperm damage compared to that of the unprocessed sample. Both these
methods were able to separate the highly motile sperm that produced less ROS from
the original sample. In fact, ROS levels from samples processed using the L4 filtra-
tion and swim-up methods showed no statistically significant differences in ROS
levels compared to each other [25].



156 D. Durairajanayagam et al.

Another study by Cleveland Clinic researchers compared post-wash and post-thaw
(24 h) parameters of sperm to test the efficacy of the double density gradient media,
PureSperm and swim-up (sperm migration), which are density gradient and motil-
ity checking techniques that help isolate sperm that are morphologically normal
and motile [26]. The use of PureSperm provided more mature and motile sperm in
fresh and cryopreserved semen compared to swim up. In another similar study, the
differences between processing media (PureCeption, ISolate and SpermGrad-125)
used during sperm preparation by density gradient were studied using samples from
normal, healthy donors. All three gradients were found to produce sperm samples
of good quality as they improved the percent motility, total motile sperm, percent
recovery and DNA damage. However, the semen quality and percent recovery of
morphologically normal sperm differed between these different commercially-
available density gradient media. The DNA fragmentation that resulted from sperm
preparation was negligible and did not differ significantly when different media was
used in this controlled trial [27].

8.3.2 Cryopreservation

Cryopreservation of sperm cells is a common step involved in assisted reproduction
procedures. However as a result of the freeze-thaw process, cryopreserved sperm
are found to have damaged membranes due to membrane stress or lipid peroxida-
tion. In one study, Cleveland Clinic researchers investigated the extent of lipid
peroxidation (LPO) during cryopreservation, and the relationship between sperm
concentration, motility and morphology with LPO in semen from healthy donors
[28]. Results indicated that (1) cryopreservation-induced membrane damage was
not related to LPO; (2) malonaldehyde (an indicator of lipid peroxidation) levels
increased as sperm concentration increased; and (3) there was no correlation
between motility, morphology, and malonaldehyde levels. As such, sperm handling,
sperm freezing and the freezing medium seemed to not increase lipid peroxidation
in the semen of normal men.

8.3.3 Assisted Reproductive Procedures (ART)

Assisted reproductive procedures (ART) is a common treatment for couples with
infertility issues, however, the induction of OS can compromise the efficacy of these
procedures [10]. Increasing levels of ROS without a simultaneous rise in antioxidant
levels result in OS and consequently lipid, protein, and DNA damage. This oxidative
state is thought to result in poor ART success rates [29]. In fact, ROS can have a
significant impact on assisted reproduction outcomes and cause IVF failure if not
kept in check (Fig. 8.4) [30]. In a prospective study, follicular fluid from patients
undergoing IVF was studied to examine the association between LPO, TAC, oocyte
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maturity, embryo quality, fertilization, cleavage, and pregnancy rates [31]. LPO and
TAC were positively correlated with pregnancy rates, and it was surmised that some
amounts of LPO might be needed for pregnancy to be established. Furthermore,
levels of LPO and TAC in patients who achieved a pregnancy through IVF could
perhaps act as an indicator of the minimal metabolic activity needed within the pre-
ovulatory follicle in order to be able to establish a pregnancy. In other studies by
Cleveland Clinic researchers, the presence of ROS in follicular fluid and its role in
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pregnancy outcome, the relationship between levels of ROS in seminal fluid and
fertilization rates, and role of cytokines in peri-ovulatory follicular fluid were all
determined during and after IVF cycles [18, 32, 33]. Results showed that (1) ROS
levels in spermatozoa had a significant correlation with fertilization rates after
IVF [18]; (2) follicular fluid ROS at low concentrations might be predictive of a
successful pregnancy in these IVF patients [32]; (3) high levels of IL-12 and low
levels of IL-6 were associated with negative IVF outcomes; (4) IL-13 and tumor
necrosis factor alpha (TNF-alpha) were absent in all patients; and (5) IL-1p was not
significantly different for pregnant and non-pregnant cycles [33].

In cases of male infertility when IVF does not work, the ICSI method may be
employed in which a sperm cell is injected into the oocyte’s cytoplasm [34]. Back
in 2009, in-vitro maturation (IVM) emerged as a popular replacement for IVF
because it reduces the need for ovarian priming and stimulation, which is a routine
protocol in the conventional IVF process, thus reducing the risk of hyperstimulation
syndrome [35].

In two studies by Cleveland Clinic researchers, the relationship between early
human embryonic development parameters to day 1 ROS levels and day 3 ROS
levels in culture media were examined in patients undergoing IVF and ICSI. ROS
levels were measured by chemiluminescence using luminol as the probe. High day
1 ROS levels in culture media resulted in low blastocyst rate, fertilization rate, and
cleavage rate respectively, as well as high embryonic fragmentation with ICSI but
not with conventional IVF. Thus, lower pregnancy rates were observed in both IVF
and ICSI cycles that was associated to high day 1 ROS levels. Similarly, high day 3
ROS levels in culture media correlated negatively with blastocyst development rate
and pregnancy rate respectively. Researchers found day 3 ROS levels to be low in
the pregnant cycles of IVF and ICSI patients. In addition, each 10 unit increase in
day 3 ROS levels could decrease pregnancy rates by 41 % in these patients [20, 36].
Oxidative stress levels in the follicular fluid of ICSI patients was further assessed in
another study which evaluated the association between the follicular fluid ROS
(FFROS), TAC, ROS-TAC score and pregnancy after ICSI [37]. Higher follicular
fluid TAC (FF TAC), higher FF ROS-TAC scores and lower FF ROS levels were
associated with pregnancy after ICSI. These studies demonstrate that oxidative
stress parameters may act as markers of metabolic activity within the follicle.
However, supplementation with antioxidants can aid in reducing OS during sperm
preparation techniques and thus increase the success of ART [38] (see Sect. 8.13).

8.4 Measurement of OS

Overproduction of ROS in semen has been associated with reduced sperm func-
tion and fertility potential [39, 40]. Moreover, infertile men have shown reduced
semen parameters (concentration, motility, and morphology) and elevated ROS
levels when compared to fertile men [41]. Routine semen analysis along with
measurement of ROS and TAC in seminal ejaculate are essential in the assessment
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Table 8.1 Normal range of ROS generation to distinguish between fertile and infertile men

Year | Normal range of ROS generation Specificity, % | Sensitivity, % | Reference
1995 | 0-5.5x%10* counted photons per minute | N/A N/A [45]

at a sperm concentration of 20x 10° m1™!
2007 | 0.55x%10* counted photons per minute N/A N/A [40]

(neat samples) and 10.0x 10* counted
photons per minute (washed samples)

2009 |0.0185x 10° counted photons per 82 78 [17]
minute/20x 10° sperm

2014 | 91.9 RLU/s/10° sperm 68.8 93.8 [41]

2015 | <24.1 RLU/s/10° sperm 87.2 80.5 [46]

2015 | 102.2 RLU/s/10° sperm 53.3 76.4 [19]

All measurements were performed using the luminol-based chemiluminescence method

of sperm and semen quality [42], as they can provide insight into the etiology of
male infertility.

The main purpose of translational medicine is to transform the knowledge gathered
from research into clinical practice [43]. However, it is important to consider that with
new guidelines and parameters being defined by the WHO in 2010, more men would
be categorized as fertile while in reality, there may be a rise in the number of infertile
men that goes unnoticed [44]. Therefore the Cleveland Clinic advises caution when
using WHO reference values to discriminate infertile and fertile men.

Different techniques have been employed to assess OS status and run quality
control studies [43]. As mentioned previously, positive correlations between ROS
production and sperm concentration have indicated the importance of concentration
adjustment before comparing ROS levels between different specimens [45].
However, accurate measurement of ROS formation has been hindered by the lack of
standardization and confounding variables, causing the “normal” range to vary over
the years (Table 8.1) [17, 40, 41, 45, 46].

Determination of a normal range of ROS generation using a simple, cost-effective
assay can be incorporated into routine diagnostic testing which may assist in
predicting male fertility status. Specialized sperm function tests (including the
Endtz tests, TAC, chemiluminescence, sperm deformity index (SDI) and other
sperm oxidative stress assessments) offer an important opportunity to delve deeper
into sperm dysfunction during routine semen analysis [47].

8.4.1 Endtz Test

A study conducted by Cleveland Clinic using the Endtz test demonstrated a strong
positive correlation between ROS generation and polymorphonuclear granulocyte
concentration, thus adding to the discourse about the controversial role of leukocy-
tospermia in semen [48]. The results signified that the Endtz test is a simple and
cost-effective test that indicates the excessive generation of ROS in semen.
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8.4.2 Total Antioxidant Capacity (TAC)

In studies conducted by Cleveland Clinic, the efficacy of measuring total antioxi-
dant capacity (TAC) to discriminate between fertile and infertile patients was tested.
In these studies, proven fertile donors have higher TAC scores than infertile patients
[49, 50], thus suggesting that measuring TAC in semen is an effective and simple
test for diagnosing and managing male infertility. The colorimetric assay was also
established as a cheaper, quicker and reliable method of measuring TAC when com-
pared to the conventional chemiluminescence assay [51]. Further studies by
Cleveland Clinic researchers found that a ROS-TAC score was superior to simply
measuring ROS and TAC alone when distinguishing fertile and infertile men [52].
In the female reproductive system, increased blastocyst development rate, decreased
embryonic fragmentation and enhanced cleavage rate were to some extent related
to day 1 TAC in the culture media. As such, TAC in day 1 culture media can be a
significant biochemical marker for early embryonic growth [21].

8.4.3 Chemiluminescence

Accurate assessment of ROS levels in semen are essential to determine because they
can aid in the diagnosis of OS-induced infertility [53]. The chemiluminescence
assay is a commonly used method for the direct measurement of intracellular and
extracelluluar ROS generation [42]. Studies conducted by the Cleveland Clinic
researchers have validated the chemiluminescence assay as a reliable and accurate
diagnostic test that minimizes intra- or inter-assay variation and prevents interfer-
ence from extraneous factors [54]. Moreover, the Clinic researchers have specified
that the assay is both accurate and reliable only when the sperm concentration is
greater than 1x 10° ml~! and the samples are analyzed within the first hour after
specimen collection [55].

Further studies conducted by Cleveland Clinic researchers have found that in
certain instances, flow cytometry has a higher specificity for intracellular ROS
production by spermatozoa and thus some samples which tested negative by che-
miluminescence might still have high levels of intracellular hydrogen peroxide
[56]. In cases such as these, flow cytometry would be a more accurate method to
measure ROS generation.

Further insight into ROS generation in semen can be provided by the nitroblue
tetrazolium reduction test, which is an effective method of assessing the contributions
of defective spermatozoa and seminal leucocytes to the overall ROS generation in
semen. Moreover, the NBT reduction test is easily available and performed, has high
sensitivity and is cost-effective [57].
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8.4.4 Sperm Deformity Index (SDI)

The sperm deformity index (SDI) score indicates the quality of sperm morphology,
which can serve as a more powerful predictor of male factor fertility and of IVF
outcome compared to the assessment of the percentage of sperm with normal mor-
phology [58]. High SDI scores are associated with OS [59, 60] and apoptosis [61]
in spermatozoa.

Thus, the SDI is also a useful method to identify infertile men with abnormal
levels of OS-induced DNA damage in spermatozoa [59, 62]. Researchers at
Cleveland Clinic have found that SDI scores were positively correlated with the
percentage increase in sperm DNA damage when sperm samples treated with
NADPH (which is known to cause an increase in ROS production) were incubated
for 24 h; thus validating the SDI [59]. In an in vitro study, exposure of sperm to
peritoneal fluid from patients with endometriosis was associated with significantly
increased DNA damage after 24 h of incubation. The SDI scores assessed showed
significant correlation with sperm DNA damage at 24 h post-incubation [63].

8.5 Sperm Parameters

Cleveland Clinic researchers have extensively examined the relationship between
OS and semen parameters. Research from the Clinic has indicated that ROS levels
and reduced mitochondrial membrane potential are positively correlated with
abnormal semen parameters [64—66]. Semen samples with a large percentage of
immotile sperm have higher seminal ROS levels than semen samples with motile
spermatozoa [9, 22, 40, 64]. In fact, for every tenfold increase in ROS, there is a 9 %
decrease in sperm motility [67]. Infertile men with high ROS levels have poorer
motility and a higher incidence of DNA fragmentation than infertile patients with
low ROS levels [9, 68].

On the other hand, in healthy fertile males, ROS levels are independent of sperm
concentration, motility, and abstinence duration [68]. It was hypothesized that the lit-
tle fluctuation in ROS levels in healthy sperm donors might be related to physiologic
changes in spermatogenesis [68]. Another experiment was conducted to study the
pathology of ROS in a healthy fertile man. A fluctuation of ROS levels in his semen
was observed, however; this fluctuation in seminal ROS did not affect sperm concen-
tration and motility. It was concluded that healthy men have adequate anti-oxidative
defense mechanisms to deal with the physiological changes in ROS levels [69].
The link between ROS levels and impaired semen parameters suggests that routine
semen analysis, including the determination of levels and sources of ROS generation,
should be included in the routine evaluation of subfertile men [70].
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8.6 Immature Sperm

Studies by Cleveland Clinic researchers have shown that there is a significant dif-
ference between the amounts of ROS produced by spermatozoa at different stages
of maturation [65]. Sperm samples with abnormal morphology (and a greater
number of immature sperm) generated more ROS than samples with morphologi-
cally normal spermatozoa [22, 64, 71]. A positive correlation exists between
excessive generation of seminal ROS and the number of defective spermatozoa
with tail defects, mid-piece defects, amorphous heads, and cytoplasmic droplets.
Specifically, ROS production increases most when spermatozoa exhibit the reten-
tion of excess cytoplasm within their mid-piece (Fig. 8.5) [57, 62, 65]. This condi-
tion is termed excess residual cytoplasm (ERC). ERC occurs during an arrest in
spermiogenesis where all the cytoplasm in the spermatozoa is not extruded from
the mid-piece. ERC is characterized by high levels of glucose-6-phosphate dehy-
drogenase, which in turn increases the production of NADPH via the hexose
monophosphate shunt [72]. NADPH is the substrate for NADPH oxidase, which
is responsible for the monovalent reduction of oxygen to the superoxide anion
[73]. In essence, ERC (which is exhibited in many immature sperm) can result in
a burst of superoxide production.
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Fig. 8.5 Pathological effects of excess residual cytoplasm include peroxidative damage to the
sperm membrane, DNA damage, mitochondrial dysfunction, and impaired sperm function within
the female reproductive tract. SOD superoxide dismutase, G6PDH Glucose-6-phosphate dehydro-
genase, CK creatine kinase, LDH lactate dehydrogenase, NADPH nicotinamide adenine dinucleo-
tide phosphate, H,0, hydrogen peroxide
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8.7 Semen Quality

Cleveland Clinic researchers have investigated the prospect of using a semen quality
(SQ) score rather than the conventional method of measuring semen parameters to
identify infertile males. A SQ score based on clinical trials was found to be a better
method to identify individuals with male factor infertility than measuring sperm param-
eters based on WHO guidelines. A cutoff value of <93.1 for the SQ score had provided
an optimum sensitivity and specificity and was therefore established as the SQ cutoff
value that was able to correctly identify ~80 % of patients with male factor infertility.
Semen quality scores were negatively correlated with ROS levels [74].

8.8 Oligoasthenoteratozoospermia

Cleveland Clinic researchers have extensively looked at the link between oligoas-
thenoteratozoospermia (OAT) and OS. When compared to both infertile patients
and healthy donors, oligo-(O), astheno-(A), and teratozoospermic (T) patients had
higher ROS values and a lower SQ score [39, 74, 75]. Infertile patients with oligo-
asthenozoospermia (OA) have elevated levels of malondialdehyde (MDA) indicat-
ing LPO [75]. One study found that thiobarbituric sperm from teratozoospermic
patients produced a significantly higher amount of ROS than mature sperm from
normozoospermic patients [76, 77]. Another study identified asthenozoospermia as
a primary culprit for the excessive production of nitric oxide (NO) [78]. This study
found that the mRNA from endothelial nitric oxide synthase (NOS) was expressed
more in leukocytes that were isolated from asthenozoospermic semen samples when
compared to that from normozoospermic semen samples. The increase in NO
expression was also associated with an increase in immotile sperm [78]. In OAT
patients, sperm motility and morphology decreased as seminal ROS levels increased
[39]. Furthermore, patients with OAT have reduced acrosin activity as well as higher
levels of thiobarbituric acid reactive substances (TBARS), an indicator of LPO, in
their semen than that of normospermic individuals [79].

8.9 Idiopathic Infertility

Through research by the Cleveland Clinic, the overproduction of ROS has been
associated with numerous male fertility complications including idiopathic infertility
[5]. Patients with idiopathic infertility have higher ROS values and lower TAC when
compared to infertile patients with varicocele and vasectomy reversal [71]. Similarly,
when compared to healthy fertile controls, patients with idiopathic infertility have
reduced sperm parameters and TAC as well as elevated ROS levels [50, 80, 81].
Female patients with idiopathic infertility also demonstrated higher ROS levels than
female patients with endometriosis and healthy female controls [80].
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8.10 Negative Effects of ROS

8.10.1 Lipid Peroxidation

The oxidative insult to spermatozoa due to the over production of ROS can result
in LPO [5]. During LPO, over 60 % of the fatty acid chains in the plasma mem-
brane can deteriorate thus reducing sperm membrane integrity [13, 82]. One of the
byproducts of LPO is MDA, which has been used in numerous studies by the
Cleveland Clinic to monitor the degree of peroxidative damage to sperm mem-
branes. One such study observed that as sperm concentration increased, so did
MDA levels, thus indicating that sperm concentration is positively correlated with
LPO [28]. Antioxidants that break free radical chain reactions, such as Vitamin E,
inhibit LPO [73].

8.10.2 Mitochondrial Membrane Potential

A controlled prospective study conducted by Cleveland Clinic researchers com-
pared the mitochondrial membrane potential (MMP) with ROS levels in nineteen
infertile men and seven healthy donors. MMP is an important indicator of the func-
tional integrity of the spermatozoa, and is positively correlated with sperm motility
and viability. Results of the aforementioned study showed that abnormal semen
parameters and ROS levels were negatively correlated with MMP, thus indicating
that the measurement of MMP in spermatozoa provides useful insight into a man’s
fertility potential [66].

8.10.3 Sperm Chromatin Integrity

Sperm DNA damage is observed more frequently in infertile men than in healthy
fertile men thus suggesting that it could be a major cause of male infertility [83].
In a study at the Cleveland Clinic, the sperm chromatin structure assay was used
to assess DNA damage in human spermatozoa at different stages of maturation
from males undergoing infertility evaluation [84]. The study showed that chroma-
tin alterations were interconnected with leukocyte concentration in immature and
mature sperm as well as with immature germ cell concentration and abnormal
forms of semen. In other studies, Cleveland Clinic researchers reviewed the rela-
tionship between sperm chromatin integrity, hormone levels, seminal plasma
TAC, and sperm parameters in men with male factor and non-male factor infertil-
ity. These studies suggested that male factor infertility associated with sperm
chromatin damage may be related to sperm protamination and to serum DHEA
[85, 86].
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8.10.4 Sperm DNA Damage

Sperm DNA damage has been implicated as a leading cause of male infertility. In
two studies by Cleveland Clinic researchers, the effect of ROS generation on DNA
damage and apoptosis (by stimulating DNA damage) in men classified as idiopathic
infertile was examined [87, 88]. As apoptosis showed little correlation with sperm
DNA damage, it seemed unlikely that apoptosis was the cause of ROS-induced
DNA damage in these studies. Instead, it was ROS generation that showed a signifi-
cant contribution towards DNA damage in spermatozoa.

In a further study conducted by the Clinic, the correlation between abnormal
sperm morphology ROS levels and sperm DNA damage was evaluated using the SDI
[59]. NADPH (a primary source of ROS) was found to play a key role in ROS-
mediated DNA damage in infertile patients’ semen samples containing high levels of
abnormal spermatozoa. Other studies by Cleveland Clinic researchers have also
found that immature spermatozoa have higher incidences of NADPH-induced DNA
damage [77]. In fact, the relative proportion of immature sperm producing ROS was
directly correlated with increased DNA damage in mature sperm. However, the
researchers found no correlation between DNA damage and sperm morphology in
mature sperm. They concluded that the increased DNA damage in mature sperm
could be due to oxidative damage resulting from ROS producing (immature) sperm
that occurs as sperm migrates from the seminiferous tubules to the epididymis [89].

Finally, levels of sperm DNA damage and OS in infertile men with varicocele
were studied. Results showed significantly high levels of DNA damage, which
seemed to be related to the high levels of OS found in the patients’ semen [90].

8.10.5 Cytokines

Research conducted at the Cleveland Clinic has linked oxidative stress and the
production of ROS with the expression of cytokines. In such studies, infertile
patients with varicocele and patients having undergone vasectomy reversal had ele-
vated levels of IL-6, which was positively correlated with ROS production [91, 92].
Another study found that alteration to microtubule spindle structure and chromo-
somal alignment in mouse metaphase II oocytes due to tumor necrosis factor is
augmented by the induction of oxidative stress [93].

8.10.6 Apoptosis

Numerous studies have been conducted by Cleveland Clinic researchers to examine
the relationship between apoptosis and ROS (Fig. 8.6). In one study, a positive cor-
relation between ROS levels and the percentage of cells undergoing apoptosis was
observed [87]. Another study examined the mechanism by which ROS might
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increase apoptotic cell death. Researchers reported that an increase in ROS levels
was associated with an increase in caspase 3, caspase 9, and cytochrome c, which
are proteins that mediate apoptosis [94]. Moreover, the significant positive correla-
tion between ROS and these apoptosis-mediating proteins also suggested the pos-
sibility of DNA damage through increased ROS production. Anti-heat shock protein
antibodies (anti-HSP) also have an adverse effect on embryonic cell development
by increasing the incidence of apoptosis in these cells [95]. However, ROS levels
were unaffected by variation in anti-HSP antibodies. Thus, the increased incidence
of apoptosis occurred independent of ROS level fluctuation [95].

The presence of L-carnitine (an amino acid derivative) in the peritoneal fluid of
endometriosis patients lowered the incidence of mouse embryo apoptosis, therefore
suggesting that carnitines could play a protective role against apoptotic cell death.
The improvement seen in the level of embryo apoptosis after the addition of L-car-
nitine may be due to the potent antioxidant properties of L-carnitine and its role in
downregulating cytokines present in the peritoneal fluid of endometriosis patients
[96]. Besides protection from apoptotic cell death, L-carnitine has free radical-scavenging
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activity and inhibits LPO, thereby protecting the cell membrane and DNA against
damage induced by free oxygen radicals. Another study using mouse pre-implantation
embryos showed that the incidence of apoptosis was reduced by supplementation of
culture media with protein (serum substitute). In addition, protein supplementation
reduced ROS levels and helped improve the hatching rate in these embryos [97].

8.10.7 Poly ADP-Ribose Polymerase

Research by the Cleveland Clinic indicates an active role for poly (ADP-Ribose)
polymerase (PARP) in maintaining normal sperm cell physiology by ensuring nor-
mal sperm maturation and preventing OS as well as apoptosis [98, 99]. PARP is an
abundant nuclear enzyme that plays a role in DNA repair and transcriptional regula-
tion. It also helps detect DNA strand breaks caused by ROS. Cleaved poly (ADP-
ribose) polymerase (cCPARP) plays a significant role in interrupting the DNA repair
process and activating caspase-3, thus inducing apoptotic cell death. Cleaved PARP
is present in ejaculated human spermatozoa and plays a role in OS-induced damage
of spermatozoa [99].

8.10.8 Embryo Development

The Cleveland Clinic researchers have looked at the effect of OS on the developing
embryo. In one study, ROS was positively correlated with blastocyst development rate
[100], thus suggesting that ROS has a physiological role in embryonic development.
However, another study found that when embryonic cells were cultured, high day 1
ROS levels were associated with low blastocyst development rate, embryonic fragmen-
tation, and low fertilization rate in intra-cytoplasmic injection (ICSI) cycles [20]. In
essence, while ROS play a physiological role in oocyte development and maturation,
excessive ROS production can be harmful to embryonic cells [2, 35, 101]. This is
because OS can alter steroidogenesis in the ovaries, which increases androgen produc-
tion and disturbs follicular development [82]. Moreover, excess ROS levels in the
oocyte, follicular fluid and embryo result in poor oocyte quality, alter the activity of
cumulus mass cells and result in embryonic development block and retardation [10].

8.10.9 Embryo Fragmentation

Patients undergoing assisted reproduction using conventional IVF or ICSI cycles
were included in a study by Cleveland Clinic researchers. The results showed that
high day 1 ROS levels were associated with high embryonic fragmentation only
during ICSI cycles and not IVF, due to the early exposure of embryos to ROS in
ICSI cycles [60].
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8.10.10 Hydrosalpingeal Fluid

For the first time, Cleveland Clinic researchers characterized the presence of ROS,
TAC and LPO in hydrosalpingeal fluid (HSF) aspirated from infertile women under-
going laparoscopic salpingectomy. The blastocyst development rate of mouse
embryos incubated in human HSF correlated positively to concentrations of ROS
but did not correlate significantly with LPO. It was found that increasing concentra-
tions of HSF decreased the blastocyst development rate, thus suggesting a possible
role for OS in the embryotoxicity of HSF [100]. In a follow up study, the researchers
demonstrated for the first time the presence of cytokines IL-1beta, IL-8, IL-6 and
TNF-alpha, and the absence of IL-13 in human HSF. Of these cytokines, IL-6 cor-
related positively to the blastocyst development rate of mouse embryos [102].

8.11 Indirect Effects of ROS

8.11.1 Temperature

Spermatogenesis is a temperature-dependent process, which occurs ideally at tem-
peratures slightly lower than that of the body. As such, thermoregulation is essen-
tial to maintain an adequate testicular temperature. A higher testicular temperature
negatively effects spermatogenesis and the resulting spermatozoa. Therefore, ther-
moregulatory failure leading to testicular heat stress can result in poor sperm qual-
ity and thus increase the risk of infertility [103]. Moreover, elevated temperature in
the testis can result in germinal atrophy, spermatogenic arrest as well as germ cell
apoptosis [103]. One study by Cleveland Clinic researchers that confirms these
heat-induced changes observed that sperm motility decreased dramatically after
sperm samples were incubated at low temperatures (4 °C) [67] However, this
decrease in percentage motile sperm was less dramatic when the sperm sample was
incubated at 27 and 37 °C. The maintenance of sperm motility at higher tempera-
tures was partially explained by the observation that seminal ROS levels were
lowest in the sperm sample incubated at 37 °C. Thus, it can be surmised that when
the temperature of a sperm sample deviates from the physiological temperature of
the body, spermatozoa are adversely affected largely due to an increase in ROS
production [67].

8.11.2 Exposure to Hydrogen Peroxide

Cleveland Clinic researchers have investigated the effect of hydrogen peroxide
(H,0,) exposure on spermatozoa and found that exogenous H,O, increases intracel-
lular ROS and NO production, and subsequently, decreases sperm motility [104].
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A study was conducted to test the effect of H,O, on mouse metaphase II oocyte
microtubular spindle structure [93]. It was recorded that even at low concentration,
H,0, exposure increased the odds of abnormal microtubule and chromosomal
alignment by 93 %. Furthermore, the intensity and probability of the damage to the
microtubules and chromosomal alignment increased as the incubation period
increased. It was also noted that chromosomal alignment in metaphase II oocytes
was more resistant to the effects of H,O,-induced OS compared with microtubules
[93]. In another study, Mahfouz et al. further examined the effects of H,O, exposure
on immature and mature sperm fractions from samples by healthy volunteers of
unproven fertility [16]. Exposure to H,O, decreased the viability in both sperm frac-
tions and increased the number of apoptotic sperm. Thus, this study indicated that
intracellular H,O, might induce apoptosis [16]. The pathology of H,0, is related to
the ability of it to diffuse through the membrane of sperm cells and reduce the activity
of certain enzymes [73]. However, under high ROS conditions, intracellular H,O,
was positively correlated with the number of viable sperm. This is because high
ROS conditions may lead to an increase in defense mechanisms in spermatozoa,
which help to counter and adapt to the increased presence of H,O, [16].

8.11.3 Varicocele

Varicocele is the dilation of veins around the spermatic cord [13]. This condition has
been closely linked with OS, because the testis responds to varicocele-associated
stressors at the expense of ROS production [105, 106]. Contemporary evidence
points towards a dominant role of ROS and OS in the pathogenesis of varicocele-
associated male infertility despite the actual mechanisms not being elucidated yet.
Excessive ROS present in varicocele patients is associated with sperm DNA frag-
mentation, both of which could result in poor sperm function and fertilization out-
come [107]. The latest systematic review and meta-analysis by Cleveland Clinic
researchers showed that varicocele is a significant risk factor that exerts a negative
impact on semen quality [108].

Studies by the Cleveland Clinic researchers have found that semen samples from
fertile donors have higher sperm concentration and motility than those from varico-
cele patients [88, 92, 109]. One clinical trial found that infertile patients with varico-
cele had a greater degree of impaired sperm parameters when compared to infertile
patients without varicocele [90]. This study clarifies that although infertile men pro-
duce excessive amounts of ROS regardless of the presence of varicocele, varicocele
exacerbates the condition of OS in infertile patients [110]. When compared to infertile
patients with vasectomy reversal and idiopathic infertility, infertile patients with vari-
cocele had the highest levels of ROS [71]. Another study compared infertile patients
with varicocele to fertile patients with varicocele using healthy fertile donors as con-
trols [111]. It was found that the infertile and fertile patients with varicocele had sig-
nificantly higher ROS levels, lower TAC levels, lower ROS-TAC scores and lower
semen quality scores compared to the controls; however, the ROS-TAC score between



170 D. Durairajanayagam et al.

the fertile and infertile varicocele patients respectively did not differ [111]. These find-
ings indicate that the presence of varicocele exclusively impairs sperm function
regardless of the whether the patient was originally fertile or not.

Furthermore, a specific study found that the grading of varicocele affects the
levels of seminal OS present in patients with varicocele [109, 112]. Patients with
grade 3 varicocele had higher seminal ROS levels than those with grade 1 varico-
cele [109, 112]. Literature on Cleveland Clinic studies also suggests that the con-
tribution of varicocele to increase OS levels may be limited to only infertile
patients. One study analyzed the semen from fertile patients with and without
varicocele and found that there was no significant difference in seminal ROS lev-
els between the two groups. Thus, this study indicates that the adverse effect of
increased ROS levels on sperm parameters in varicocele patients may be predict-
able depending on whether the patient is initially fertile. Moreover, this study
demonstrates that the presence of clinical varicocele does not associate with
higher seminal ROS levels or abnormal semen parameters in fertile men. In fact,
in these fertile men, ROS levels were not correlated with varicocele grade or tes-
ticular volume [113].

The mechanism by which varicocele leads to the extensive generation of ROS is
partly explained by studies which found that infertile varicocele patients (compared
to fertile donors) have elevated ROS levels and inflammatory cytokines, such as
IL-6, as well as decreased TAC [71, 90-92, 109, 114, 115]. An increase in pro-
inflammatory cytokines leads to higher seminal ROS levels due to a significant
decrease in TAC [13]. On the other hand, functional proteomic analysis conducted
by the Cleveland Clinic has provided insight into the mechanisms by which varico-
cele can impair sperm function. Infertile men with unilateral and bilateral varicocele
have various overexpressed and underexpressed proteins which impair proteins
involved in fundamental reproductive processes such as capacitation, hyperactiva-
tion, sperm-zona binding and acrosome reaction [116, 117]. These proteins can
serve as potential biomarkers for unilateral and bilateral varicocele.

Varicocele treatment reduces ROS levels as well as improves semen parameters
and fertilization rates [118]. The most effective treatment option for infertile men
with varicocele is microsurgical spermatic vein ligation [47].

8.11.4 Spinal Cord Injury

Over 90% of men with spinal cord injury are infertile, indicating that spinal cord
injury is related to infertility and possibly OS [13]. In one study, the Cleveland Clinic
investigated the relationship between the generation of ROS and semen characteristics
in men with spinal cord injury. To stimulate a burst of ROS production from leuko-
cytes, N-formyl-methionyl-leucylphenylalanine (FMLP) was used, while ROS pro-
duction from spermatozoa was stimulated by 12-myristate 13-acetate phorbol ester
(PMA) in the semen of both male patients with spinal cord injury and normal men
[119]. When the semen was compared, it was found that the levels of ROS and the
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white blood cell count were higher in spinal cord injury patients than in normal men.
Sperm morphology and motility were also lower in spinal cord injury patients [119].
These results indicate that a link exists between spinal cord injury and OS.

8.11.5 Endometriosis

ROS is present in both fertile and infertile females with endometriosis (Fig. 8.7)
[80]. Studies by Cleveland Clinic researchers have revealed that a vicious cycle
exists in the case of endometriosis whereby OS is induced which in turn causes the
implantation of the ectopic endometrium (a primary characteristic of endometrio-
sis). This action triggers the generation of more ROS which further triggers OS
[120]. However, it is important to note that some studies found that the presence of
ROS in the peritoneal fluid of females with endometriosis is not statistically differ-
ent from the ROS production from healthy female donors [80]. Thus, the presence
of ROS in the peritoneal fluid may not have a significant effect on females with
endometriosis in the context of infertility. In contrast, other studies observed
increased levels of OS markers (MDA and pro-inflammatory cytokines) in the peri-
toneal fluid of patients with endometriosis [121] thus suggesting that endometriosis
can induce OS.
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Antioxidants, such as vitamins C and E neutralize ROS and thus could be a form
of treatment for patients with endometriosis [120].

8.11.6 Vasectomy Reversal

Vasectomy reversal patients have elevated ROS and IL-6 levels when compared to
normal controls [91, 122, 123], thus indicating that vasectomy reversal may induce
seminal OS. ROS levels are also higher in infertile vasectomy reversal patients than
fertile vasectomy reversal patients [123]. However, vasectomy reversal does not
seem to affect TAC levels [122]. As expected due to the excessive generation of
ROS, the patients who have undergone vasectomy reversal have decreased sperm
concentration and motility [91]. Moreover, levels of creatine kinase (CK), a bio-
chemical marker for cellular maturity were elevated in infertile patients with vasec-
tomy reversal when compared to patients with idiopathic infertility, testicular
cancer, and normal fertile donors. This indicates that spermatozoa from post-
vasectomy reversal patients may be biochemically immature, and therefore have a
lesser chance of fertilizing the ovum [124]. This study conducted by Cleveland
Clinic researchers suggests that vasectomy reversal may be associated with OS.

8.11.7 Age

Studies reported by the Cleveland Clinic researchers have linked poor semen qual-
ity, DNA mutations [125] and an increase in disorders such as autism and schizo-
phrenia, with increased paternal age [126]. Elevated ROS levels related to aging and
infertility can result from decreased antioxidant levels and impaired Leydig cell
function [3]. A study on 98 fertile men who were candidates for vasectomy was
conducted to evaluate the effect of age on ROS generation [127]. Participants in the
study were divided into two groups: individuals under the age of 40 (n=78) and
individuals over the age of 40 (n=20). Positive controls consisted of 46 infertile
patients. The mean age of the men was 35.1£5.6 years. The group of individuals
above the age of 40 had higher ROS levels than the younger group of men and the
controls. Thus, ROS levels in the whole ejaculate have a positive age-dependent
correlation among fertile men [127].

8.11.8 Smoking

Cigarettes have over 4000 chemicals, some of which can cause excessive generation
of ROS, thus inducing a state of OS [39]. Levels of OS were evaluated in infertile
men with a history of smoking, which demonstrated that infertile men who smoked
had higher OS levels compared to non-smoking infertile men [128]. In this study,
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smoking was associated with increased ROS levels, seminal leukocyte concentra-
tions, and decreased ROS-TAC score. Another study by the Cleveland Clinic ana-
lyzed the semen from infertile smokers, infertile non-smokers, and healthy fertile
donors [128]. It was determined that smoking increased seminal leukocyte concen-
trations by 48 %, increased ROS levels by 107 % and lowered ROS-TAC scores by
10 points [39, 128]. In the female reproductive system, smoking can also adversely
alter follicular and oocyte maturation [129]. A recent evidence based review by
Cleveland Clinic researchers studied the data on smoking and male fertility and
reiterated that couples who are trying to conceive in particular should adhere to the
preventive approach of discouraging smoking and eliminating exposure to tobacco
smoke [130].

Aside from smoking tobacco, smoking marijuana may also be associated with
ROS generation because it disturbs the endocannabinoid system (ECS), which is
involved in the regulation of the male reproductive system. Therefore, marijuana
may disrupt the process of spermatogenesis and impair sperm function including
motility, capacitation and acrosome function [131].

8.11.9 Cell Phones

The non-thermal effects of mobile phones on male reproduction includes the exces-
sive generation of seminal ROS and reduction of antioxidant enzymes [132]. In a
study conducted at the Cleveland Clinic, a semen sample was exposed to 1 h of radio
frequency electromagnetic waves with one unaffected semen sample acting as a con-
trol [133]. Higher seminal ROS values and a decrease in sperm motility and viability
were observed in the semen sample exposed to the electromagnetic waves. However,
TAC remained unaffected and DNA damage was not induced [133]. These results
confirm that exposure to radiofrequency electromagnetic waves (RF-EMW) radia-
tion may negatively impact sperm quality by generating ROS [132]. Cell phone radi-
ation also targets the plasma membrane of spermatozoa and increases caspase
activation [132], thus resulting in an increase in apoptotic cell death and activation of
NADPH oxidases, causing a burst of superoxide production [134].

8.11.10 Testicular Cancer

Cancer therapies such as chemotherapy, radiotherapy and/or surgery are known to
have detrimental effects on the male reproductive system. Moreover, patients
with testicular cancer, often have poor semen quality even prior to treatment [135].
Thus in cancer patients, male fertility preservation has great importance and the
only reliable method to do so is by sperm banking, where the patient’s spermatozoa
are cryopreserved for use at a later time [136].

Research from the Cleveland Clinic has demonstrated that CK levels in cancer
patients (both testicular and non-testicular) were not significantly different from CK
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levels in normal healthy donors, suggesting that sperm produced by cancer patients are
biochemically mature [124, 137]. Furthermore, another study analyzed whether lipid
peroxidation affects semen quality in cancer patients. Results showed that the MDA
levels in frozen-thawed (cryopreserved) semen samples among testicular or non-
testicular cancer patients did not differ from that of control subjects. These findings
support the suggestion that poor post-thaw semen quality in patients with testicular or
non-testicular cancer is not associated with lipid peroxidation, but could instead be due
to other stress factors induced during the freeze-thaw process [137, 138].

8.11.11 Preeclampsia

Preeclampsia is a multisystem disorder that is associated with placental OS [139, 140].
This condition is characterized by an increase in OS markers, such as LPO, elevated
ROS levels, and a decrease in antioxidants [139, 141]. The induction of OS in pre-
eclampsia is associated with neutrophil activation [142]. Placental OS triggers the
release of prostaglandins and cytokines, which in turn impair endothelial cell func-
tion and contribute to preeclampsia [143].

8.11.12 Erectile Dysfunction

Penile erectile function is associated with the integrity of the endothelium, which is
dependent upon nitric oxide (NO) concentrations. Excessive generation of superox-
ide reduces NO levels, thus, implicating a role for OS in the pathophysiology of
erectile dysfunction [144].

8.11.13 Menopause

During menopause, a decline in estradiol levels creates a favorable environment for
oxidation and, hence, OS can be observed. An increase in pro-inflammatory cyto-
kines indicates that OS occurs in a post-menopausal state [145].

8.12 Infections

8.12.1 Leukocytes

Leukocytospermia is believed to directly affect ROS levels [146]. A study by
Cleveland Clinic researchers found that both neat and washed semen samples exhib-
iting leukocytospermia have higher seminal ROS levels than fertile donors whose
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semen does not contain leukocytes [40, 57, 147]. However, even in a fertile healthy
population, ROS production is positively correlated to leukocyte concentration in
semen [40]. Other studies have observed a negative correlation between sperm
motility and leukocyte concentration and, further, found that leukocytes were posi-
tively correlated with abnormal sperm morphology [60, 79, 147]. Specifically, one
study found that thiobarbituric acid reactive substances (TBARS) production was
positively correlated with leukocyte concentration, indicating that leukocytosper-
mia could induce lipid peroxidation in spermatozoa [79]. In addition, semen sam-
ples contaminated by leukocytes also exhibit a higher extent of spermatozoa with
damaged DNA [84, 147].

The mechanism by which leukocytes can generate ROS is partly attributed to the fact
that leukocyte activation increases the production of NADPH via the hexose monophos-
phate shunt, which in turn increases the concentration of the superoxide anion [73].

Numerous publications from the Cleveland Clinic have evaluated the WHO
guidelines for leukocytospermia and the minimal leukocyte concentration in semen
that is indicative of OS. One study found that semen samples with no leukocytes had
significantly lower seminal ROS levels than semen samples with even a low concen-
tration of leukocytes [148]. This study concluded that it was difficult to determine
an exact leukocyte concentration cutoff value, because any semen sample exhibiting
leukocytospermia (whether low or high concentration) produced excessive amounts
of ROS [148]. A more specific and defined study evaluated the WHO value of 1 x 10°
leukocytes/ml as a marker for OS [146]. Participants in the study were divided into
three groups: no leukocytospermia (control), low-level leukocytospermia (<1 x 10°
leukocytes/ml), and high-level leukocytospermia (>1x10° leukocytes/ml). Both
groups exhibiting leukocytopsermia had higher seminal ROS levels than controls;
however, the amount of ROS between the two groups was not significantly different.
These findings corroborate the claim that low-level leukocytospermia induces OS
and that the WHO guidelines need to be re-evaluated [146].

High seminal leucocyte concentration can also cause semen hyperviscosity
(SHV), which prevents the travel of normal spermatozoa in the female reproductive
tract [149].

8.12.2 Prostatitis

Research from the Cleveland Clinic has linked prostatitis with OS. In one study,
Pasqualotto et al. divided patients into three groups: (1) prostatitis with leukocytes
in semen, (2) prostatitis without leukocytes in semen, and (3) healthy fertile donors
as controls [32]. Both patient groups with prostatitis had higher seminal ROS levels
and lower TAC than controls. However, sperm parameters did not differ between the
three groups, indicating that prostatitis may not have an adverse effect on sperm
function. The patient group with prostatitis and leukocytes in their semen had the
highest ROS levels. This study concluded that men with chronic prostatitis demon-
strate seminal OS and that the presence of OS cannot be predicted by the patients’
leukocytospermic status [32].
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8.12.3 Ureaplasma urealyticum

Ureaplasma urealyticum is a commensal bacterium found in the flora of the
lower genitourinary tract in sexually active adults. Ureaplasma infection is sexu-
ally transmitted and is involved in the pathology of various reproductive diseases
such as pelvic inflammatory disease, chronic prostatitis and urethritis. Infected
patients have higher seminal ROS levels than infertile patients and healthy con-
trols who do not have the bacteria [150]. Leukocytes were found in only one of
the 17 semen samples with positive U. urealyticum cultures, indicating that the
increase in ROS generation is induced by the bacteria itself and is not associated
with an increase in leukocyte production [150].

8.13 Antioxidants

8.13.1 Antioxidants Mechanisms

Antioxidants are defense mechanisms that neutralize and prevent the overproduc-
tion of ROS. Maintaining physiological levels of ROS is important because sperma-
tozoa are very sensitive to free radicals due to their high levels of polyunsaturated
fatty acids in their membranes, which are easily oxidized [151].

A variety of antioxidants have been tested by the Cleveland Clinic researchers
in relation to male infertility. For example, Cleveland Clinic researchers have
looked at the potential protective effects of free-radical scavengers on testicular
damage induced by cadmium chloride. Cadmium chloride not only induced tes-
ticular impairment, but also reduced testicular lactate dehydrogenase-X (LDH-X)
activity. Oxypurinol or superoxide dismutase (SOD) prevented testicular damage
except when cadmium chloride was administered at high doses [152]. Red palm oil
was also studied as an agent to reduce the effects of OS on rat spermatozoa [153].
The study showed that red palm oil administration is able to reduce the effect of
OS-induced sperm damage caused by organic hydroperoxide exposure. In another
study, the evaluation of antioxidants intake in male patients whose spouses had a
history of recurrent embryo loss was conducted. Of these men, those who had high
DNA damage or lipid peroxidation were put on an antioxidant supplementation
regime. Spouses of six of the nine men, who were on antioxidant therapy for at
least 3 months, were able to conceive. Couples whose male partners received anti-
oxidant supplementation achieved a successful pregnancy [154]. With its potent
singlet oxygen quencher properties, the carotenoid lycopene, is another possible
treatment option for male infertility [155]. The usage of oral antioxidant supple-
mentation, has been accepted clinically, and is currently being used to treat some
infertile men [156].
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8.13.2 Endogenous Sources

Two main sources of endogenous ROS in semen are leukocytes and immature sper-
matozoa, with leukocytes as the primary source [11, 157]. One possible strategy to
counteract the endogenous production of ROS is to increase the oxidant scaveng-
ing capacity of the seminal plasma [158]. The seminal plasma protects against
ROS damage because it contains enzymes (such as SOD and catalase) that scav-
enge ROS [11]. Seminal plasma also plays an important protective role against the
adverse effects of endogenous ROS on sperm capacitation. In fact, seminal plasma
is effective in reversing premature sperm capacitation induced by excessive ROS
as well [159].

8.13.3 Exogenous Sources

Carnitines and vitamins C and E have been shown to be effective in improving
fertility rates and may be considered as a first-line treatment [10, 160-162].
However, vitamin C therapy is controversial because vitamin C can also act as a
pro-oxidant, and could thus contribute to intracellular ROS generation [160].

In two studies conducted by Cleveland Clinic researchers, the antioxidant capa-
bilities of Vitamins C, and E and pentoxifyline were studied. The first study evaluated
the unfavorable effects of exogenously induced ROS on mouse embryo develop-
ment using a 12-phorbol 13-myristate acetate (PMA)-activated leukocyte model.
The study demonstrated that exposure of the embryos to ROS over extended peri-
ods of time resulted in embryo toxicity [163]. The administration of antioxidants
(Vitamin C and E) reversed the ROS-induced embryonic toxicity; however, Vitamin
C was shown to have more effective antioxidant effect than vitamin E. In a similar
study, mouse embryo was exposed to hydrogen peroxide and pentoxifyline was
administered to assess its antioxidant potential on the blastocyst development rate
[164]. Pentoxifylline administration was beneficial in reducing the hydrogen perox-
ide-induced embryo damage and in improving IVF outcome.

The efficacy of L-carnitine (LC) in improving sperm motility, vitality, and reducing
DNA oxidation was made evident by a Cleveland Clinic study which found that LC
significantly improved sperm motility and vitality, while not affecting DNA oxida-
tion levels [165]. The combined L-carnitine and L-acetyl-carnitine therapy
(LC+ALC; 2 months wash out, 6 months therapy/placebo, 2 months follow up) in
56 infertile males with OAT was also tested in a placebo-controlled double-blind
randomized trial by Cleveland Clinic researchers [166]. Results showed an increase
in all sperm parameters after combined LC +ALC treatment; with sperm motility
increasing the most in patients who had very low motility to begin with.

Moreover, the protective effect of L-carnitine (LC) against deleterious substances
present in peritoneal fluid (PF) of patients with endometriosis was studied by
Cleveland Clinic researchers [96]. The findings showed PF from endometriosis
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patients caused damage to oocyte microtubules and chromosomes as well as increased
embryo apoptosis when compared to controls (PF from tubal ligation patients).
However, supplementation with LC in the peritoneal fluid of endometriosis patients
improved the microtubule and chromosome structures, and decreased the level of
embryo apoptosis; while supplementation with LC in embryo culture medium suc-
cessfully blocked the apoptotic effects of actinomycin-D (AD), and decreased DNA
damage; thus suggesting LC supplementation as a possible treatment for patients
with endometriosis and as a treatment to improve embryogenesis [96, 167]. Within
the male reproductive tract, sperm metabolism and maturation are significantly
impacted by the endogenous presence of high concentrations of LC and acetyl-L-car-
nitine (ALC) in the epididymis and spermatozoa [168].

8.14 Proteomics

Conventional semen analysis has a limited ability to evaluate the adverse effects of
oxidative stress-related diagnoses on fertility. Specialized laboratory tests such as
measurement of OS markers and sperm DNA fragmentation analysis provide
diagnostic and prognostic information that complement the routine semen analysis.
In addition, the developing areas of genomics, metabolomics, and in particular
proteomics, have the potential to deepen our understanding of reproductive physiol-
ogy and the pathophysiology of diseases that could compromise the male fertility
potential, such as varicocele [169].

Over the recent decades, advances in molecular biology have gleaned insight
into links between protein activity, function, and its encoded gene. This novel
approach, known as proteomics, has allowed for the identification and characteriza-
tion of proteins via qualitative and quantitative analysis. Cleveland Clinic research-
ers have embarked on proteomics studies in the last 5 years, with a focus on
investigating the effects of elevated ROS levels/OS on spermatozoa [170-172] and
seminal plasma [173—175] in both fertile and infertile males as well as in infertile
men with varicocele [116, 176, 177].

Proteomic techniques, such as two-dimensional electrophoresis (2-DE), liquid
chromatography mass spectrometry (LC-MS), and matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-TOF-MS) (Fig. 8.8), have
provided insight into sperm function and dysfunction [178]. Alterations in seminal
plasma and sperm proteins in men with OS are now thought to be associated with
stress or metabolic responses and regulatory pathways [179]. Differentially
expressed proteins (DEPs) in semen of fertile and infertile men have also been
identified [170, 172, 174, 180]. Four predominant proteins have been found in the
semen of healthy males, including semenogelin II precursor (SEMG2), prolactin-
induced protein (PIP), clusterin isoform 1 (CLU), and prostate-specific antigen
isoform 1 preproprotein (KLK3); however, semen of infertile men lacked SEMG?2
and CLU [180].
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Fig. 8.8 An overview of the general methodology of protein isolation and identification from
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pathways. Proteins of interest can be validated using Western blotting
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To learn more about the underlying pathology of unilateral varicocele, Cleveland
Clinic researchers investigated the proteomic changes in infertile men with unilateral
varicocele to identify and analyze proteins of interest in these men compared to
fertile men [116]. In this study, proteins were extracted and separated by 1-D SDS-
PAGE, then identified on a LTQ-Orbitrap Elite hybrid mass spectrometer system.
Researchers found that 369 proteins were differentially expressed between both
groups, and the major functional pathways of the DEPs related to the unilateral vari-
cocele group were associated with gene expression, signal transduction and apopto-
sis among others. In addition, 38 proteins were unique to the unilateral varicocele
group [e.g. cysteine-rich secretory protein 2 precursor (CRISP2) and arginase-2
(ARG2)] and 120 proteins were unique to the fertile group. When compared with
fertile men, 114 proteins were overexpressed while 97 proteins were underexpressed
in the unilateral varicocele patients.

Functional proteomic profiling has been used by the Cleveland Clinic researchers
to compare the protein profiles between infertile men with unilateral and bilateral
varicocele. Proteomic analysis in this study was done using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and the Linear Trap Quadrupole-
Orbitrap Elite hybrid mass spectrophotometer system. They found that 64 proteins
in the bilateral group and 31 proteins in the unilateral group were uniquely expressed.
Among the core functions associated with the key protein interaction networks were
post-translational modification (PTM; mainly acetylation), protein folding, free
radical scavenging, and cell death. The main molecular and cellular functions were
protein degradation, free radical scavenging, and PTMs; while the major biological
pathways for the 253 DEPs were metabolism, apoptosis, and signal transduction.
These findings provide some insight into the mechanistic implications of varicocele-
related male infertility [176].

The Cleveland Clinic researchers performed a comparative proteomics study to
elucidate the key differences in the distribution and expression of spermatozoa
proteins in infertile men with varicocele. They reported 99 proteins were differen-
tially expressed in the varicocele group, including the Protein kinase A-R1A
(PKARI1A), Adenylate kinase 7 (AK7), T-complex protein 1 subunit zeta-2
(CCT6B), Heat shock-related 70 kDa protein 2 (HSPA2), and Outer dense fiber of
sperm tails 2 (ODF2) proteins that are involved in stress response and sperm func-
tion, including molecular chaperones. The major protein functions that were com-
promised in the varicocele group were spermatogenesis, sperm motility, and
mitochondrial dysfunction [177].

Examination of the proteomic profile of spermatozoa from infertile or fertile men
with increased ROS levels (ROS positive) in seminal plasma identified 74 proteins,
of which ten proteins were overexpressed and five were underexpressed in the ROS
positive group. Metabolic processes that were negatively impacted in this group of
infertile men were protein modifications and OS regulation, energy metabolism and
regulation, as well as gluconeogenesis and glycolysis [172]. When the ROS positive
seminal plasma of men (infertile or fertile) was analyzed, 14 proteins were identified
with seven of these common and unique proteins identified in both the ROS positive
and ROS negative (low ROS levels) groups. ROS positive men presented with a
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more abundant expression of prolactin-induced protein (PIP). Moreover, men with
increased ROS levels in their seminal ejaculate express unique proteins that are
either downregulated or oxidatively modified [173].

Another novel proteomics study by the Cleveland Clinic researchers looked into
the differential expression of proteins in the seminal plasma of four groups of men
based on sperm count and morphology: (1) normal sperm count and normal mor-
phology (NN); (2) normal sperm count and abnormal morphology (NA); (3) oligo-
zoospermia and normal morphology (ON); and (4) oligozoospermia and abnormal
morphology (OA). Proteomics analysis was done using LC-MS/MS followed by
functional bioinformatics analysis to compare the protein distribution in the NA,
ON and OA groups with that of the NN group. Among the 4 groups, there were 20
DEPs that were identified. Of the unique proteins expressed, some proteins were
downregulated—three in the NA group, one each in the ON and OA groups respec-
tively; while some proteins were upregulated—two each in the ON and OA groups
respectively. The functional analysis showed that the biological regulation was
found to be the major process affected [175].

A comparative proteomic analysis conducted at the Clinic revealed that a path-
way involving 35 DEPs controlling protein folding and protein degradation were
overexpressed in the infertile high ROS group when compared to fertile controls
[174]. These overexpressed proteins, such as metallo-endopeptidase (MME), DJ-1
(PARK?7), PIP, lactotransferrin (LTF), and peroxiredoxin (PRDX), may serve as
potential biomarkers of OS-induced male infertility [179]. Further, six differentially
expressed proteins [Calmegin (CLGN), Tripeptidyl peptidase II (TPPII), Dynein
intermediate chain 2, axonemal (DNAI2), Early endosome antigen 1 (EEA1), Heat
shock 70 kDa protein 4 L (HSPA4L) and Plasma serine protease inhibitor
(SERPINAS5)] with distinct reproductive functions have been identified in men with
low, medium, or high ROS levels [170]. Protective proteins against OS have also
been recognized [171, 172].

In another novel proteomics study among fertile men, Cleveland Clinic researchers
employed a 3-layer density gradient method to obtain four fractions of spermatozoa
at different maturation stages. These fractions were then subjected to SDS-PAGE
and proteomics analysis using the Finnigan LTQ-Orbitrap Elite hybrid mass spec-
trometer system, followed by bioinformatics analysis. This study provided essential
information about the proteins and biological processes that are involved in sperma-
tozoa maturation. Researchers identified 1469 proteins from all fractions and found
that the number of detected proteins decreased in proportion to the spermatozoa
maturation stage. And as the spermatozoa mature, the expression of proteins
involved in response to OS processes (such as HSP 70 1A) as well as protein bio-
synthesis, transport, and ubiquitination, was found to decrease. Conversely, the
expression levels of proteins involved in gamete generation, cell motility (such as
Tektin 2 and Tektin 3), energy metabolism and oxidative phosphorylation processes
showed an increasing trend. This study illustrated the proteins that are crucial for
spermatozoa maturation, motility, and fertilization capacity as well as biological
processes that are enhanced or suppressed during the spermatozoa maturation. This
knowledge will be useful in recognizing any proteins and pathways that may be
altered or modified in infertile men [181].



182 D. Durairajanayagam et al.

With the tremendous advancements in the expanding field of sperm proteomics,
the ability to identify causative proteins and treat unexplained male infertility is
promising and could certainly revolutionize an andrologist’s diagnostic armamen-
tarium. Validating sperm function biomarkers can have tremendous diagnostic and
prognostic value, specifically for males with unexplained infertility in which routine
semen analysis fails to detect subcellular sperm dysfunctions.

Not only in males, but the deleterious effects of OS on proteins and nucleic acids
is hypothesized to be one of the major mechanistic pathways in the differential
expression of proteins in endometriosis, PCOS, and unexplained infertility in
females [182]. Thus, molecular pathways deciphered through proteomics analysis
may play a key role in the early detection and management of both female and male
infertility-related conditions [179, 182].

Certainly, the ability to assess sperm DNA damage and OS via protein identifica-
tion and expression provides for a relatively independent measure of fertility potential
[183]. Future studies should evaluate the variation in post-translational modifications
of proteins in healthy and idiopathic infertile men [184]. Furthermore, advances in
gene and protein interactions using global proteomics and transcriptomics technolo-
gies in male infertility studies will contribute greatly to the knowledge pool in treating
the complex and multi factorial nature of male infertility [185].

That being said, while there is a real need to develop andrologic diagnostic tech-
niques, it is essential to translate and weigh the cost-effectiveness and applicability
of proteomics in clinical practice. In the meantime, unraveling the causes of idio-
pathic male infertility and unveiling of novel molecular targets will help advance the
development of new pharmacologic agents in the treatment of male infertility [186].

8.15 Conclusion and Future Outlook

Arising from high concentrations of free radicals and/or suppressed antioxidant
potential, OS is now well established as an important underlying cause of human
infertility. It has also been implicated in various disorders and diseases associated
with male and female infertility. Over the past 23 years, Cleveland Clinic research-
ers have been dedicated towards better understanding the causes and consequences
of OS on the human fertility potential, particularly in the male. Findings of these
research studies, along with that of other research laboratories have contributed
greatly to the founding and expansion of the body of knowledge on OS and its
related conditions. Assessment of oxidative stress levels in infertile patients, along
with other specialized tests can be used to predict the severity of its impact on the
fertility potential.

With over more than two decades of experience in the physiological and pathological
roles of high ROS levels on the male gametes, as well as measures to assess and
alleviate the adverse effects of high levels of ROS on male fertility, the research
focus of the Cleveland Clinic researchers in the recent years have shifted towards
unraveling the changes in the molecular processes and pathways that lead up to
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infertility. Of late, proteomics studies are beginning to reveal the severe conse-
quences of oxidative stress at a subcellular level, which can bring about alterations
in the protein expression in seminal plasma and/or the spermatozoa. By character-
izing these protein profiles of seminal ejaculate from men with different clinical
conditions, such as high oxidative stress, it is hoped that selected biomarkers may
emerge that will better equip the clinician with treatment options that will best ben-
efit the patient.
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