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Foreword

The book by Dr. Kavindra Kumar Kesari and Dr. Shubhadeep Roychoudhury, 
Oxidative Stress and Toxicity in Reproductive Biology and Medicine: A 
Comprehensive Update on Male Infertility, highlights the strong connection 
between oxidative stress and male infertility. This topic has gained prominence with 
new knowledge about the impact of lifestyle and mutagenic factors on male infertil-
ity. Exposure to several environmental toxicants, such as chemicals, radiations, and 
viral and microbial infections, represents risk factors for male infertility. The book’s 
title itself defines the theme of the book, wherein the authors have considered rele-
vant oxidative stress–induced toxicity in male fertility. This book contains 15 chap-
ters which cover most of the recent progress in the field of free radical biology in 
cellular toxicology and clinical manifestations of various issues related to men’s 
health and infertility along with the therapeutic use of herbal and natural medicines 
to control the oxidative stress. The introductory chapter by Prof. Ralf Henkel high-
lights the relationship between oxidative stress and male infertility with historical 
perspectives. Several chapters in this book focus on the physiological and patho-
logical role of oxidative stress in male reproduction by providing appropriate path-
ways. The follow-up chapters mostly explore the role of oxidative stress at the 
molecular level, for example, Chapter 5 unravels the molecular impact of sperm 
DNA damage and repair mechanism along with certain other types of damage rel-
evant to male reproduction.

The scientific value of this book is that most of the exiting factors which are 
associated with our daily life exposures are well covered. Several important chap-
ters on uropathogenic factors (bacterial and viral infection) have been discussed to 
explore the role in male infertility. Especially Chapter 7 discusses the role of oxida-
tive stress in bacteriospermia vis-a-vis male infertility. Chapters 9 and 10 on inflam-
mation and varicocele describe how different types of lifestyle and environmental 
factors induce oxidative stress and in turn cause infertility. Last but not least,  
Chapter 15 presents an interesting study on sperm redox system equilibrium and its 
implication in fertilization and male fertility. Understanding the sperm redox sys-
tem will allow us to explore the mechanism of free radical biology in reproductive 
toxicology. The book presents an update on the etiology of infertility, where a number 
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of chapters defining the known and probable causes of male infertility and therapeu-
tic measures against oxidative stress are delineated.

The editors should be congratulated for providing chapters with concepts and 
mechanisms using illustrations, flow charts, and tables. The language is kept simple 
in this book so that an inquisitive reader with a scientific or nonscientific back-
ground may easily understand the subject matter. This book will be useful for gen-
eral readers as it covers many important public issues. The editors of this book 
deserve special thanks for assembling a great team of contributors and for editing 
such an important book on a clinical topical issue.

Director, American Center for Reproductive Medicine
Cleveland Clinic Foundation 

Ashok Agarwal

Cleveland, OH, USA
Director, Andrology Center
Cleveland Clinic Foundation
Cleveland, OH, USA
Professor of Surgery (Urology), Lerner College of Medicine
Cleveland Clinic Foundation
Cleveland, OH, USA

Foreword
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Preface and Acknowledgments

There are several factors in the indoor and outdoor environment which may affect 
reproductive health. Potential threats to reproduction and fertility that are encoun-
tered by men in everyday life emanate from chemical, physical, and biological 
sources. Most common etiology is oxidative stress which may induce cellular toxic-
ity and enhance free radical production within the cells which often overwhelm the 
scavenging capacity by antioxidants due to excessive production of reactive oxygen 
species (ROS). Oxidative stress is a result of the imbalance between ROS and anti-
oxidants in the body which may lead to sperm damage (DNA or count), deformity, 
and, eventually, male infertility. Environmental toxicants, such as radiations (ion-
izing and non-ionizing), radiations from radiotherapy, chemicals, toxic metals, fine 
particles, lifestyle factors, medications or drugs consumption, and microbial and 
viral contaminations, and other factors including climate change and pollution 
affect male fertility. This book presents various state-of-the-art chapters on the 
recent progress in the field of cellular toxicology and clinical manifestations of vari-
ous issues related to men’s health and fertility. This book also provides a way 
towards therapeutic use of natural antioxidants to control or manage oxidative stress 
for the prevention of male infertility outcome. This book has value-added collection 
of 15 chapters as Volume I, which discuss an up-to-date review on the impact of 
oxidative stress factors in male reproduction with multidisciplinary approaches 
with a focus on environmental toxicity. Chapter 1 by Prof. Ralf Henkel mainly 
introduces the role of oxidative stress and toxicity in reproductive biology and med-
icine. This chapter primarily points out the factors that are responsible for inducing 
oxidative stress, which may lead to male infertility, and these are presented with 
historical perspectives. Chapter 2 discusses the role of ROS and antioxidants in both 
male and female reproduction. This chapter largely highlights the origin of ROS in 
the female and male reproductive tracts with possible mechanisms of their genera-
tion. It also describes the specific physiological roles of the reactive molecules in 
upholding the structural integrity and functionality of both the reproductive sys-
tems. Chapter 3 discusses the pathological roles of ROS in male reproductive prob-
lems which are linked to infertility, erectile dysfunction, and prostate cancer. The 
chapter mainly emphasizes the role of lipid peroxidation, DNA damage, and 
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apoptosis induced by oxidative stress, with an insight into the probable mechanism 
through which ROS exerts its pathological impact. The effect of varicocele-induced 
ROS on infertility is value added discussion towards male in fertility in this chapter. 
In this continuation, Chapter 4 represents the molecular interactions which are 
directly or indirectly associated with oxidative stress–mediated male infertility. The 
chapter mainly highlights the association of proteins with dysregulated molecular 
pathways in sperm and seminal plasma due to oxidative stress. Chapter 4 also dis-
cusses the molecular interactions between proteins associated with oxidative stress 
and their potential role leading to male infertility with the help of advanced pro-
teomic techniques and bioinformatic tools. Chapter 5 by Prof. Ashok Agarwal and 
his group, one of the leading scientists in the field of oxidative stress and male 
infertility research, focuses on the role of ROS in causing sperm DNA damage, 
along with certain other types of damages. This chapter elaborates the molecular 
mechanisms involved in DNA repair during spermatogenesis or after fertilization of 
the oocyte. The impact of sperm DNA damage on reproductive outcomes, such as 
fertilization and pregnancy rates, has been discussed with a focus on animal and 
human studies. Chapter 6 discusses the role of leukocytes and infection in male 
infertility. There are several types of infections that may affect human health, espe-
cially male urogenital infection, involving bacterial, viral, protozoal, and fungal 
infections. These infections are more or less asymptomatic in nature and pass on to 
sexual partner through intercourse which may lead to fertilization failure, pregnancy 
loss, and even development of illness in the offspring. Among these, leukocytosper-
mia emerges as one of the most likely causes of ROS and oxidative stress-induced 
sperm dysfunction, poor fertilization, and male infertility. In this connection, 
Chapter 7 elaborates the role of oxidative stress towards bacteriospermia and male 
infertility. In most of the infection cases, bacteria attack the urological system, and 
these uropathogens are involved in infection and inflammation of the male urogeni-
tal tract. Bacteriospermia may induce infertility by interacting directly with sperm 
cells and start producing ROS and lead to impaired sperm parameters. Chapter 7 
also discusses the protective measures by supplementing herbal medicines, antioxi-
dants, and plant extracts. The role of herbal medicines against viral or microbial 
infections have been emphasized in recent years. Therefore, this book provides a 
collection of oxidative stress–induced infertility prevention and fertility protection 
measures. Chapter 8 discusses the oxidant-sensitive inflammatory pathways in male 
reproduction, where inflammation has been considered as a major signal of oxida-
tive stress. Oxidative stress–induced male infertility and its mechanisms are exten-
sively documented in this chapter along with several important fertility parameters. 
In this series, Chapter 9 discusses more about oxidative stress with emphasis on 
various factors of idiopathic male infertility and the mechanism by which several 
endogenous as well as exogenous factors may induce idiopathic male infertility. 
This chapter covers several important aspects such as inflammation, varicocele, 
obesity, and lifestyle factors which may induce oxidative stress and lead to infertil-
ity. It also elaborates the pathophysiology of male oxidative stress infertility with a 
focus on its diagnostic and therapeutic aspects. In this connection, Chapter 10 dis-
cusses an important clinical male infertility aspect  – varicocele. This has been 
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reported as one of the most common causes of male subfertility, although the patho-
physiology of varicocele remains largely unknown. This chapter mainly explores 
the correlation among oxidative stress, varicocele, and male infertility with focus on 
various fertility parameters. It also discusses several therapeutic aspects to explore 
the role of interventions and to reduce oxidative stress in men with varicocele-asso-
ciated infertility. In a way, Chapters 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 pose oxidative 
stress to be the responsible factor behind elevated levels of ROS, and as a result may 
also be considered as a hallmark for diabetes-induced male infertility, as has been 
reported in Chapter 11. For better understanding of the underlying mechanisms, 
Chapter 11 discusses the central role of oxidative stress, which may play a major 
role as mediator of obesity, metabolic syndrome, and type 2 diabetes mellitus in 
men. This chapter mainly covers the pathophysiological role of oxidative stress in 
the management and mechanism of reproductive dysfunctions. Although, manage-
ment of oxidative stress is not well defined, however, improved nutrition and exer-
cise has been recommended for the improvement in male fertility parameters under 
the influence of oxidative stress. Chapter 12 discusses the key causes of decreased 
sperm motility and some of the muted genes and metabolic causes, wherein atheno-
zoospermia or poor sperm motility has been reported as causes of infertility in the 
male. This chapter covers several important aspects related to the metabolic dys-
regulation with focus on signaling pathways and genes involved in sperm motility. 
This chapter explores the central role of oxidative stress and ROS production in 
association with sperm motility, molecular pathways, and lifestyle factors. 
Interestingly, a therapeutic approach for athenozoospermia has also been proposed. 
Chapter 13 discusses as to how viruses invade the male genital system thus in turn 
leading to detrimental consequences on male fertility. This chapter uncovers the 
facts associated with the tropism of various viruses in the male genital organs and 
explores their sexual transmissibility. It summarizes the functional and mechanistic 
approaches employed by the viruses in inducing oxidative stress inside spermato-
zoon thus leading to male infertility. Additionally, this chapter also highlights the 
various antiviral therapies that have been studied so far in order to ameliorate viral 
infections and to combat the harmful consequences leading to male infertility. This 
chapter would be highly interesting considering the current scenario of COVID-19 
viral infections affecting human health. The male reproductive system is one of the 
attainable targets of many viruses including immunodeficiency virus, Zika virus, 
adenovirus, cytomegalovirus, and potentially severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), and infection with such viruses may cause serious 
health issues which has been reported in Chapter 14. This chapter discusses the 
pathogenesis of viral infections and possible roles in male reproductive health. This 
is an evidence-based study where authors explore how the viruses affect the male 
reproductive system, including their distribution in tissues and body fluids, possible 
targets as well as the effects on the endocrine system. This chapter also covers sev-
eral important therapeutic options to protect cells from the viruses. A last Chapter  
15, the final chapter, mainly discusses the sperm redox system equilibrium and its 
implications for fertilization and male fertility. The role of ROS which has been 
responsible for cellular oxidative damage is discussed in this chapter. The 
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fundamental questions like how glutathione transferases, glutathione peroxidases, 
the mammalian testis thioredoxin system and their respective substrates and cofac-
tors, specifically glutathione and selenium, facilitate the protection, successful 
development, and maturation of mammalian spermatozoa have been outlined in this 
chapter. This chapter shows high impact towards redox system and free radical 
research.

All the chapters presented in this book are interlinked and gradually lead to the 
conclusion that oxidative stress–induced ROS formation is a responsible factor 
behind male infertility. This book also focuses on the signaling pathways and 
molecular factors associated with environmental toxicity in understanding the 
mechanisms of toxicity associated with free radical generation and male infertility. 
One who could read all the chapters from 1 to 15 will inculcate a better understand-
ing of environmental challenges for male reproduction and possible protective mea-
sures in the form of herbal medicine, bioactive compounds, therapeutic approaches, 
and antioxidant intakes. We hope this book will serve as both an excellent review 
and a valuable reference for formulating suitable measures against oxidative stress 
and for promoting the science involved in the male reproductive system.

Finally, we would like to dedicate this book to all the frontline workers globally, 
who are fighting 24/7 against COVID-19 to save our lives, and also to COVID-19 
warriors who lost their lives saving humanity. We would like to thank all the authors 
who contributed to this book. Last but not least, our special thanks go to the series 
editors, Dr. W.  E. Crusio, Dr. H.  Dong, Dr. H.  H. Radeke, Dr. N.  Rezaei, Dr. 
O. Steinlein, and Dr. J. Xiao, and the entire Springer editorial team for their sincere 
assistance and support. Our special thanks go to Dr. Carolyn Spence for her continu-
ous support and suggestions throughout the book editing.  The editors are also 
thankful to the entire production team including Mr. Vishnu Prakash and Ms. 
A. Meenahkumary for their support.

Aalto University  Kavindra Kumar Kesari
Espoo, Finland  
Assam University  Shubhadeep Roychoudhury
Silchar, India
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Chapter 1
Oxidative Stress and Toxicity 
in Reproductive Biology and Medicine: 
Historical Perspectives and Future 
Horizons in Male Fertility

Ralf Henkel

Abstract Since the discovery by John MacLeod in 1943 that spermatozoa produce 
small amounts of hydrogen peroxide, a member of the so-called reactive oxygen 
species (ROS), the importance and functions of these highly reactive oxygen deriva-
tives in physiology and pathology are a subject of numerous studies. It has been 
shown that they play essential roles, not only in causing oxidative stress if their 
concentration is excessively high, but also in triggering crucial cellular functions if 
their concentration is low. On the other hand, antioxidants counterbalance the action 
of ROS to maintain a fine balance between oxidation and reduction as an excessive 
amount of antioxidants leads to a condition called reductive stress and is as harmful 
as oxidative stress. This book “Oxidative Stress and Toxicity in Reproductive 
Biology and Medicine – A Comprehensive Update on Male Infertility” authorita-
tively summarizes the current knowledge of various causes of oxidative stress 
including various andrological conditions and environmental pollution as well as 
the physiological effects of ROS. Moreover, this book expands into the treatment of 
oxidative stress with antioxidants and phytomedicine, a rapidly developing area. As 
a first of its kind, this book also sheds light on the effects of the redox potential dur-
ing the fertilization process and thus highlights the importance of the correct bal-
ance of oxidants and antioxidants, even in the culture medium in assisted 
reproduction. The editors have brought together an impressive group of renowned 
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experts to share their knowledge on the topic of oxidative stress and its clinical 
management in andrology and assisted reproduction.

Keywords Oxidative stress · Reductive stress · Antioxidants · Sperm functions · 
Fertilization

1.1  Introduction

It is almost 80 years ago that John MacLeod [45] made the pioneering discovery 
that the primary role of oxygen in spermatozoa is not for metabolism and motility 
as they cannot oxidize glucose, lactate, and pyruvate. MacLeod’s observation went 
even further by indicating that high partial pressure of oxygen is not only inhibiting 
motility but also producing small amounts of hydrogen peroxide (H2O2), a highly 
oxidizing chemical compound that is now counted among the so-called reactive 
oxygen species (ROS). Since that time, scientists conducted a lot of research to 
understand not only the impact of extrinsic oxygen and highly reactive oxygen 
derivatives such as ROS but also cells’ own intrinsic ROS production on cellular and 
organismal physiology and development and also their pathological impact on dis-
ease. By now, we have learnt much about the chemistry and biochemistry of oxygen 
[12] and its highly reactive derivatives with reaction times in the nano- to millisec-
ond range [29], as well as the metabolic role of H2O2 in cellular signaling cascades 
and oxidative stress [53]. It is clear now that for normal physiologic function of 
cells, including reproduction in general and spermatozoa in specific, ROS at very 
low concentrations are essential because these molecules do not only trigger essen-
tial sperm functions such as capacitation, acrosome reaction, and spermatozoa- 
oocyte binding [10, 17, 49, 50] but also cause oxidative stress at higher 
concentrations [11].

Oxidative stress is a concept that was formulated by Helmut Sies in 1985 [52]. 
Groundbreaking work by John Aitken [9] and Ashok Agarwal [3] lead to the recog-
nition of oxidative stress as major cause of male [2, 51] and female infertility [4, 5, 
44] leading to miscarriage or birth defects [56]. Later it became clear that due to the 
dual effect of ROS on sperm function [18, 19] there must be a very fine balance 
between ROS essential for proper physiological activity and antioxidant protection 
from cellular oxidative damage. Hence, not only the ROS but also the antioxidants 
have to be regulated to counterbalance oxidative stress. Too high concentrations of 
antioxidants have also been found to be detrimental, as this condition can cause 
reductive stress [28, 34, 43] and is as harmful as oxidative stress [13]. In light of the 
recent, rapid developments in both the fields, redox-biology and human reproduc-
tion, it is time for a comprehensive update.

Oxidative Stress and Toxicity in Reproductive Biology and Medicine  – A 
Comprehensive Update on Male Infertility provides such an update at the right time 

R. Henkel
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highlighting the important topics. This book covers human fertility, including 
assisted reproduction, in general, the special emphasis is on male reproduction and 
provides a unique collection of chapters spanning from the description of vari-
ous sources of ROS in the reproductive system and their physiological roles in the 
generation of ROS to their pathological influence on fertility in a variety of diseases. 
Since not only diseases or aging but also environmental pollution can cause 
increased oxidative stress, the book also describes a number of environmental toxi-
cants as well as radiation and their effects on fertility. This is followed by a section 
dedicated to the treatment of oxidative stress with herbal medicine and antioxidants. 
The topics covered are then rounded off with chapters on the impact of male oxida-
tive stress on recurrent pregnancy loss, the treatment of oxidative stress in embryo 
culture as well as the impact of reductive stress on male fertility.

The sources of ROS causing oxidative stress in the reproductive system are man-
ifold and include physiological production of ROS in all aerobic living cells. These, 
small amounts of ROS have been shown to trigger essential physiological functions 
such as capacitation [17]. On the other hand, excessive production or exposure of 
cells to excessive amounts of ROS caused by adverse lifestyle [22, 26, 47] and 
related conditions such as obesity [42], diabetes mellitus [1, 24], or poor nutrition 
negatively [54, 62] affect fertility in men and women and modification of the life-
style conditions can have positive effects on fertility [62]. In addition, genital tract 
infections/inflammations [33, 35], scrotal hyperthermia due to tight underwear 
[38, 48], sedentary position [25, 55], varicocele [37] or cancer [57] and its treatment 
with radiation [8, 15] and chemotherapy [20, 36] all have significant negative effects 
on fertility. On the other hand, infertility is also regarded as a surrogate marker for 
cancer development [40].

In addition to the aforementioned production of high ROS levels due to medical 
reasons, in the past century, environmental pollution has become a significant cause 
of infertility, of which parts of the causes are oxidative stress-driven where the pol-
lution is directly or indirectly triggering high ROS production. The resultant oxida-
tive stress does not only have a direct negative effect on the gametes [21, 60] but 
also detrimental effects on the testes [32, 46]. Furthermore, the detrimental effects 
are not only direct but also indirect if pregnant women are exposed to environmental 
toxicants. Among other problems, this can lead to disturbances in the sex 
determination.

About 80% of the global population is dependent on traditional and herbal medi-
cine for their primary health care [27] including reproductive issues. This book 
addresses this globally important issue by including four chapters on the role of 
herbs and phytomedicine. Many plants are used not only due to their contents of 
pharmacologically active compounds such as atropine, triterpene saponins, and lac-
tones, or flavonoids and tannins, but also due to the high concentrations of antioxi-
dants such as lycopene and various vitamins. Interestingly, about 25% of modern 
prescription medicines contain bioactive plant compounds. In Western medicine, 
still little is known about herbal remedies to treat diseases [14]. Therefore, it is 
important to bring these aspects of the usage of herbal medicine as primary or sup-
plementary therapy option to the attention of the readers [16].

1 Oxidative Stress and Toxicity in Reproductive Biology and Medicine: Historical…
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Since ROS play such important physiological roles in all bodily functions, shed-
ding light on redox imbalances in reproductive events as a whole is important, 
including embryo development [31, 59]. The oxygen concentration in the embryo 
surrounding environment is only about 8% in the fallopian tube, about 5% or less in 
the uterus [58] and is becoming hypoxic or anoxic during early implantation [41]. 
This situation makes a metabolic shift from oxidative phosphorylation to glycolysis 
necessary [31, 59]. Hence, keeping the redox balance between oxidants and antioxi-
dants is of utmost importance for normal embryonic development as too high con-
centrations of either ROS or antioxidants detrimental because essential transcription 
factors such as Nrf2, NFκB, or AP1 are redox-sensitive and if not properly triggered 
can interfere in signaling pathways [23, 59] and lead to embryonic death and terato-
genesis [30, 61]. Therefore, this book, as the first of its kind in the field of human 
reproduction, throws more light not only on the pathology of male factors leading 
to recurrent pregnancy loss but also on the essential functions of the finely balanced 
redox systems needed for successful fertilization with its implications even in 
embryo culture systems.

Last, but not least, this book on oxidative stress and its toxicity in reproductive 
biology also addresses the use of antioxidants, which are not only freely available 
over the counter but also often prescribed by clinicians to treat oxidative stress- 
related conditions of infertility. In most cases, this is done without having properly  
diagnosed the patient for oxidative stress. Oral antioxidants provide an excellent 
safety and are cost-effective [6, 7, 39]. On the other hand, in respect to their effects, 
the bivalent actions of both ROS and antioxidants to trigger essential physiological 
reactions and to cause harm are widely unknown. Whereas for ROS the detrimental 
effects are generally known, the detrimental effects of antioxidants are either not   
known or are ignored. However, as ROS have beneficial effects in triggering e.g. 
sperm capacitation, antioxidants have detrimental effects, particularly if they are 
available at too high concentrations when they are causing reductive stress [34], a 
condition which is as harmful as oxidative stress [13].

Since the discovery of ROS and the recognition of oxidative stress as major con-
tributing factor to numerous diseases including infertility, we have learnt a lot about 
oxidative stress and generally associate negative events with it. Opposed to this, 
antioxidants are thought to be ‘good’ and ‘healthy’ and neutralize the “bad” effects 
of oxidative stress. With the increase of knowledge, however, we began to realize 
that such “black and white painting” is incorrect. It is now clear that ROS are also 
crucial triggers for essential physiological functions. On the other hand, for antioxi-
dants, we are just at the beginning of understanding that they can also have serious 
detrimental effects. This includes not only their functions but also the realization of 
reductive stress as cause of disease and infertility. The lesson that we have to learn 
is that only a finely regulated balance between oxidation and reduction provides a 
healthy environment for cellular function. Therefore, it is essential to properly diag-
nose the redox status and the causes of a patient’s infertility before starting with a 
treatment which could worsen the fertility status. Hence, a personalized diagnosis 
with subsequent adjusted treatment is of utmost importance. The problem that we 
are facing at this stage is that we do not know what is “normal,” not only for male 
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infertility but also for female infertility. For embryo development, there are even no 
data available yet.

To come to this point has been a long journey, and with this limited information 
available for human infertility treatment, this book provides the reader with an 
authoritative overview of redox stress in human reproduction. The comprehensive 
knowledge provided in this book will assist not only andrologists and urologists in 
better comprehension of male infertility but is also a source of information for gyne-
cologists, embryologists, and basic scientists to further their understanding of fertil-
ization as a highly complex process. With all the up-to-date evidence provided, this 
book will be an invaluable source of information to improve patient management 
and laboratory procedures.
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Abstract Reactive oxygen species (ROS) are oxygen-containing molecules which 
are reactive in nature and are capable of independent existence in the body. ROS 
comprise mostly of free radicals that contain at least one unpaired electron. 
Endogenous sources are the foremost birthplaces of ROS, which include mitochon-
drial electron transport chain, endoplasmic reticulum and peroxisome. Conversely, 
numerous enzymatic pathways such as xanthine oxidase and cyclooxygenase sys-
tems are among the prominent generators of cellular ROS. Major sources of ROS in 
the female reproductive tract include Graafian follicles, follicular fluid, fallopian 
tube, peritoneal cavity and endometrium. On the contrary, leukocytes, immature 
spermatozoa and varicocele are the key originators of ROS in the male reproductive 
system. For the sake of maintaining a proper oxidative balance, cells have evolved 
a variety of antioxidative molecules. From the physiological perspective, ROS and 
antioxidants are actively involved in the regulation of myriad female reproductive 
processes, such as cyclic luteal and endometrial changes, follicular development, 
ovulation, fertilization, embryonic implantation, maintenance of pregnancy and 
parturition. Similarly, physiological amounts of ROS are crucial in the accomplish-
ment of various male reproductive functions as well, which include spermatozoa 
maturation, capacitation, hyperactivation and acrosome reaction. This chapter high-
lights the birthplaces of ROS in the female and male reproductive tract along with 
mechanisms of their production. This chapter will also put forward specific physi-
ological roles of these reactive molecules in upholding the structural integrity and 
functionality of both the reproductive systems.
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2.1  Introduction

Reactive oxygen species (ROS) are extremely reactive oxidizing molecules which 
are endogenously produced during mitochondrial oxidative phosphorylation of the 
cellular aerobic metabolism [1]. Among the endogenous sources, mitochondria are 
the most prominent sources of ROS [2]. Apart from the mitochondrial electron 
transport chain (ETC), the major intracellular sources of ROS production include 
endoplasmic reticulum and peroxisomes [3]. Moreover, enzymatic pathways such 
as reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, xan-
thine oxidase, lipoxygenase, cyclooxygenase and the cytochrome P450 systems 
serve as prominent sources of ROS generators in the cell [4]. ROS may also arise 
exogenously from interactions with external sources like environmental pollutants, 
ionizing radiations, ultraviolet light, chemotherapeutic agents, inflammatory cyto-
kines, xenobiotic compounds and bacterial invasion [1, 5]. ROS are mostly free 
radicals in nature, most significant of which are superoxide (O2

●¯) and hydroxyl 
anions (OH●) [6]. Apart from free radicals, non-radicals such as hydrogen peroxide 
(H2O2) and singlet oxygen (1O2) are also considered as important forms of ROS [7].

ROS, irrespective of its class, possess the fundamental chemical properties nec-
essary for conferring reactivity to different biological targets. ROS also play the role 
of signalling molecules which help in regulating biological and physiological pro-
cesses [8, 9]. From evolutionary biology studies, it is quite evident that nature had 
selected ROS as signal transducers for the allowance of adaptation to changes in 
nutrient availability and the oxidative environment [10]. When present in reasonable 
strength, ROS play vital roles in maintaining a large number of physiological activi-
ties in both female and male reproductive systems [11]. In the female, ROS are 
known to modulate several physiological processes ranging from ovulation to fertil-
ization. They also play a critical role during gestation and normal parturition as well 
as initiation of pre-term labour [3]. In men, ROS are actively involved in the normal 
physiology of the spermatozoa, including facilitation of the maturational stages, 
thereby, maximizing their fertilizing ability [12].

As already mentioned, ROS serve as key signalling molecules in physiological 
processes when present in optimum concentration, but when the balance is inter-
rupted towards a surplus of ROS, it gives rise to various pathological conditions. 
Due to their ability to play both physiological and pathological roles, ROS are often 
regarded as a double-edged sword [3]. In battling the excess ROS there exists an 
antioxidant defence mechanism in the body, comprising enzymes or non-enzymes 
which are capable of neutralizing the reactive molecules. Antioxidant defence is 
surpassed when ROS concentration rise beyond its normal capacity, thereby dis-
rupting the balance, which leads to a condition called oxidative stress. Oxidative 
stress can result in disruption of cellular functioning or even cell death through 
several mechanisms including lipid peroxidation, nucleic acid, and protein dam-
ages [13].

This chapter highlights some of the important free radicals and non-radicals that 
exert biological effects on the reproductive system. Along with this, some of the 
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major endogenous sources responsible for production of ROS in the female and the 
male reproductive tracts have been delineated. Finally, it sheds light on various 
ROS-mediated reproductive physiologies and their complicated mechanisms 
of action.

2.2  Reactive Oxygen Species (ROS)

ROS is a recurrently utilized term in biological sciences and medicine. Aerobic 
organisms utilize molecular oxygen (O2) which results in the generation of a large 
number of oxygen-containing reactive molecules that are collectively known as 
ROS [14]. ROS is a cumulative term to include O2

●¯, H2O2, OH●,1O2, peroxyl radi-
cal (LOO●), alkoxyl radical (LO●), lipid hydroperoxide (LOOH), peroxynitrite 
(ONOO¯), hypochlorous acid (HOCl) and ozone (O3), among others [15]. The 
oxides of nitrogen such as nitric oxide (NO●), ONOO¯ and nitrogen dioxide (NO2

●) 
are generally included under the category of reactive nitrogen species (RNS). RNS 
are a family of nitrogen moieties associated with O2, which are produced during the 
reaction of NO with O2

●¯ and H2O2. Similarly, chlorine-containing reactive species, 
such as HOCl, that are capable of chlorinating and oxidizing other molecules are 
called reactive chlorine species (RCS). However, these are not a frequent matter of 
concern in biology and medicine, as compared to ROS and RNS [14].

Some of the O2-containing reactive molecules have unpaired electrons and are 
thus called O2-free radicals. On the other hand, those ROS which are devoid of 
unpaired electrons are called non-radical ROS [14]. Some of the major free radicals 
and non-radicals are discussed below.

2.2.1  Free Radicals

Free radicals are defined as atoms or molecules containing one or more unpaired 
electrons in the outer electronic orbital that are capable of existing independently in 
the body. Their high reactive nature renders them the ability to abstract electrons 
from other compounds to attain stability. The molecule which is attacked eventually 
loses its electrons and becomes a free radical itself, which then initiates a chain of 
reaction cascade [16].

2.2.2  Superoxide Anion (O2
●¯)

Superoxide (O2
●¯) is an anionic radical which is generated during the one-electron 

reduction of O2 [17]. This reaction can occur non-enzymatically in the mitochon-
drial ETC or by the activity of NADPH oxidase and xanthine oxidase enzymes [18]. 
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The concentration of O2
●¯ are kept in check by effective compartmentalization of 

the sequential decrease of O2 and by widespread expressions of an enzyme called 
superoxide dismutase (SOD), which converts these anions into non-radical species 
such as H2O2and 1O2 [19, 20].

Superoxide (O2
●¯) is fairly non-reactive to most of the biological molecules, 

even though the low level of O2
●¯ tolerable in cells and tissues indicate that restrain-

ing cell exposures to O2
●¯ is a significant selector for survival [21].

2.2.3  Hydroxyl Radical (OH●)

Hydroxyl radicals (OH●) are generated in situ by either oxidation of water or 
hydroxide ions. The interaction between H2O2 and reduced transition metals such as 
copper and iron may also lead to the production of OH●. Moreover, water molecules 
when exposed to ionizing radiation can give rise to OH● [17, 18, 22].

Hydroxyl radicals (OH●) are highly reactive species and most of the organic 
molecules are vulnerable to its attack. The oxidation potential of these molecules 
renders them highly oxidizing in nature [23]. Furthermore, due to the non-selective 
nature of OH●, many susceptible organic molecules in the body such as acids, aro-
matics and ketones get degraded by its action [24].

2.2.4  Nitric Oxide (NO●)

Nitric oxide (NO●) is a gas and a diatomic free radical which is synthesized in vivo 
from L-arginine and O2 by nitric oxide synthase (NOS). Heme-containing proteins 
are accountable for biological synthesis of NO●, which is generated by two succes-
sive monooxygenase reactions at the NOS heme active site [25].

Nitric oxide (NO●) mediates myriad biological functions through stimulation of 
its primary cellular receptor haemoprotein-soluble guanylate cyclase, which in turn, 
produces the second messenger molecule cyclic-guanosine monophosphate (cGMP) 
[25]. The bioavailability and actions of NO● are mediated by its reaction with O2

●¯, 
which yields reactive peroxides and ONOO¯, thereby merging O2 radicals and NO● 
pathways [26]. NO● regulates endothelium-dependent regulation of blood flow and 
pressure as well as inhibits the activation of blood platelets, which holds particular 
importance in achieving a penile erection. Moreover, NO● is recognized as a neu-
rotransmitter in certain types of nerves [27].
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2.3  Non-radicals

Non-radicals are the atoms or molecules which, unlike the free radicals, are devoid 
of unpaired electrons [14]. The non-radical species mediates their biological effects 
by initiating free radical reactions in the living organisms [28].

2.3.1  Hydrogen Peroxide (H2O2)

It is primarily produced as a metabolic by-product of aerobic respiration taking 
place in the mitochondria, where partial reduction of O2 results in the generation of 
O2

●¯. In addition, enzymes such as SOD helps in the production of H2O2 from O2
●¯ 

[29]. Moreover, H2O2 may also be generated endogenously by p66Shc enzyme activ-
ity, a member of the Src homology/collagen protein family [30]. H2O2 may get 
decomposed to water in cytosol and mitochondria by the activity of scavenger 
enzyme glutathione peroxidase (GPx) or in the peroxisome by the action of cata-
lase [31].

It has been considered a toxic molecule for living systems for a long time [32]. 
However, recent findings have elucidated the physiological roles of H2O2 and has 
recognized it as a ubiquitous endogenous molecule. H2O2 has been suspected to 
play the role of second messenger system with a pro-survival activity in several 
physiological processes [33].

2.3.2  Singlet Oxygen (1O2)

Singlet oxygen (1O2) is a non-radical that represents an excited state of O2. In 
humans, 1O2 is produced by enzymatic activation of O2 and during phagocytosis by 
macrophages [34, 35]. 1O2 is not as stable as the ground state O2 and tends to change 
back fairly quickly at the cost of surrounding molecule, thereby inducing a chemical 
effect [34].

Being a strong oxidant, 1O2 possesses the capability of readily oxidizing lipids, 
proteins and nucleic acids present in the cell [36]. Though, unlike radical O2 spe-
cies, 1O2 is rather mild and non-toxic to mammalian tissues [37]. 1O2 exerts its bio-
logical effects by acting as a cell signal messenger through the activation of 
Ca2+-regulated K+ channels [38].
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2.3.3  Ozone (O3)

Ozone (O3) is best known as a gaseous compound occurring in the stratosphere where 
it shields the entry of harmful solar radiations. However, it has been suspected that O3 
is also produced endogenously in biological systems through the process of antibody-
catalyzed water oxidation pathway [39]. This reaction occurs in a hydrophobic site in 
the antibody molecule, where dihydrogen trioxide (H2O3) is formed during the initial 
reaction of water with 1O2, which subsequently decomposes to H2O2 and O3 [40].

Ozone (O3) is a highly reactive gaseous allotrope of O2 and it can have pathoge-
netic consequences by cleaving the unsaturated lipids and oxidizing the sulphur and 
nitrogen atoms of proteins [41]. However, judicious concentration of O3 can reduce 
oxidative stress by upregulating intracellular antioxidant enzymes and it can also 
provoke the generation of ROS acting as natural physiological activators of various 
biological functions [42]. The major ROS produced in the human body along with 
their respective biosynthetic pathways are summarized in Table 2.1.

2.4  Sources of ROS in the Female Reproductive System

ROS have been linked with various physiological and pathological functions of the 
female reproductive system [3]. The female reproductive tract is thought to be a 
potent site of ROS production. ROS are mostly generated in the ovarian cells such 
as the Graafian follicles and in other non-ovarian tissues like the fallopian tube, the 
endometrium and the peritoneum [7].

ROS Mechanism of biosynthesis References
Free radicals Superoxide (O2

●¯) Enzymatic or non-enzymatic reduction of 

molecular oxygen (O2)

[17,18]

Hydroxyl (OH●) Oxidation or ionization of water molecules [17,18]

Nitric oxide (NO●) Reaction of L-arginine and molecular 

oxygen (O2) in presence of NOS

[25]

Non-radicals Hydrogen peroxide

(H2O2)

Mostly by the partial reduction of 

molecular oxygen (O2) and subsequent 
action of SOD during aerobic metabolism

[29]

Singlet oxygen

(1O2)
Enzymatic activation of oxygen (O2) and 
during phagocytosis

[35]

Ozone (O3) Decomposition of dihydrogen trioxide (H2O3) 

during antibody-catalyzed water 
oxidation pathway

[39]

Table 2.1 Major ROS in human body along with their biosynthetic pathways
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2.4.1  Graafian Follicle

Graafian follicles have been claimed to be a possible source of ROS because of the 
oocyte and various immune cells such as macrophages and neutrophils. The oocyte 
produces ROS by various mechanisms – the most prominent being oxidative phos-
phorylation that takes place in the oocyte for production of ATP by utilizing O2. 
Another pathway is the xanthine oxidase system of the follicle, which generates 
ROS during the elimination of nitrogenous wastes mainly in the form of uric acid. 
Furthermore, immune cells produce ROS in the form of HOCl by the NADPH oxi-
dase system to protect Graafian follicles against microbial attack [43].

The role of NADPH oxidase along with SOD type 3 (SOD3) has been studied 
extensively in the follicular cells of Drosophila. An NADPH oxidase and an extra-
cellular SOD3 functions in follicular cells of Drosophila egg chamber to produce 
H2O2, which is critical for follicular rupture and ovulation. Human follicles also 
express these two enzymes and thus could perform similar roles in women [44]. The 
mammalian NADPH oxidase family comprises of seven members, of which, the 
expression of NADPH oxidase 4 and 5 (NOX4 and NOX5) are found in human 
granulosa cells [45]. NOX4 and NOX5 allocate an electron across the granulosa cell 
membrane from NADPH in the cytosol to O2 in the luminal or extracellular space. 
This intercellular transportation of electrons eventually generates O2

●¯, which in 
turn, is rapidly converted to H2O2 by SODs [44]. ROS can also generate from the 
cumulous oophorus, which originates from undifferentiated granulosa cells [46].

Generation of native ROS is essential for cellular physiology while widespread 
ROS may be harmful [44]. Oxidative stress initiating from excessive production of 
ROS in the granulosa cells and cumulous oophorus is detrimental to oocyte func-
tioning and viability and can even lead to DNA damage [47].

2.4.2  Follicular Fluid

The production of follicular fluid is undertaken by granulosa cells and theca interna 
cells, which are the likely producers of ROS [48]. Follicular fluid contains various 
steroid hormones, growth factors, leukocytes and cytokines, all of which are the 
potent generators of ROS [49]. During the ovulatory process, ROS are produced in 
the follicular fluid physiologically and serve as key signalling molecules in regulat-
ing various reproductive functions such as maturation of oocyte, steroid production 
by ovary, and functions of the corpus luteum, as well as the development of fertiliza-
tion and embryo [50].

Follicular fluid creates a unique microenvironment necessary for maintaining the 
quality of oocyte, implantation, and the development of early embryo. Overproduction 
of ROS in follicular fluid may alter the fine balance of distinctive composition 
which are critical for female fertility [51]. For this reason, follicular fluid also 
houses various antioxidant enzymes, which under physiological conditions, avoid 
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ROS production and forage prevailing free radicals, thereby protecting the ovarian 
somatic cells, and maintaining a healthy oocyte physiology [52].

2.4.3  Fallopian Tube

Some animal and human studies have confirmed the presence of ROS in the fallo-
pian tubes – the most noteworthy is NO● [53–55]. An endogenous ROS generation 
system exists in the fallopian tube which has been demonstrated by positive NADPH 
diaphorase staining [53]. The formation of NO● is catalyzed by NOS which exists 
in the human tubal cells. It has already been mentioned that NO● arises from O2 and 
L-arginine by the action of NOS.  NO● further reacts with O2

●¯ to give rise to 
ONOO¯, which is necessary for the process of signal transduction [25].

There are three isoforms of NOS: endothelial (eNOS), neuronal (nNOS) and 
inducible (iNOS) [3]. The three isoforms of NOS are produced differently in vari-
ous tissues of the human fallopian tube [56]. However, only tubal epithelial cells 
produce all the isoforms of NOS, signifying that the tubal epithelial cells are poten-
tially significant determinant of the effect of NO● in the fallopian tube [57]. eNOS 
and nNOS are accountable for incessant basal release of NO● and both require 
calcium/calmodulin system for activation [58]. The third isoform iNOS is an induc-
ible form independent of calcium and is released in reply to inflammatory cytokines 
and lipopolysaccharides [59]. A study conducted on knockout mouse model has 
indicated that the activity of NO● is sustained at appropriate levels by the action of 
NOS isoforms [60].

Studies have shown that NO● could affect the contraction of fallopian tube 
smooth muscle and ciliary beat frequency present in epithelial cells of airway via 
cGMP pathway, which is necessary for smooth passage of ovum from the ovary [55, 
61]. However, at high concentrations, it can lead to immune reactions and tissue 
damage [57]. Thus, to limit ROS toxicity, antioxidant enzymes are supplied in abun-
dance to the fallopian tubes [3]. It is noteworthy that decreased level of NO● can 
have negative effects on the ovum [47].

2.4.4  Peritoneal Cavity

The space between the parietal peritoneum and visceral peritoneum is called perito-
neal cavity. It largely houses the visceral organs such as liver, stomach, small and 
large intestines, and associated smaller organs. The female reproductive organs such 
as uterus, fallopian tubes and ovaries also project into the peritoneal cavity [62, 63].

The main origin points of ROS in the peritoneal cavity include macrophages, 
apoptotic endometrial cells, red blood cells (RBC) and menstrual-reflux debris [64, 
65]. Various pro-oxidant and pro-inflammatory factors are released by RBCs, such 
as haemoglobin and its by-products heme and Fe2+, into the peritoneal conditions. 
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Heme and Fe2+ are indispensable for human cells but play a crucial role in the gen-
eration of lethal ROS, unless appropriately chelated [66].

Disruption in the balance of ROS and antioxidant enzymes in the peritoneal cav-
ity is suspected to cause endometriosis, a major causal factor of female infertility 
[67]. Increased level of ROS may also regulate the expression of genes encoding 
immunoregulators, cytokines and cell-adhesion molecules implicated in the induc-
tion of endometriosis [64].

2.4.5  Endometrium

The endometrium is the innermost epithelial lining of the uterus, which is highly 
organized in nature and is under cyclical control of ovarian steroids and pituitary 
hormones [68]. Various physiological processes related to the endometrium are con-
trolled by ROS present in physiological concentrations. Endometrial stromal cells 
are speculated to be the potential source of ROS. The endoplasmic reticulum and 
the electron transport system both in mitochondria and in the nucleus of these stro-
mal cells are the intracellular sources of ROS [69]. The production of ROS increases 
during the late secretory phase of the endometrium, which is believed to carry out a 
vital role in endometrial shedding, prior to menstruation [70].

A fine balance exists between ROS and the various defence systems against oxi-
dative stress in the endometrium. SODs present in cytosol and mitochondria metab-
olize O2

●¯, whereas GPx metabolize H2O2. Disruption of oxidative balance in the 
endometrium results in abnormalities of normal reproductive physiological func-
tions such as menstruation and decidualization [69].

Various endogenous sources of ROS in the female reproductive tract have been 
elucidated in Fig. 2.1.

2.5  Sources of ROS in the Male Reproductive System

Human spermatozoa are the active production sites of ROS and O2
●¯ is considered 

the most abundant ROS [71, 72]. In fact, O2
●¯ is the precursor of other ROS types in 

spermatozoa. The reduced product of O2
●¯ reacts with itself via dismutation to gen-

erate H2O2. In presence of Fe2+ and Cu2+, H2O2 further reacts with O2
●¯ to undergo 

the Haber-Weiss reaction which generates the highly reactive OH● [73, 74]. The 
generation of ROS in spermatozoa occur via two methods: (a) the NADPH oxidase 
system at the level of spermatozoa plasma membrane, and (b) the reduced nicotin-
amide adenine dinucleotide (NADH)-dependent oxidoreductase system at the level 
of mitochondria [75].

NADPH oxidases are a set of enzymes located in the plasma membrane of sper-
matozoa, which catalyze the conversion of bivalent O2 to O2

●¯. NADPH molecules 
produced by the hexose monophosphate shunt act as the substrate for this reaction 
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[76]. NOX5 is a member of the NADPH oxidase family, the presence of which has 
been confirmed in the acrosome and the midpiece region of spermatozoa [77]. 
NOX5 is stimulated when Ca2+ attaches to its cytosolic N-terminal domain. 
Eventually, several conformational changes in the cell initiate the production of 
O2

●¯ [72].
The mitochondrial oxidoreductase system contributes to the bulk of ROS in the 

human spermatozoa. This is due to the abundance of mitochondria, which is required 
to provide relentless supply of energy for the sake of spermatozoa motility [75]. 
Respiring spermatozoa are an active foundation of ROS, in which the NADH oxi-
doreductase catalyzes the transfer of electrons from NADH to coenzyme Q10 in the 
mitochondrial ETC.  During this process of inverse transfer of electron, electron 
leakage occurs, which reduces O2 to O2

●¯ [78]. The upsurge of the respiratory rate 
of spermatozoa increases the concentration of O2 in the mitochondria, which in turn 
results in escalated release of O2

●¯ [79].
ROS are mainly detected in the seminal plasma, which are endogenously origi-

nated from different sources. The human ejaculate contains diverse types of round 
cells from different developmental stages of spermatozoa, leukocytes and epithelial 
cells. Leukocytes mainly neutrophils and macrophages, and immature spermatozoa 
are considered the chief endogenous generators of ROS [80, 81].

Fig. 2.1 Endogenous sources of ROS in the female reproductive system. ROS may be pro-
duced in the Graafian follicle via the xanthine oxidase system or by the oxidative phosphorylation 
that takes place in the mitochondria of the oocyte. The follicular fluid present inside the Graafian 
follicle harbours various steroid hormones and growth factors which may also give rise to 
ROS. Immune cells such as eosinophils, mast cells and B-cells present in the follicular fluid also 
produce ROS via the reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 
system. The nitric oxide synthase system operating in the tubal cells of fallopian tube contributes 
to the generation of ROS. Red blood cells, macrophages and apoptotic endometrial cells present in 
the peritoneal cavity also release ROS.  Endoplasmic reticulum and the mitochondrial electron 
transport chain present in the endometrial stromal cells are also a potent generation site of ROS.
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2.5.1  Leukocytes

Leukocytes have been shown to be a prime generator of ROS in the human semen. 
Activated leukocytes, which are the peroxidase-positive variants, yield huge 
amounts of ROS [7]. Peroxidase-positive leukocytes include polymorphonuclear 
leukocytes (PMNs) and macrophages [82]. These leukocytes are generated in a 
large proportion by the prostate and seminal vesicles, which later make way to the 
seminal fluid [83]. Several intracellular and extracellular inducers such as infection 
and inflammation activate these leukocytes, thereby exciting them to release up to 
100 times more ROS than normal [84, 85].

Neutrophils containing myeloperoxidase use O2
●¯ to oxidize Cl¯, which in turn, 

results in the generation of HOCl. Additionally, leukocytes intensify the synthesis 
of NADPH by the hexose monophosphate shunt, which increases the action of 
NADPH oxidases, thereby upregulating the synthesis of O2

●¯ [7].
There is an association between male accessory gland infection (MAGI) and 

seminal ROS levels. Prostatitis is the most common form of MAGI, with prostato- 
vesiculitis and prostato-vesiculo-epididymititis being the other relevant forms. 
MAGI generate immune reactions which results in an increased infiltration of leu-
kocytes in the male genital tract, thereby leading to ROS production [76]. Bacterial 
prostatitis has also been linked with autoimmune response to prostate antigens with 
excessive ROS production. People diagnosed with chronic prostatitis who do not 
contain leukocytes may also be found to have raised levels of ROS, indicating some 
other sources of ROS in the prostate gland [86].

Optimum concentrations of ROS and antioxidants are to be maintained for the 
sustenance of a healthy state. An increase in the pro-inflammatory cytokines such as 
interleukin (IL)-8 and a reduction in the SOD concentrations can initiate respiratory 
burst, resulting in increased ROS productivity and ultimately, oxidative stress. If the 
seminal leukocyte levels are unusually increased, then oxidative stress tends to 
cause damage to spermatozoa [87].

2.5.2  Immature Spermatozoa

The quantity of ROS production varies among spermatozoa of different stages of 
development, which indicates that the level of maturation influences the ROS syn-
thesis [83]. For the sake of fertilization, developing spermatozoa extrude their cyto-
plasm during spermatogenesis. However, damaged or immature spermatozoa may 
experience a condition in which they maintain excess residual cytoplasm (ERC) 
around the midpiece due to a seizure in spermiogenesis. ERC encompasses large 
quantity of glucose-6-phosphate dehydrogenase, a cytosolic enzyme that exploits 
the hexose monophosphate shunt to generate excessive NADPH. NADPH being the 
substrate, results in the production of O2

●¯ by the activity of NADPH oxidase [88].
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Spermatozoa morphology may also be considered as a factor for determining the 
level of ROS production in the semen. Morphologically abnormal spermatozoa are 
found to produce more ROS than their normal counterparts. According to a study, 
spermatozoa having normal or borderline morphology are found to have lower lev-
els of ROS in them. However, spermatozoa having amorphous heads, defective tail, 
excessive cytoplasm and abnormal midpiece are characterized by increased produc-
tion of ROS [89].

2.5.3  Varicocele

Varicocele is an abnormality in the vascular drainage system. It is manifested by the 
enlargement of veins in pampiniform or cremasteric venous plexus around the sper-
matic cord [90, 91]. The grade of varicocele determines the level of ROS produc-
tion. The higher the varicocele grade, the greater is the ROS generation [92].

Scrotal hyperthermia has been hypothesized to be one of the leading causes of 
varicocele-induced oxidative damage. Varicocele is thought to elevate temperature 
in the scrotum by reflux of warm abdominal blood through incompetent valves of 
the internal spermatic veins and cremastic veins into the pampiniform plexus [91]. 
The increase in temperature has been positively correlated with upregulated produc-
tion of mitochondrial ROS, mediated through the transfer of electrons to O2. 
Moreover, ROS synthesis from cell membrane, cytoplasm and peroxisome also 
increases during heat-stress [93, 94].

Varicocele is often associated with oxidative stress-induced male infertility. A 
close relationship persists between varicocele and oxidative stress, which is con-
firmed by the higher levels of ROS including NO● and the products of lipid peroxi-
dation in infertile men with varicocele in comparison to infertile men not having 
varicocele [95]. It has been established that fertile men with varicocele are more 
likely to experience oxidative stress-induced reproductive complications in com-
parison to their varicocele- free counterparts [96].

The various endogenous production sites of ROS in the male reproductive tract 
have been elucidated in Fig. 2.2.

2.6  Physiological Role of ROS in Female 
Reproductive System

Modest amounts of ROS are vital for sustaining various physiological processes of 
the female reproductive system. ROS are positively associated with physiological 
processes such as follicular growth, ovarian steroidogenesis, ovulation, corpus 
luteum formation, luteolysis, germ cell functioning, proper continuation of preg-
nancy and parturition [11].
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2.6.1  Folliculogenesis

Folliculogenesis is defined as the process of progressive growth of ovarian follicles 
starting from a reserve state of dormant follicles set up in early life, whose fate is 
either ovulation or atresia. During the follicular stage of menstrual cycle, primordial 
follicles present in the ovary undergo the developmental and maturational processes, 
often resulting in numerous dominant mature follicles. These mature follicles are 
intended for ovulation whereas immature follicles end up being dead following fol-
licular atresia [97].

Follicular angiogenesis is considered vital for follicular growth and develop-
ment, which is due to the stimulation of hypoxia in granulosa cells [98]. ROS func-
tion as intracellular messengers of this angiogenic process and also serve the process 
of signal transduction [99]. Additionally, ovary possesses a defensive mechanism 
for cleansing and defence against excessive ROS. These comprise of enzymes such 
as catalase and SOD as well as antioxidants such as vitamins C and E [100]. A study 
conducted on genetically modified mouse suggests that these enzymes and antioxi-
dants may perform vital functions in the development and survival of ovarian folli-
cles [101].

About 99% of the ovarian follicles undergo a deteriorating procedure called fol-
licular atresia, which is initiated by apoptosis of granulosa cells [102]. ROS may 
assist as an initiator of atresia by causing granulosa cell death in the antral follicles 
[101, 103]. Metabolic processes such as ovarian steroidogenesis generate O2

●¯ as 
by-products. In case the concentration of SOD is inadequate to forage O2

●¯, the lat-
ter may cause atresia or death of follicles [104].

Fig. 2.2 Endogenous sources of ROS in the male reproductive system. Leukocytes such as 
neutrophils and macrophages present in the seminal fluid produce ROS via the myeloperoxidase 
system and the reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase system. 
The developing spermatozoa also contributes to the generation of ROS via the NADPH oxidase 
system and the reduced nicotinamide adenine dinucleotide (NADH)-dependent oxidoreductase sys-
tem. Increase in scrotal temperature due to varicocele also produces ROS in the testicular tissues.
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2.6.2  Ovarian Steroidogenesis

Steroidogenic cells significantly uplift the generation of ROS in the ovary [104]. 
Controlled and adequate ROS concentration along with the transcripts of different 
antioxidant enzymes in the female reproductive tract may involve in ovarian ste-
roidogenesis through feedback regulation [105, 106]. Peroxidase activity is found to 
increase 200-fold in the presence of estradiol, which is basically due to the existence 
of eosinophils in the leukocyte infiltrate. Peroxidase plays an important role by 
maintaining the antibacterial environment in the uterus. Moreover, peroxidase con-
trols the level of oestrogen by a negative feedback mechanism [11].

NADPH oxidase present in the apex region of the epithelial membrane of endo-
metrium causes dismutation of O2

●¯, which in turn, results in the production of 
H2O2 [107]. H2O2 helps in the generation of prostaglandins through enzymatic 
activity of cyclooxygenase, as well as other non-enzymatic pathways [11, 108, 109].

Eicosanoids are signalling molecules which act as hormone-like substances and 
give rise to other compounds such as prostaglandins. Arachidonic acid is an essen-
tial unsaturated fatty acid which functions as a precursor of eicosanoid group of 
compounds. ROS trigger the reaction of O2 and arachidonic acid, which is followed 
by the production of different prostaglandins by cyclooxygenase activity. This plays 
an important role in chemotaxis, implantation and degradation of corpus 
luteum [110].

2.6.3  Ovulation

Ovulation is an essential pre-requisite to successful reproduction, which is triggered 
by the pre-ovulatory upwelling of the pituitary luteinizing hormone (LH) [111]. The 
flow of LH induces the expression of a number of genes associated with inflamma-
tory response in the pre-ovulatory follicles [112]. A positive correlation of ovulation 
with a heightened inflammatory response speaks for a role of ROS in this process 
[113]. Massive recruitment of inflammatory cells such as macrophages and neutro-
phils after the LH surge to the ovary are mainly responsible for production of ROS 
and their depletion greatly hampers ovulation [114, 115]. More specifically, the 
level of O2

●¯ is found to increase when ovulation takes place [100]. It has been 
assumed that the O2

●¯ is a causal factor of membrane damage which then com-
mence the synthesis of prostaglandins mediated by the cyclooxygenase system via 
the activation of phospholipase. These prostaglandins are considered indispensable 
for ovulation [11]. H2O2 can mimic the effect of LH and helps to retain, at least 
partially, the ovulatory events in an LH-independent situation [113]. Earlier studies 
have demonstrated the ability of H2O2 to trigger p42/44 MAPK and EGFR, both of 
which are important factors of the LH-induced signalling pathway in the ovary 
[116, 117].
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An in vitro study conducted on perfused rabbit ovary preparation has shown that 
SOD supresses the process of ovulation [118]. Another study has shown that broad- 
spectrum foragers of oxidative species such as butylated hydroxyanisole (BHA) and 
N-acetyl-L-cysteine (NAC) when administered in vivo in the ovarian bursa of mice 
treated with equine choriomic gonadotropin/human chorionic gonadotropin (eCG/
hCG) considerably downregulate the rate of ovulation. Cumulous mucification/
expansion, which is a prelude to ovulation, was also unnoticeable in these mice, 
[119]. Progesterone is associated with ovulation, and it has been revealed that anti-
oxidants substantially reduce progesterone production in isolated follicles exposed 
to LH [113]. Moreover, oxidative stress induced by free radicals in the ovarian fol-
licles provoke apoptosis of granulosa cells and instigate ovulation, while ROS for-
agers have a suppressive effect on the same [113, 120].

2.6.4  Formation and Luteolysis of Corpus Luteum

The corpus luteum is an impermanent endocrine gland which originates from the 
differentiated granulosa and thecal cells. It is known to produce oestrogen and pro-
gesterone following the completion of ovulation [121]. It has been shown that LH 
displays luteotropic activity in the conservation of high level of vitamins in the 
corpus luteum. Due to the abundance antioxidant vitamins, it has been hypothesized 
that ROS may have purposeful implication in the corpus luteum [110, 120]. The 
corpus luteum is considered to be significantly exposed to locally produced ROS 
due to its high blood vasculature and elevated metabolic activity. There is also a 
relation between ROS and progesterone. Reduced concentration of ROS employ 
luteotropic effects and help in the maintenance of corpus luteum. Additionally, ROS 
activity decreases and antioxidant level increases at the time of development of 
corpus luteum [106]. Moreover, cellular antioxidants play important roles in the 
rescue of corpus luteum from regression when pregnancy ensues [122].

In case of pregnancy failure, luteolysis occurs, which is a two-step regression 
process comprising of functional luteolysis and structural luteolysis [121]. 
Functional luteolysis is the depletion of progesterone production, whereas structural 
luteolysis is characterized by physical involution. Functional luteolysis holds par-
ticular importance because fast deterioration in the synthesis of progesterone is vital 
for follicular development in the subsequent cycle of reproduction [104]. During 
this process, an increase in ROS generation takes place coupled with a decrease in 
SOD activity – this serves to exert luteotropic effect on the corpus luteum [106]. The 
increase in ROS is followed by the production of cyclooxygenase-2, which triggers 
the expression of nuclear factor-kappa B (NF-κB) and a subsequent surge in the 
production of prostaglandin F-2-alpha (PGF2α) synthesis, which provokes luteal 
cells and phagocytic leukocytes to upregulate O2

●¯ [123, 124].
Studies conducted on pregnant and pseudo-pregnant rat models have shown that 

functional luteolysis is the main driver of the regression phase of the corpus luteum. 
Both the models yielded similar results of having increased activity of copper/
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zinc- SOD (Cu/Zn-SOD) from early to mid-luteal phase, which then gradually tends 
to decrease during the regression phase. This change in Cu/Zn-SOD activity is in 
parallel with the serum progesterone concentrations which points towards signifi-
cant correlation between them [125, 126]. Furthermore, studies conducted on 
PGF2α- induced functional luteolytic pseudo-pregnant rat models showed that ROS 
(including O2

●¯ and H2O2) rises in the corpus luteum at the time of regression phase 
and is directly involved in luteolysis [110, 127].

Hydrogen peroxide carries out a vital function in ROS-induced relapse of corpus 
luteum. It restrains LH-dependent cyclic adenosine monophosphate (cAMP) and 
progesterone synthesis, following which it depletes the ATP within the cells. This is 
an implication of peroxide-induced DNA damage [128]. H2O2 also opposes the 
transport of cholesterol across the outer mitochondrial membrane, thereby inhibit-
ing progesterone metabolism [129]. H2O2 is also found to increase the production of 
prostaglandins by triggering lipid peroxidation [109]. This suggests that H2O2 syn-
thesizes PGF2α by positive feedback mechanism of ROS production [121].

2.6.5  Implantation

A study conducted on rat model by cytochemical staining procedure has confirmed 
the presence of NADPH oxidase in the membrane of trophoblast cell surface. This 
implies that trophoblasts release ROS into the extracellular medium and by virtue of 
this ability, they can phagocytose maternal cells during the embryo implantation 
[130]. Xanthine oxidase functioning has also been detected in the pre-implantation 
embryo of mouse. Xanthine is the major end-product of purine metabolism during 
the pre-implantation development. Downregulation of xanthine oxidase reduces the 
ROS activity in the embryo, while hypoxanthine causes a 2-cell block in mouse 
embryo [131]. Furthermore, ROS has probable implications in regulating the pace 
of pre-implantation embryo development [132]. Also, NO●, which is synthesized 
by oocytes and embryos, is thought to regulate embryonic growth and implanta-
tion [133].

2.6.6  Maintenance of Pregnancy

In case of regular pregnancy, oxidative stress in the placenta is existent during all 
three trimesters and is essential to maintain routine cell functions. O2

●¯ concentra-
tions remain stable throughout the pregnancy and are found to be present in much 
higher levels than in a non-pregnant woman [134]. ROS plays a vital function in the 
signal transduction process and has the capability to employ vasoactive conse-
quences on the placenta [135]. Recently, it has been elucidated that oxidative stress 
and hypoxia induce placental apoptosis of the trophoblast, which is necessary for 
the developmental processes of embryo and placenta [4]. During implantation, 
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decidual macrophages are concerned with the apoptotic activity, which is a neces-
sary prerequisite for the development of embryo during pregnancy [136]. In addi-
tion to the regulation of normal placental apoptosis, ROS also bring about changes 
in the maternal vasculature which is necessary for foeto-placental interactions [137].

Healthy pregnancy is characterized by profound alterations in the maternal car-
diovascular system. Vascular resistance decreases to meet the requirements of the 
growing foeto-placental unit, due to which vascular firmness is lowered during 
healthy pregnancy [137]. In the third trimester of pregnancy, a significant relation-
ship persists between oxidative stress and vascular stiffness, which may imply that 
when oxidative stress increases above a certain threshold, the vasculature may get 
damaged, which may lead to vascular stiffness [138]. NO● has been reported to 
regulate gene transcription and downstream activities such as vasodilation, tropho-
blast proliferation, invasion, anti-inflammation, antithrombosis and pro- angiogenesis 
in the placenta [139, 140]. Moreover, oxidative stress takes part in regulating 
autophagy and apoptosis, which are interconnected processes necessary in main-
taining placental homeostasis [140].

Despite all the beneficial effects, an increase in the level of oxidative stress has a 
devastating effect on pregnancy. Increased oxidative stress during early stages of 
placental development may give rise to an imbalance between protective and 
destructive mechanisms of autophagy and apoptosis, which in turn, may lead to 
miscarriage, intrauterine growth restriction, pre-eclampsia and embryo resorption 
[135, 140]. Premature pregnancy loss has been linked with flawed antioxidant sys-
tem in the placenta and is suggestive of the fact that proper balance of ROS and 
antioxidant enzymes is a critical factor for maintaining a healthy pregnancy [141].

2.6.7  Parturition

Parturition is an event which is characterized by active muscle contractions and is 
under the positive feedback control of ROS and inflammatory agents such as pros-
taglandins and cytokines [142, 143]. During parturition, inflammatory events take 
place, which are mediated by the invasion of neutrophils and monocytes [144]. 
Increase in the migration of leukocytes to the cervix due to the upregulation of cyto-
kine expression is held responsible for production of O2

●¯, by the reaction of hypo-
xanthine and xanthine oxidase. Generation of O2

●¯increases the concentration of 
intracellular Ca2+ thus leading to myometrial contraction [145]. Furthermore, H2O2 
participates in a number of regulatory mechanisms involving calcium release and 
uptake by sarcoplasmic reticulum along with the modulation of myofibrillar cal-
cium sensitivity, thereby acting as a modulator of smooth muscle contraction [146].

Reduction in the level of progesterone and elevation of oestrogen level is neces-
sary for parturition to occur. However, oestrogen-mediated enhancement of ROS 
production brings about metabolic and enzymatic changes, which work in conjunc-
tion to bring about myometrial contractions and uterine involutions, which plays an 
essential function in the contraction of uterus after parturition [143]. Also, the last 
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phase of gestation is depicted by an enormous upsurge in antioxidant enzyme 
reserve for the sake of preparation of life in an O2-abundant condition [147].

2.7  Physiological Roles of ROS in the Male 
Reproductive System

ROS has been elucidated to have positive implications on the physiological pro-
cesses of spermatozoa. Physiological concentrations of ROS are critical for the 
accomplishment of most of the developmental stages of spermatozoa and is particu-
larly important for attaining their fertilizing potential [12]. However, spermatozoa 
are vulnerable to increased oxidative stress as they lack adequate cellular repair 
mechanism and antioxidant defence system. Therefore, maintaining a healthy equi-
librium of ROS and antioxidants is critical for appropriate reproductive functional-
ity of a man [148].

2.7.1  Spermatogenesis and Sperm Maturation

Spermatogenesis is a multifaceted procedure of male germ cell propagation and 
development from diploid spermatogonia to haploid spermatozoa, by the process of 
meiosis. These replicative processes guide to an intensification in the amount of 
mitochondrial O2 consumption and ROS generation [149]. In the testis, ROS may 
prove to be indispensable in the complex process of male germ cell proliferation and 
maturation [150]. Spermatogenetic processes such as proliferation of spermatogo-
nia and the differentiation of spermatocytes to spermatozoa needs to be supported 
by many humoral factors. Some receptors for these humoral factors are the mem-
bers of the receptor-tyrosine kinase (RTK) family, and it has been seen in other 
somatic cells that ROS modulate these RTK-mediated signalling pathways. Thus, 
ROS play a seemingly beneficial role by regulating phosphorylation signals via con-
trolling phosphatases [151].

ROS is also hypothesized to participate in transcriptional control of spermato-
genesis. There are various regulatory transcription factors, which control stage- 
specific gene expression at the cellular level [152]. Along with other transcription 
factors, pituitary gland secretes LH and follicle stimulating hormone (FSH), which 
are involved in the regulation of spermatogenesis [153]. FSH acts on the Sertoli 
cells by activating signalling process, encoding various genes, aiding in the secre-
tion of peptides and other signalling molecules [154]. The cAMP response element 
binding protein (CREB) present in the Sertoli cells is an important transcription 
factor for FSH signal transduction. Overproduction of ROS is thought to be a vital 
inducer of gene expression involving CREB family of receptors [155]. However, the 
functional relationship between different transcription factors and overproduction 
of ROS is under the regulatory control of various oestrogen receptors [156].
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ROS are also engaged in maturational stages of spermatozoa during the epididy-
mal transit. This stage is important for hyperactivation of spermatozoa, as they 
undergo remodelling of the cellular membrane and nuclear material, instalment of 
cell signalling pathways and enzymatic machinery [148]. Unlike somatic cells, 
spermatozoa are devoid of the defensive DNA repair systems owing to their insuf-
ficiency of histone packaging to uphold the biochemical integrity stored in their 
genes [157]. Therefore, additional stability must be ensured to the spermatozoon’s 
nuclear genome to avoid any damage. Genetic durability is conferred by the oxida-
tion of small nuclear thiol group proteins present in protamines, which ultimately 
substitute histones during spermiogenesis, thereby synthesizing rigid disulphide 
bonds between cysteine residues. As a matter of fact, ROS produced by redox reac-
tions are involved in the appropriate chromatin packaging of humans and various 
other mammalian species [158–160]. ROS act as oxidants delivering oxidative 
capacity, thereby contributing to the generation of disulphide bonds, too [161]. 
Moreover, peroxides are involved in the development of a defensive cover around 
mitochondria called ‘mitochondrial capsule’, which if not formed properly may 
result in cellular impairment and problems related to power generation in the sper-
matozoa [162].

2.7.2  Capacitation

Capacitation is an important maturational event of the spermatozoa which occurs in 
the female genital tract, during which they acquire a state of hyperactive motility 
along with an increase in cellular sensitivity to chemotactic signalling [163]. The 
molecular mechanism of capacitation includes efflux of cholesterol, influx of bicar-
bonate (HCO3

¯) and Ca2+. The oxidative stress drives various physiological changes 
related to capacitation of spermatozoa through the activation of a cAMP/protein 
kinase A phosphorylation pathway, which includes the stimulation of kinase-like 
proteins, upregulation of tyrosine phosphorylation in the spermatozoa tail and the 
initiation of sterol oxidation [164]. Capacitation has also been associated with 
increased thiol abundance on certain proteins on the surface of spermatozoa, which 
triggers the release of fully capacitated cells from their resting place on the surface 
of oviductal epithelium [165, 166]. Increased profusion of thiol too has been 
described to be an outcome of oxidative stress [167].

It has been confirmed that O2
●¯ triggers a cascade of events during capacitation. 

The production of O2
●¯ is initiated immediately following the induction of capacita-

tion which gradually declines in due course of time. However, increased amount of 
O2

●¯ is required to hyperactivate spermatozoa and basal concentration of the ion is 
necessary to maintain the cell in that condition [168]. In fact, O2

●¯ has been found 
to carry out the most important function in hyperactive motility [169].

It is often speculated that H2O2 occupies the centre-stage in the progression of 
capacitation, whereas O2

●¯ acts as a regulatory molecule for hyperactivation [170]. 
Furthermore, NO● has been reported to increase capacitation explicitly in the 
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female reproductive tract. The physiological effects elicited by NO● are due to its 
intricate involvement with H2O2. This is established by the fact that cAMP, a com-
plicatedly involved molecule in the biochemical framework of capacitation gets 
exhausted in the presence of ROS foragers and NOS inhibitors [171].

Nitric oxide regulates capacitation by functioning in conjunction with O2
●¯. A 

hypothesis of ROS-induced ROS generation has also been proposed based on the 
fact that NO● activates O2

●¯ production and vice versa in the growth of spermato-
zoa. Additionally, these free radicals may react to form another ROS, ONOO¯. The 
generation of ONOO¯ is significant because it acts as an effector of capacitation; 
however, it is devoid of any stimulating influence on NO● and O2

●¯ synthesis [172].

2.7.3  Acrosome Reaction

The last maturational stage of a spermatozoon is the acrosome reaction, which 
involves the modification of the frontal region of the head and the release of acro-
some enzymes succeeding interaction with the zona pellucida of the oocyte [173]. 
The primary proteolytic enzymes released during the process are acrosin and hyal-
uronidase, which facilitate the movement of spermatozoa through the cumulus 
oophorus and consequent union of spermatozoon and oocyte [3].

In vivo, the acrosome reaction gets initiated when the zona pellucida glycopro-
tein 3 (ZP3) ligands on the surface of the oocyte unite with the membrane of sper-
matozoa [174]. ROS facilitate this process by increasing the affinity of spermatozoa 
to the ZP3 ligand, due to the upregulation of corresponding receptors on the sper-
matozoa membrane [175]. In contrast, in vitro studies have suggested that acrosome 
reaction can be originated by the growth of spermatozoa with recombinant ZP3, 
progesterone or ROS.  However, conflicting reports exist regarding the in  vitro 
involvement of ROS in acrosome reaction. Some investigators denied the existence 
of any distinct association between the concentration of free radicals and the action 
of acrosome enzymes [176]. Although, other reports state that the addition of ROS 
to incubation media activates acrosome reaction [177, 178]. Free radicals such as 
O2

●¯, H2O2 and even NO● are found to influence acrosome reaction when present in 
low concentrations [179, 180].

However, there is a lack of absolute accord as to which free radical is completely 
involved in the regulation the acrosome reaction. H2O2 has also been shown to play 
an essential role in spermatozoa entrance of zona-free hamster eggs. [181]. On the 
other hand, positive association was found between O2

●¯ amplification and induc-
tion of acrosome reaction. Moreover, no change in the level of these free radicals or 
acrosome reaction could be observed in the presence of SOD [182]. Later, it has 
been clarified that both O2

●¯and H2O2 are necessary to induce acrosome reac-
tion [179].

From the mechanistic perspective, acrosome reaction is thought to be initiated by 
an influx of Ca2+ from the accumulated calcium stock of acrosome and the 

A. Das and S. Roychoudhury



29

extracellular compartments into the cytosol [183]. It has been considered that the 
induction of Ca2+ influx is due to the production of ROS by enzymatic path-
ways [184].

2.7.4  Sperm–Oocyte Fusion

Immediately following acrosome reaction, the fusion of spermatozoa and oocyte 
takes place. The fluidity of plasma membrane is an essential criterion for the accom-
plishment of this process and is reliant on polyunsaturated fatty acid along with 
phospholipase A2 (PLA2) activity. It has been proposed that O2

●¯ produced by sper-
matozoa function as membrane phospholipase, thus facilitating in membrane fluid-
ity [185]. ROS are proposed to enhance the PLA2 activity by inhibiting protein 
tyrosine phosphatase, thereby reducing the chances of dephosphorylation-mediated 
PLA2 reduction [182]. ROS may also optimize PLA2 activity by triggering protein 
kinase C (PKC) through the action of protein tyrosine kinase. PKC phosphorylates 
phospholipases, followed by subsequent initiation of an augmented PLA2 activity 
[186, 187].

The association of ROS and spermatozoon–oocyte union is further established. 
Researchers have observed a marked rise in the spermatozoon–oocyte union in 
spermatozoa possessing major tyrosine phosphorylation properties, which is sug-
gestive of the fact that the actions which are associated with capacitation and acro-
some reaction are related to the ones involved in sperm–oocyte fusion. In this 
regard, O2

●¯and H2O2 have been found to upregulate fertilization rates [183, 188].
Additionally, ROS have been found to facilitate chemotactic movements of the 

spermatozoa towards the oocyte in the female reproductive tract as a result of the 
secretion of progesterone by the cumulus oophorus cells. This has further been con-
firmed in vitro where catalase treatment has been shown to lead to a substantial 
reduction in the number of chemotactic spermatozoa. These point towards the exis-
tence of some sort of functional gateway of ROS at which they aid in chemotactic 
movements of spermatozoa. Beyond that point, ROS induce oxidative stress, which 
may turn detrimental for chemotactic spermatozoa. In such situations, catalase may 
have its own functional significance by helping in the reduction of cellular oxidative 
damage [189].

2.8  Conclusions

ROS are not totally harmful to the reproductive system. Preserving a physiological 
concentration of ROS in the reproductive tract is of paramount importance. Indeed, 
an optimum balance of ROS is a prerequisite to ensure efficacious lifespan of sper-
matozoa i.e., from synthesis to fertilization of the oocyte. ROS are critical in con-
firming structural remodelling of spermatozoa by triggering intracellular pathways, 
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thereby assisting in the chromatin condensation, spermatozoa motility, capacitation, 
acrosome reaction and chemotactic movements. Similarly, the role of ROS in female 
reproduction cannot be underestimated as well. ROS function in numerous biologi-
cal processes from the maturation of oocyte to fertilization and development of the 
embryo. Conversely, a disbalance in the concentration of ROS and antioxidants 
confers pathological consequences on spermatozoa, which range from reduced con-
centration, declined motility and reduction in fertilization ability to even apoptosis. 
Furthermore, overproduction of ROS can lead to myriad infertility problems and a 
spectrum of female reproductive disorders [190].

A physiological reference value of ROS is yet to be defined. Due to their tran-
sient nature of action, experimental tests remain complex and perplexing. Due to the 
lack of an accurate cut-off value of ROS, clinicians face difficulties in quantitatively 
differentiating between the physiological and pathological levels of ROS. Moreover, 
measurement of oxidative stress in vivo is both challenging and controversial, due 
to the prevalence of interlaboratory and interobserver differences. The sensitivity 
and specificity of various oxidative stress biomarkers being unknown adds up to the 
challenge of unifying a comprehensive method of assessing oxidative stress. Due to 
the fact that most of the studies on oxidative stress are either observational, case 
control or in vitro in nature, it creates an abstinence in the way of getting a compara-
tive aspect of these studies. Newer studies should focus on uniform populations and 
similar outcome measures so that the results can be perceived more easily by estab-
lishing a comprehensive comparison.

Despite extensive studies being conducted in this field, further research is 
required to lucidly understand the mechanisms involved in ROS-mediated activa-
tion of intracellular machinery encompassing various reproductive processes. An 
improved knowledge of the subtle oxidative balance influencing diverse reproduc-
tive functions and regulations could be of utmost significance in the diagnosis, pre-
vention and treatment of both female and male reproductive disorders.
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Chapter 3
Pathological Roles of Reactive Oxygen 
Species in Male Reproduction

Saptaparna Chakraborty and Shubhadeep Roychoudhury 

Abstract Reactive oxygen species (ROS) are free radicals that have at least one 
unpaired electron and play specific roles in the human body. An imbalance of ROS 
and antioxidant levels gives rise to a condition called oxidative stress. High levels of 
ROS in the male reproductive tract can interfere with its normal functioning and can 
even pose as toxic to the sperm, inhibiting sperm functioning (including motility) 
and metabolism. Oxidative stress resulting from ROS and lipid peroxidation is one 
of the major causes of male infertility including infertility in varicocele patients. 
These may cause DNA and peroxidative damage and apoptosis. Production of ROS 
in excess also leads to erectile dysfunction (ED). In recent years, studies have also 
linked oxidative stress with the development, progress, and therapy response of 
prostate cancer patients. The present study summarizes the pathological roles of 
ROS in male reproductive problems such as infertility, ED, and prostate cancer and 
also provide an insight into the probable mechanism through which ROS exert their 
pathological impact.

Keywords Oxidative stress · Male infertility · Erectile dysfunction · 
Prostate cancer

3.1  Introduction

Reactive oxygen species (ROS) are extremely reactive oxidizing agents that play 
specific pathological and physiological roles in the human body [1]. ROS are free 
radicals that are tagged as molecular entities having a minimum of one unpaired 
electron that creates a group of highly reactive compounds [2]. However, there are 
several ROS that do not contain any unpaired electron [3]. ROS is a mutual term that 
includes superoxide (O2

▪−), singlet oxygen (1O2), hydroxyl radical (OH▪), hydrogen 
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peroxide (H2O2), peroxyl radical (LOO▪), alkoxyl radical (LO▪), lipid hydroperox-
ide (LOOH), peroxynitrite (ONOO−), ozone (O3), and hypochlorous acid (HOCl) 
[4]. Reactive nitrogen species (RNS) are nitrogen containing reactive species such 
as nitric oxide (NO▪), nitrogen dioxide radical (NO2

▪), and peroxynitrite (NO −3), 
and RNS is also classified as ROS as they are also oxygen containing species [3]. In 
fact, ROS are the by-products of oxygen metabolism [5] and are formed during 
oxidative metabolism in mitochondria and also in cellular response to invasion of 
bacteria, cytokines, and xenobiotics [6]. Oxidative stress is a condition that is caused 
from an imbalance between accumulation and production of ROS in cells and tis-
sues and the capability of a living body to detoxify them [7].

ROS production in the male reproductive tract is concerning as these reactive 
species are potentially toxic to metabolism, motility, and other functions of sperma-
tozoa [5, 8]. Studies show that to attain fertilizing ability, spermatozoa require low 
levels of ROS, and epididymal and testicular functions are sensitive to ROS levels, 
which is why it is important for the male reproductive system to have a balanced 
redox state [9].

Although levels of ROS are necessary for different physiological aspects of sper-
matozoa such as capacitation, hyperactivation, acrosomal reaction, and signalling 
process for fertilization, however, ROS-induced oxidative stress is one of the major 
causes of male infertility via damage to sperm DNA, apoptosis and peroxidative 
damage [10]. Men with varicocele reportedly have increased levels of chemo- 
attractive ROS. Oxidative stress resulting from lipid peroxidation and high levels of 
ROS like NO is one of the most important elements in the pathophysiology of 
varicocele- related male infertility [11]. Overproduction of ROS such as H2O2 and 
O2

▪− is a common pathological attribute of erectile dysfunction (ED), which has 
been associated with both neurogenic and vasculogenic ED [12]. In recent years 
oxidative stress, resulting from ROS, has also been identified as one of the charac-
teristics for aggressive phenotype of prostate cancer and it is associated with the 
development, progress, and therapy response of the disease [13].

In this study, the pathological roles of ROS in different male reproductive prob-
lems such as male infertility, ED, and prostate cancer have been reviewed. It also 
attempts to provide an insight into the probable oxidative stress-dependent pathway 
through which ROS exert their pathological impact.

3.2  Male Infertility

Infertility is the condition where a couple is unable to conceive a baby even after 
one year of having frequent unprotected sexual intercourse, and this condition 
affects about 180 million people around the world [14]. Male infertility is the condi-
tion where a man is unable to make a fertile female pregnant after having unpro-
tected sexual intercourse for at least a year, and according to a World Health 
Organization (WHO) report, in developing countries, one in every four couple 
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suffers from infertility [15, 16]. In about 50% of the cases, infertility is due to the 
male factor [17]. Male infertility is mainly of three types, namely untreatable steril-
ity including primary seminiferous tubule failure; treatable conditions including 
obstructive azoospermia, sperm autoimmunity, deficiency of gonadotropin, sexual 
function disorders, reversible toxin effects; and untreatable subfertility including 
oligozoospermia, asthenozoospermia, tetratozoospermia, and normozoospermia 
with functional defects [18].

Male infertility is a complex pathological condition and is associated with sev-
eral causes and risk factors, which can be classified into three broad categories – 
congenital, acquired, and idiopathic risk factors. Conditions like anorchia, 
cryptorchidism, congenital absence of vas deferens, microdeletion of Y chromo-
some, genetic or chromosomal anomalies like Klinefelter syndrome or Robertsonian 
translocation, congenital obstruction, and genetic endocrinopathy fall under con-
genital factors. Varicocele, tumours of germ cells, testicular trauma and torsion, 
sexual dysfunctions like ED, acquired hypogonadotropic hypogonadism, infection, 
and obstruction of urinogenital tract, anti-sperm antibodies, systematic disease like 
liver cirrhosis, and exogenous factors such as radiotherapy or heat constitute the 
acquired factors. Idiopathic risk factors include smoking, alcohol consumption, 
obesity, advancing age, drugs, and occupational or environmental exposure to tox-
ins [19, 20]. Genetic factors account for about 15% of male infertility [21].

3.2.1  Effect of ROS on Sperm Structural 
and Functional Integrity

ROS-induced oxidative stress primarily contributes to the aetiology of male infertil-
ity, as it damages both the structural and functional integrity of spermatozoa [22]. 
The membrane fluidity of spermatozoa comes from the polyunsaturated fatty acids 
(PUFA) present in the sperm plasma membrane, which also makes them more sus-
ceptible to oxidative damage [23]. When PUFAs are attacked by ROS, a propagat-
ing cycle called ‘radical chain reaction’ is triggered which results in the conversion 
of PUFA to malondialdehyde (MDA), 4-hydroxynonenal (4-HNE), and acrolein 
[24]. MDA, 4-HNE, and acrolein are the biomarkers of oxidative stress that cause 
damage, mitochondrial dysregulation, and increase the yield of ROS along with 
leakage of ROS from inner mitochondrial membrane. When the level of ROS sur-
passes the physiological need of a body, the spermatozoa experiences oxidative 
stress which ultimately results in infertility [25]. When ROS is generated in excess 
in semen by potential ROS sources such as leukocytes and abnormal spermatozoa, 
some spermatozoa experience oxidative damage along with a loss in their function 
which may ultimately lead to male infertility. Apart from that, deficiency in antioxi-
dant glutathione level in the midpiece of spermatozoa may also cause male infertil-
ity [26]. ROS-induced oxidative stress can cause defect in the head and midpiece of 
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spermatozoa such as damaged acrosome, amorphous heads, and thickened mid-
piece, too [27].

3.2.2  Effect of ROS on Sperm DNA

For fertilization to occur, the DNA of the spermatozoa must be healthy, as any 
change in the structure of DNA can cause alteration or loss of function of any pro-
tein [28]. ROS have the ability to cause base modifications and hence fragmentation 
of sperm DNA is one of the key outcomes of oxidative stress, either directly or 
indirectly [29]. Oxidative stress, induced by ROS or RNS, impairs the function and 
integrity of DNA via a homeostatic imbalance of antioxidant enzyme levels in the 
spermatozoa and seminal plasma [30, 31]. During the transfer of spermatozoa to the 
epididymis from the seminiferous tubule, immature spermatozoa produce ROS, 
which further leads to DNA damage in mature spermatozoa, and this causes an 
increase in apoptosis of germ cell and decrease in sperm count, which ultimately 
leads to infertility [32, 33]. On the basis of the type, ROS can lead to protein modi-
fication via oxidation of thiol, tyrosine nitration, sulfonation, or glutathionylation, 
and among these the most common is the oxidation of thiol, which affects chroma-
tin remodelling during spermiogenesis [29]. Oxidative stress causes lipid peroxida-
tion that disrupts cell membrane fluidity, increases cell permeability for non-specific 
ions, inactivates the membrane enzymes and the electrophilic aldehydes damage the 
nuclear DNA [34, 35].

3.2.3  Effect of ROS on Sperm Motility

Motility is an important aspect of sperm function since they have to swim through 
the female reproductive tract post ejaculation in order to fertilize the oocyte [36]. 
Spermatozoa are sensitive to ROS-induced damage due to the lack of cytoplasm and 
low level of oxygen radical-scavenging enzymes in them. ROS-induced oxidative 
stress in one of the common factors which affect sperm motility. Motility declines 
when ROS, induced in mitochondrial complex I, cause peroxidative damage to the 
mid-piece of spermatozoa [37, 38]. NO reacts with O2- to produce peroxynitrite that 
further generates OH- which leads to lipid peroxidation and DNA damage thus 
ultimately leading to sperm dysfunction and low sperm motility [39]. In oligoasthe-
nozoospermic and asthenozoospermic men, high levels of MDA are reported and 
changes in the membrane fluidity, due to oxidation, affects sperm motility [40]. 
ROS causes a rapid loss of ATP that affects sperm motility, viability, acrosome reac-
tion, and capacitation ultimately leading to infertility [38].
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3.2.4  Effect of Varicocele-Induced ROS on Infertility

Varicocele is one of the endogenous sources of ROS in seminal plasma [41]. The 
word ‘varicocele’ has its origins from a Latin word ‘varix’ meaning ‘dilated vein’ 
and a German word ‘kele’ that means ‘tumour or swelling’ [42]. The condition in 
which the pampiniform plexus of scrotal veins dilates and enlarges abnormally is 
called varicocele. Pampiniform plexus is the vein that drains blood from both the 
testicles [43]. Although the condition of varicocele is generally painless, it is clini-
cally very significant. It is because varicocele is the most commonly identified cause 
of abnormal semen analysis including decreased sperm count, motility, and abnor-
mal sperm morphology [44]. Based on appearance, varicoceles are categorized as 
small, medium, or large, and 80–90% of the clinically detectable varicoceles occur 
in the left side of the body due to the anatomy of the testicular veins. The internal 
spermatic vein on the right side directly terminates into the inferior vena cava hav-
ing low pressure, whereas the internal spermatic veins of the left side joins with the 
left renal vein which has relatively high pressure [45]. Also, the level of ROS is 
linked with the grade of the varicocele [46].

Several theories suggest that varicocele-induced male infertility is characterized 
by apoptosis, increase in oxidative stress, DNA damage of sperm, tissue hypoxia, 
deterioration of seminiferous tubules, and immunological infertility caused by a 
decline in the production of Fas protein [47]. Oxidative stress, resulting from ele-
vated levels of ROS, is associated with varicocele and other male subfertility issues 
such as testicular torsion, cryptorchidism, genitourinary tract infection, or inflam-
mation [47, 48]. Studies showed that reduced antioxidant capacity or oxidative 
stress associated with increase in ROS is associated varicocele-induced male infer-
tility. Patients with varicocele also report significant increase of chemo-attractive 
ROS [49].

Yoon and co-workers studied infertile patients having varicocele and stated that 
internal spermatic vein (ISV) of such patients had ROS in higher levels. ROS are 
produced in midpiece of sperm and thus the spermatozoa are susceptible to ROS 
and associated oxidative stress [47]. Oxidative stress resulting from ROS shortens 
the telomere of the chromosome that directly causes genomic instability [50]. 
Production of ROS damages the Leydig cells, which reduces the secretion of testos-
terone [51]. Oxidative stress also effects the epididymis and accessory glands [52]. 
Yoon and co-workers also reported that there is a relation between testicular hypot-
rophy and increase in ROS associated with varicocele [47]. Another study on infer-
tile men with and without varicocele also suggested that testicular dysfunction 
associated with varicocele might be due to ROS [53]. Lipid peroxidation of sperm 
membrane also occurs due to damage by ROS which is also considered to be the key 
mechanism of infertility [54]. In a meta-analysis on oxidative stress, varicocele, and 
infertility, infertile men with varicocele had high levels of ROS-induced oxidative 
stress, and increase in ROS production might have led to an increase in the utiliza-
tion of antioxidants and thus lowered their concentrations [55]. This imbalance 
between antioxidant levels and ROS concentration in the body causes oxidative 
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stress [56]. An increased oxidative stress hampers the process of spermatogenesis 
and leads to poor semen parameters [57]. Varicocele is also reported to induce scro-
tal hyperthermia by increasing the temperature by refluxing of abdominal warm 
blood via the incompetent valves of internal spermatic veins and cremasteric veins 
into the pampiniform plexus [48]. Several studies have demonstrated the relation-
ship between ROS generation and heat exposure [58]. In presence of heat, produc-
tion of mitochondrial ROS increases that results in the transfer of electrons to 
molecular oxygen, and hence formation of ROS and inhibition of adenosine 

Fig. 3.1 Possible mechanism of ROS-induced infertility in the male. ROS attack PUFAs pres-
ent in the plasma membrane of sperm, which leads to the formation of acrolein, MDA, and 4-HNE, 
which cause mitochondrial dysfunction and leakage of ROS from mitochondrial inner membrane, 
which in turn increases ROS production. This may lead to male infertility. ROS present in semen 
cause oxidative damage to sperm, which may also result in infertility. ROS also decrease ATP 
which affects sperm motility, viability, acrosomal reaction, and capacitation and ultimately leads 
to infertility. ROS produced from immature spermatozoa damage the DNA of mature spermatozoa, 
which causes germ cell apoptosis, which in turn decreases sperm count, all these resulting in infer-
tility. ROS cause oxidative stress, which damages the head and midpiece of sperm, which leads to 
male infertility. Upon reaction with NO, O2+ forms peroxinitrite which causes lipid peroxidation, 
damages sperm DNA, and decreases sperm motility leading to sperm dysfunction. Oxidative stress 
leads to shortening of chromosome telomere, too, which results in genomic instability. ROS cause 
lipid peroxidation, which may also result in varicocele-induced infertility in affected men. 
Varicocele induces scrotal hyperthermia, which leads to an increase in ROS. Increase of ROS in 
presence of heat leads to inhibition in ATP generation, which further results in testicular hypertro-
phy and dysfunction. Red arrows indicate the decrease of the respective substance, which has a 
negative impact and leads to male infertility. ROS: reactive oxygen species, PUFA: polyunsatu-
rated fatty acid, MDA: malondialdehyde, 4-HNE: 4-hydroxy-2-nonenal, ATP: adenosine triphos-
phate, DNA: deoxyribonucleic acid.
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triphosphate (ATP) synthesis [59]. Heat-induced upregulation of inducible NOS 
increases NO production, which may contribute to testicular damage associated 
with varicocele [60].

Potential mechanisms through which ROS cause male infertility are presented in 
Fig. 3.1.

3.3  Erectile Dysfunction (ED)

The inability of a man to achieve and maintain a rigid penile erection, appropriate 
for a satisfactory coitus is termed as ED or impotence [61]. In men above the age of 
40 years, it is a common condition, and its predominance is rising sharply with age 
and co-morbidities [62]. The Massachusetts Male Ageing Study (MMAS) reported 
a prevalence of 52% men with some degree of ED while 10% of men had complete 
ED in an age group of 40–70 years [63]. However, a study showed that in real life 
situation, 1 out of 4 men seeking medical help for ED was <40 years of age [64].

The causes of ED are often multifactorial. Diseases that affect the hormone lev-
els, nerves, arteries, smooth muscle tissue, corporal endothelium, or tunica albu-
ginea of penis can cause ED [65]. Although the process of ageing is an essential 
factor for the occurrence of ED, conditions like depression, performance anxiety 
along with other sexual diseases and disorders are also considered as important 
contributing factors. Apart from these, other causes of ED include neurological and 
hormonal disorders, diabetes mellitus, stroke, glaucoma, constructive obstructive 
pulmonary disease (COPD), multiple sclerosis, sequela of priapism, and prostatic 
hyperplasia [66].

In the absence of any stimulation the penis remains in a flaccid state, which 
means the smooth muscles remain contracted. The contraction of the smooth mus-
cle of penis is controlled by noradrenaline, and intrinsic and endothelium-derived 
contracting factors [67]. In the presence of a sexual stimulation, non-adrenergic 
non-cholinergic (NANC) nerve fibres release NO and parasympathetic cholinergic 
nerve fibres release acetylcholine (Ach) [68]. Production of cyclic guanosine mono-
phosphate (cGMP) is stimulated by NO when it enters the smooth muscle and the 
levels of Ca2+ also decrease [66, 68]. cGMP activates protein kinase G and closes 
Ca2+ channels while opens the K+ channels. A decline in the level of intercellular 
Ca2+ causes penile intracavernosal smooth muscles to relax. As the smooth muscles 
relax, there is an increase in the atrial flow and the lacunar spaces in the corpora 
cavernosa fill with blood, which leads the subtunical veins to compress thereby 
blocking the venu-occlusive activity or the venous outflow. All these activities ulti-
mately result in a firm erection with minimal inflow or outflow of blood in the cor-
pora cavernosa once the erection is established. When penile phosphodiesterase 5 
(PDE 5) is degraded by cGMP, the penile smooth muscle again contracts and the 
process is reversed. Interruption in any of these processes can give rise to ED 
[69, 70].
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In penile tissues, ROS are produced from mitochondrial electron transport chain, 
NADPH oxidase, NOS, xanthine oxidase, lipoxygenase, cyclooxygenase, haemox-
ygenases, and haemoproteins along with redox cycling of small molecules, auto- 
oxidation, hypoxia-reoxygenation, hyperoxia, and oxygenation of haemoglobin 
[71]. Roumeguere and co-workers also showed that oxidative stress, inflammation, 
and apoptosis of human penile endothelial cells decrease the levels of NO which 
contributes to the vascular aetiology of ED [72]. An important mechanism in the 
pathophysiology of ED is the interaction between ROS and penile NO [73]. When 
O2

•- reacts with NO, peroxynitrite is formed that in turn forms fatty deposits in arter-
ies called atherogenesis [74]. When peroxynitrite reacts with tyrosyl residue of pro-
teins, it inactivates SOD and decreases the removal of O2

•- which in turn increases 
peroxynitrite production and diminishes the available concentration of 
NO. Peroxynitrite, which causes smooth-muscle relaxation, is less potent than NO 
[75]. An experimental study on rabbits reported that compared to short-lived and 
immediate relaxation induced by NO, relaxation induced by peroxynitrite is slow 
and prolonged. With NO, penile tissues return to their original tension immediately, 
but with peroxynitrite, they are unable to do so. Hence these mechanisms produce 
ED due to an ineffective relaxation in the penile cavernosal tissues [76]. Peroxynitrite 
and O2

•- may also upsurge the endothelial apoptosis leading to its denudation and 
decrease in the bioavailability of NO. O2

•- mobilizes Ca2+ ions that may have direct 
vasoconstriction effect. This may also lead to ED [71, 76, 77]. A decreased concen-
tration of NO worsens the adhesion of leukocytes and platelets to the vascular endo-
thelial cells and releases leukotrienes and thromboxane A2 that causes 
vasoconstriction. These substances in turn intensify ED [78]. Apart from this, pro-
duction of NO in excessive amounts also directly damages the penile cavernosa. In 
inflammatory conditions, high levels of NO are generated in corpora cavernosa, 
which elevates the formation of peroxynitrite, which has cytotoxic effects on the 
muscles of corpora cavernosa [79]. Ageing is an important factor associated with 
ED as oxidative damage caused by O2

•- to the vasculature plays a crucial role in 
course of natural ageing. Ageing also diminishes the bioavailability of NO and 
reduces the activity of NOS [80].

Potential mechanisms through which ROS cause ED are presented in Fig. 3.2.

3.4  Prostate Cancer

In men, prostate is a small walnut-shaped gland located at the base of the urinary 
bladder, and it produces seminal fluid that nourishes and transports sperm [81, 82]. 
Prostate cancer is one of the most frequently diagnosed cancers and is also a prime 
reason behind the cancer-related deaths in men [83]. Generally, majority of the 
prostate cancers grow slowly, they are low grade, and are also not very destructive 
[84]. Due to multiple genetic alterations, prostate cancer is considered as a highly 
heterogeneous cancer [83]. Though the risk of prostate cancer increases with age, 
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mainly after the age of 50, the prevalence of prostate cancer appears to be increasing 
in old adolescents and young adults [85, 86].

Age, ethnicity, genetic factors, family history, diet, alcohol consumption, ciga-
rette smoking, obesity, sexually transmitted diseases, environmental carcinogens, 
vasectomy, exposure to X rays, insulin and insulin like growth factors, chronic 
inflammation and prostatitis, and vitamin and mineral supplements are some of the 
risk factors associated with prostate cancer [87]. In white men after the age of 
50 years the risk of prostate cancer increases even without having any family history 
of the disease, and in the case of black men or men having a family history of pros-
tate cancer, the risk increases after 40  years of age [88]. Prevalence of prostate 

Fig. 3.2 Possible mechanism of ROS-induced erectile dysfunction. ROS is formed from the 
midpiece of sperm, NADPH oxidase, mitochondrial electron transport chain, xanthine oxidase, 
cyclooxygenase, NOS, lipooxygenase, haemooxygenases, and haemoproteins along with redox 
cycling of small molecules, hypoxia-reoxygenation, auto-oxidation, hyperoxia, and oxygenation 
of haemoglobin. ROS induces oxidative stress which along with inflammation and apoptosis of 
endothelial cells decreases the level of NO in penis. ROS such as O2− mobilize Ca2+, which affects 
vasoconstriction and results in ED.  O2+ reacts with NO in penis and forms peroxynitrite. 
Peroxynitrite reacts with tyrosyl residue, which inactivates SOD, which in turn decreases the 
removal of O2+. This leads to decrease in NO level in penis and increase in peroxynitrite formation. 
Peroxynitrite slows down and prolongs the relaxation, and the penis is unable to return to its origi-
nal state, which leads to ED. O2+ and peroxynitrite also cause apoptosis in penile endothelium, 
which decreases the NO in penis, which further decreases the adhesion of leukocytes and platelets 
to vascular endothelium; this releases thromboxane A2 and leukotrienes, which causes vasocon-
striction and leads to ED. When the level of NO increases in penis, it damages corpora cavernosa 
either directly or by increasing peroxynitrite, finally resulting in ED. Moreover, natural ageing also 
decreases NO and NOS activities, which may lead to ED. Red arrows indicate decrease or increase 
of the respective substances, which has a negative effect and results in ED. ROS: reactive oxygen 
species, ED: erectile dysfunction, NADPH: reduced form of nicotinamide adenine dinucleotide 
phosphate, NO: nitric oxide, NOS: nitric oxide synthase.
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cancer varies highly with different ethnic groups although the highest incidence is 
seen among African-American men which might be due to the presence of chromo-
some 8q24 variants, which have been associated with a risk of increased prostate 
cancer [89, 90]. A ‘Hereditary Prostate Cancer’ susceptibility gene or HPC gene 
(HPC/ELAC2), identified in chromosome 17p11, encodes a protein ELAC2 that is 
associated with prostate cancer development [91]. Due to the presence of androgen 
receptor, X chromosome is also believed to be associated with prostate cancer 
inheritance [92]. Apart from genetic factors, following a westernized lifestyle and 
diet also increases the risk of prostate cancer [87]. A study reported a relationship 
between risk of prostate cancer with high intake of alcohol [93]. Obesity, combined 
with physical inactivity, causes insulin resistance with decreased uptake of glucose 
that leads to high levels of blood insulin and thus it might initiate cancer progression 
in the prostate as insulin promotes growth and proliferation [94]. Male smokers also 
have high levels of circulating sex hormones that might contribute to prostate cancer 
progression [95]. Furthermore, a Finnish cohort study linked the seropositivity for 
human papilloma virus (HPV-16 and HPV-18) with prostate cancer [96]. Carcinogens 
such as bisphenol-A (BPA), chlordecone, herbicides like agent orange also pose as 
risk factors for prostate cancer [87]. Vasectomy may also be associated with an 
increased risk of prostate cancer [97]. Myles and co-workers showed that exposure 
to hip or pelvic X-ray increases the risk of prostate cancer [98]. Inflammation of 
prostate gland or prostatitis has a strong link with prostate cancer, too [99].

Development and growth of prostate cancer is associated with elevated ROS lev-
els [100]. Androgen and androgenic hormones play a vital role in normal develop-
ment, differentiation, and function of the prostate gland apart from maintaining 
ROS balance. Fluctuations in the fraction or ratios of androgens, androgenic factors 
and other growth stimulatory factors are associated with abnormal prostate growth 
[101]. Fat-rich diet has been shown to promote ROS production accompanied by a 
rise in the secretion of tumor necrosis factor-alpha (TNF-α) and adipokine, thus 
causing chronic inflammation [102]. Hence, excessive generation of ROS or insuf-
ficiency in the antioxidant defence system of a normal cell (or both) may cause 
oxidative stress in the cell and the increased level of ROS may be linked with initia-
tion and development of prostate cancers [103] A study also showed that fat-rich 
diet results in a rapid growth of prostate tumors and increases the ratio of M2/M1 
macrophage and fraction of myeloid-derived suppressor cells through interleukin 
(IL)-6/phospho-signal transducer and activator of transcription 3 (pSTAT3) signal-
ling [104]. Mitochondria are the major source of generation and mutations in mito-
chondrial DNA as well as changes in the mitochondrial bioenergetics may be the 
underlying cause of prostate cancer development. Studies showed that in malignant 
prostate cancer cells, there are changes in nuclear-encoded subunit IV of mitochon-
dria [105, 106]. According to the free radical theory of ageing, cells age due to the 
accumulation of oxidative stress in due course of time and the age-related changes 
in the prostate might be linked with an upsurge in oxidative stress. Thus, a hypoth-
esis emerged that all men would develop microscopic prostate cancer in their old 
age regardless of diet, lifestyle, occupation, or other factors [107]. Bacterial or non- 
bacterial chronic prostatitis damages prostate epithelial cells and in most cases leads 
to inflammation [108]. Continuous exposure of prostate cells to inflammation can 
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dramatically increase the levels of ROS, alter structure and function of protein, 
induce somatic and genetic changes, and also cause post-translational DNA modifi-
cation [109]. Such changes can cause damage to prostate tissues, and to compensate 
this damage, prostate epithelial cells undergo enhanced proliferation, which ulti-
mately leads to prostatic tumour or neoplasia [110]. Malignant prostate cells pro-
duce ROS and NAD(P)H oxidase or Nox enzymes which are also an important 
source of ROS. These are very crucial for the growth and maintenance of malignant 
phenotype of prostate cells [111, 112]. Nox 1, Nox 5, and various isoforms of Nox 
enzymes like Nox 4, Nox 2, and also Nox 5 are found in prostate cancer cells as 
reported from a study. Abnormal expression of Nox1 intensifies growth, tumorige-
nicity, and angiogenicity in prostate cancer cells [113].

Potential mechanisms through which ROS cause prostate cancer are presented in 
Fig. 3.3.

Table 3.1 summarizes the effects ROS on male infertility, ED, and prostate cancer.

Fig. 3.3 Possible mechanism of ROS-induced prostate cancer. Fat rich diet promotes ROS 
formation. Mitochondria are the major sources of ROS generation that may lead to prostate cancer. 
ROS are also generated from the inflammation of prostate cell, caused due to bacterial or non- 
bacterial prostatitis. Fat-rich diet also produces TNF-α and adipokine, which lead to chronic 
inflammation of the prostate. Inflammation of prostate cells also results in structural and functional 
alterations in proteins, post-translational DNA modifications, and some somatic and genetic 
changes. All these may lead to increased proliferation of the prostate epithelium. ROS along with 
increased prostate epithelial growth result in prostatic neoplasia. Apart from that, ageing leads to 
accumulation of oxidative stress in prostate cells which may also cause prostate cancer. 
Furthermore, prostate cancer cells produce ROS and NAD(P)H oxidase or Nox enzymes such as 
Nox 1, Nox 2, Nox 4, and Nox 5, which generate ROS that are helpful in maintaining the malignant 
phenotype of the prostate cancer cells. ROS: reactive oxygen species, TNF-α: tumor necrosis fac-
tor alpha, Nox: NAD(P)H oxidase.
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Table 3.1 Effects of ROS along with possible mechanism(s) of action in male reproductive 
problems: infertility, erectile dysfunction (ED), and prostate cancer

Andrological 
problem Possible mechanism of ROS action Reference(s)

Male 
infertility

ROS attacks PUFA of sperm plasma membrane, which forms 
acrolein, MDA, and 4-HNE. MDA and 4-HNE cause 
mitochondrial dysfunction, leakage of ROS from mitochondrial 
inner membrane, which in turn increases ROS production, which 
then leads to infertility

[24, 25]

ROS, when generated in excess in semen by leukocytes and 
abnormal sperm, some sperm experience oxidative damage 
along with a loss in their function which may lead to 
infertility

[26]

Deficiency in antioxidant glutathione level in the midpiece of 
sperm may also cause infertility

[26]

ROS produced from immature sperm damage DNA of mature 
spermatozoa that increases apoptosis of germ cell and decreases 
sperm count that may lead to infertility

[32, 33]

Sperm motility declines when ROS, induced in mitochondrial 
complex I, cause peroxidative damage to midpiece of sperm

[37, 38]

High levels of MDA change the membrane fluidity of sperm and 
hence affect motility

[40]

ROS decreases ATP that affects sperm motility, viability, 
acrosome reaction, capacitation and ultimately leads to 
infertility

[38]

Reduced antioxidant capacity or oxidative stress, associated 
with an increase in ROS, is linked to varicocele-induced 
infertility

[49].

Increased ROS causes testicular hypertrophy associated with 
varicocele

[47]

ROS also causes testicular dysfunction associated with 
varicocele

[53]

Lipid peroxidation of sperm membrane caused due to ROS 
damage results in varicocele-induced infertility

[54]

Oxidative stress caused due to imbalance between antioxidant 
level and ROS concentration hampers spermatogenesis and leads 
to poor sperm parameters

[55, 56]

Heat increases mitochondrial ROS production that transfers 
electrons to molecular oxygen, and hence formation of ROS and 
inhibition of ATP synthesis. Heat-induced upregulation of 
inducible NOS increases NO production that may contribute to 
varicocele-associated testicular damage.

[59, 60]

(continued)
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Table 3.1 (continued)

Andrological 
problem Possible mechanism of ROS action Reference(s)

Erectile 
dysfunction 
(ED)

Oxidative stress, inflammation, and apoptosis of penile 
endothelial cells decrease NO and contribute to ED

[72]

Peroxynitrite reacts with tyrosyl residue of proteins, inactivates 
SOD, leads to decreased removal of O2•- that increases 
peroxynitrite formation, and reduces the available NO 
concentration. Peroxynitrite slows down and prolongs the 
relaxation, and the penis is unable to return to the original state. 
All these lead to ED.

[75, 76]

Peroxynitrite and O2•- increase endothelial apoptosis, and the 
bioavailability of NO. O2•- mobilizes Ca2+ ions that may have 
direct effect on vasoconstriction which leads to ED

[71, 76, 77]

Low NO concentration worsens leukocytes and platelets adhesion 
to vascular endothelial cells, releases thromboxane A2 and 
leukotrienes that causes vasoconstriction. All these lead to ED.

[71]

Excessive NO production in inflammatory conditions directly 
damages corpora cavernosa, which elevates peroxynitrite 
formation which has cytotoxic effects on corpora cavernosa 
muscles.

[79]

Oxidative damage caused by O2•- to the vasculature plays an 
important role in the process of natural ageing which is an 
important factor associated with ED; ageing also reduces NOS 
activity and bioavailability of NO.

[80]

Prostate 
cancer

Fat-rich diet promotes ROS, increases TNF-α and adipokine 
secretion causing chronic inflammation. Fat-rich diet also 
increases prostate tumour proliferation, M2/M1 macrophage ratio 
and myeloid-derived suppressor cells fraction via IL-6/pSTAT3 
signalling.

[102, 104]

Mitochondria are the major sources that generate ROS and 
mutations in mitochondrial DNA, and changes in mitochondrial 
bioenergetics may be the underlying cause for the development of 
prostate cancer

[105]

According to the free radical theory of ageing, cells accumulate 
oxidative stress in due course of time and the age-related changes 
in the prostate might be linked with an increase in oxidative 
stress. Thus, a hypothesis emerged that all men would develop 
microscopic prostate cancer in their old age regardless of diet, 
lifestyle, occupation, or other factors

[107]

Prostatitis leads to prostate inflammation and continuous exposure 
to inflammation increases ROS levels that leads to several 
changes in the prostate tissue; the prostate epithelium undergoes 
rapid proliferation that ultimately results in prostatic neoplasia

[108–110]

ROS reactive oxygen species, NO nitric oxide, SOD superoxide dismutase, NOS nitric oxide syn-
thase, ATP adenosine triphosphate, PUFA polyunsaturated fatty acid, MDA malondialdehyde, 
4-HNE 4-hydroxy-2-nonenal, DNA deoxyribonucleic acid, TNF- α tumour necrosis factor-alpha, 
IL interleukin, pSTAT3 phospho-signal transducer and activator of transcription 3
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3.5  Future Perspectives

For normal reproductive functions to take place in the male, maintaining a balanced 
redox state is important [9]. A class of endogenous ROS scavengers called ‘perox-
iredoxins’ or PRDX, which are mainly associated with sperm capacitation and 
oocyte binding remodelling, also act as an ROS control system [114]. However, 
dysfunction in PRDX and associated enzymes needed for their reactivation might 
hamper sperm capacitation and motility as well as damage sperm DNA [115].

Drugs like tadalafil, sildenafil, and vardenafil are effective in improving sexual 
function in men having ED and work well in younger men as well as those above 
50 years of age. Apart from androgen therapy, other treatment strategies for ED 
include X-ray visualization and penile implant surgery [116]. Microsurgical sub- 
inguinal varicocelectomy, inguinal varicocelectomy, microscopic inguinal varicoce-
lectomy, laproscopic varicocelectomy, and percutaneous varicocele embolization 
are some of the current treatment procedures of varicocele [117]. Problems related 
to male infertility is treated with either medicines or surgeries. Hormones such as 
clomiphene citrate and human chorionic gonadotropin are used for the treatment of 
infertility [118]. Infertility from varicocele is surgically treated by varicocelectomy, 
and infertility resulting from vasectomy is treated with reversal vasectomy [119]. 
Antioxidant therapy is also used to improve semen quality including sperm motility 
as antioxidants can decrease ROS-induced oxidative stress [120]. Gene therapy and 
gene modifications of germ line and Sertoli cells are available for treating male 
infertility although there are ethical questions [121]. A powerful therapeutic 
approach for treating male infertility is stem cell therapy [122]. Pluripotent stem 
cells are used, and male germ cells are developed either via in vitro differentiation 
into an advanced haploid product or a combination of in vitro differentiation and 
in vivo transplantation [123–126]. Therapies for prostate cancer include docetaxel, 
cabazitaxel, enzalutamide, abiraterone acetate, radium-223, sipuleucel-T, olaparib, 
and pembrolizumab [127]. Other therapeutic techniques for the management of 
prostate cancer include contemporary imaging technique like Tc-based and F-NaF 
positron emission tomography or PET, locoregional therapy like radical prostatec-
tomy, and stereotactic body radiotherapy [128–130].

Apart from the above-mentioned treatment procedures, herbal medications are 
also useful in managing male infertility, ED, and prostate cancer [131, 132]. Roots 
of the Ayurvedic herb “Ashwagandha” or Withania somnifera are used against low 
sperm count, semen volume, and also low levels of testosterone and LH [133]. 
Other herbs such as Orchis latifolia, Mucuna pruriens, Asparagus racemosus and 
Tinospora cardifolia are used in the Unani and Ayurvedic systems of medicine, 
which may also help in increasing semen quantity, work as aphrodisiac, and in the 
management of disorders of male reproductive tract and combat ageing [134]. Other 
Ayurvedic herbs including “Ashvatta” or Ficus relegiosa and Fenugreek or 
Trigonella foenun-graecum are used in the management of ED [135, 136] 
Polysaccharide from a traditional Chinese herb Morinda officinalis can reduce the 
varicocele-induced damage to the seminiferous tubules, promote spermatogenesis, 
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and also regulate abnormal levels of sex hormones [137]. Studies also report that 
Chinese herbal medicine “Bushen Shengjing Decoction” can increase motility, via-
bility, and density of sperm along with decreasing sperm deformity rate and ROS 
levels in men with oligospermia [138]. Ethanol extract of a traditional Chinese med-
icine Ganoderma tsugae have shown to significantly suppress metastatic prostate 
cancer in cell lines PC-3 and DU145 [139]. A traditional Japanese medicine 
“Saikokaryukotsuboreito” showed effectiveness in the treatment of sexual dysfunc-
tion in schizophrenia [140]. A Korean herbal formula KH-204 also called 
“Ojayeonjonghwan” have shown to treat diabetes mellitus-induced ED in experi-
mental rats [141]. Herbs like Curcuma longa, Ginkgo biloba, and Camellia sinensis 
might also be helpful in the management of male infertility, ED, and prostate cancer 
[131]. Pausinystalia yohimbe and Panax ginseng are useful against ED, too [142]. 
Considering the effectiveness of these herbal medications, the clinicians may com-
bine these with the current treatment procedures which might prove helpful in man-
aging the problems of male infertility, ED, and prostate cancer, thereby presenting 
a potentially wide range of curative measures.

3.6  Conclusions

In conclusion, the present study identifies various pathways through which ROS 
may hamper the normal functioning of the male reproductive system, induce oxida-
tive stress, and cause men’s health issues including infertility, ED, and prostate can-
cer. This chapter also presents a potentially wide range of curative measures ranging 
from modern medicine to traditional herbal alternatives, although more dose- 
dependent clinical trials are needed to validate and incorporate their use as potential 
alternatives for the clinical management of ROS-associated reproductive health 
problems in the male.
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Abstract Male factor issues are responsible for 50% of couples infertility. Seminal 
oxidative stress is one of the major factors that affect the normal physiological 
aspects of sperm function such as motility and progression, hyperactivation, capaci-
tation, acrosome reaction and zona-pellucida penetration prior to fertilization. In 
recent times, high-throughput proteomic platforms are used to identify the proteins 
associated with these aspects of sperm function as associated with oxidative stress. 
In this review, we have provided a workflow that includes an overview of advanced 
proteomic techniques and bioinformatic tools used to interpret proteomic results. 
Furthermore, we have highlighted proteins associated with dysregulated molecular 
pathways in sperm and seminal plasma due to oxidative stress. We have also 
described the molecular interactions between proteins associated with oxidative 
stress and their potential role in male infertility.
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4.1  Introduction

Infertility is classified as a condition associated with a couple’s inability to achieve 
a clinical pregnancy for more than a year despite having regular, well-timed, unpro-
tected sexual intercourse [1]. The male partner contributes to approximately half of 
the total infertility cases and is solely responsible for 20–30% of these [2]. Infertility 
rates are estimated to be similar among males in North America (4.5–6%), Europe 
(7.5%), and Australia (8–9%), and highest in Africa and Eastern Europe (8–12%) 
[3]. On average, about 15% of male infertility cases have no identifiable cause and 
are classified as unexplained or idiopathic male infertility [4]. Men with unex-
plained infertility are unable to reproduce despite having normal sexual history, 
physical examination, endocrine assessment, semen parameters, and no female fac-
tor involvement [5].

Among the contributory factors implicated in cases of unexplained male infertil-
ity is oxidative stress. Oxidative stress represents a state of imbalance between the 
generation of reactive oxygen species (ROS) and the antioxidant defense mecha-
nisms within the body [4–6]. ROS are generated as byproducts of normal cellular 
metabolism and are essential at physiological levels for normal reproduction [7]. 
The major sources of seminal ROS are leukocytes and spermatozoa. When present 
at elevated levels in semen, ROS become harmful to the sperm and can negatively 
impact fertility [8, 9]. The adverse effects of oxidative stress on sperm quality and 
function makes it a major factor in the etiology of male infertility. Studies have 
demonstrated the role of oxidative stress in several other male infertility diagnoses 
including varicocele [10], leukocytospermia [11], prostatitis [12], and idiopathic 
infertility [13].

Proteomics is the systematic analysis and characterization of the entire set of 
proteins present within the cell / tissue under certain conditions. Proteomics studies 
not only do help identify the proteins present but can also provide valuable informa-
tion in terms of protein abundance, localization, posttranslational modifications, 
isoforms, and molecular interactions [14]. While the genome is a constant, the pro-
teome is variable and dynamic. Thus, in proteomics studies related to infertility, the 
proteome can be examined to elicit an overall picture (at a protein level) of the 
underlying cellular processes in fertile and infertile males. Moreover, proteomics 
analysis can contribute to the understanding of critical biological pathways underly-
ing the development of male infertility [15].

Mature spermatozoa are transcriptionally and translationally quiescent and 
thereby depend on their proteins to perform their biological functions [16]. Proteins 
are abundant in semen and obtainable with relative ease, making spermatozoa and 
seminal plasma suitable samples for proteomic analysis [17]. By characterizing the 
proteins in spermatozoa and seminal plasma, the function of specific fertility-related 
proteins can be determined [18]. Through the application of advancing proteomics 
tools and techniques, researchers could potentially identify critical changes in key 
proteins in spermatozoa and seminal plasma of male infertile patients [19]. Oxidative 
stress has been reported to impact metabolic processes in spermatozoa, regulatory 
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pathways in seminal plasma, and stress responses in both sperm and seminal 
plasma [20].

In this review, we provide an overview of the workflow involved when applying 
advanced proteomics and bioinformatics approaches to sperm and seminal plasma 
samples. We have highlighted the spermatozoa and seminal plasma proteins related 
to dysregulated molecular pathways in males with oxidative stress-induced infertil-
ity. We also describe the interactions between the proteins associated with oxidative 
stress and examine their potential role as an underlying cause of male infertility.

4.2  Proteomic Evaluation in Sperm and Seminal Plasma

Most proteomics studies in male infertility aim to compare, identify, and subse-
quently quantify the proteins that are differentially expressed between samples 
(seminal plasma or spermatozoa) from fertile males and infertile patients [10, 21, 
22]. Detection of these proteins are commonly performed using both the conven-
tional proteomic techniques, e.g., gel electrophoresis; and the advanced techniques, 
e.g., matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) and 
liquid chromatography-tandem mass spectrometry (LC-MS/MS) [17]. The method-
ological workflow commonly used for the processing of semen samples with oxida-
tive stress in proteomics studies of spermatozoa and seminal plasma are shown in 
Fig. 4.1 and briefly described as follows.

The initial step is to extract the proteins from spermatozoa and seminal plasma. 
Once the samples are ready for analysis, the complex mixture of proteins within the 
samples are separated using gel-based methods [20]. In one-dimensional sodium 
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), proteins are 
separated based only on the differences in their molecular weight [23]. The more 
commonly used technique is the two-dimensional gel electrophoresis (2D-GE), 
where proteins are separated based on their charge (isoelectric point, first dimen-
sion) and mass (relative molecular weight, second dimension) [24].

A modified form of 2D-GE is the difference gel electrophoresis (DIGE). Here, 
proteins within each sample are covalently tagged with fluorescent dyes of different 
colors to facilitate simultaneous comparison of two to three protein samples on the 
same gel. Common proteins between the samples appear as “spots” that have a fixed 
ratio of fluorescent signals, while proteins that are differentially expressed show 
different fluorescence ratios [25]. However, these gel-based methods lack the sensi-
tivity to detect proteins present in low abundance [26]. The integration of gel-based 
methods and advanced techniques (such as MALDI-TOF MS and LC-MS/MS) 
overcomes this technical limitation to provide enhanced protein separation and 
identification [27, 28].

After separation, protein spots in the gels are cut out and then digested by an 
endopeptidase (e.g., trypsin) into small peptide fragments. Next, the digested pep-
tides will either be separated by LC or directly analyzed using MS. In LC-MS, the 
digested peptides are passed through a high-performance liquid chromatography 
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(HPLC) for separation of the fragments [10, 21]. Smaller homogenous fragments of 
peptides eluting from the LC column are introduced into the mass spectrometer. The 
individual peptide fragments are then ionized by MALDI or electrospray ionization, 
ESI, and subsequently the ions will be analyzed by MS [29].

Fig. 4.1 Workflow for the processing of semen samples with oxidative stress in proteomics stud-
ies of spermatozoa and seminal plasma. Following sample collection and liquefaction, routine 
semen analysis and measurement of oxidative stress are performed. Examples of oxidative stress 
measurement testing include oxidative-reductive potential (ORP), ROS, malonaldehyde (MDA), 
and protein carbonyl. Following this, seminal plasma and spermatozoa respectively from the 
semen samples are prepared for proteomic analysis. Spermatozoa and seminal plasma are sepa-
rated. For the spermatozoa sample, cell debris and leukocytes are removed, while for seminal 
plasma samples, spermatozoa and other somatic cells are removed. Sperm cells are lysed, the 
proteins extracted, and its concentration is determined. For seminal plasma, protease inhibitors are 
added to prevent proteolysis. Protein concentration in both types of samples is then measured. 
Next, the proteins are separated usually using gel-based methods such as SDS-PAGE, 2D-GE, and 
DIGE. Thereafter, the separated proteins/peptides are extracted using in-gel digestion. The gener-
ated peptide mixture is then separated into individual or homogenous fragments using liquid chro-
matography, e.g., HPLC. Next, the peptides are subjected to mass spectrometry, which consists of 
three parts: peptide ionization that generates ion in a gaseous phase using MALDI or ESI; separa-
tion of peptide ions based on mass-to-charge ratio using a mass analyzer (e.g., TOF, FTIC, ion 
trap); and lastly ion detection and generation of ion spectrum (intensity vs. m/z). The process of 
fragmentation and mass analysis is repeated several times in tandem MS/MS and will eventually 
generate peptide sequencing data or MS/MS spectra. Next, protein identification is carried out 
based on the peptide sequences using available protein database search engines such as SEQUEST, 
Mascot, and X!Tandem. Finally, the identified proteins are subjected to bioinformatics where func-
tional annotation and enrichment analysis, protein–protein interactions, pathway network, and 
posttranslational modifications are analyzed using the appropriate databases, such as STRING, 
IPA, MetaCore, UniPROT, Reactome, and DAVID. The identified proteins of interest are also sub-
jected to protein validation such as Western blotting, immunohistochemistry, and selected / mul-
tiple or parallel reaction monitoring
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MS is a high-throughput technique that provides high sensitivity and specificity. 
It is used for protein identification and for the determination of protein sequences. 
There are three main components to a mass spectrometer: an ion source (e.g., 
MALDI or ESI), a mass analyzer (e.g. TOF, Quadrupole Fourier-transform ion 
cyclotron (FTIC), or ion trap), and an ion detection system [27]. Thus, in protein 
analysis using the MS technique, proteins are initially ionized by the ion source of 
the mass spectrometer where ions are generated in a gas phase. The resulting ions 
are then separated by their mass-to-charge ratio (m/z) using a mass analyzer, before 
being detected [30].

In tandem MS (MS/MS), peptides are subjected to several rounds of fragmenta-
tion and mass analysis to obtain peptide sequences. The resulting large number of 
peptide sequences (MS/MS spectra) are then compared against the predicted spectra 
of proteins in existing databases. These databases are generally protein databases 
translated from genomic data [31], but spectral libraries have also been utilized [32].

The comprehensive list of proteins can be determined using suitable algorithms 
in computational software / protein database search engines such as SEQUEST, 
Mascot, X!-Tandem or X!!Tandem, and MaxQuant-Andromeda. The database 
search approach is normally followed up with further analysis to reduce false dis-
covery rates (FDRs) in peptide identification [10, 33]. To ensure that comparable 
and reliable results are generated for downstream analysis of proteins, raw quantita-
tive data is first subjected to preprocessing and normalization before any statistical 
analyses are carried out [33].

Functional annotation is an analytical technique used to annotate and classify 
proteins based on their biological functions. It is based on a statistical assessment 
termed enrichment. Enrichment analysis can be performed using the Gene Ontology 
(GO) library where proteins are annotated with GO terms provide information indi-
cating biological processes, molecular functions, and cellular components [34]. 
Enrichment analysis can also be performed using pathway annotation (e.g., Kyoto 
Encyclopedia of Genes and Genomes (KEGG), Reactome) to elicit previously 
known regulatory pathway networks [35]. Enrichment protocols also help identify 
posttranslational modifications (e.g., phosphorylation, glycosylation, acetylation, 
methylation, ubiquitination) [36].

Proteomics data could also be used to decipher protein–protein interaction (PPI) 
networks (via online databases such as Search Tool for the Retrieval of Interacting 
Genes/Proteins (STRING)) and signaling networks [37]. Software programs such 
as Ingenuity Pathway Analysis (IPA) and MetaCore™ provide a comprehensive 
picture of the interactions between the proteins and the transcriptional factors that 
regulate their expression [20]. Finally, systems or network biology can be applied to 
examine PPIs and the functional relationship between genes and proteins within a 
large network [33].

Differentially expressed proteins (DEPs) identified between study groups could 
also be subjected to functional annotation and enrichment analysis using bioinfor-
matics tools and databases (e.g., UniProt, Reactome, and Database for Annotation 
Visualization and Integrated Discovery (DAVID)) along with IPA analysis to 
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ascertain the role of DEPs in biological processes and pathways, PPIs, and network 
regulation [38, 39].

Western blotting is used for detection of low abundance proteins and for valida-
tion of selected proteins of interest [10, 21, 22, 40]. This technique involves the 
separation of proteins using electrophoresis, its transfer onto a nitrocellulose mem-
brane, and accurate detection of a target protein using enzyme-conjugated antibod-
ies [41]. Other validation techniques to confirm protein identifications include 
microscopic imaging such as immunohistochemical staining for localization and 
relative abundance of protein expression. Further MS analysis such as selected/
multiple reaction monitoring or the more advanced parallel reaction monitoring can 
be performed for validation of protein abundance differences between samples [42].

4.3  Oxidative Stress-Mediated Changes in Semen Proteins

Seminal oxidative stress is prevalent in 80% of infertile men [43]. Excess amounts 
of ROS have deleterious effects on the physiological function of spermatozoa [9, 
44]. Several sperm and seminal plasma studies have been carried out to understand 
the impact of oxidative stress on cellular pathways and sperm proteins associated 
with the reproductive process (reviewed in [45, 46]). This section covers the global 
proteomic studies conducted on sperm and seminal plasma of patients with seminal 
oxidative stress.

4.3.1  Molecular Changes in Sperm

A continuous state of oxidative stress in semen can alter the expression of proteins 
in sperm. Using the LC-MS/MS approach, Sharma et al. observed that a total of 74 
proteins were differentially expressed due to oxidative stress in sperm [47]. Majority 
of these DEPs were involved in the CREM signaling pathway that regulates sperma-
tid differentiation. Key proteins such as HIST1H2BA, MDH2, TGM4, GPX4, 
GLUL, HSP90B1, and HSPA5 were proposed as biomarkers of oxidative stress 
[47]. In addition to these proteins, computational and data mining approaches have 
identified ACE, HSPA2, RPS27A, MAP3K3, and APP proteins associated with 
sperm function to be altered in patients with high levels of seminal ROS [48]. 
Another global sperm proteomic study revealed a new set of six proteins (CLGN, 
TPPII, DNAI2, EEA1, HSPA4L, and SERPINA5) common to patients with low, 
medium, and high levels of seminal oxidative stress [49]. These six DEPs were 
associated with reproductive function affecting the normal physiological function 
of sperm [49]. Recently, Dias et al. observed alterations in the sperm and seminal 
plasma proteome of fertile men with high levels of ROS. A total of 371 and 41 DEPs 
were reported in sperm and seminal plasma of fertile men with oxidative stress. 
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Bioinformatic analysis revealed activation of proteasomal system and antioxidant 
defense mechanisms in fertile men with high ROS levels [22].

4.3.2  Molecular Changes in Seminal Plasma

To date, there are only very few proteomic studies that have been conducted using 
seminal plasma of infertile men exhibiting high levels of seminal oxidative stress 
(Table 4.1). Sharma et al. compared the seminal plasma proteome profile of men 
(infertile and healthy donors) with high reactive species levels vs. men with low 
levels of ROS. Only 14 proteins were differentially expressed in the seminal plasma 
of ROS positive samples [50]. Among them, ACPP, AZGP1, CLU, KLK3, and PIP 
were regulated by the androgen receptor [50]. In another proteomic study, MME 
and FAM3D proteins were proposed as biomarkers in evaluating the fertility status 
of men with low, medium and high levels of seminal ROS [51]. Intasqui et al. identi-
fied 94 DEPs in the seminal plasma of normozoospermic men exhibiting high levels 
of oxidative stress (lipid peroxidation). Furthermore, mucin-5B was suggested as a 
marker of oxidative stress in semen [52].

4.4  Enriched Molecular Pathways Associated with Oxidative 
Stress in Male Infertility-Related Conditions

4.4.1  Sperm Abnormalities

Sperm and seminal plasma proteins involved in molecular pathways associated with 
oxidative stress mechanisms were dysregulated in men with sperm abnormalities. 
Saraswat et al. reported that the eNOS signaling pathway linked with regulation of 
oxidative stress was enriched in the sperm of asthenozoospermic men [53]. Whereas, 
the phosphoproteome profile of spermatozoa showed that the cAMP-mediated PKA 
signaling pathway associated with the oxidative stress mechanism was dysregulated 
in asthenozoospermic men [54]. Pathway analysis indicated that  the oxidation- 
reduction process was upregulated in the oligoasthenozoospermic condition [55]. 
Whereas in seminal plasma, molecular functions such as oxidoreductase activity 
and antioxidant activity were dysregulated in the oligoasthenozoospermic condition 
[56]. Samanta et al. reported that cell redox homeostasis and oxidoreductase activ-
ity were enriched in immature sperm fractions of infertile men [39].
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Table 4.1 Proteomic studies on sperm and seminal plasma related to oxidative stress

Study 
reference

Sample 
type Subjects Key DEPs Results

Hamada 
et al. [74]

Sperm 20 donors and 32 
infertile men’s semen 
samples divided into two 
ROS +ve and ROS −ve 
groups

lactotransferrin-2, 
peroxiredoxin-1

1265 and 1343 proteins 
identified in ROS +ve 
and ROS −ve groups, 
respectively.

Sharma 
et al. [47]

Sperm 20 normal donors and 32 
infertile men’s semen 
samples divided into two 
ROS +ve and ROS −ve 
groups

HIST1H2BA, 
MDH2, TGM4, 
GPX4, GLUL, 
HSP90B1 and 
HSPA5

74 DEPs.
Energy metabolism and 
regulation, 
gluconeogenesis and 
glycolysis, protein 
modifications, and 
oxidative stress 
regulation were affected 
in the ROS+ group.

Ayaz 
et al. 
 [49]

Sperm 42 semen samples of 
infertile men were 
divided into low, 
medium, and high ROS 
groups and 17 samples 
from fertile men as the 
control group

CLGN, TPPII, 
DNAI2, EEA1, 
HSPA4L, and 
SERPINA5

305 DEPs reported in 
low, medium, and ROS 
groups.
51 DEPs unique to the 
low ROS group.
47 DEPs unique to 
medium ROS group.
104 DEPs unique to the 
high ROS group.

Dias 
et al. [22]

Sperm 
and 
seminal 
plasma

20 fertile men’s semen 
samples divided into 
ROS +ve and ROS −ve 
groups

NDUFS1, SOD1 
and PRDX4

371 DEPs in sperm.
44 DEPs in seminal 
plasma.
Activation of 
antioxidant defense 
system and proteasomal 
system.

Sharma 
et al.
 [50]

Seminal 
plasma

20 donors and 32 
infertile men’s semen 
samples divided into two 
ROS +ve and ROS −ve 
groups

FN1, PIP, KLK3, 
SEMG2, CLU, MIF, 
and LTF

14 DEPs were identified 
and associated with 
antioxidative activity 
and regulatory 
processes.

Agarwal 
et al. [51]

Seminal 
plasma

42 semen samples from 
infertile men were 
divided into low, 
medium, and high ROS 
groups and 17 samples 
from fertile men as the 
control group

MME and FAM3D Proteins associated with 
posttranslational 
modifications of 
proteins, protein 
folding, and 
developmental disorder 
were overexpressed in 
the high ROS group.

(continued)
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4.4.2  Varicocele

Semen parameters are compromised in infertile men with varicocele [57]. Several 
proteomic studies have reported dysregulation of proteins associated with reproduc-
tive function in sperm of varicocele patients (reviewed in [28]). Varicocele induces 
oxidative stress in semen [57], hence it is imperative to understand the functional 
status of molecular pathways linked to seminal oxidative stress in the varicocele 
condition. Agarwal et al. reported that 13.7% of DEPs detected in unilateral varico-
cele condition were involved in oxidoreductase activity of sperm [58]. Furthermore, 
Swain et al. demonstrated that an altered redox molecular mechanism was respon-
sible for sperm dysfunction in unilateral varicocele [59]. In cases of bilateral varico-
cele, molecular pathways such as cell redox homeostasis and oxidoreductase were 
dysregulated due to altered expression of sperm proteins [60]. Moreover, sperm 
proteins associated with oxidative stress mechanism were acetylated in varicocele 
condition [61]. Aside from sperm proteins, seminal plasma proteins were also 
involved in regulation of oxidative stress related pathways. Panner Selvam et  al. 
reported that response to ROS and oxidative stress networks were affected in semi-
nal plasma of males with bilateral varicocele condition [10]. In unilateral varicocele 
condition, transcription factor NRF2 responsible for prevention of oxidative dam-
age to sperm was altered in seminal plasma [62].

4.4.3  Testicular Cancer

Both testicular germ cell seminomas and non-seminomas affect semen parameters 
and the fertility potential of sperm [63, 64]. Recent proteomic studies have reported 
the involvement of DEPs in oxidative stress-related pathways. Panner Selvam et al. 
reported that molecular pathways such as NRF2-mediated oxidative stress response 
and oxidative phosphorylation process were affected in testicular cancer patients 
with normal and abnormal semen parameters [65]. Proteins linked with the oxida-
tive phosphorylation pathway were altered in the sperm of testicular cancer 

Table 4.1 (continued)

Study 
reference

Sample 
type Subjects Key DEPs Results

Intasqui 
et al. [52]

Seminal 
plasma

46 normozoospermic 
samples divided into low 
(control) and high lipid 
peroxidation level groups

mucin-5B 94 DEPs.
Enriched pathways: 
unsaturated fatty acids 
biosynthesis, oxidants 
and antioxidants 
activity, cellular 
response to heat stress, 
and immune response.

DEPs Differentially expressed proteins, ROS Reactive oxygen species
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seminoma patients [66]. Free radical scavenging pathway was enriched along with 
activation of production and synthesis of ROS in spermatozoa of testicular cancer 
patients [67]. Overall, it is clear that the molecular mechanisms related to oxidative 
stress are either directly or indirectly dysregulated in the semen of men with differ-
ent infertility issues, suggesting that redox-homeostasis is disturbed in the sperm 
and seminal plasma of infertile men. Hence, maintenance of antioxidant levels in 
semen is pivotal to counteract such seminal oxidative stress.

4.5  Antioxidant Treatment and Its Effect on Sperm Proteins

Oral antioxidant supplementation is widely used in the management of male infer-
tility. They counterbalance the seminal oxidative stress developed due to overpro-
duction of ROS in semen. A recent global survey conducted among reproductive 
specialists revealed that 85.6% of clinicians prescribe antioxidants for the treatment 
of male infertility [68]. Antioxidant treatment has proven to be effective in improv-
ing semen parameters in men with idiopathic and unexplained infertility [69, 70]. 
Apart from semen parameters, antioxidant supplementation was found to be benefi-
cial to fertility-associated sperm proteins in idiopathic infertile men [71]. Post- 
antioxidant treatment, transcription factors such as PPARGC1A and NFE2L2 were 
predicted to be activated in spermatozoa. Furthermore, antioxidant supplementation 
also modulated the expression of proteins associated with the CREM signaling 
pathway, which is essential for proper differentiation of spermatids in testis [71]. In 
addition, molecular chaperon complex (TRiC) was activated in spermatozoa of 
idiopathic infertile men post-antioxidant treatment. TRiC complex regulates the 
sperm telomere length [72] and expression of sperm–oocyte interacting proteins 
required for successful fertilization [73]. Finally, sperm proteins such as NDUFS1, 
PRKAR1A, CCT3, and SPA17 were proposed as potential biomarkers that can help 
with evaluating the effect of antioxidant therapy on fertility-associated molecular 
functions in sperm [71].

4.6  Conclusions

Oxidative stress is known to play a significant role in the etiology of male infertility. 
Modifications in the sperm and seminal plasma proteome are associated with poor 
sperm function and semen quality. Proteomics studies have demonstrated signifi-
cant changes in both the sperm and seminal plasma protein profiles of male infertil-
ity patients based on etiologies linked to oxidative stress. Utilization and the 
advancement of proteomics-based approaches provide vast opportunities to gain 
deeper insights into the key underlying factors and cellular pathways leading to the 
development of infertility associated with the loss of redox homeostasis in the male. 
Discovery of proteins of interest that could serve as reliable biomarkers in various 
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fertility disorders would greatly contribute to the development of novel techniques 
for the clinical diagnosis and potential treatment of oxidative stress-related male 
infertility, especially those that are idiopathic in nature.
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Chapter 5
Unraveling the Molecular Impact of Sperm 
DNA Damage on Human Reproduction

Renata Finelli, Bruno P. Moreira, Marco G. Alves, and Ashok Agarwal 

Abstract Semen analysis is the cornerstone in the investigation of fertility status of 
male partner. However, more advanced tests have emerged including the analysis of 
sperm chromatin integrity and DNA damage as markers of semen quality. This is of 
particular interest, as preserving the genetic information is essential to achieve a 
successful reproductive event. Moreover, the presence of unrepaired DNA lesions 
can affect cellular functions, resulting in the onset of pathological conditions associ-
ated with male infertility, and the transmission of diseases to the offspring. Hence, 
in this chapter, we aim to review the main factors leading to sperm DNA damage, 
along with the different types of damage which can occur. Furthermore, molecular 
mechanisms involved in DNA repair during spermatogenesis or after fertilization of 
the oocyte are described, and the laboratory techniques currently used in diagnostics 
and research, for the analysis of sperm DNA damage are also presented. Finally, the 
impact of sperm DNA damage on reproductive outcomes such as fertilization and 
pregnancy rates will be discussed with a focus on animal and human studies, along 
with the identification of new markers of sperm chromatin integrity.
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dUTP Deoxyuridine triphosphate
FEN-1 Flap endonuclease-1
GG-NER Global genome NER
HSPA2 Heat shock protein
HR Homologous recombination
IUI Intrauterine insemination
miRNAs microRNAs
MMEJ Microhomology-mediated end joining pathway
mtDNA Mitochondrial DNA
NAHR Non-allelic homologous recombination
NHEJ Nonhomologous end-joining
NER Nucleotide excision repair
NGS Next generation sequencing
ORP Oxidation-reduction potential
PCNA Proliferating cell nuclear antigen
PARP Poly (ADP-ribose) polymerase
Q-FISH Quantitative fluorescent in situ hybridization
RPL Recurrent pregnancy loss
RR Relative risk
RPA Replication protein-A
RNA pol II RNA polymerase II
rNTPs Ribose nucleoside triphosphate
ROS Reactive oxygen species
SCD Sperm chromatin dispersion
SCSA Sperm chromatin structure assay
STS-PCR Sequence-tagged site polymerase chain reaction
SSB Single-strand break
ssDNA Single-stranded DNA
TC-NER Transcription-coupled NER
TERC Telomerase RNA component
TERT Telomerase reverse transcriptase
TUNEL Terminal deoxynucleotidyl transferase-mediated deoxyuridine tri-

phosphate nick end labeling
XRCC1 X-Ray cross-complementing protein 1.

5.1  Sperm DNA Damage

5.1.1  DNA Damage and Male Infertility: Brief Overview

Infertility is defined as the incapacity of a couple to achieve pregnancy even after 12 
months of unprotected sexual intercourse. The male partner is responsible for up to 
50% of these cases [1]. Semen analysis is done to determine the male reproductive 
potential; however, its significance in diagnosis of male infertility is limited, as a 
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percentage of infertile patients reports normal semen parameters or altered semen 
quality with no identifiable reason [2, 3]. This has led to the development of more 
advanced molecular tests, which have shed light on the importance of sperm DNA 
integrity in reproduction and the role of sperm DNA damage in causing male infer-
tility. In this chapter, we describe the causes of sperm DNA damage, along with the 
different types of damage which can occur, and the molecular mechanisms involved 
in its repair during spermatogenesis or after fertilization of the oocyte. Moreover, 
the techniques which are currently being used in the diagnostic and research of 
sperm DNA damage are briefly presented, along with the implication of cellular 
damage on fertilization and pregnancy. Finally, future areas of investigation are pre-
sented, where we report several new markers of sperm chromatin integrity which 
could be of scientific relevance in the years to come.

5.1.2  Brief Introduction to the Causes of DNA Damage

The preservation of genetic information is fundamental for every form of life to 
ensure the reproduction of the species. If not correctly repaired, lesions in DNA can 
lead to genome coding errors, causing diseases and compromising cell viability [4]. 
DNA damage can be categorized as endogenous and exogenous based on its origin 
[4] (Fig. 5.1). Endogenous DNA damage is caused by factors inherent to the cell, 
i.e., the machinery involved in DNA replication and repair (e.g. DNA polymerases) 
[5], or the reaction of DNA with oxidative compounds [6].

The cellular machinery responsible for DNA replication carries the burden of 
being responsible for errors in a range of 10−7 to 10−1 [7]. Most of these errors are 
repaired by the DNA damage response (DDR) system but, in some cases, they can 
be transmitted to future generations. One of the most common errors in replication 
by DNA polymerase is the failure to discriminate between ribose nucleoside tri-
phosphate (rNTPs) versus deoxyribose nucleoside triphosphate (dNTPs) [8]. This 
leads to mis-incorporated nucleotides which are a major source of spontaneous 
mutagenesis [9]. Base substitutions and insertions/deletions are also common 
errors in replication in case of slipped strand mispairing events [10]. Topoisomerase 
enzymes are another potential source of DNA damage. These enzymes act on the 
topology of DNA, participating in the over/underwinding of DNA. During replica-
tion, at the replication fork stage, these enzymes transiently nick the supercoiled 
DNA and relieve the torsional strain, allowing DNA polymerases to continue 
working on the strand [11]. These breaks are realigned, resolving the complex. 
However, if one of the strands has a single-strand break (SSB), a missing base or a 
mispaired loop, these enzymes can generate double-strand breaks (DSB) or mis-
matches, resulting in the formation of suicide complexes between topoisomerases 
and the DNA [11]. Abasic sites and spontaneous base deamination are also a major 
source of DNA damage. The former is defined as the absence in the DNA of a 
purine or pyrimidine base [12], and can occur spontaneously or as an intermediate 
step in the one of the mechanisms of DDR (base excision repair) which will be 
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described later in the chapter in more detail. Spontaneous base deamination is the 
removal of the amino group from DNA bases resulting in the formation of uracil, 
thymine, xanthine, and hypoxanthine from cytosine, 5-methylcytosine, guanine, 
and adenine respectively [13]. Reactive oxygen species (ROS) are an important 
player as promoters of endogenous DNA damage. These are byproducts of meta-
bolic pathways, with important roles in cell signaling and homeostasis, and include 
superoxide radicals (•O2−), hydrogen peroxide (H2O2), and the hydroxyl radical 
(•OH) [6]. ROS damage includes abasic sites, base modifications, and induction of 
SSB and DSB [6].

Exogenous DNA damage can occur due to the action of several chemical and 
environmental agents (e.g. radiation, plant toxins, viruses, genotoxic agents). 
Ionizing radiation can directly or indirectly damage DNA, inducing both SSB and 
DSB through the generation of ROS and the formation of dimers [14, 15]. 
Particularly, they produce two types of dimers in the DNA: cyclobutane pyrimidine 
dimers and pyrimidine (6–4) pyrimidone photoproducts. Alkylating agents such as 
nitrogen mustards, aziridines and epoxides, alkyl sulfonates, and nitrosoureas are 
also capable of damaging DNA by reacting with the highly nucleophilic base ring 
nitrogens and causing abasic sites and mispair of DNA bases [16]. Bisphenol A is 
one of the most common examples [17], but several food additives have also been 
described [18, 19]. In a broad classification, these genotoxic agents can be grouped 
in two categories: agents capable of inducing chemical changes (e.g. base modify-
ing agents) and agents capable of inducing physical changes in the DNA (e.g. 

Fig. 5.1 Overview of the origins of DNA damage. DNA damage results from endogenous mecha-
nisms such as defective maturation, abortive apoptosis, and oxidative stress. Moreover, exogenous 
(age, infection, cancer, hormonal imbalances, obesity, diabetes, and environmental) risk factors 
lead to DNA damage
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induction of strand breaks). Nevertheless, some agents can induce both types of 
damage [18, 19].

If not repaired, damaged DNA leads to genomic stress and apoptosis. Crucially, 
cells have built-in highly sophisticated mechanisms to mitigate the nefarious conse-
quences of DNA damage, as explained in the subsection number 5.3 of the chapter.

5.2  Different Types of Sperm DNA Damage

5.2.1  Mismatched Bases

In DNA helix, bases are paired according to the general rule of thymine-adenine and 
guanine-cytosine, while the word “mismatch” indicates the presence of a wrong base-
pairing. Crucially, DNA polymerases are able to repair such mistakes as they show an 
intrinsic proofreading activity as exonuclease [7]. This process is not unfailing, and a 
wrong base can be still introduced during the process of DNA synthesis and replica-
tion, increasing the rate of mutation. The frequency of mismatched bases increases in 
microsatellite sequences, characterized by the repetition of 1, 2, or 3 nucleotides, as 
these sequences are more susceptible to strand misalignments [20]. Misalignments 
can also occur during the physiological process of DNA transcription, when the DNA 
helices are open to allow the activity of the RNA polymerases [21].

5.2.2  Base modifications: Oxidation, Alkylation, Hydrolysis, 
Deamination, Pyrimidine Dimers, 
and Intrastrand Crosslinking

Single base in the DNA helix can be chemically modified resulting in higher muta-
tion rate and altered protein expression. The most common types of base modifica-
tions include oxidation, alkylation, hydrolysis, and deamination (Fig. 5.2).

 Oxidation

Oxidation of purine and pyrimidine bases is mainly mediated by ROS [22]. 
Pyrimidines (cytosine, methylcytosine, and thymine) are oxidized at the level of the 
double bond between the carbons in position 5 and 6; this generates hydrate and 
glycol derivative molecules, as well as urea. Moreover, when cytosine and methyl-
cytosine bases are oxidized, they can spontaneously undergo further deamination, 
and converted to uracil and thymine [23]. Purine bases (adenine, guanine) can also 
be oxidized at the level of their imidazole ring: oxidation opens the ring, which can 
be further rearranged, generating several derivative molecules, with 
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formamidopyrimidine, 8-oxo and 2-hydroxyadenine derivatives among others [24]. 
The hydrolysis of the bases results in the creation of an abasic site.

 Alkylation

Alkylation is a chemical modification where an alkyl group is transferred from a 
molecule to another. In the DNA helix, all the atoms of oxygen and nitrogen present 
in the bases can be alkylated, resulting in relatively stable adducts which are high 
mutagenic and cytotoxic products (i.e. O6-chloroethylguanine, 1-O6-ethanoguanine) 
[25]. Of these, the atom of nitrogen in position 7 of the guanine base has been iden-
tified as the most reactive site for the alkylating reaction [25]. Alkylating agents 
can be endogenous metabolic intermediates, such as s-adenosylmethionine, 
 nitrosated amines, and glycine derivatives. Furthermore, alkylating agents are 
also produced by smoking tobacco (i.e. 4-(methylnitrosamino)-1-(3-pyridyl)-
1-butanone, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol), and are used in the 
cancer therapy [25].

 Hydrolysis

The hydrolysis of chemical bonds can occur between the bases and the deoxyribose 
sugar spontaneously, and results in the generation of an abasic site. Particularly, the 
spontaneous removal of purine occurs more frequently than that of pyrimidines 

Fig. 5.2 Different types of DNA damage that can occur: mismatched bases, abasic sites, base 
modifications (oxidation, alkylation, deamination), adducts and intrastrand crosslinks, pyrimidine 
dimers, and single- and double-strand fragmentation
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(~10,000 times per cell per day) [12]. Abasic sites can lead to single-strand breaks, 
as well as to the generation of interstrand crosslink through the reaction of the alde-
hyde residue with a guanine on the opposite strand [26]. Further, the hydrolysis of 
the sugar-phosphate bond can produce strand breaks in the DNA backbone 
helix [27].

 Deamination

Purine and pyrimidine bases can also undergo spontaneous deamination, with the 
loss of their amino groups and conversion to uracil, hypoxanthine, xanthine, and 
thymine [13]. This is not an uncommon phenomenon, as the conversion of cytosine 
to uracil has been estimated to occur around 500 times per day in a single genome, 
and it can be responsible for transition mutations [13].

 Dimers of Pyrimidines

Dimers of pyrimidines are UV-induced mutations generated through a photochemi-
cal reaction, which can lead to the generation of cyclobutane pyrimidine dimers and 
(6-4) pyrimidine-pyrimidone photoproducts [28]. These are unstable mutations 
which distort the DNA double helix and can easily undergo deamination and con-
version into a uracil base. Pyrimidine dimers mainly occur at 5-methylcytosine resi-
due present in a 5′-CpG-3′ island, hence DNA regions which are abundant in such 
residues are highly susceptible to UV-mediated DNA lesions [29].

 Interstrand Crosslinks

Some agents are able to create adducts with DNA on both strands, generating inter-
strand crosslinks [30]. These have a clastogenic effect: whereas mutagenic agents 
increase the rate of DNA mutations, clastogenic ones affect the separation of DNA 
strands, causing damage at the chromosomal levels. In fact, intrastrand crosslinks 
are responsible for impaired chromatid exchanges, loss and rearrangements of chro-
mosomal sections [30].

5.2.3  DNA Fragmentation

DNA fragmentation at one or both strands can occur due to a variety of factors, 
including pathological conditions, lifestyle risk factors, aging, infections, inflam-
matory conditions, or exposure to environmental toxicants and pollutants [31] 
(Fig. 5.2). The mechanisms by which such conditions lead to DNA fragmentation 
include, but are not limited to, the induction of apoptosis, or failure to complete 
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DNA repair process, which lead to the generation of nicks in the DNA helix [31]. A 
third mechanism involves the establishment of oxidative stress [31].

During spermatogenesis, immature or abnormal sperm are physiologically 
removed by triggering apoptosis; however, when this process fails (abortive apopto-
sis), apoptotic sperm are released in the ejaculate. Apoptotic markers have been 
observed in ejaculated sperm cells, such as the expression of FAS receptor in the 
sperm membrane and fragmented DNA due to the action of endonucleases (cas-
pases 1, 3, 8, and 9) [32]. During their maturation, elongated spermatids undergo 
protamination, i.e. the process where histones are gradually substituted by alkaline 
protamines in order to tightly compact the chromatin. During this process, the DNA 
helix must be open, and the enzyme topoisomerase II contributes to reduce the tor-
sional stress by creating nicks in the DNA helix. If not repaired, nicks can result in 
DNA fragmentation. Finally, oxidative stress plays a significant contributory role in 
the generation of fragmented DNA [31]. Oxidative stress is characterized by a dis-
equilibrium between oxidant and antioxidant powers, with a shift towards increased 
concentration of ROS. Oxidative stress can increase DNA fragmentation rate in 
testis, along the transit in the male reproductive tract, or post-ejaculation. This is 
mediated indirectly by the products of lipid peroxidation, which are mutagenic, or 
directly by the action of ROS on DNA bases [33, 34]. The oxidation of DNA gua-
nosine results in the generation of 8-hydroxyguanosine (8-OHdG), which is there-
fore considered a marker of oxidative stress-related DNA damage [31].

Although presented individually in this chapter, these mechanisms are not mutu-
ally exclusive, but concur simultaneously to the generation of fragmented DNA. In 
fact, failure in the sperm maturation can trigger the apoptosis, or result in less com-
pact DNA which is more susceptible to oxidative attacks. Similarly, oxidative 
stress-related DNA damage can be responsible for the induction of the apoptosis.

5.2.4  Telomere Shortening

Telomeres are terminal chromosomal DNA regions which play a role in protecting 
the DNA ends from degradation. These regions are rich in TTAGGG repetitions 
(between 10 and 15 kb), associated in loops with several proteins, including telo-
meric repeat-binding factor 1 (TRF1), telomeric repeat-binding factor 2 (TRF2), 
ras-proximate-1 (RAP1), tripeptidyl peptidase 1 (TPP1) among others, which con-
tribute to the formation of the so-called shelterin complex [35]. The shelterin com-
plex creates a protein cap which functionally regulates the length of telomeric ends 
and protects them from being recognized as damaged DNA and then being further 
degraded. During DNA replication, a segment of telomeric DNA is gradually lost 
due to the nature itself of the replicative mechanism. In fact, whereas the leading 
DNA strand can be replicated continuously in 5′-3′ direction, this does not occur for 
the lagging strand, whose replication relies on the generation of Okazaki fragments 
(around 10 nucleotides length). The replication of each fragment is triggered by 
small RNA primers, which are finally replaced by DNA [36]. However, DNA 
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synthases cannot replace RNA at the very last telomeric fragment, resulting in the 
loss of that DNA section. Although minimal, the repetition of this process consis-
tently leads to the shortening of telomeres after several rounds of cell division in 
somatic cells. Hence, a cell can undergo a maximum number of divisions (the so- 
called Hayflick limit) before the excessive shortening of telomeres induces cellular 
senescence [37].

Some human cells (i.e. male germ, cancer, and stem cells) express a holoenzyme 
called telomerase, which can prevent the shortening of telomeric ends [35]. This 
includes a subunit called telomerase reverse transcriptase (TERT), with RNA- 
dependent DNA polymerase activity, which can synthetize DNA by using RNA as 
template. Moreover, telomerase includes an RNA component, a  subunit named 
telomerase RNA component (TERC), which is complementary to telomeric DNA 
sequence, and it is used as template to elongate the telomeres by adding DNA 
repeats. Once that DNA strand is elongated, the replicative machine synthesizes a 
new primer and replicates the double DNA strand. Telomerase enzyme is highly 
expressed in type A spermatogonia, which show highly replicative rate [38], while 
it is gradually reduced during spermatogenesis, until being inactive in mature sperm. 
Interestingly, a correlation between increased leukocyte and sperm telomere length 
and advanced male age has been observed, along with increased leukocyte telomere 
length in the offspring [38]. Although it is prevented by the expression of telomer-
ase, the shortening of telomeres reportedly correlates with the establishment of oxi-
dative stress, particularly in those conditions characterized by chronic inflammation 
and high levels of ROS [39]. Oxidative stress is supposed to damage the telomeres 
by inducing SSB or by affecting the activity of those proteins involved in repairing 
and elongation [39]. Several studies have reported that sperm telomere length is 
significantly lower in infertile men compared to fertile men [40, 41]. Sperm telo-
mere length was also positively correlated with several sperm parameters including 
sperm motility, sperm count, and sperm viability [40, 42].

5.2.5  Y Chromosome Microdeletions

A microdeletion is defined as the loss of a small part of the gene sequence, unde-
tectable by the karyotype analysis, but visible by molecular biology techniques 
[43]. The microdeletions detected on Y chromosome are variable in size 
(0.8–7.7 Mb) and occur in approximately 10–15% of azoospermic patients and 
5–10% of severe oligospermic patients [43]. Conversely, subjects with sperm 
count greater than 5 million sperm/ml show infrequent microdeletions, while they 
are never reported in normozoospermic patients [43, 44]. Y microdeletions are 
commonly found in the azoospermia factor (AZF) locus. This locus contains sev-
eral genes that are transcribed in the testis and have a well defined role in sper-
matogenesis. Conventionally, it is subdivided into three subregions: AZFa, in the 
proximal part of Yq (Yq11.21), AZFb, and AZFc (partially overlapping) in the 
most distal part of Yq (Yq11.23) [45]. The molecular mechanism that is 
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responsible for complete AZF deletion is named non-allelic homologous recombi-
nation (NAHR), as it takes place between highly homologous palindromic 
sequences with the same orientation, and leads to the loss of genetic material 
between them [46]. The AZFa region is the only one which does not contain palin-
dromes, and the mechanism underlying the formation of deletions is represented 
by the recombination between two retroviral elements (HERV15yq1 and 
HERV15yq2) present at the extremities of the region itself [47].

5.2.6  Epigenetic Abnormalities

All those mechanisms which regulate gene expression in an organism without alter-
ing DNA sequence are classified as epigenetics mechanisms. These include post-
translational modifications such as methylation, acetylation, phosphorylation, 
ubiquitination, and sumoylation of both DNA and proteins responsible for chroma-
tin compaction in a dynamic and plastic process. DNA methylation is mediated by 
methyltransferase enzymes and occurs at the cytosine residues which are mainly 
located in CpG islands, and exerts an inhibitory effect on gene expression [48]. 
Histones can be methylated as well, as the methylation of histone H3 on lysine resi-
dues in position 9 and 27 (H3K9 and H3K27, respectively) are reportedly associated 
with compaction of the chromatin [48]. Conversely, the acetylation of histone pro-
teins (i.e. H4K5, H3K9K14) facilitates the opening of the chromatin, the binding of 
transcriptional factors and promotes gene expression [49]. When DNA is damaged, 
chromatin is highly acetylated in order to be decompacted, and made accessible for 
proteins involved in DNA repair [49]. In this context, some chromatin remodeling 
factors have been identified, such as activity-regulated cytoskeleton associated pro-
tein 1 (Arc1), chromodomain-helicase-DNA-binding protein 2 (CHD2), 3 (CHD3) 
4 (CHD4), and SWI/SNF-related matrix-associated actin-dependent regulator of 
chromatin subfamily A member 5 (SMARCA5), which promote chromatin decon-
densation by adding several polyADP-ribose units to the chromatin and the histone 
proteins [50]. Furthermore, in case of DNA damage, the histone H2AX is phos-
phorylated at the serine residue in position 139 and contributes to the recruitment of 
factors involved in DNA DSB repair [51].

During the spermatogenesis, around 90%-95% of the histones are substituted by 
protamines 1 and 2, which are basic proteins responsible for compacting sperm 
chromatin over ten times stricter than histones [52]. This results in the inhibition of 
protein transcription in mature spermatozoa, along with increased protection of 
sperm DNA from external attacks. The substitution of histones with protamines 
occurs in a dynamic process where the core histones are first highly acetylated to 
allow chromatin to open, and then ubiquitinated to be degraded by the proteasomal 
machinery [52]. In fact, murine model showed impaired spermatogenesis and higher 
apoptosis rate when the testis-specific ubiquitin conjugating enzyme HR6B was 
mutated [53]. Furthermore, global DNA methylation was found significantly higher 
in oligoasthenozoospermic patients compared to normozoospermic men [54], while 
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differences in DNA methylation levels and in gene expression were found when 
comparing infertile with fertile men [55]. An alteration of such epigenetics mecha-
nisms can lead to an incorrect protamination, resulting in the random chromatin 
packaging and male infertility.

5.3  Molecular Mechanisms of Sperm DNA Repair

5.3.1  Excision Repair

 Base Excision Repair

Base excision repair (BER) mechanism is responsible for the editing of those DNA 
modifications which do not significantly distort the helix structure [56]. This is a 
step-by-step process, which starts with the removal of the altered base by means of 
DNA glycosylase and the generation of an apurinic/apyrimidinic (AP) site. In mam-
mals, 11 different DNA glycosylases have been characterized, which are able to 
identify specific DNA lesions, including mismatch and base loss, among other bases 
modifications [57]. Glycosylases can be classified as mono- or bifunctional, depend-
ing on whether they are able to cleave only the glycosidic bond or they also have 
β-/β-δ lyase activity, respectively [57]. When a glycosylases creates an AP site, AP 
endonuclease 1 (APE1) further processes the DNA backbone to generate a single 
nucleotide gap in the DNA helix. The free 3′-OH end is then recognized by DNA 
polymerase β, which fills the gap, while the nick in the DNA backbone is closed by 
the simultaneous action of DNA ligase IIIα and x-ray cross-complementing protein 
1 (XRCC1) [56, 58]. The above-mentioned mechanism is responsible for repairing 
80% of the lesions, and it is termed as “short-patch” BER. In a small percentage of 
cases, DNA Pol β is substituted by DNA Pol δ or ε (Pol δ/ε), which generate a 
5′-DNA flap structure by mediating the inclusion of 2–8 nucleotides into the gap 
[56]. In this “long-patch” BER mechanism, the flap structure is removed by the 
combined action of flap endonuclease-1 (FEN-1) and proliferating cell nuclear anti-
gen (PCNA), and then the gap is filled. The nick is finally closed by DNA ligase I 
[56]. The choice between short- or long-patch pathways depends on the status of the 
cells, with the latter being more common in proliferative cells during the S-phase of 
the cell cycle [59].

 Nucleotide Excision Repair

Nucleotide excision repair (NER) mechanism is responsible for repairing those 
lesions that significantly distort the DNA helix, which may occur in the entire 
genome or specifically in those tracts of DNA which are actively transcribed. This 
is mediated by two distinct subpathways: the global genome NER (GG-NER) and 
transcription-coupled NER (TC-NER) [60, 61]. The former is responsible for the 
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detection of a large variety of DNA lesions that thermodynamically alter the DNA 
structure along the entire genome, and relies on multiple molecular actors including 
XPC, RAD23B, CETN2, and UV-DDB for the identification of such lesions [60, 
61]. The TC-NER pathway is activated when RNA polymerase II (RNA pol II), the 
enzyme responsible for RNA transcription, is blocked by the presence of a lesion in 
the DNA template [60, 61]. Here, a different set of molecular mediators (e.g. 
UVSSA, USP7, CSB) are recruited [60, 61]. Although it is still unclear, RNA Pol II 
is suggested to degrade the nascent transcript, in a process termed as “backtrack-
ing,” to expose the DNA damage to the repair machinery complex.

In both pathways, the presence of these large multiprotein complexes further 
recruits transcription factor II H (TFIIH), a transcriptional factor with helicase-like 
activity, that opens the DNA double helix [60]. If damage is not detected, the entire 
process is aborted, while the presence of damage induces incision of the DNA by 
means of endonucleases XPF-ERCC1 and XPG and the removal of 22–30 nucleo-
tides [62]. The first nick in 5′ triggers the DNA synthesis for filling the gap, which 
is then closed by a ligase enzyme. In replicating cells, the enzymes which are mainly 
involved are DNA Pol ε and DNA ligase 1, while DNA Pol δ, DNA Pol κ, and DNA 
ligase III mainly act in noncycling cells.

5.3.2  Mismatch Repair

Mechanisms for repairing DNA mismatch recognize and repair base–base mis-
matches along with DNA misalignments [63]. Moreover, the recognition of mis-
matches also inhibits the homologous recombination, hence limiting the generation 
of lethal DNA rearrangements [63]. In eukaryotic cells, the mismatches are identi-
fied by heterodimeric complexes, MSH2-MSH6 (or MutSα) and MSH2-MSH3 (or 
MutSβ) [64]. MutSα selectively recognizes mismatches along the DNA helix and 
DNA extra-loops of 1–4 bases, while MutSβ recognizes DNA extra-loops of 2–10 
bases. Both MutSα and MutSβ show DNA binding function along with ATPase 
activity, which is triggered by the presence of heteroduplex DNA. When the error is 
recognized, the hydrolysis of ATP activates EXOI, a 5′-3′ exonuclease which 
removes a DNA segment of few nucleotides, starting from a break in the DNA sin-
gle helix [65]. The DNA break acts as an initiation site for the removal of the incor-
rect base. When a DNA break is present at the 5′ direction of the mismatch, EXOI 
is able to directly process the DNA [65]. However, when the break is at 3′ direction 
of the mismatch, the heterodimeric MutLα complex (MLH1-PMS2) is recruited by 
both MutSα and MutSβ to generate a break at the 5′. This is ensured by the recruit-
ment of additional factors, RFC proteins and PCNA, which are also responsible for 
the identification of the correct DNA helix to repair [66]. The gap is then protected 
by replication protein-A (RPA) until the DNA is resynthesized by DNA polymerase 
δ. The DNA strands can be finally linked together by DNA ligase I [67].

Epigenetic factors play a role on the efficiency of the mismatch repair mecha-
nisms. In fact, in vitro studies have shown that MutSα is recruited on the replicating 
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chromatin when the histone H3 is trimethylated [68], whereas H3 mutations which 
impair the methylation result in reduced chromatin stability and increased rate of 
mutations [68].

5.3.3  DNA Double-Strand Break Repair/
Recombinational Repair

DSBs are among the most deleterious lesions occurring in the DNA [69]. 
Nevertheless, eukaryotic cells are well equipped to deal with these lesions, with 
apoptosis being triggered when the DSB cannot be repaired. The mechanisms for 
DSBs repair are distinct and were initially thought of consisting two main path-
ways called homologous end-joining (also known as homologous recombination – 
HR) and nonhomologous end-joining (NHEJ) [70]. However, several studies 
identified a third pathway in NHEJ-deficient yeast cells, which was named alterna-
tive NHEJ pathway or microhomology-mediated end-joining pathway 
(MMEJ) [71].

The choice between these pathways depends on the cell cycle status [72], post-
translational modifications [73], and the structure of DNA breaks [74]. HR is pre-
dominantly present in the S and G2 phases of cell cycle, where the DSBs are 
repaired using a template sister chromatid [72]. On the other hand, NHEJ does not 
require a sister chromatid as template, thus occurring in any phase of the cell cycle. 
Several posttranslational modifications, such as phosphorylation, help regulate 
these pathways and the activity of associated proteins [73]. Also, HR is generally 
considered an error-proof pathway, while NHEJ is more suitable to loss of genetic 
information or chromosomal rearrangements [74].

HR requires a homologous sequence as template for repair. In this pathway, DSB 
is resected 5–3′ on one strand of the DSB ends, producing terminal 3′-OH single- 
stranded DNA (ssDNA) tail which is then compared with other sequences to find a 
template, generally the sister chromatid [75]. The presence of DSB recruits the 
MRE11/RAD50/NBS1 complex [76], which in turn recruits phosphorylated CtIP 
and activates MRE11 endonuclease. This process results in the generation of a short 
3′-ssDNA overhang [75]. The single strand that is being cleaved in this process is 
further cleaved by either of the two nucleases, EXO1 or DNA2, which generates a 
long 3′-ssDNA overhang. The tail of the ssDNA is coated by RPA, to avoid self- 
annealing of ssDNA and the action of nucleases. RPA is then substituted by RAD51, 
when the homologous strand is located, and strand invasion occurs. A D-loop is 
formed within the displaced ssDNA which is stabilized by RPA. RAD51 is removed 
from the double-stranded DNA and DNA synthesis occurs [75].

Unlike HR, NHEJ does not require nucleolytic resection of DNA ends. In fact, 
the occurrence of nucleolytic resection of DNA ends typically inhibits canonical 
NHEJ [77]. In this pathway, the Ku70 and Ku80 heterodimers recognize and bind 
DSBs in the DNA, encapsulating them to prevent degradation [78]. The MRE11/
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RAD50/NBS1 complex is then recruited to promote binding of the compatible 
DNA ends [79]. If the ends are not compatible due to DNA overhangs and/or dele-
tions of nucleotides, nucleases and/or DNA polymerases are recruited to remove 
nucleotides on DNA ends and/or insert nucleotides on the DNA gaps [80]. 
Afterwards, DNA ligation occurs between the fixed strands.

MMEJ pathway is slightly different than NHEJ canonical pathway. First, NEHJ 
does not require homology between the DNA ends of the DSBs (4 nucleotides or 
less), while MMEJ requires homology that varies between 2 and 20 nucleotides 
[81]. Additionally, MMEJ is not regulated by NHEJ regulating factors [81]. 
Interestingly, NHEJ factors like Ku70 and Ku80 heterodimers and RPA inhibit 
resection of DNA and the MMEJ [82]. Additionally, several factors involved in 
DNA resection like CtIP and DNA2 have been described as crucial to MMEJ path-
way [83]. Interestingly, DNA polymerase θ (POLQ) has shown to facilitate the 
removal of RPA from resected DSBs to promote their annealing by MMEJ path-
way [84].

5.4  DNA Repair Mechanisms During Spermatogenesis

Spermatogenesis is a dynamic process which starts with spermatogonia and results 
in a fully mature spermatozoon. These proliferative cells undergo mitotic clonal 
expansion in order to maintain a pool of progenitor cells, as well as meiosis, to halve 
the chromosome content and become primary spermatocyte. During meiosis I, pri-
mary spermatocyte matures into two secondary spermatocytes, which in turn pro-
duce four spermatids during the meiosis II. Finally, spermatids undergo a series of 
morphological and maturation changes, resulting in mature spermatozoa [85].

Sperm DNA can be repaired until the third week of spermatogenesis, while there 
are no repair mechanisms active during the transit and storage in the epididymis or 
post-ejaculation. In spermatogonia, DNA damage is repaired by the proofreading 
feature of the DNA polymerase along with the mismatch repair mechanism. 
Furthermore, these diploid cells rely on HR mechanism for the repair of DSB. At 
the spermatid stage, the repair of DSB relies on MMEJ pathways, as these are hap-
loid cells and do not have a chromatin sister to be used as template during HR [86]. 
Furthermore, BER mechanism is also active and involved in the removal of oxida-
tive stress-modified DNA bases [87]. Finally, spermatozoa show a truncated BER 
pathway, due to the expression of OGG1 protein [88]. This is involved in the detec-
tion and removal of oxidized bases, generating an abasic site which is later repaired 
by the oocyte.
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5.5  Role of Oocyte in Repairing Sperm DNA Damage

The first study investigating the oocyte capability to repair sperm DNA damage 
dates back to the end of 1980s, with Matsuda and Tobari in 1989 using a murine 
in vitro system [89]. In this study, sperm were treated with increased doses of X-ray 
to induce DNA damage; by performing in vitro fertilization, authors demonstrated 
that fertilization can still occur if the sperm DNA is damaged, as the oocyte pos-
sesses the ability to repair the DNA damage in sperm. Furthermore, the different 
rate of chromosome aberrations observed after treating the oocyte with diverse 
DNA repair inhibitors suggested that multiple mechanisms take place in the oocyte 
for sperm DNA repair [89]. This has been demonstrated later in 2007 and 2009, by 
analyzing the transcription of DNA repair genes in oocyte at the germinal vesicle 
stage and in human in vitro maturated oocytes [90, 91]. Although not all the mRNAs 
present in the oocyte are translated into proteins, authors detected the expression of 
genes involved in all the repair mechanisms (BER, NER, DSB, mismatch repair), 
highlighting the importance of oocyte in repairing paternal DNA damage.

However, the repair capabilities of oocyte are limited, as reported by Ahmadi and 
Ng in 1999, who investigated the effects of sperm DNA damage on reproductive 
outcomes by using an in vitro model [92]. Here, increased doses of radiations were 
used to induce SDF, analyzed by terminal deoxynucleotidyl transferase-mediated 
deoxyuridine triphosphate nick end labeling (TUNEL) assay. Hamster oocytes were 
used to analyze the reproductive potential of the damaged sperm in terms of pene-
tration and fertilization rates, along with blastocysts development. Results showed 
that increased rate of SDF did not affect the sperm ability to penetrate the zona pel-
lucida or to fertilize the oocyte. Conversely, blastocysts development was signifi-
cantly impaired, with a reduction of 50% when SDF was equal to 8.1%. This 
suggested that oocyte might be able to repair paternal DNA only when the rate of 
damage is low (<8%).

Also, the oocyte age seems to significantly influence its capability to repair 
sperm DNA damage. In 2020, Horta et  al. performed an in vitro fertilization by 
using oocytes retrieved from young (5–8 weeks) and old (42–45 weeks) mice, and 
sperm irradiated to obtain three distinct levels of DNA damage [93]. The fertiliza-
tion rate varied according to the rate of sperm DNA damage. However, no differ-
ence was observed between the oocyte age groups, whereas a different blastocyst 
formation rate was reported. In humans, the transcriptomic profile of oocytes iso-
lated from patients older than 37 years significantly differed in comparison with 
oocytes from younger patients (<36 years), with differential expression of genes 
involved in DNA repair and response to DNA damage [94], in agreement with pre-
vious results, showing increased number of chromosomal alterations in the paternal 
DNA when the DSB repair mechanisms in the oocyte were disrupted [95].
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5.6  Molecular Tests for the Analysis of DNA Damage 
in Sperm

5.6.1  Brief Overview of SDF Testing

The most common tests for SDF testing are the sperm chromatin dispersion (SCD) 
assay, the sperm chromatin structure assay (SCSA), the TUNEL assay and the sin-
gle cell gel electrophoresis (Comet) assay.

Unlike other SDF tests, the SCD test measures the absence of damage instead of 
the damaged DNA in sperm. By using lysis solution that induces acid denaturation 
and removal of nuclear proteins, sperm with nonfragmented DNA exhibit a charac-
teristic halo of dispersed DNA [96]. In sperm with fragmented DNA, this character-
istic halo is absent or exists as a minimal halo around the sperm nucleoid, observed 
under bright field microscopy. Staining with 4′,6-diamidino-2-phenylindole (DAPI) 
can be also performed, and sperm analyzed by fluorescence microscopy. 
Conveniently, commercial kits such as the Halosperm ® kit (Halotech DNA SL, 
Spain, Madrid) are available in the market [97]. Several advantages make this an 
appealing test: it is easy to perform, produces reproducible results, and the overall 
protocol is not time-consuming. However, despite SDF detected by SCD test being 
negatively correlated with the embryo quality and fertilization rates in ARTs, it is 
not correlated with clinical pregnancy rates or births [98].

SCSA is a flow cytometric test based on the principle that abnormal sperm chro-
matin has a greater susceptibility to physical induction of partial DNA denaturation 
in situ [99]. This test can be divided into two different protocols, SCSA-acid, and 
SCSA-heat according to the physical way of inducing DNA denaturation in situ, 
although the first one is much easier to use and has become the standard protocol 
[100]. The extent of DNA denaturation is assessed by flow cytometry, using the 
metachromatic properties of a fluorescent stain (acridine orange). This test mea-
sures the shift from green fluorescence, corresponding to native, double-stranded 
DNA, to red fluorescence, corresponding to denatured, single-stranded DNA [99]. 
Due to the use of a flow cytometer, a large number of spermatozoa can be analyzed. 
Moreover, this is the only SDF test that has clearly established cut-off values to 
identify samples that are not compatible with in  vivo pregnancy [101–103]. 
Additionally, this test can accurately predict ARTs outcomes such as fertilization 
rates [103]. However, the need for costly instruments such as the flow cytometer can 
limit its use.

TUNEL assay uses a template-independent DNA polymerase that adds deoxy-
uridine triphosphate (dUTP) tagged with a fluorochrome to the 3′-hydroxyl termini 
of SSB and DSB, detected by flow cytometry [104, 105]. Several studies have tried 
to identify a cut-off value to differentiate between fertile and infertile men; however, 
this value is still under debate. Nevertheless, this test is a good indicator for fertil-
ization and pregnancy rates using ART [106, 107]. Fluorescence microscopy can 
also be used; however, to achieve accurate and reliable results a flow cytometer is 
recommended.

R. Finelli et al.



93

The Comet assay is based on the lysis of sperm cells and their electrophoretic 
migration under neutral or alkaline conditions, leaving a trail that resembles a comet 
when observed by fluorescence microscopy [108]. The tail length and intensity are 
then considered to determine DNA damage. Several studies have tried to determine 
cut-off levels for infertility diagnosis [109, 110]. Overall, it is an easy and sensitive 
assay to determine DNA damage, which correlates significantly with data from 
other SDF assays.

5.6.2  Real-Time PCR for mtDNA Copy Number and Long 
PCR for mtDNA Integrity

Due to their role as the powerhouse of the cell, mitochondrial physiology in sperm 
cells is widely considered as a crucial parameter of sperm quality. In fact, several 
studies have shown that mitochondrial DNA (mtDNA) copy number, which reflects 
the number of mtDNA copies per nuclear DNA copy, can be used as a biomarker of 
sperm quality [111, 112]. Traditional tests use real-time PCR to amplify the target 
gene (usually MT-ND1) and then compare its expression to the amplification of a 
single copy nuclear gene used as a reference (usually hemoglobulin or beta-actin). 
This results in a relative quantification [113]. More recently, a new method known 
as droplet digital mitochondrial DNA measurement has been developed to deter-
mine the absolute mtDNA copy number, not only from cell populations but also 
from single cells, with several advantages comparing to real-time PCR [114]. 
MtDNA copy number in sperm has been determined in several species, including 
stallions and humans, where higher mtDNA copy number is associated with worse 
sperm quality [111, 112]. Studies reported a significant increase in the mtDNA copy 
number of men with abnormal semen parameters compared with men with normal 
semen parameters, along with a negative correlation between mtDNA copy number 
and sperm count [115, 116]. Interestingly, the authors also report a significant 
increase in mtDNA copy number on the fraction corresponding to the sperm with 
lower fertilizing capability compared with the fraction with the best fertilizing capa-
bility, after separating sperm samples through density gradient [116]. Higher 
mtDNA copy number is also associated with lower odds of fertilization and embryo 
quality in ART [117].

Long range PCR is a technique that allows the amplification of DNA fragments 
whose length cannot be typically amplified using real-time PCR (over 30 kilobases) 
by modifying DNA polymerases [118]. This is of special utility for sperm samples 
since it can detect mtDNA deletions and/or fragmentations of mtDNA. In fact, stud-
ies have shown that sperm samples from patients with abnormal sperm parameters 
were associated with lower mtDNA integrity compared with normozoospermic men 
[115, 119]. Additionally, men with obstructive azoospermia present a higher preva-
lence of large mtDNA deletions when compared with fertile men [119]. One of the 
most common mtDNA deletions covers 4977 base pair, and men with abnormal 
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sperm parameters have a higher incidence of this mutation [120]. Additionally, 
higher mtDNA deletion frequency is also associated with lower odds of fertilization 
and embryo quality in ART [117]. Altogether, a clear relation between mtDNA 
integrity and sperm quality exists and it deserves a closer look in years to come.

5.6.3  Telomere Length Measurement

Real-time PCR and quantitative fluorescent in situ hybridization (Q-FISH) are 
mostly used to determine telomere length [121]. Both methods have pros and cons. 
Real-time PCR is simple and fast compared to Q-FISH. On the other hand, Q-FISH 
is more precise and is more accurate for measuring telomere length. However, it is 
a more complex method, with a lengthy protocol [121]. Interestingly, a negative 
correlation between sperm telomere length and SDF was reported [40]. Sperm telo-
mere length also positively correlated with good quality embryos [122]. Additionally, 
pregnancy rates were null when using sperm with abnormal sperm telomere length, 
suggesting the existence of threshold values for sperm telomere length concerning 
a correct telomere function [123]. However, an agreement concerning the correla-
tion between sperm telomere length, sperm parameters and clinical outcomes is still 
under debate, and more studies are needed.

5.6.4  PCR for Y Microdeletions

The gold standard method to detect microdeletions of chromosome Y is the 
sequence-tagged site polymerase chain reaction (STS-PCR). This technique is fast, 
simple, and reproducible but is highly dependent on the selection of the STS mark-
ers, which should be highly specific [124]. A wide array of STS markers has been 
described as specific of AZFa region. However, multiplex STS-based PCR can be 
performed using multiple STS markers for each AZF region, which can currently 
detect over 95% of existing deletions [125]. Guidelines have been published for the 
molecular diagnosis of Y microdeletions [124], supporting the optimization of the 
panel of selected primers and detection methods. Furthermore, a multiplex PCR 
protocol has been proposed, which eliminates the need for downstream amplicon 
identification [125]. Overall, STS-PCR is a crucial molecular test in the diagnosis of 
male infertility due to sperm DNA damage.
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5.6.5  DNA Methylation Profiling Using Pyrosequencing 
and Next Generation Sequencing

Pyrosequencing has been used to detect the DNA methylation profile. This DNA 
sequencing technique relies on the sequencing by synthesis principle [126]. Studies 
have also established protocols for genome-wide DNA methylation and for specific 
genome-wide sperm DNA methylation [127, 128]. Next generation sequencing 
(NGS) has allowed for high-throughput functional genomic research with its ability 
to sequence thousands of genes or gene regions simultaneously. Indeed, recent stud-
ies using NGS have shown that the DNA regions of imprinted genes have different 
methylation levels between asthenozoospermic, oligozoospermic, and oligoasthe-
nozoospermic individuals [129]. In ART setting, sperm DNA methylation positively 
correlates with fertilization rate and embryo quality [130]. Furthermore, studies 
have suggested that men with aberrant epigenetic markers, particularly in imprinted 
genes, can transmit them to their offspring, highlighting the importance of DNA 
methylation profiling during ARTs [131]. A study comparing men undergoing IVF 
treatment and fertile men observed different DNA methylation patterns between 
both groups and, more importantly, that DNA methylation status can be used to 
predict IVF success, since abnormal sperm DNA methylation patterns were associ-
ated with poor embryo quality [132]. Urdinguio et al. reported that idiopathic infer-
tile men had abnormal DNA methylation patterns in 2752 CpG islands compared to 
fertile men [133]. Furthermore, abnormal sperm DNA methylation status in several 
imprinted genes has been found to be associated with recurrent pregnancy loss [134].

5.6.6  Detection of DNA Repair Proteins as Molecular 
Markers: γH2AX and XRCC1

Cells have developed a complex machinery to repair DNA damage. γH2AX and 
XRCC1 are two proteins involved in DNA repair pathways, thus their detection can 
be highly valuable as molecular markers of DNA damage. γH2AX is the phos-
phorylated form of H2A histone family member X (H2AX) at mammalian Ser-139 
[51]. This phosphorylation is an early response to DSBs induced by several cyto-
toxic agents and, thus can be used as an indirect biomarker for diagnosis using 
immunofluorescence-based assays. Phosphorylation of H2AX can be observed 
microscopically using γH2AX specific fluorescent antibodies. Manually counting 
the number of γH2AX foci directly relates with the number of DNA DSBs as there 
is a one-to-one relation between the number of γH2AX foci per nucleus observed 
and DSBs in the sample [135]. Computational approaches to automatically analyze 
and count γH2AX foci have also been developed as alternatives to reduce the time 
for the analysis [136]. As γH2AX is formed every time that a DSBs occurs, it also 
allows the study of kinetics of DNA DSB repair [137]. Garolla et al. demonstrated 
that sperm from pregnant couples undergoing ICSI had higher γH2AX percentage 
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when compared with sperm from couples which had a negative ICSI outcome [138]. 
Therefore, γH2AX assay is likely to be a good predictive test for ICSI outcome, 
with better predictive values than the TUNEL assay [138]. Additionally, another 
study with patients undergoing IVF found that those cycles which resulted in live 
birth exhibited lower levels of γH2AX than those with no birth [139]. Using flow 
cytometry, Zhong et al., described that γH2AX levels are negatively correlated with 
sperm parameters and overall higher in the sperm of infertile men [140]. This study 
also indicated a threshold of 18.55% as a cutoff value to differentiate fertile from 
infertile men. Overall, γH2AX levels are a good biomarker for DNA damage and 
several studies heavily suggest that it can be used as a predictive marker for success-
ful ARTs.

XRCC1 gene encodes a 70 kDa multi-domain protein involved in the SSB repair, 
and NER and BER pathways, acting as a scaffolding protein which interacts with 
multiple repair enzymes [141]. Several studies, using real time PCR, have shown 
that individuals exposed to different environmental threats associated with DNA 
damage (e.g. radiation, heavy metals) have lower XRCC1 mRNA levels, highlight-
ing the potential of this gene as an indirect DNA damage biomarker [142, 143]. 
Singh et  al. reported that individuals with azoospermia had lower expression of 
XRCC1 mRNA than individuals with normal spermatogenesis in testicular biopsies 
[144]. Additionally, using age-matched controls, transcript levels of XRCC1 were 
lower in severe oligozoospermic individuals compared to controls and even lower in 
severe oligoasthenozoospermic individuals comparing to controls and to oligozoo-
spermic individuals [144]. XRCC1 protein levels, identified by Western blot, were 
also decreased in both conditions when compared with healthy, fertile patients. 
Although more studies are needed, XRCC1 is suggested as a potential biomarker of 
DNA damage in spermatozoa.

5.7  Sperm DNA Damage and Fertilization of the Oocyte

5.7.1  In Vitro and Animal Studies on the Role of Sperm DNA 
in Supporting Sperm Movement and Oocyte Fertilization

There is a considerable lack of animal studies correlating sperm motility with sperm 
DNA damage. Cryopreserved sperm is used for the preservation of animal models. 
A study by Li & Lloyd has shown that cryopreservation of mouse sperm increases 
DNA fragmentation index (DFI) by TUNEL both in wildtype C57BL/6N males and 
in mutant males proven fertile by natural mating [145]. Additionally, total sperm 
motility and progressive motility were decreased post-thaw in both groups. 
Interestingly, the authors found that post-thaw DFI was negatively correlated with 
total sperm motility and progressive sperm motility assessed before freezing. 
Frozen-thawed sperm from fertile mutant males also had a significantly lower DFI 
when compared with frozen-thawed sperm from mice with abnormal sperm motility 
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[145]. Fertilization rate was also assessed using sperm from mice that failed to pro-
duce offspring after IVF and embryo transfer, and sperm from mice that failed to 
produce offspring after ICSI and embryo transfer. In comparison with a fertile 
murine control, frozen-thawed sperm from the groups that failed to produce pups 
showed higher DFI levels in both IVF and ICSI groups [145]. Furthermore, the 
fertilization rate after IVF, assessed by 2-cell rate, was also lower in the groups with 
higher DFI compared with the control groups [145]. Nevertheless, no significant 
changes were found in the fertilization rates of the group undergoing ICSI. In agree-
ment with reports from human studies, this suggests that the fertilization event 
could not be heavily impacted by sperm DNA damage, at least as much as the other 
developmental stages such as blastocyst formation and fetal development. Another 
study on bulls reported that DFI can be used to discriminate between below average, 
average, and above average fertility bulls, with the former having the highest values 
of DFI [146]. A study by Waterhouse et al., also revealed using flow cytometry that 
sperm DNA damage is tightly related to bulls fertility [147]. Gliozzi et al., using the 
estimated relative conception rate, classified bulls as high and low fertility and ana-
lyzed a wide array of sperm parameters through CASA and flow cytometry. Higher 
sperm motility and lower levels of SDF were found in the high fertility group, 
among other differences [148]. Applying stepwise multiple regression analysis, the 
authors established a predictive model with nine parameters to be evaluated result-
ing in a positive relationship (R2 = 0.84, P < 0.05) when using this model to deter-
mine between field and predicted fertility, which could help significantly in the 
selection of fertile animals in artificial insemination centers [148].

A case-control study performed in dogs showed a higher level of DFI in the ani-
mals with poor-quality ejaculates. The DFI also negatively correlated with several 
sperm parameters, including total and progressive sperm motility, reinforcing the 
link between DNA damage in sperm and the loss of sperm motility [149]. Sperm 
motility is logically a crucial sperm characteristic for a successful fertilization, i.e., 
if the spermatozoa does not reach the oocyte, fertilization does not occur. Sperm 
DNA damage and sperm motility are heavily related with age and seasonality in 
Chilean Purebred Stallions, a horse breed. Rodrigo et al., reported that ejaculates 
collected from stallions in the oldest group had lower levels of sperm progressive 
motility and higher levels of SDF when compared with ejaculates from younger 
stallions [150].

5.7.2  Clinical Studies in ART

Although the oocyte has the potential to repair sperm DNA damage, this depends on 
the extension of such damage. Hence, some studies have reported a negative asso-
ciation between SDF and fertilization rate. A study conducted by Tang et  al., in 
2020, analyzed the fertilization rate in 116 men with mild-to-moderate asthenozoo-
spermia compared with 407 normozoospermic men [151]. When SFD was analyzed 
by SCD, increased levels were reportedly associated with higher incidence of cycles 
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with total fertilization failure and/or low fertilization rate after IVF. By performing 
IVF, Simon et al. also reported a decline in fertilization rate based on the percentage 
of sperm with SSBs, analyzed by alkaline comet [152]. However, the physiological 
step of fertilization can be bypassed by performing ICSI: SDF was not associated 
with impaired fertilization rate after ICSI and euploid blastocyst transfer [153], 
regardless of the high percentage of sperm with SSBs or DSBs [152, 154]. A recently 
published meta-analysis by Ribas-Maynou et al. also highlighted a significant differ-
ence in the number of studies reporting a negative association between sperm DNA 
damage and fertilization rate when IVF or ICSI was used (76% vs 52%, respectively) 
[155], regardless of the type of technique used to investigate DNA damage.

Besides SDF, the clinical association of other types of sperm DNA damage with 
fertilization outcome is overall poorly investigated. In case of Y microdeletions, 
phenotype may vary from azoospermia to oligozoospermia, so testicular sperm 
retrieval is an option to consider in case of ART. In a study investigating reproduc-
tive outcomes of patients with Y chromosome microdeletions compared to oligo-/
azoospermic men without microdeletion, fertilization rate was reportedly lower in 
the first group, when either ejaculated or testicular extracted sperm were used [156]. 
These observations were further confirmed by a systematic review published on the 
topic in 2021 [157]. However, these studies did not perform any sub-analysis based 
on the type of microdeletion. While no clear data are available for AZFa and AZFb 
deletions, patients with AZFc deletion in Y chromosome showed lower fertilization 
rate after ICSI with both testicular retrieved or ejaculated sperm [157, 158]. This is 
due to the presence of genes in AZFc region which play an important role in sper-
matogenesis, and whose deletion is associated with spermatogenetic failure [46]. 
However, data published on this topic is still controversial and under debate, with 
other studies reporting lower fertilization rate [159, 160].

The influence of epigenetics regulation on fertilization outcome is also under 
investigation. Lower levels of protamination have been associated with reduce fer-
tilization rate [161], suggesting an impairment of the chromatin remodeling mecha-
nisms. However, global sperm methylation status did not correlate with the 
fertilization rate, when IVF was performed [162]. After fertilization, sperm DNA is 
activated and is involved in the embryo development at the stage of 4–8 cells [163]. 
Hence, the degree of sperm compaction may not affect the oocyte fertilization and 
reduce fertilization rate.

5.8  Sperm DNA Damage and Pregnancy

5.8.1  In Vitro and Animal Studies on the Role of Sperm DNA 
in Supporting Embryo Implantation and Pregnancy

Several studies have studied the role of sperm DNA damage in embryo implantation 
and pregnancy by using animal models, further cementing the importance of this 
parameter in the characterization of sperm quality and fertility potential of 
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mammalian species. A study by Li et al. in mice has shown that embryos derived by 
sperm with high DFI failed to litter after embryo transfer when compared with 
embryos derived by sperm with low DFI [145]. A study by Seifi-Jamadi et al., in 
Belgian Blue bulls also reported interesting observations. Semen collected from 
bulls which were exposed to high temperature and humidity index showed lower 
sperm parameters including sperm motility and higher levels of hydrogen peroxide 
and aberrant chromatin condensation, when compared with the control group [164]. 
They also reported lower blastocyst rates and higher apoptotic rates, reflecting a 
poorer embryo development [164]. Interestingly, several studies have associated 
protamine deficiency with sperm DNA damage in animals [165, 166]. However, 
some studies in bulls reported that protamine deficiency and abnormal chromatin 
packaging cannot directly explain the differences in fertility and embryonic devel-
opment between different bulls, highlighting the need for more studies in this par-
ticular topic [167, 168]. A study in boars has shown that fertility, defined by farrow 
rate and average number of pigs born, negatively correlated with DFI [169]. 
Interestingly, a study exploring the relationship between different methods of cryo-
preserving mouse sperm and the resulting SDF reported that freeze-dried mouse 
sperm with lower DFI values significantly correlated with the embryonic develop-
ment rates after ICSI [170], highlighting the importance of DNA damage for embryo 
implantation and development. A study in rams using epidydimal sperm also 
showed that sperm with higher rate of intact spermatozoa and lower rate of SSB and 
DSB had better results concerning embryo development, with higher rates of devel-
opment to the blastocyst stage than sperm with higher rates of DNA damage [171], 
further confirming the results of the previous study in another species. A negative 
correlation between pregnancy levels and sperm with SDF was also reported in 
mares [172].

DFI values of 25% for stallions and around 10–20% for bulls have been sug-
gested as thresholds representing the maximum value of DFI from which fertility is 
compromised for these species [173]. Nevertheless, this value heavily dependent on 
the methodology used (e.g., type of SDF test used, method for sample collection, 
processing procedure for fertilization) which limits the conclusions that can be 
drawn from these studies.

A study by Ahmadi et al., reported that human spermatozoa in which DNA dam-
age was induced by radiation still retained the ability to fertilize oocytes. However, 
sperm which were exposed to higher intensities of radiation-induced DNA damage 
had lower level of embryonic development, lower rates of embryo implantation and 
lower numbers of live fetuses when compared with groups exposed to lower radia-
tion doses and the control group [92]. Similar results were reported by Upadhya 
et al., in which mouse sperm exposed to higher radiation levels had lower number 
of embryos reaching blastocyst stage and a lower total cell number in preimplanta-
tion stage embryos [174].

The idea of inheritability of negative traits caused by the level of sperm DNA 
damage was further explored in a study where mouse sperm with DNA damage was 
used through ICSI to generate embryos. As expected, ICSI resulted in lower rates of 
embryo development, implantation, and number of offspring when sperm with 
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damaged DNA were used [175]. Interestingly, mouse generated by DNA frag-
mented sperm had worse results in behavior tests when compared with in-vivo fer-
tilized controls and a higher tendency to develop mesenchymal tumors, premature 
aging and lower life expectancy [175]. This clearly indicates that DNA integrity is 
key for a correct embryo development and to avoid further health complications 
down the line.

5.8.2  Clinical Studies in Natural Pregnancies and ART

Studies investigating the impact of SDF on natural pregnancy were analyzed by a 
meta-analysis conducted by Zini in 2011 (Table 5.1). This included three studies 
with a total of 616 couples, showing that high levels of SDF, measured by SCSA, 
were associated with a failure to achieve natural pregnancy, with a cumulative odds- 
ratio of 7.01 [176]. However, small number of studies included and their large het-
erogeneity made the findings inconclusive. When intrauterine insemination (IUI) 
was used, high levels of SDF were associated with lower pregnancy (relative risk – 
RR: 0.34, P < 0.001) and delivery rates (RR: 0.14, P < 0.001), by analyzing the 
results from 10 studies and a total of 2,839 IUI cycles [177] (Table 5.1). Conversely, 
couples with low levels of SDF were reportedly three times more likely to conceive 
[178]. When IVF was performed, four different meta-analyses published between 
2006 and 2017 reported an association between high levels of SDF and lower preg-
nancy rates [176, 179–181], while higher risk of miscarriage rate [176, 180, 182, 
183] and lower live birth rate was also reported after both IVF and ICSI [184] 
(Table 5.1). In 2019, a meta-analysis investigating the role of SDF in recurrent preg-
nancy loss (RPL) analyzed 13 studies for a total of 530 couples [185] (Table 5.1). 
Authors reported that couples with idiopathic RPL had higher levels of SDF than 
fertile couples (P  < 0.001), in agreement with another meta-analysis published in 
the same year [186]. In summary, high SDF levels seem to be associated with 
decreased pregnancy rate after IVF and increased miscarriage rate after both IVF 
and ICSI. This might be explained by the technique used for ART: in fact, the natu-
ral fertilization process is bypassed when ICSI is used, so that a clinical pregnancy 
can be achieved easier with ICSI than IVF. Also, gametes are not cultured for pro-
longed time before ICSI and are less exposed to oxidative stress and laboratory- 
induced damage. Finally, DNA damage may significantly affect genes responsible 
for embryo development and implantation. Although these studies seems to suggest 
an impact of sperm DNA damage on clinical reproductive outcomes, we should not 
forget that the studies performed so far are highly heterogeneous in terms of popula-
tion recruited, techniques applied for SDF analysis and thresholds used to define 
high and low SDF levels, along with the presence of possible bias and confounding 
factors inherent in the original data. Also, SDF is always measured in semen before 
the initiation of the cycle, hence this value may not truly reflect the status of the 
sperm collected for insemination.
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Whether Y microdeletions have an impact on pregnancy and miscarriage rates 
has been investigated in several studies, although data for AZFa and AZFb are still 
poor and inconclusive. When patients with different Y microdeletions were ana-
lyzed, no statistical difference was observed in these reproductive outcomes, either 
when ejaculated or testicular retrieved sperm were used for ICSI [156]. In azoo- and 
oligozoospermic patients with AZFc microdeletion, pregnancy (45.4% and 67.5%, 
respectively) and live birth rates (35.1% and 53.4%, respectively) were reportedly 
lower than in control group even when ICSI was performed by using either ejacu-
lated or testicular retrieved sperm [158], with no difference reported for miscarriage 
rate. However, data published on this topic is controversial, as other studies reported 
no difference in these reproductive outcomes in case of AZFc microdeletions [156, 
159, 187]. ICSI has been successfully used so far in clinics for those patients who 
are severely oligozoospermic; however, it still must be clarified if the presence of Y 
microdeletions can adversely affect the achievement of a clinical pregnancy. 
Similarly, the association between Y microdeletions and pregnancy loss needs to be 
further investigated and elucidated, as the reports are still very controversial [157].

An important area of investigation focuses on the impact of epigenetics altera-
tion on reproductive outcomes. As the inactive sperm DNA is highly methylated, a 
variation in global methylation pattern has been reported to be associated with 
reduced pregnancy rate after IVF [162]. This may be explained considering that 

Table 5.1 Clinical studies investigating the impact of high sperm DNA fragmentation (SDF) in 
natural pregnancies and assisted reproduction.

Study Main findings

Li et al. [179] Association between high SDF and low pregnancy rates after IVF
Zini et al. [182] Association between high SDF and high risk of miscarriage rate
Zini [176] Association between high SDF and failure to achieve natural 

pregnancy (OR: 7.01)
Association between high SDF and low pregnancy rates after IVF
Association between high SDF and high risk of miscarriage rate

Ribas-Maynou et al. 
[183]

Association between high SDF and high risk of miscarriage rate

Zhao et al. [180] Association between high SDF and low pregnancy rates after IVF
Association between high SDF and high risk of miscarriage rate

Osman et al. [184] Association between high SDF and low live birth rate after IVF and 
ICSI

Simon et al. [181] Association between high SDF and low pregnancy rates after IVF
Chen et al. [177] Association between high SDF and low pregnancy and delivery rates 

after IUI
Sugihara et al. [178] Couples with low SDF were reportedly three times more likely to 

conceive
Association between high SDF and low pregnancy rates after IVF

Tan et al. [185] Idiopathic RPL patients had higher SDF than fertile couples
McQueen et al. [186] Idiopathic RPL patients had higher SDF than fertile couples

ICSI intracytoplasmic sperm injection, IVF in  vitro fertilization, OR odds-ratio, RPL recurrent 
pregnancy loss, SDF sperm DNA fragmentation
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reduced methylation rate results in less compacted chromatin and higher DNA sus-
ceptibility to DNA damage [188]. Also, sperm proteomics analysis of couples who 
did not achieve a pregnancy showed an overexpression of proteins involved in chro-
matin assembly (i.e. histones variants, and SRSF protein kinase 1) in comparison 
with those couples who achieved pregnancy [189]. However, further studies are 
needed to clarify any association between sperm chromatin status and preg-
nancy rate.

5.9  Molecular Markers of Sperm DNA Damage and Future 
Areas of Investigation

Classic semen analysis remains the method of choice worldwide for the assessment 
and prediction of male fertility potential. Nevertheless, the last decades of clinical 
reproductive medicine have shown that routine semen analysis cannot accurately 
detect all the underlying causes of male infertility [190]. Hence, identification of 
novel molecular markers of sperm quality has been highly desired and pursued by 
the reproductive scientific community. As discussed earlier, ROS are a major endog-
enous source of sperm DNA damage. Consequently, several methods have been 
developed which are based on the ability to, directly or indirectly, measure oxidative 
radicals. Using appropriate probes, intra- and extracellular ROS levels (e.g., OH−, 
H2O2) can be detected by chemiluminescence outputting a signal which represents 
the ROS levels [191]. Determination of total antioxidant capacity using seminal 
plasma also gives a direct measurement of the antioxidant potential of the sample 
[192]. Indirect measurements rely on the detection of malondialdehyde (a lipid per-
oxidation product), carbonyl groups (resulting of protein oxidation), and 
8-OHdG. Oxidation-reduction potential (ORP) assessment allows for an accurate 
measurement of the balance between reductants and oxidants in semen sam-
ples [193].

A study by Heidari et  al., aimed to assess the potential of heat shock protein 
(HSPA2) and metallopeptidase domain2 (ADAM2) as biomarkers for sperm qual-
ity, including sperm DNA damage. These two glycoproteins are involved in the 
fertilization of the oocyte, with important roles in preserving DNA integrity and cell 
adhesion and signaling [194, 195]. Importantly, this study revealed that sperm from 
asthenoteratozoospermic men had lower levels of HSPA2 and ADAM2 when com-
pared with normozoospermic men [196]. In fact, a significant negative correlation 
was also identified between HSPA2 and ADAM2 levels, and SDF which could be 
justified due to their role in the maintenance of sperm DNA integrity [196]. The 
poly (ADP-ribose) polymerase (PARP) has also been hypothesized as a possible 
biomarker of sperm DNA damage. PARP is a nuclear enzyme specialized in the 
repairing of DNA lesions, described as having important functions in spermatogen-
esis [197]. During apoptosis, PARP is cleaved by caspase-3 which inhibits PARP’s 
DNA repairing abilities [198]. Crucially, the presence of the cleaved form of PARP 
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in ejaculated sperm samples was recently described, which further underlines a pos-
sible use of PARP levels as a biomarker of sperm DNA integrity [199]. Nevertheless, 
there is still a need for functional studies establishing this link. γH2AX, the phos-
phorylated form of H2A histone family member X (H2AX), was also suggested as 
a possible biomarker of SDF. H2AX is a type of histone protein, whose phosphory-
lated form at Ser-139 has a crucial role in an earlier response to the appearance of 
DSBs [200]. In a study by Zhong et al., γH2AX levels were found to be positively 
correlated with DSBs in semen samples, highlighting a possible use of γH2AX as a 
biomarker for sperm DNA damage [140]. Nevertheless, more studies are needed in 
sperm, as the presence of γH2AX by itself is not a specific marker of DSBs [201]. 
Interestingly, a study by Behrouzi et al., highlights the difficult in finding suitable 
biomarkers for male infertility due to the heterogeneity between semen samples for 
different patients. In this work, the authors established four experimental groups, 
group 1 – normozoospermic patients with DFI <15%, group 2 – samples with low 
motility but DFI <15%, group 3 – samples with DFI >30% and low motility, and 
group 4 – samples with DFI >30% but normal motility levels [202]. When analyzing 
the sperm protein profile of these groups, a profile from the samples with normal 
sperm parameters and low DFI could not be established due to a great level of het-
erogeneity between samples from the same group [202]. Furthermore, the same 
occurred in samples from groups 2–4. However, the authors still identified, through 
liquid chromatography tandem mass spectrometry, 128 proteins in the different 
experimental groups, which could be divided in four main protein groups: (a) 
mitochondria- related proteins, oxidative stress, and energy pathway-related pro-
teins, (b) DNA binding and histone proteins, (c) protein processing, ubiquitination, 
proteasome, and (d) proteins involved in sperm motility [202]. Further studies are 
necessary to validate some of these candidate proteins as potential biomarkers of 
SDF and male infertility.

A recent study by Li et al., investigated the microRNAs (miRNAs) expression 
profile in seminal plasma of normozoospermic individuals with different SDF lev-
els. Using NGS, the authors identified 431 differentially expressed miRNAs in the 
seminal plasma of normozoospermic individuals [203]. The authors validated the 
differential expression of two out of seven miRNAs (miR-374b-5p and miR-26b-5p) 
by qPCR among the different experimental groups [203]. The miR-374b-5p and 
miR-26b-5p expression levels were significantly lower in the higher SDF group 
when compared with the group with SDF below 15%. Overall, the expression levels 
of these two miRNAs could be used as a biomarker of SDF and improve the diag-
nosis of idiopathic male infertility as this study clearly highlights the existence of 
distinct miRNA profiles in the seminal plasma of normozoospermic individuals 
with different levels of SDF.

In an effort to better understand idiopathic male infertility and to identify novel 
markers that could help clinical diagnosis of this condition, the OMICS sciences 
(i.e. genomics, transcriptomics, proteomics, metabolomics) have been looked with 
particular interest. Studies have investigated the differences in the proteomic pro-
files between sperm samples with high and low SDF with interesting results. 
Although 163 proteins were conserved between these groups, 23 proteins were 
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unique or overexpressed in the group with high DFI while 71 proteins were unique 
or overexpressed in the group with low DFI [204]. Functional assessment of these 
proteins found that processes such as energy metabolism, protein folding and acro-
some assembly were affected [204]. Further studies are required to understand if 
any of these proteins could be a good biomarker for SDF and, consequently, for 
clinical diagnosis of male infertility.

5.10  Conclusions

Infertility is one of the greatest health and societal challenges of the twenty-first 
century. Despite being initially overlooked, the male factor is responsible for up to 
50% of overall infertility cases. Due to the inability of the standard semen analysis 
to predict male factor as a major cause in couple infertility, there is a need for 
advanced techniques to assess sperm quality, e.g., sperm chromatin integrity and 
DNA damage. Endogenous and exogenous factors can damage DNA by (a) induc-
ing mismatched bases on the DNA helix, (b) chemically altering the single bases 
structure, (c) inducing DNA fragmentation and microdeletions, (d) augmenting the 
rate at which telomeres are shortened, or (e) through epigenetic abnormalities. 
Molecular mechanisms involved in sperm DNA damage repair are essential during 
spermatogenesis, and after oocyte fertilization for a successful birth following natu-
ral pregnancy or assisted reproduction. Currently, new molecular markers of sperm 
DNA damage are being investigated. In the coming years there will be a need for 
further studies to develop reliable and well-tested biomarkers capable of giving 
accurate results when used in clinical diagnosis, improving our current diagnostic 
methods. This will also help unveil the mystery behind millions of cases around the 
world that are currently described as with idiopathic male infertility.
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Chapter 6
Role of Infection and Leukocytes in Male 
Infertility

Sandipan Das, Shubhadeep Roychoudhury, Shatabhisha Roychoudhury, 
Ashok Agarwal, and Ralf Henkel

Abstract Male infertility is considered as a multifactorial complex reproductive 
illness, and male urogenital infection and inflammation are crucial etiologies con-
tributing up to 35% of all cases. Mostly triggered by sexually transmitted diseases 
and uropathogens, chronic manifestation of such infection may cause irreversible 
infertility in the male. Male urogenital infection involves bacterial, viral, protozoal, 
and fungal infections many of which remain asymptomatic most of the time and are 
passed to the sexual partner leading to fertilization failure, pregnancy loss, and even 
development of illness in the offspring. The abundance of leukocytes in semen can 
be used as an indicator of urogenital infection. Its contribution in male infertility can 
be as high as 30% and the clinical condition is referred to as leukocytospermia. 
Seminal bacterial load together with increased leukocytes contribute to the impair-
ment of male fertility parameters such as, sperm motility, DNA integrity, acrosome 
reaction, and damage sperm molecular structure. Pathophysiology of 
bacteriospermia- induced impairment of male infertility is probably mediated by the 
involvement of bacterial pathogens in the intrinsic apoptotic pathway resulting in 
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sperm death, whereas that of seminal leukocytes operates through excessive genera-
tion of ROS. Although the application of antibiotics forms the frontline therapeutic 
approach, the growing resistance to antibiotics poses a concern in the management 
of microbes-induced male urogenital infection. Complementary and alternative 
medicine may offer additional management options in combating such infections. 
On the other hand, both broad spectrum antibiotics and antioxidant therapy have 
showed promising results in the management of infertile men with leukocytosper-
mia. Use of herbal medicine may also play a promising role in the management of 
such patients. However, recent molecular biology techniques have noted the asso-
ciation of elevated levels of IL-8 with both the Chlamydial infection of the male 
urogenital tract as well as the clinical condition of leukocytospermia. On the basis 
of such common pathogenesis, further research involving advanced molecular tech-
niques may pave the way towards the development of better diagnostic tools in the 
clinical management of male urogenital infection and leukocytospermia.

Keywords Male urogenital infection · Inflammation · Uropathogens · 
Leukocytospermia · ROS · Infertility

6.1  Introduction: Infection and Male Infertility

Infertility can be defined as the failure to attain clinical pregnancy after having 
unprotected sexual intercourse for one year or more [189]. Globally, approximately 
15% couples of reproductive age suffer from infertility, and male factor infertility 
contributes to 50% of the cases [4]. Male infertility is a multifactorial, complex 
reproductive disease, and urogenital infections are believed to be a contributory fac-
tor in 12-35% of the cases [163], thereby affecting several parts of the urogenital 
system such as testis, epididymis, prostate, and accessory sex glands [105]. In men, 
infection and inflammatory response of the urogenital tract is considered to be a 
crucial etiology of infertility [155].

In 2001, the European Association of Urology (EAU) for the first time classified 
male urinary and genital tract infections, a way which assisted clinicians in their 
workup algorithm of diagnosis and management of the disease. The classes include: 
(i) uncomplicated cystitis, (ii) uncomplicated pyelonephritis, (iii) complicated uri-
nary tract infection (UTI) (with or without pyelonephritis), (iv) urosepsis, (v) ure-
thritis, and (vi) prostatitis, epididymitis, and orchitis. In their latest guideline in 
2018, the EAU has further specified these categories into two broad classes: (i) 
complicated and (ii) uncomplicated UTIs [22, 117].

The presence of pathogens in semen [34, 88] can alter sperm quality and function 
both directly and indirectly [111, 140]. Bacteria can directly interact with sperma-
tozoa [13, 41, 174, 191] or indirectly via modification of the microenvironment 
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thereby consuming the available energy and consequently resulting in loss of sperm 
motility [19], by triggering pro-inflammatory cytokines such as interleukin (IL)-1β, 
IL-6, IL-8, and tumor necrosis factor (TNF)α and the release of high levels of reac-
tive oxygen species (ROS) by neutrophils and macrophages [11, 38, 194] resulting 
in oxidative stress and infertility [2], as well as by scarring with subsequent ana-
tomical obstructions [14, 138].

Infectious inflammatory diseases of the male genital tract are mostly triggered 
by ascending sexually transmitted diseases (STDs) and uropathogens. High mani-
festations are associated with irreversible infertility. Chronic inflammation has 
also been associated with reduced integrity of sperm flagellar membrane, concen-
tration, motility, increased sperm DNA fragmentation, and apoptosis [156]. 
Infections can be mediated by the involvement of various microbes/microbial 
agents including bacteria, virus, protozoa, and fungi [26, 124]. Depending on the 
pathogen, male genital tract infections remain asymptomatic in 10% to 50% of the 
cases and are then passed to the sexual partner through intercourse resulting in 
fertilization failure, pregnancy loss, and in some cases even development of illness 
in offspring [30, 32, 49, 163] or resulting in long-term consequences for the 
affected men [72].

6.1.1  Cystitis and Pyelonephritis

UTIs involve both the lower (characterized by cystitis) and upper (characterized by 
pyelonephritis) parts of the urinary tract. Typical features of cystitis comprise the 
presence of dysuria (painful urination), pollakisuria (frequent urination), incom-
plete bladder emptying sensation, and cloudy urine [17, 78]. Pyelonephritis in the 
male is considered as an irreversible complicated infection often associated with 
underlying pathologies such as enlargement of prostate/hypertrophy, neurogenic 
bladder, urinary tract stones, catheterization, tumors, or immune suppression due to 
steroid intake or diabetes [76, 78, 100]. Most common pathogens involved in these 
two diseases are Staphylococcus sp. Pseudomonas sp., Candida sp., and some spe-
cies of Enterobacteriaceae such as Escherichia coli, Klebsiella sp., and Proteus 
sp. [78].

6.1.2  Urosepsis

Urosepsis is referred to as a sepsis of the urinary tract which arises as a result of an 
acute infection in the genital tract. The frequency of an urosepsis is much higher in 
males than the females. Generally, it amounts only to approximately 9% to 31% of 
all sepsis cases [43] with reported mortality rates between 25% and 60% [21]. 
Generally, the prevalence is among aged individuals and people having history of 
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diabetes, immunosuppression (due to steroid intake or chemotherapy), obstruction, 
and neurogenic bladder [22, 143]. Pathogens causing this condition include E. coli 
followed by Klebsiella sp., Proteus sp., Serratia sp., Enterococcus sp., and 
Staphylococcus sp. [78]. The intensity of the disease largely depends on the immune 
response of the host.

6.1.3  Urethritis

An inflammation of the urethra is called a urethritis. It can be divided into two types: 
i) gonococcal urethritis (GU) and ii) non-gonococcal urethritis (NGU). Symptoms 
include irritation at the urethral orifice, urethral discomfort with or without itching, 
dysuria, and urethral discharge. Sometimes, symptoms may even be absent [75]. 
Commonly found microbes causing urethritis are Chlamydia trachomatis, Neisseria 
gonorrhoeae, Mycoplasma genitalium, Ureaplasma sp., and less commonly adeno-
virus, herpes simplex virus (HSV), and Trichomonas sp. [24].

6.1.4  Prostatitis, Epididymitis, and Orchitis

Prostatitis is considered as one of the most commonly occurring disorders of the 
genital tract affecting males of all age groups, but middle-aged men have been 
reported with maximum frequency [119]. Treatment of prostatitis is very difficult as 
common antibiotics do not properly penetrate into the prostate and its secretions 
[116]. Therefore, modern fluoroquinolones are considered best for its treatment and 
management [9].

It is characterized by irritation, obstruction, and urogenital pain, including sexual 
dysfunctions such as hematospermia and ejaculatory discomfort in some cases [92, 
93]. The National Institute of Health (NIH) categorized the disease into four types 
[85]: i) acute bacterial prostatitis (ABP), ii) chronic bacterial prostatitis (CBP), iii) 
chronic prostatitis/chronic pelvic pain syndrome (CPPS) with or without inflamma-
tion, and iv) asymptomatic inflammatory prostatitis (AIP). Common bacterial 
pathogens involved in prostatitis include E. coli (50% to 80%), Klebsiella sp. and 
Proteus sp. (10% to 30%), Enterococcus sp. (5% to 10%), Pseudomonas sp. (more 
than 5%), Staphylococcus sp., and Streptococcus sp. [86, 93, 115, 118].

Epididymitis is referred to as the inflammation of the epididymis, whereas tes-
ticular inflammation in known as orchitis which normally develops when inflamma-
tion in the epididymis ascends to the testicle(s) [172]. Sometimes epididymitis can 
also involve an orchitis and this clinical condition is called epididymo-orchitis, 
which is often characterized by painful swelling of the epididymis and the testes 
resulting from an ascending infection by sexually transmitted microorganisms or by 
non-sexually transmitted microbes from the urinary tract [155, 167]. Various types 
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of male genital tract infections associated with anatomical obstructions, sperm qual-
ity alterations, and impairment of sperm function ultimately lead to male infertility 
[71, 72] (Fig. 6.1).

6.2  Types of Infection

6.2.1  Bacterial Infection

Although controversially reported [175], bacteriospermia may alter the semen qual-
ity as evident from its association with reduction of total sperm count, concentra-
tion, normal morphology, total motility, progressive motility, and sperm vitality 
[131] as well as sperm DNA fragmentation and fertilization rates in vitro [192]. 
Different types of bacterial species such as Escherichia coli, Chlamydia trachoma-
tis, Staphylococcus aureus, Staphylococcus haemolyticus, Neisseria gonorrhea, 

Fig. 6.1 Relationship between various pathogens, male genital tract infections, and male infertility
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Ureaplasma urealyticum, or Mycoplasma spec. can be present in the semen of both 
fertile and infertile men. Infection by some of the important bacterial species and 
their role in male infertility is discussed below.

 Escherichia coli

E. coli is mostly responsible for asexually transmitted epididymo-orchitis which is 
one of the possible causes of male infertility. It also affects the testes, prostate, and 
accessory sex glands and is possibly involved in altering the quality of semen 
including sperm damage [128]. In fact, it is the most frequently isolated microor-
ganism in urogenital infections [94, 135]. In a study by Mehta et al. [103] aerobic 
cocci could be isolated in 49% of the analyzed ejaculates with Streptococcus faeca-
lis in 53% of the positive samples. Moretti et al. [111] conducted semen culture in 
246 patients and identified Enterococcus faecalis (32.1%) as the most common 
pathogen followed by E. coli (20.3%) as the second. The interaction between E. coli 
and spermatozoa has been shown to be mediated by mannose-receptors [181] and 
specific attachment organelles such as pili or type-1 fimbriae [1]. Binding of the 
bacteria to sperm heads and tails has been shown to result in sperm agglutination, 
thus impairing sperm fertilizing potential [41]. Sperm immobilization factor pro-
duced by E.coli is believed to be involved in alteration of morphological structure 
of sperm particularly curling of the tails which induces sperm immobilization rather 
than agglutination [135]. Incubation of sperm with E. coli has also been found to 
reduce their capability to induce acrosome reaction that may ultimately compromise 
the fertilization capacity [50]. In addition, soluble factors from E. coli affect sperm 
functions including mitochondrial membrane potential [154].

 Chlamydia trachomatis

Chlamydia trachomatis is an obligatory intracellular Gram-negative bacterium and 
with an estimated 127.2 million new infections annually recognized globally as the 
most prevalent cause of sexually transmitted diseases (STDs) [144]. It is character-
ized by a broad range of clinical prevalence from sub-clinical infection to inflamma-
tory response [137, 148]. In about 75% of the women and about 50% of the men, 
infections with C. trachomatis remain asymptomatic [32] and may consequently 
cause acute epididymitis, urinary tract and pelvic inflammation, ectopic pregnancy, 
and infant pneumonia apart from association with low progressive motility and 
sperm DNA fragmentation thereby leading to male infertility [68, 83, 107]. C. tra-
chomatis infection has also been linked with negative reproductive outcome, par-
ticularly with an impairment of embryo implantation and/or immune rejection after 
uterine transfer of in vitro fertilized embryos [179]. Furthermore, seminal IL-8 lev-
els have been associated with C. trachomatis infection, which may potentially be 
used as a biomarker for such urogenital infection in the male [83].
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 Staphylococcus sp.

Staphylococcus sp. are one of the most commonly isolated bacteria from the male 
genital tract, and S. aureus infection has been associated with reduced semen vol-
ume, sperm motility, morphology, vitality, and concentration [19, 126, 160, 192]. In 
a recent study involving 100 patients, S. aureus has been found to colonize 16% 
infertile males and their infection affected sperm quality possibly contributing to 
infertility in such men [53]. These authors also recommended the inclusion of 
S. aureus examination into the clinical workup algorithm of male infertility patients. 
Zayed et al. [192] reported on 84 bacteriospermic males with Staphylococcus sp. 
(S. aureus, S. epidermidis, S. haemolyticus), E. coli, E. faecalis, and S. agalactiae 
infections. This study shows that these microorganisms exert significant negative 
influence on total sperm motility, progressive motility, concentration, and chromatin 
condensation, with poor fertilization success in intracytoplasmic sperm injection 
(ICSI) patients.

 Neisseria gonorrhoeae

This Gram-negative diplococci bacterium causes the urogenital tract infection 
called gonorrhea, which is with 86.9 million cases annually considered the second 
most prevalent sexually transmitted infection globally [144, 184]. N. gonorrhoeae 
commonly causes urethritis and epididymitis in men and has also been associated 
with acute epididymitis [65]. If this condition remains untreated it may lead to infer-
tility [28]. A study on asymptomatic patients confirmed that gonorrhea infection 
does not change sperm quality parameters such as semen volume, sperm count, 
motility, and morphology, but a significant reduction in the citric acid level has been 
observed which may result in prostatitis in affected men [130].

 Ureaplasma sp.

There are two species (Ureaplasma urealyticum and Ureaplasma parvum) that nor-
mally colonize the male reproductive tract and can then be found in the ejaculate 
[190]. Even though both species are pathogenic, it is mainly U. urealyticum that is 
causing urethritis, pelvic inflammatory disease, or infertility [64, 153, 177]. The 
pathophysiology of Ureaplasma sp. infection in male infertility is not completely 
known yet [195]. So far, Ureaplasma urealyticum infection has been found to exert 
negative impact on semen quality such as, higher seminal viscosity, lower pH, 
reduced sperm concentration and sperm count [176]. Another in vitro study also 
confirmed the potential of Ureplasma sp. in deteriorating sperm quality including 
decline in sperm motility and alteration of membrane integrity [123]. In addition, 
Potts et al. [134] reported significantly increased seminal reactive oxygen species 
(ROS) levels that can cause more sperm DNA fragmentation [139].

6 Role of Infection and Leukocytes in Male Infertility



122

 Mycoplasma sp.

In the genus of Mycoplasma also two pathogens, Mycoplasma hominis and 
Mycoplasma genitalium, are associated with genital tract infections and infertility 
[10, 36]. Although the presence of Mycoplasma sp. in male urogenital tract is con-
sidered to be commensal, it may colonize the urinary tract without any visible 
symptom and accelerate infection possibly impairing the fertility status of affected 
men [6, 7]. Infection incidences for M. hominis and M. genitalium have been 
reported with 10.8% and 5%, respectively [64]. On the other hand, incidences 
between 19% and 41% have been reported for patients with recurrent urethritis for 
M. genitalium [178]. Mycoplasma hominis has been shown to influence semen qual-
ity negatively including sperm count, total motility, progressive motility, and mor-
phology in infected males. After antimicrobial treatment these parameters showed 
improvement suggesting the potential involvement of Mycoplasma hominis in male 
infertility [7]. Mycoplasma genitalium is also capable of binding with sperm head, 
mid-piece, and tail thereby making it immobile upon binding of large numbers of 
pathogens. When bound, this bacterium may even travel along with motile sperm in 
some cases. This may lead to transmission of infection to the female partner during 
sexual intercourse and possibly impairs the fertilization capacity mainly by sperm 
immobilization [168].

6.3  Viral Infections

Viral infections in the male urogenital tract have been associated with the potential 
capacity of transmission to the female partner and even impairment of fertility by 
affecting several parts of the male reproductive system. Longer persistence of 
viruses in semen in comparison to other body fluids probably indicates their pres-
ence in male genital organs. This needs adequate research focus for designing 
proper diagnostic and management approaches of infected men [51, 95].

6.3.1  Mumps Virus (MuV)

The Mumps virus is an RNA virus belonging to the Paramyxoviridae family and 
often associated with parotid gland inflammation along with additional complica-
tions such as orchitis and epididymo-orchitis [33, 77]. Mumps-orchitis is capable 
of inducing testicular cancer, too [63, 132]. Although the exact pathophysiology is 
not understood, Sertoli cells appear as the prominent targets of MuV infection. A 
mouse model shows that the infection disrupts the blood–testis barrier by induction 
of TNF-α in the Sertoli cells, which is believed to be one of the possible mecha-
nisms of MuV-induced male infertility [185]. Reduction in testis size has also been 
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associated with impairment of spermatogenesis [16, 33]. After 3 months of infec-
tion, mumps-orchitis was found to negatively influence sperm motility and mor-
phology although the effect on sperm count was negligible [16]. In post-pubescent 
men, MuV infection is frequently observed together with epididymo-orchitis 
which is also associated with a reduction in sperm count and increased morpho-
logical abnormalities of spermatozoa. Furthermore, the presence of anti-sperm 
antibodies in semen after 84 days of onset of the infection has been associated with 
male infertility [77].

6.3.2  Human Papilloma Virus (HPV)

Although HPV infections are mainly known to cause pregnancy complications 
and cervical cancer [66], in men, the virus is evidently decreasing sperm motility 
and increasing sperm DNA damage [57, 142]. A proposed mechanism of HPV-
induced male infertility includes compromised semen quality parameters, pro-
duction of anti-sperm antibody leading to reduction in sperm motility, thwarting 
of sperm–oocyte interaction, and hampering the sperm DNA fidelity [95]. HPV 
is one of the most common causes of sexually transmitted infections and has 
been associated with abnormal semen quality parameters [79]. The prevalence of 
HPV-positive semen as a risk factor for infertility has been suggested in the male 
in a meta- analysis [97]. Recently, men infected with HPV have been shown to 
possess low number of sperm with normal morphology and reduced motility 
which are important parameters for successful fertilization [108]. Furthermore, a 
number of complications including sperm apoptosis, reduced count, increased 
anti-sperm antibody production, and miscarriage have been associated with HPV 
infection, which assumes greater significance from the perspective of male fertil-
ity evaluation [164].

6.3.3  Human Immunodeficiency Virus (HIV)

While HIV infection can affect people belonging to any age group, it has been esti-
mated to be as high as 86% among the age group between 15 to 44 years. Although 
HIV infection is not curable, proper treatment strategies can help to some extent 
[54]. HIV type-1 is the most common infection in men and women of reproductive 
age group; however, the accurate origin of HIV-1 in the male genital tract has not 
been confirmed yet [173]. It has been identified with altered semen characteristics 
including notable reduction in semen volume, sperm progressive motility, total 
count [45], concentration, and normal morphology in comparison to unaffected 
healthy men [121].
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6.3.4  Zika Virus (ZIKV)

Zika virus is a virus of the Flaviviridae family and its infection spreads commonly 
through the Aedes mosquito vector. However, it may also be transmitted through 
sexual intercourse [110] thereby posing a new threat to male fertility [95]. Persistence 
of Zika virus in the male urogenital tract is not completely understood yet, but infec-
tion is likely to alter semen quality parameters and sperm function, in some cases 
leading to symptoms such as hematospermia, uncomfortable ejaculation, prostatitis, 
and penile discharge [87]. In a murine model, it has also been shown that the virus 
can actively reproduce in the male reproductive organs and can cause orchitis [51]. 
Here, it appears that ZIKV specifically infects early spermatogenic stages and 
Sertoli cells [98]. Moreover, the virus is persistent in semen with intermittent shed-
ding [62] also in patients with non-obstructive azoospermia [61]. A recent ex vivo 
study demonstrated the replication of Zika virus in human testicular tissues includ-
ing germ cells apart from a vast range of somatic cell types. Moreover, propagation 
of viral shedding in human semen indicated towards its replication in the genital 
tract of the male [101], which is perceived as a possible emerging threat to male 
fertility. Another study on 15 Zika virus-infected men revealed deterioration of 
semen characteristics including decreased sperm count, and the presence of virus in 
motile sperm has been found to increase the chance of viral transmission during 
sexual intercourse or in assisted reproductive processes [80].

6.3.5  SARS-CoV-2

The Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an RNA 
virus of the Coronaviridae family that causes the corona virus disease-2019 
(COVID-19). SARS-CoV-2 enters human cells via the angiotensin converting 
enzyme-2 (ACE2). Since the male reproductive system, specifically Leydig cells, 
Sertoli cells, and early spermatogenic cells, highly express this receptor protein, the 
male reproductive system is affected by this infection and sexual transmission might 
be possible [91] and negative long-term effects on male reproductive health is not 
excluded. However, negative short-term effects of COVID-19 on spermatogenesis 
have been shown in a multicenter study involving 69 patients [52], and more con-
trolled studies are necessary in order to come forward with solid conclusions.

6.3.6  Protozoan Infection

Among protozoal infections affecting male reproductive health, Trichomonas vagi-
nalis is with annual 248 million new infections [183] the most prevalent protozoa 
found in urethra, epididymis, and prostate of males, and it has also been associated 
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with subsequent infection [74, 161]. This anaerobic parasite can impair male fertil-
ity potential by hindering sperm function and quality [106]. In patients with non- 
obstructive azoospermia, Trichomonas vaginalis has been shown to infect the testes 
thereby impairing the process of spermatogenesis and ultimately leading to infertil-
ity in such men [67]. An early study by Gopalkrishnan et al. [69] showed that the 
infection leads to significant impairments of sperm motility, viability, and morphol-
ogy. The infection could possibly have even negative effects on the success of repro-
ductive outcome in assisted reproduction as has been indicated in a case study by 
Lucena et al. [96] involving an asthenozoospermic patient.

6.3.7  Fungal Infection

In recent times, Candida sp. has been associated with male infertility. The infection 
mediated by Candida sp. is known as semen candidiasis, and it can alter semen 
quality parameters leading to male infertility [27]. Candida albicans possesses the 
ability to reduce sperm motility by binding with the sperm cell and lower the mito-
chondrial membrane potential and induce sperm cell apoptosis [26]. Another in vitro 
study confirmed the association of yeast with reduction in sperm motility and nor-
mal morphology [151].

6.4  Management of Bacterial Infection

Generally, the treatment of any infection depends on the type of pathogen. However, 
since male genital tract infections often remain dormant and asymptomatic, this is 
making their diagnosis quite difficult. Furthermore, the growing antibiotic resis-
tance poses a concern in the management of microorganism-induced male genital 
infection [163].

For treatment of bacterial infections such as cystitis, trimethoprim- 
sulphamethoxazole is recommended, sometimes fluoroquinolones are also used to 
cure the disease. A broad range of antibiotics can be used to treat urosepsis such as 
cefotaxime, ceftazidime, piperacillin/tazobactam, ceftolozane/tazobactam, ceftazi-
dime/avibactam, imipenem/cilastatin, and meropenem [22]. Intramuscular ceftriax-
one along with oral administration of doxycycline is generally prescribed to treat 
epididymo-orchitis. If the infection is caused by Chlamydia sp. or by pathogens 
other than gonococci, oral administration of either ofloxacin or doxycycline can be 
taken for the management of the condition [166].

Complementary and alternative medicine also offer additional management 
options to control such infections. The ethanolic essence of Zingiber officinale and 
Punica granatum has shown to possess strong antibacterial effects against E. coli. 
Similarly, Ocimum sanctum also showed strong preventive action against Klebsiella 
pneumoniae and Enterococcus faecalis. Terminalia chebula and Azadirachta indica 
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can also inhibit Klebsiella pneumoniae and Enterococcus faecalis, respectively 
[159]. Further validation of herbal products holds promise towards standardization 
of herbal management approaches of such urogenital infections.

6.5  Leukocytes and Male Infertility

Leukocytes are the primary components of the defense mechanism of the body 
which impart protection against foreign invaders. Leukocytes include granulocytes, 
lymphocytes, and monocytes, and the granulocytes are further divided into baso-
phils, eosinophils, and neutrophils. In fact, they accumulate at the sites of infection 
and eradicate pathogens. In particular, neutrophils can attack the lipid membrane of 
pathogens through the production ROS [129].

Leukocytes occur throughout the male urogenital system and are commonly 
found in the seminal ejaculates of both fertile and infertile men irrespective of the 
history of infection [47, 147, 149, 171]. The abundance of leukocytes in semen can 
be used as an indicator of urogenital infection and inflammation (Fig. 6.2).

Following idiopathic infertility and varicocele, male genital tract infections are 
with 11.6% the third most common cause, but potentially correctable [177] of male 

Fig. 6.2 Leukocytospermia as central point of reactive oxygen species (ROS) and oxidative 
stress-induced sperm dysfunction, poor fertilization, and male infertility
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infertility [122]. As a possible reason, excessive amounts of seminal leukocytes, 
which physiologically defend the infection and have been reported to produce high 
amounts of reactive oxygen species (ROS) [3, 8, 73, 158], have been shown to 
decrease sperm motility and increase sperm DNA fragmentation [56, 113]. Although 
the seminal concentration of leukocytes should not exceed 1×106 leukocytes/mL 
[182], the clinical value of leukocytospermia in predicting a man’s fertility status is 
still debated [5, 39, 90]. A concentration of seminal polymorphonuclear neutrophils 
of more than 0.6×106/ml has been linked with deleterious effects on sperm quality 
including ROS-induced reduction in sperm motility [84]. Excessive seminal ROS 
levels induce damage to the sperm plasma membrane integrity, DNA fidelity, and 
apoptosis while reducing the sperm count [2]. On the other hand, seminal leukocyte 
concentrations of <0.2×106 leukocytes/ml have been suggested to be sensitive for 
the clinical evaluation [136]. However, even concentrations as low as 0.1×106 leu-
kocytes/ml semen may contribute to ROS-induced sperm DNA damage [3]. Henkel 
et al. [73] associated significantly lower sperm motility and increased seminal ROS 
production and sperm DNA fragmentation with leukocyte concentrations of 
<0.1×106/ml.

Microbial infections in the urogenital tract pose a serious threat to a man’s fertil-
ity potential through deterioration of sperm quality and function [18, 140, 165], 
alteration of the process of spermatogenesis [18], scarring and obstruction of semi-
nal tract [18, 70, 72, 102], and interference with fertilization process [165]. 
Infections have been associated with high seminal pH and hyperviscosity [44], low 
semen volume [99], sperm motility, and vitality [150] as well as poor reproductive 
outcome after IVF [140].

6.6  Bacteriospermia

The presence of bacteria in semen is considered to be the most harmful among the 
infectious etiologies [145]. Infections mediated by bacteria affect the male urogeni-
tal system including the epididymitis, prostate, testis, and urethra [131, 146, 169]. 
Bacterial infections compromise sperm quality [111] and function via deterioration 
of motility and morphology, generation of anti-sperm antibodies, and triggering 
inflammatory response [191]. Most prominent bacterial species identified from 
semen include E. coli, Staphylococcus aureus, Klebsiella sp., Chlamydia trachoma-
tis, Mycoplasma hominis, and Enterococcus faecalis. The presence of seminal bac-
terial species has been reported in 15% infertile men which is characterized by the 
presence of >1000 colony forming units of bacteria per ml semen. This condition is 
clinically termed as bacteriospermia [42, 146].

Infections mediated by bacteria have been associated with reduced sperm param-
eters, sperm DNA damage, and poor IVF outcomes [111, 191]. A bacterial load in 
semen is also linked with increased seminal leukocyte concentrations, and together 
they contribute to the impairment of male fertility by compromising sperm concen-
tration, motility, DNA integrity and morphology [42]. The pathophysiology of 
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bacteriospermia-induced impairment of sperm quality is probably mediated by the 
involvement of bacterial pathogens in the intrinsic apoptotic pathway that ultimately 
results in sperm death, while that of leukocytospermia operates through the induc-
tion of oxidative stress leading to altered semen characteristics [60]. 
Leukocytospermia-induced subfertility in the male is not only characterized by the 
production of ROS but also by pro-inflammatory cytokines and bacterial adhesion 
to sperm leading to sperm agglutination [41, 46, 59]. Bacteriospermia also reduces 
the binding ability of sperm to oocytes via promotion of peroxidative damage to 
sperm cell membrane which further accelerates leukocyte-induced oxidative stress 
[58] (Fig. 6.2).

6.7  Etiology

It is essential to understand the causes of leukocytospermia in order to prevent the 
adverse effects of excess leukocytes in semen. Leukocytes are usually present in the 
urogenital tract of the male and do not harm the semen quality as can be seen by the 
large overlap in leukocyte numbers between fertile and infertile men [180]. Only if 
a threshold of activated leukocytes is exceeded and/or the natural seminal defense 
mechanisms are exhausted, male fertility is impaired by the induction of various 
pathologies. Urogenital infection is the one of the most prominent causes of exces-
sive level of leukocytes in semen and such increase is triggered by seminal infection 
and inflammation [29]. Leukocytes are major sources for generation of free radicals 
in the male reproductive system and are regarded as one of the major etiologies of 
male infertility. Other etiologies of leukocytospermia include lifestyle factors such 
as smoking, consumption of alcohol, and marijuana [31], use of lubricants during 
sexual intercourse, illicit drugs, exposure to toxins, autoimmune disorders, varico-
cele, history of vasovasostomy, urethroplasty, etc. [15, 42, 104] (Fig. 6.2).

6.8  Pathophysiology

During the 1980s and 1990s, leukocytes were believed to be involved only in the 
process of phagocytosis of deformed sperm. However, other reports have revealed 
the implications of leukocytospermia in male infertility in particular and male 
reproductive health in general [149]. In fact, leukocytospermic men have hypervis-
cous semen, longer liquefaction time [113], lower sperm concentration [112, 187], 
total motility [112, 113], progressive motility [187], viability, morphology [112, 
170] as well as lower ICSI outcomes (including fertilization and embryo develop-
ment rates) [187]. Leukocytospermia has also been associated with impairment of 
sperm acrosome, tail abnormalities, DNA fragmentation, [12], damage to primary 
transcripts and telomere of chromosomes, and may further result into recurrent 
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pregnancy loss which may also be accompanied with congenital deformities, neuro-
psychiatric disorders, or even cancer in the offspring [20].

Impairment of fertility parameters in leukocytospermic men may be attributed to 
the levels of excessive ROS generated by the seminal leukocytes [42]. The sperm 
plasma membrane being extraordinarily rich in polyunsaturated fatty acids makes 
the male germ cells more susceptible towards ROS-mediated deprivation [127, 
149]. During infection, inflammation, or autoimmune diseases the leukocyte con-
centration increases in the male urogenital tract and the generation of ROS increases, 
causing peroxidation of membrane lipids and further decrease of the production of 
ATP through disruption of mitochondrial membrane potential [133, 141]. Such 
decline in ATP production is directly correlated with reduction of sperm motility 
and other sperm functions [35]. Simultaneously, excessive seminal leukocytes stim-
ulate the sperm to produce ROS through cell-to-cell contact or through secretory 
products that again impair sperm quality including reduced motility and higher 
DNA damage [147].

6.9  Management of Leukocytospermia

Seminal leukocytes play an important role in male infertility. Therefore, the pres-
ence of leukocytes and the underlying disease (infection or lifestyle condition) 
need to be addressed for proper management. For the infections, use of broad 
spectrum antibiotics together with antioxidant therapy has shown promising 
results in the management of infertile patients with leukocytospermia. Antibiotics, 
by treating an underlying cause of elevated leukocyte counts, are believed to 
improve the overall semen quality parameters whereas antioxidants accelerate 
sperm function [81]. Antibiotics such as doxycycline, erythromycin, and trime-
thoprim/sulfamethaxazole have demonstrated significant improvement of sperm 
quality in leukocytospermic men, including sperm morphology, motility, and con-
centration [149, 162]. Levofloxacin also enhances both the macroscopic and 
microscopic parameters of semen quality including sperm motility in leukocyto-
spermic patients [55], whereas ketotifen has shown promising results in enhancing 
sperm motility and morphology [125]. Similarly, use of anti-inflammatory drugs, 
particularly the Cox-2 inhibitors, can reduce seminal leukocytes and improve the 
sperm count [89, 109]. Sometimes, leukocytospermic men are advised to ejaculate 
frequently, while antibiotics have been found to minimize the seminal leukocytes, 
too [23]. Furthermore, herbal medicines may also play a promising role in the 
management of leukocytospermic patients as the supplementation of curcumin 
extract in vitro has been reported to enhance sperm motility in such men [193]. 
Similarly, the use of the dietary bioflavonoid quercetin can alleviate leukocyte-
mediated oxidative stress and hence poses an alternative therapeutic option in leu-
kocytospermic patients [40].
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6.10  Perspective

The EAU guidelines recommend the evaluation of urogenital infections in the 
male, which includes medical history, urine analysis (dipstick), physical test, enu-
meration of leukocytes and erythrocytes, and nitrite reaction test [22]. On the other 
hand, the Canadian Urology Association asks for medical history of the patient 
followed by physical examination including a digital rectal examination and urine 
analysis as a mandatory diagnosis for lower urinary tract symptoms in the male 
[120]. However, whereas in the case of a chronic bacterial prostatitis, a positive 
semen culture may be sufficient to initiate an antibiotic treatment, a negative cul-
ture does not exclude the disease. Urine cultures, on the other hand, are usually not 
enough for the detection of bacteria [188]. In such cases, molecular biology tech-
niques, for instance polymerase chain reaction (PCR)-based amplified ribosomal 
RNA gene regions maybe used to detect and isolate bacteria from semen samples 
of infertile patients thereby paving the way for the incorporation of these advanced 
tests in workup algorithms of the evaluation and subsequent management of uro-
genital infections in the male [82]. The use of real-time PCR (qPCR)-based 
approaches to quantify bacteria in semen also yielded promising results [157]. 
These PCR-based assays are more sensitive to diagnose the presence of microbes 
in semen. Another advanced approach based on a diafiltration matrix-assisted laser 
desorption/ionization time- of- flight mass spectrometry (MALDI-TOF MS) for 
identification of uropathogens in urine samples of males not only minimizes the 
currently required time of 24-48 hours to identify the microbes to as low as 2-3 
hours but also maintains high accuracy [37]. Recently, next generation sequencing 
of DNA has been used experimentally for better diagnosis and individualized pre-
vention and treatment of such men by detecting pathogens with resistant genes 
associated with urogenital infections [114].

Male urogenital infections are also associated with excessive seminal leukocytes, 
which in turn impair male fertility [25, 147]. Presence of immature germ cells along 
with leukocytes makes the identification of leukocytospermia difficult by using rou-
tine staining methods, hence, monoclonal antibodies to identify specific leukocyte 
antigens may be used as advanced diagnostic tool in clinical cases of leukocytosper-
mia [186]. Recent studies have linked interleukin-6 (IL-6), interleukin-8 (IL-8), and 
tumor necrosis factor-α (TNF-α) with poor semen quality in leukocytospermic 
patients thereby indicating the possibility of emergence of IL-6, IL-8, and TNF-α as 
alternative diagnostic markers in the diagnosis of leukocytospermia in infertile 
patients [5, 48, 152]. However, molecular biology techniques also showed an asso-
ciation of elevated levels of IL-8 with both Chlamydial infection of the male uro-
genital tract and the clinical condition of leukocytospermia [83, 152]. Based on such 
common pathogenesis, further research involving advanced molecular techniques 
may pave the way towards the development of better diagnostic tools in the clinical 
management of male urogenital infection and leukocytospermia.
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Chapter 7
Bacteriospermia and Male Infertility: Role 
of Oxidative Stress

Sandipan Das, Shubhadeep Roychoudhury, Anwesha Dey, Niraj Kumar Jha, 
Dhruv Kumar, Shatabhisha Roychoudhury, Petr Slama, 
and Kavindra Kumar Kesari

Abstract Male infertility is one of the major challenging and prevalent diseases 
having diverse etiologies of which bacteriospermia play a significant role. It has 
been estimated that approximately 15% of all infertility cases are due to infections 
caused by uropathogens and in most of the cases bacteria are involved in infection 
and inflammation leading to the development of bacteriospermia. In response to 
bacterial load, excess infiltration of leukocytes in the urogenital tract occurs and 
concomitantly generates oxidative stress (OS). Bacteria may induce infertility either 
by directly interacting with sperm or by generating reactive oxygen species (ROS) 
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and impair sperm parameters such as motility, volume, capacitation, hyperactiva-
tion. They may also induce apoptosis leading to sperm death. Acute bacteriospermia 
is related with another clinical condition called leukocytospermia and both compro-
mise male fertility potential by OS-mediated damage to sperm leading to male 
infertility. However, bacteriospermia as a clinical condition as well as the mecha-
nism of action remains poorly understood, necessitating further research in order to 
understand the role of individual bacterial species and their impact in male infertility.

Keywords Uropathogens · Bacteriospermia · Infection · Inflammation · 
Leukocytes · ROS · Sperm parameters · Infertility

7.1  Introduction

In the third decade of twenty-first century infertility remains one of the major chal-
lenging and highly prevalent global health conditions [1]. Male infertility is a mul-
tifactorial disorder and male urogenital infection is considered one of the major 
contributors to male infertility accounting approximately 15% of all male infertility 
cases [2]. Acute or chronic male urogenital tract infection is mediated by microor-
ganisms particularly bacteria and it affects various parts of the male reproductive 
system such as testis, epididymis, and male accessory sex glands leading to impair-
ment of sperm production, maturation, and movement in the seminal tract [3]. 
Pathogenic bacteria gain access to the male urogenital tract by sexually transmitted 
infection, intracanicular spread of bacteria from urine infection or hematogenous 
seeding of bacteria from urogenital organs [4, 5]. Development of bacteriospermia 
and concomitant increment of leukocytes in the male urogenital tract due to infec-
tion and inflammation may impair the fertility potential of a man through multiple 
mechanisms, such as deterioration of spermatogenesis, reduction in sperm motility, 
genital tract obstruction and/or dysfunction, and oxidative stress (OS) [5, 6]. 
Excessive bacterial colonization and successive infection in the urogenital tract 
impair male fertility through sperm adhesion, interaction and/or forming sperm 
agglutination thus reducing sperm motility and lowering the chance of sperm–
oocyte fusion [7]. Moreover, bacterial infection causes chronic persistent inflamma-
tion and leukocyotspermia leading to increment of pro-inflammatory cytokines and 
reactive oxygen species (ROS) in the urogenital tract which ultimately contribute to 
the development of OS-associated male infertility [8, 9]. In bacteriospermia, preva-
lence of bacterial species varies depending on the population types, whereas their 
mechanism of action in male infertility is still understood poorly. A study conducted 
on Canadian population found 22 species in bacteriospermic ejaculates and the 
most prevalent bacteria were Enterococcus faecalis (56%) followed by Escherichia 
coli (16%), group B Streptococcus (13%), and Staphylococcus aureus (5%). These 
four bacterial species contribute up to 90% of all identified bacterial species [5]. 
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Similarly, a study from India reported a total of 7 bacterial species from bacterio-
spermic ejaculates, and the most dominant species was E. faecalis (30%) followed 
by Coagulase negative Staphylococcus (23.33%), S. aureus (20%), E. coli (10%), 
Klebsiella pneumoniae (6.66%), Proteus sp. (6.66%), and Citrobacter sp. (3.33%) 
[10]. Another study on Czech population reported predominance of three species 
i.e., Staphylococcus sp., Streptococcus sp., and E. coli from abnormal semen sam-
ples of 116 infertile men [11]. The presence of bacterial species in the urogenital 
tract of bacteriospermic men and leukocytes response is still poorly understood. The 
bacteria may utilize multiple patho-mechanisms and develop OS thus contributing 
to the compromise of male fertility potential. This chapter mainly focuses on the 
role of bacteriospermia and OS in male infertility.

7.2  Oxidative Stress (OS) and Fertility Pattern in the Male

The reproductive organs of the male including testes, epididymis, vas deferens, and 
accessory glands are mainly involved in the formation, storage, and ejaculation of 
sperm. They also produce androgens that help in the development and maintenance 
of male fertility potential [12]. Impairment of reproductive organs due to low hor-
mone synthesis, Klinefelter syndrome, cryptorchidism, autoimmune disorder, expo-
sure to radiation, altered lifestyle, infection, OS, trauma, etc., may lead to male 
infertility [13, 14]. Male infertility is a multifactorial disorder and OS is considered 
as one of the major contributors to the disease. It is defined as an imbalance between 
the levels of ROS and antioxidants in the semen [15]. Free radicals are the unpaired 
electron containing molecules which are highly reactive against lipids, amino acids, 
and nucleic acids [16]. Prime sources of ROS in the semen include excessive leuko-
cytes, immature sperm, varicocele, exposure to toxins such as radiation, smoking, 
alcohol consumption, etc. Excess ROS in the semen can overwhelm the antioxidant 
defense leading to concomitant development of OS and cause sperm dysfunction 
and/or death, and ultimately infertility in men [13]. However, optimum levels of 
ROS are crucial for facilitating sperm hyperactivation, motility [17], capacitation, 
and acrosomal reaction [16]. Controlled production of ROS in the sperm at the time 
of capacitation process increases the amount of cyclic adenosine 3′,5′- monophos-
phate (cAMP) that facilitates the hyperactivation of the spermatozoa. Hyperactivation 
is very crucial because only the hyperactivated sperm have increased motility to 
undergo the acrosomal reaction that may lead to successful fertilization [18]. 
Excessive leukocytes in respone to inflammation and immature sperm are the main 
source of ROS generation and mature sperm are highly susceptible to ROS due to 
the presence of polyunsaturated fatty acids in their membranes [19]. Uncontrolled 
rise in the level of ROS initiates lipid peroxidation (LPO) of the sperm membrane 
where up to 60% of the fatty acids are reduced thus altering the membrane fluidity, 
disrupting the activity of enzymes and membrane receptors which may ultimately 
lead to abnormal fertilization [20]. OS and elevated levels of ROS have also been 
associated with impaired sperm parameters such as motility, concentration, and 
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morphology  - which are the important indicators of a male’s fertility potential. 
Diminishing sperm motility is a result of a cascade of events including LPO of the 
plasma membrane, which affects axonemal protein phosphorylation and sperm 
immobilization [21, 22]. High levels of ROS cause significant sperm morphological 
abnormalities like head, neck, and tail deformities and retention of cytoplasmic 
droplets leading to male infertility [23]. OS also facilitates sperm DNA damage by 
fragmenting the single- and double-stranded DNA, direct oxidation of DNA bases, 
and by DNA mutations [24]. Furthermore, excessive generation of ROS directly 
disrupts the mitochondria electron transport chain (ETC) and has the ability to dam-
age mitochondrial DNA which ultimately activates the stress response gene by 
altering the mitochondrial physiology and promote apoptosis by disrupting cell 
division [24, 25]. Low sperm motility due to mitochondrial dysfunction can also 
cause asthenozoospermia [24]. OS results into functional and metabolic disorder in 
germ cells, too [26]. Moreover, uncontrolled ROS can modify the protein status by 
oxidative reaction and generate aldehydes and ketones which reflect a negative 
effect on spermatogenesis and overall fertility of the male [27] (Fig. 7.1).

Fig. 7.1 Bacteriospermia induce infection and inflammation in the urogenital tract of men and 
concomitantly increases leukocytes infiltration in the infected location. Both bacteriospermia and 
leukocytes increase ROS in urogenital tract leading to OS. ROS can cause sperm agglutination and 
reduce sperm motility. On the contrary OS damages sperm morphology, sperm DNA, mitochon-
drial DNA and reduce sperm acrosomal integrity, cause premature capacitation, induces lipid per-
oxidation and apoptosis in sperm which ultimately contribute to male infertility. ROS- reactive 
oxygen species, OS- oxidative stress, DNA- deoxyribonucleic acid
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7.3  Bacteriospermia and Male Infertility

Infertility is defined as a disease of the reproductive system characterized by the 
failure of a couple to establish a clinical pregnancy after one year or more of regular 
unprotected sexual intercourse [28]. Like females, the males are more or less equal 
contributors to the infertility cases with a prevalence of 30–50% of all cases reported 
globally [29]. However, the prevalence varies according to the geographical regions 
as higher prevalence has been documented from Central and Eastern Europe, Africa, 
the Middle East, and South and Central Asia [1, 30]. Compromised fertility poten-
tial of the male may be attributed to multiple factors including anatomical abnor-
malities of the reproductive system, cryptorchidism, ejaculatory duct dysfunction, 
genetic and hormonal imbalance, varicocele, leukocytospermia, gonadal toxicity, 
environmental pollutants, male urogenital tract infections, and bacteriospermia, 
among others [9, 31]. Male urogenital infections are caused by microorganisms that 
include bacteria, virus, protozoa, and fungi. Among these, infections mediated by 
bacteria is the most prevalent one leading to the impairment of both sperm quality 
and function as well as seminal tract obstruction [32]. Both infection and inflamma-
tion can reduce spermatogenesis and deteriorate sperm quality and function [29] 
leading to an array of clinical conditions such as oligozoopspermia, asthenozoo-
spermia, azoospermia, and dysfunction of male accessory glands [29]. Bacterial 
infection and inflammatory responses have been linked with poor male fertility 
potential; however, the exact mechanism remains inadequately understood. In case 
of chronic bacterial infection inflammatory responses may be asymptomatic but can 
still impose a long-lasting negative effect on sperm function, motility, count and 
spermatogenesis, and affect the permeability of the vas deferens and/or ejaculatory 
duct or may even induce apoptosis of spermatozoa [33–35].

According to the World Health Organization (WHO), bacteriospermia can be 
defined as the presence of more than 103 bacterial/ml of ejaculate and such condi-
tion is generally used as an indicator of active urogenital infection in men [36]. 
Bacteriospermia is associated with excessive generation of leukocytes in the male 
urogenital tract and concomitant OS.  Moreover, bacteriospermia is a substantial 
cause of male infertility as it is associated with sperm DNA fragmentation, poor 
sperm motility and count, [37], genital tract dysfunction, deterioration of spermato-
genesis [5], and poor assisted reproductive technology (ART) outcomes [38].

Sperm has the ability to recognize bacterial endotoxin, glycoprotein, and lipo-
polysaccharide by toll-like receptors (TLR-2 and TLR-4) expressed in the plasma 
membrane. Activated TLRs trigger local inflammatory response, create obstruction, 
and ultimately induce male infertility [39]. Inflammatory response also triggers 
excessive infiltration of leukocytes that may lead to the development of a clinical 
condition referred to as leukocytospermia. It is characterized by the presence of 
more than 1 × 106 leukocytes/ml of ejaculate [36]. Excess seminal leukocytes also 
trigger overproduction of ROS and introduce an imbalance between antioxidant and 
free radicals resulting in OS [40]. Elevated OS may cause significant biological and 
biochemical changes in the outer and inner mitochondrial membranes of sperm, 
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which may in turn negatively affect sperm morphology, acrosome integrity and pro-
mote premature capacitation [37]. Moreover, excess ROS produced by leukocytes 
can stimulate LPO in polyunsaturated fatty acids of sperm membrane [41]. On the 
contrary, ROS has been linked directly to sperm agglutination, reduced sperm motil-
ity and increased DNA fragmentation, enhanced apoptosis in mature sperm, and 
increased risk of compromised male fertility [5] (Fig. 7.2).

7.4  Bacteria-Associated Male Urogenital Infection

7.4.1  Urinary Tract Infection (UTI)

Urinary tract infections (UTIs) are considered as the most common bacterial infec-
tions in the urogenital tract of the male. Infection in the lower urinary tract is char-
acterized by cystitis and in the upper urinary tract it is characterized by pyelonephritis 
where patients easily develop bacteremia. Cystitis is associated with dysuria and 

Fig. 7.2 Role of bacteriospermia in male infertility. Bacteriospermia initiates host immune 
response that concomitantly increases leukocytes in the male reproductive tract leading to produc-
tion of reactive oxygen species (ROS) such as OH   and H2O2, and proinflammatory cytokines. 
Some bacterial species also produce ROS leading to overproduction of ROS that cause sperm DNA 
damage, lipid peroxidation (LPO), and inhibits mitochondrial ATP production, which are in turn 
associated with reduction of sperm motility, inhibition of acrosome reaction ultimately contribut-
ing to male infertility
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pollakisuria while pyelonephritis involves flank pain and fever along with the symp-
toms of cystitis [42]. In case of diabetic patients, stone-associated obstructed pyelo-
nephritis is a major risk factor for fatal septic shock [43]. Common causal agents of 
UTIs include uropathogens such as E. coli, K. pneumoniae, Staphylococcus sapro-
phyticus [44], Proteus mirabilis, and E. faecalis [45] (Table 7.1).

7.4.2  Male Accessory Gland Infection (MAGI)

Male accessory tract infection (MAGI) occurs due to the spreading of microorgan-
isms via epididymis, deferent duct, prostate gland, seminal vesicles, testis, and ure-
thra [42]. Epididymitis is considered as an inflammatory condition in epididymis, 
which is characterized by pain and acute unilateral or bilateral swelling of the scro-
tum and involvement of testicular inflammation along with epididymis, which is 
termed as epididymo-orchitis [46]. Bacterial epididymitis is commonly associated 
with low sperm count, stenosis in epididymal duct, and impairment in sperm func-
tion ultimately leading to male infertility. Occurrence of azoospermia is often asso-
ciated with unclear unilateral epididymitis [47]. The most common bacteria involved 
in such infection are Chlamydia trachomatis, Escherichia coli, and Neisseria gon-
orrhoeae [48]. Prostatitis is another common urological inflammatory disease 
among men of all age groups and it affects sperm motility, count and morphology 
[47]. Typical features of prostatitis include voiding disturbances, sexual 

Table 7.1 Common bacterial species implicated in bacteriospermia and their effect on 
semen quality

Bacteria Effect References

Escherichia coli Sperm tail defect, immobilization, impaired acrosome 
reaction

[65, 99]

Chlamydia 
trachomatis

Low progressive motility and sperm DNA damage [76]

Pseudomonas 
aeruginosa

Reduced sperm motility, sperm morphological deformities, 
necrosis, and apoptosis. Induced sperm mitochondrial 
damage

[69, 70, 
71]

Neisseria 
gonorrhoeae

Low sperm motility, sperm agglutination, and apoptosis [80, 82]

Staphylococcus 
aureus

Low semen volume, sperm motility, concentration, vitality, 
and normal morphology

[83]

Ureaplasma 
urealyticum

Hyperviscous semen, low pH, sperm count, and concentration [90]

Klebsiella 
pneumoniae

Low progressive motility, high LPO, and apoptosis leading to 
sperm death

[98]

Mycoplasma 
genitalium

Low sperm motility [35]

Mycoplasma 
hominis

Low progressive motility, total sperm motility, count, and 
normal morphology

[96]
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dysfunction, and chronic pelvic pain which are most prominent signs of prostate 
inflammation. Prostatitis is classified into four categories - i) chronic bacterial pros-
tatitis, ii) acute bacterial prostatitis, iii) chronic prostatitis, and iv) asymptomatic 
inflammatory prostatitis [49]. The most common bacteria associated with prostatitis 
are Chlamydia trachomatis, Escherichia coli, Ureaplasma urealyticum, Nesisseria 
gonorrhea, and Klebsiella sp. [50]. On the contrary, urethritis is the inflammation of 
urethra and the most prevalent bacteria associated include Chlamydia trachomatis, 
Neisseria gonorrhoea, and Ureaplasma urealyticum [51]. Urethritis can be divided 
into two types i) non-gonococcal urethritis, and ii) gonococcal urethritis [52]. 
Urethritis is commonly associated with penile itching, dysuria, urethral discharge 
[53], and seminiferous tubular necrosis [54].

7.4.3  Sexually Transmitted Infection (STI)

Sexually transmitted infections (STIs)-mediated male infertility depends mainly on 
the local prevalence of sexually transmitted diseases (STDs). Prevalence of STDs 
are more prominent in Africa or South-East Asian regions compared to Western 
countries [55]. Most common bacteria associated in STIs include Chlamydia tra-
chomatis, C. trachomatis, Chancroid haemophilus, Calymmatobacterium granulo-
matis, Neisseria gonorrhoea, Treponema pallidum, and Ureaplasma urealyticum 
[55]. Men with gonorrhoeic urethritis commonly develop urethral strictures and 
unilateral epididymo-orchitis [54].

7.5  Prevalence of Bacteriospermia-Associated 
Male Infertility

Approximately 48.5 million couple face the challenge of infertility globally after 
having unprotected intercourse for one year or long [56]. Approximately 15% of 
male infertility is linked with microorganisms-mediated UTIs [2]. Among the bac-
terial species responsible for bateriospermic condition in male, E. coli is the most 
prevalent and frequently isolated from the semen of infertile men accounting for 
65–80% cases of male infertility [2]. E. coli is associated with the infection of the 
prostate, seminal vesicle, urethra, epididymis, and testis [37]. The second most 
prevalent bacterium is Chlamydia trachomatis, an obligate pathogen involved in 
30–40% of urethritis cases [57]. According to WHO, C. trachomatis may cause up 
to 92 million urogenital tract infections per year [58]. U. urealyticum and 
Mycoplasma genitalium are other two bacterial species frequently present in bacte-
riospermic semen. U. urealyticum can contribute to 10–40% of all cases [59]. The 
two most common Mycoplasma species are M. hominis and M. genitalium that are 
responsible for 10.8% and 5% of all infection associated male infertility, 
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respectively [60]. According to WHO, sexually transmitted infections caused 
by N. gonorrhoeae represented 106.1 million of cases globally which have been 
associated with epididymitis, urethritis, and prostatitis along with abnormal urethral 
discharge [61].

7.5.1  Escherichia Coli

The most common bacteria isolated from the semen of bacteriospermic male is 
E. coli, which possibly causes asexually transmitted epididymo-orchitis and is 
responsible for acute or chronic prostatitis leading to male infertility, too [2]. Semen 
analysis of 88 infertile male patients revealed the dominance of E. coli (10.22%) 
followed by Staphylococci (9.09%), Enterococci (5.88%), Staphylococcus aureus 
(2.27%), Gonococci (2.27%), and Klebsiella sp. (1.13%), [62].

Binding of E. coli with sperm leads to agglutination of sperm and induces dam-
age in plasma membrane resulting in swelling of midpiece and tail invagination, 
which promote the rate of immobilization of sperm [63]. Interaction between E. coli 
and sperm is mediated by mannose binding receptors present on E. coli and man-
nose residues present on the sperm surface that can bind with type 1 fimbriae on 
E. coli [64]. An in  vitro study confirmed that incubation of sperm with E. coli 
reduces the ability of sperm acrosomal reaction [65] and mitochondrial membrane 
potential [66]. Thereafter, Fraczek et al. 2012 [67] confirmed that binding of sperm 
with E. coli can alter sperm membrane stability and mitochondrial activity which 
increase the chances of male infertility. Lipopolysaccharide and porin protein of 
E. coli can produce cellular lysis in sperm and promote infection leading to tempo-
rary sterility [68].

7.5.2  Pseudomonas Aeruginosa

Infertility in men is frequently associated with uropathogenic microbes. 
Pseudomonas aeruginosa, a Gram-negative pathogenic bacterium is a possible 
cause of male infertility. 3-oxododecanoyl-L-homoserine lactone, a signaling mol-
ecule secreted from P. aeruginosa has been reported to possess detrimental effects 
on spermatozoa [69]. Incubation of sperm with P. aeruginosa  has been shown to 
reduce sperm motility in a dose-dependent manner, and this bacterial signaling mol-
ecule acts on the acrosome of spermatozoa and promote premature acrosomal loss 
through a calcium dependent mechanism. P. aeruginosa infection can also lead to 
apoptosis and necrosis of sperm without affecting immune cells [69, 70]. A cyto-
toxic molecule, exotoxin A, released from P. aeruginosa induces chromosomal 
aberrations and sperm abnormalities including two heads, amorphous head, head 
without hook, banana head, coiled tail, and divided tail, which is believed to occur 
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due to toxic effect of the protein on the sperm tail [70]. Porin, another protein 
secreted from the membrane of P. aeruginosa, is toxic to sperm and has been shown 
to induce apoptosis directly in the epithelial cell line of seminal vesicles of rats. 
Porin causes mitochondrial damage after binding with sperm and impairs sperm 
motility, too [71].

7.5.3  Chlamydia Trachomatis

Chlamydia trachomatis is an obligate intracellular Gram-negative bacterium [72]. It 
has species-specific lipopolysaccharide (LPS) antigen, other species-specific and 
immune-specific antigens as investigated through immunofluorescence. Its biphasic 
life cycle consists of an elementary and reticulate body [73]. This pathogen causes 
urethritis in the male and untreated infection of C. trachomatis in the male leads to 
epididymitis and prostatitis. Most of the time C. trachomatis infection remains 
asymptomatic in the male and may contribute up to 50% of infection [72]. 
Co-incubation of C. trachomatis with sperm promotes reduction of motile sperm 
and increases premature sperm death. LPS from C. trachomatis has also been shown 
to generate sperm apoptosis inducing molecules and can alter all other essential 
sperm parameters, too [74]. IgA Chlamydial antibodies promote LPO of sperm 
membrane which alter membrane fluidity, membrane-associated enzyme activities, 
capacitation, and acrosome reaction [75]. Furthermore, Chlamydial infection 
increases the level of interleukin (IL-8) in semen, which acts as a biomarker of 
MAGI [76]. C. trachomatis-induced infection also increases the rate of sperm DNA 
fragmentation and alters sperm morphology [77]. If the infection caused by the 
pathogen remains untreated it may cause long-term damage to organs of the male 
reproductive system such as the ejaculatory ducts, seminal vesicles, and spermato-
gonial cells [78].

7.5.4  Neisseria Gonorrhoeae

These Gram-negative, immotile diplococci cause the common UTI and develop 
gonorrhea which in turn alters testicular functions and promotes male infertility. 
This pathogen is responsible for about 86.9 million of gonorrhea cases globally 
[79]. Leukocytospermia is associated with gonorrhea which enhances the cytokines 
and ROS resulting in the impairment of spermatogenesis and sperm function [80]. 
Asymptomatic infection in the male with gonorrhea does not alter sperm count, 
semen volume, and sperm morphology but citric acid level drops in the male with 
gonorrhoea [81]. Movement of this pathogen is facilitated by the presence of pili on 
their surface that also help them cling onto other cells [80]. Bacterial pili type IV 
(T4P) and LPS can bind to sperm and asialoglycoprotein receptor on the sperm 
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surface thereby facilitating the binding. Binding of N. gonorrhoeae LPS on the 
sperm cell surface receptor can also cause sperm cell death by inducing apopto-
sis [82].

7.5.5  Staphylococcus Aureus

The ubiquitous Gram-positive bacterium, Staphylococcus aureus is mostly found in 
the male genital tract. S. aureus infection has been associated with impairment of 
sperm motility and semen volume and increasing semen pH [83, 84]. Dominance of 
this pathogen in the semen of infertile patients has been confirmed with a prevalence 
of 68.2–75% in some cases [85, 86]. Incubation of S. aureus with sperm causes 
sperm agglutination and reduction of motility [87]. According to a recent report, 
16% of infertile men may face the challenge of infertility due to S. aureus infection 
with abnormal semen fluid density, sperm abnormal morphology, and reduced 
sperm motility [88].

7.5.6  Ureaplasma sp.

The most prevalent species of the genus Ureplasma are U. urealyticum and U. par-
vum, and their prevalence in the semen of infertile men is 9% and 3%, respectively 
[89]. U. urealyticum is a main causative agent of prostatitis and epididymitis in the 
infertile male. U. urealyticum infection is also associated with low semen concen-
tration and pH, and high seminal viscosity [90]. Infection reduces the level of semi-
nal plasma alpha-glucosidase but not the levels of acid phosphatase and fructose in 
the seminal plasma [91]. U. urealyticum may also attach massively to sperm at the 
midpiece leading to looped tangling of tails and multiple agglutination thereby 
causing sperm immobility [92]. U. urealyticum infection increases seminal ROS 
level, too, thus causing LPO and sperm DNA fragmentation. It also reduces sperm 
fertilization capacity [93]. Metabolic products of U. urealyticum are able to gener-
ate ROS such as H2O2 and hydroxide anion (OH-) which are highly toxic to sperm. 
Furthermore, U. urealyticum infection decreases the amounts of essential microele-
ments such as zinc and selenium, which are crucial for antioxidant defense mecha-
nism of semen [93].

7.5.7  Mycoplasma sp.

Mycoplasma genitalium is another pathogen frequently isolated from the urogenital 
tract and is one of the potent causative organisms of urethritis in the male [94]. This 
bacterium has the ability to interact directly with the sperm and render them 
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immobile [35]. The prevalence of M. genitalium has been reported between 19 and 
41% in patients with urethritis [95]. Another species M. hominis has shown strong 
interaction with sperm parameters such as reduced motility, deformed morphology, 
and low count in infected men [96]. Also, M. genitalium has the capability to bind 
with the head, neck, and tail regions of the sperm and render sperm bulky thus 
reducing the capacity of travelling in the reproductive tract of the female [94].

7.5.8  Klebsiella Pneumoniae

The Gram-negative bacterium Klebsiella pneumoniae is another important caus-
ative organism of MAGI and are responsible for 2.3% of male infertility [97]. The 
pathophysiology of K. pneumoniae infection is not clearly understood due to the 
lack of evidence. However, K. pneumoniae infection impacts sperm parameters 
negatively and may also be a cause of necrozoospermia [10]. K. pneumoniae may 
impair male fertility by altering progressive motility, LPO, and apoptosis leading to 
sperm death [98].

7.6  Bacteriospermia and ROS-Mediated Damage

Human body has mainly three defense systems for protecting against invasion by 
foreign particles: i) tight junctions between skin epithelium, ii) innate immune 
response, and iii) adaptive immune response. Bacteria potentially infect the biologi-
cal system through tissue barrier [100]. In the male, bacteria are considered respon-
sible in 50% cases of prostatitis including 10% cases of chronic prostatitis [101]. 
Among infertile men, 11.6–45% cases occur due to urethral discharge as a marker 
of infection [59]. All bacterial inflammation associated with response to influx of 
leukocytes result in increase in ROS formation [102]. ROS are highly reactive 
chemical molecules including oxygen ions, peroxides, and hydrogen peroxide 
(H2O2), which contribute to male infertility by causing damage to sperm membrane 
and sperm DNA [103]. The huge amount of polyunsaturated fatty acids (PUFAs) 
present in the plasma membrane gives membrane fluidity to spermatozoa. The ROS 
directly attack the unconjugated double-bond groups of the PUFAs and generate a 
radical chain reaction pathway [104] resulting in the formation of 4- hydroxynonenal, 
malondialdehyde, and acrolein.

These reactive aldehydes undergo further reaction with hydrophilic amino acids 
in the protein which leads to mitochondrial dysfunction and leakage of further ROS 
from inner membrane of mitochondria [100, 105]. The direct damage of mitochon-
dria through ROS decreases the energy availability which deteriorates the motility 
of sperm and alters normal sperm morphology and induce premature capacitation 
[102]. ROS directly attack the protamines-coated purine, pyrimidine bases and 

S. Das et al.



153

deoxyribose bases of sperm [106], which induce apoptosis of sperm cell and cause 
sperm death [107]. ROS also can induce apoptosis in sperm by altering the intercel-
lular calcium ion concentration, which ultimately leads to infertility in the male 
[108]. In relation to higher level of ROS in semen, cytochrome c, and caspases 9 and 
3 levels also increase simultaneously indicating apoptosis in the infertile male [109]. 
Bacteriospermia can also induce mitochondria-dependent apoptosis in sperm which 
increases the percentage of fragmented DNA in sperm and decreases mitochondrial 
transmembrane potential. These reports indicate negative alterations in sperm den-
sity, motility and morphology which ultimately contribute to male infertility [67]. 
Also, anti-bacterial IgA antibody forms in response to Chlamydial infection which 
is associated with increased ROS [75]. When the amount of ROS exceeds the anti-
oxidant defense mechanism of semen, sperm membrane may undergo LPO and is 
associated with decreased flexibility of sperm and premature capacitation. 
Overproduction of free radicals negatively affects spermiogenesis and promotes the 
release of abnormal spermatozoa with excess cytoplasmic retention from the germi-
nal epithelium. Enzymes of additional cytoplasm activate plasma membrane redox 
system and promote further production of ROS resulting in the loss of sperm motil-
ity and fertilizing capacity [110].

7.7  Management of Bacteriospermia in the Infertile Male

According to European Association of Urology (EAU) guidelines, a urine culture is 
the first step towards the detection of bacteria or any type of microorganism present 
in the male urogenital tract. Besides this, history of disease, symptoms check, and 
physical examination are carried out as a part of routine diagnosis. Additionally, the 
presence of leukocytes, erythrocytes, and nitrite are investigated for better evalua-
tion [111]. Whereas according to WHO, semen analysis is of utmost importance to 
detect the MAGI [36]. Four-glass and two-glass tests can also be performed along 
with semen analysis for the diagnosis of localization of inflammation [46, 112]. 
Blood count including C-reactive protein (CRP), prostate-specific antigen (PSA), 
and hormone status (follicle stimulating hormone - FSH, luteinizing hormone-LH, 
and testosterone) are also recommended for the detection of acute urogenital inflam-
mation [46]. In the case of acute cystitis, preliminary diagnosis can be done on the 
basis of clinical symptoms including lower abdominal pain [113] and newly devel-
oped dysuria, polyuria, and urinary urgency [114]. For the evaluation of acute cys-
titis, laboratory diagnosis include urine dipstick test and antibiotic susceptibility test 
by using cultured pathogens and microscopic analysis [115]. Urine culture test is 
performed for the diagnosis of acute pyelonephritis in the laboratory; however, 
sometimes blood culture can be done in cases of acute pyelonephritis [116, 117]. 
Bacteria- or any microorganism-mediated urinary tract obstruction can also be 
screened by computed tomography (CT), ultrasonography, and intravenous pyelog-
raphy of kidney, bladder, and ureter [118]. Acute bacterial prostatitis is diagnosed 
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on the basis of clinical symptoms such as heat around the prostate, soft and swollen 
state of prostate, frequent urination, painful urination, genital pain, chill, and joint 
pain along with fever [119].

For the initial management of bacteriospermia in the male, clinicians usually 
prefer two common guidelines - the American Urological Association (AUA) guide-
line and the European Association of Urology (EAU) guideline [120]. However, 
these are inadequate to provide the complete management strategy to treat bacterio-
spermia in the infertile male. Most of the times the chronic or acute bacterial infec-
tions are treated using a broad spectrum of antibiotics as an only effective medication 
against bacterial infections, without considering the partial effects of antibiotic 
therapy in the human body that may include nausea, bloating, vomiting, diarrhoea, 
abdominal ache, low appetite, and allergic surge. Additionally, high use of antibiot-
ics increases the risk of bacterial resistance [121]. However, for management of 
bacteria mediated chronic urogenital infections and inflammations oral supplemen-
tation of ciprofloxacin, norfloxacin, ofloxacin are commonly recommended by cli-
nicians [50]. Oral administration of either ciprofloxacin or fosfomycin and 
cefpodoxime proxetil, cefcapene pivoxil, cefdinir, nitrofurantoin, cefditoren piv-
oxil, cefixime, pivmecillinam and amoxicillin/clavulanate are prescribed for domes-
tic cases of acute uncomplicated cystitis [119]. Whereas in case of complicated 
cystitis caused by Gram-negative rods and Gram-positive cocci, recommended anti-
bacterial medications include LVFX (levofloxacin), CPFX (Ciprofloxacin 
Hydrochloride), TFLX (Tosufloxacin), STFX (Sitafloxacin), CVA/AMPC 
(Clavulanate/Amoxicillin), SBTPC (Sultamicillin), and sometimes CFDN 
(Cefdinir), CPDX-PR(cefpodoxime proxetil), and CFPN-PI (Cefcapene pivoxil 
hydrochloride) can also be used as alternative to antibiotic therapy [122]. Similarly, 
for the treatment of acute pyelonephritis supplementation of ciprofloxacin [123], 
levofloxacin [124], and trimethoprim/sulfamethoxazole are recommended [125]. In 
order to treat specific bacterial infection, medications can be of use after diagnosis. 
In the case of E. coli infection ciprofloxacin, amoxicillin, and aminoglycosides are 
the commonly used antibiotics [126]. In the case of N. gonorrhoeae and C. tracho-
matis infection tetracyclines form the most effective and widely prescribed antibiot-
ics [111]. An initial intravenous administration of MINO for 3 to 5 days can be used 
to manage severe infections caused by C. trachomatis [122]. Plumbago zeylanica 
[127] and Piper lanceaefolium can be used as alternative or supplementary herbal 
medicine for infection of N. gonorrhoeae [128]. For the treatment of Klebsiella sp. 
mediated infection, empirical therapies include the use of trimethoprim- 
sulfamethoxazole and fluoroquinolones [129].Moreover, extract from the plant 
Aframomum melegueta has been used against Klebsiella sp. infection which may 
also be used as a supplementary or alternative medicine after proper toxicological 
evaluation [130]. A wide variety of African traditional herbs including Kigellia afri-
cana, Ballota africana, Carpobrotus edulis, and Pelargonium fasiculata are used in 
the management of K. pneumoniae infection [131]. In the case of Staphylococcus 
aureus infection, nafcillin [132], and imipenem have demonstrated more effective 
antibacterial medicine [133]. Nigerian traditional medical practitioners also recom-
mend the use of medicinal plants such as Acalypha wilkesiana, Ageratum 
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conyzoides, Bridella ferruginea, Ocimum gratissimum, Phylantus discoideus, and 
Terminalia avicennioides against S. aureus infection [134]. In Persian and European 
traditional medicines the fruit of Apium graveolens is used against uncomplicated 
urinary infection [135]. Current findings suggested that phthalide, an active com-
pound isolated from show strong antiadhesive activity against the uropathogen 
E. coli [135]. Essential oils from Ocimum gratissimum, Salvia officinalis, and 
Cymbopogon citratus have the ability to neutralize the infections mediated by 
K. pneumoniae, E. coli, and Enterobacter sp. Similarly, chloroform, ethanol, metha-
nol, and petroleum ether extract of Callistemon lanceolatus have been found effec-
tive in cases of S. aureus, E. faecalis, E. coli, and K. pneumoniae infection [136, 
137]. Vaccinium macrocarpon popularly known as cranberry is considered one of 
the potent plant products that can inhibit bacterial attachment to the uroepithelial 
cells thus reducing bacterial load in the urogenital tract [138]. An in vitro study 
from India confirmed that aqueous, ethanolic and chloroform extracts of Hybanthus 
enneaspermus possess strong antibacterial activity against common uropathogens 
including E. coli, P. aeruginosa, K. pneumoniae, E. faecalis, and S. aureus [139]. 
Another potent candidate herb is Moringa oleifera that is used widely in the man-
agement of various human ailments and showed strong antibacterial action against 
E. coli, P. aeruginosa, and S. aureus infections [140]. One of the major mechanisms 
of bacteriospermia associated male fertility is through the production of ROS by 
bacteria directly or by initiating leukocytes response at the site of infection [5]. The 
potent herbal candidate that may be used in the management of OS-induced dam-
ages include Tribulus terrestris - a highly antioxidant rich herb that can neutralize 
ROS action and, also prevent membrane lipid peroxidation [141]. Similarly, a bio-
active molecule thymol from Trachyspermum copticum also exerts strong antioxi-
dant activity against ROS-induced OS [142]. Other potent herbs that can be utilized 
to minimize ROS-mediated damages to the male reproductive system are 
Cinnamomum verum [143], Terminalia chebula [144], Ocimum sanctum [145], 
Juniperus communis [146], and Taraxacum officinale [147].

The best advantage of herbal medicine over conventional antibiotic use is that the 
bacteria do not develop any sort of resistance against them. Also, medicinal herbs 
contain a wide range of bioactive molecules which are responsible for the medicinal 
property and synergistic effect [138]. However, further experiments are needed to 
validate the effectiveness and toxicity of the herbal medicines as well as the identi-
fication of specific bioactive compounds and their exact mechanism of action for 
future potential use in the clinical management of bacteriospermia.

7.8  Conclusions

Male infertility is a minacious global health threat that has not been clearly under-
stood till date and more research is needed to perceive the underlying etiologies and 
proper management of the disease [148]. Bacteriospermia is one of the significant 
etiologies of male infertility that develops as a result of chronic or mild bacterial 

7 Bacteriospermia and Male Infertility: Role of Oxidative Stress

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/celery


156

infection of the male urogenital tract. The mechanism of infection of bacteria varies 
from species to species, thus in order to develop better treatment approaches, iden-
tification of virulence determinants (that help bacteria in initial attachment and dis-
ease development including adhesin molecules, siderophores, and urease) is 
essential. This may also help develop vaccination for preventing bacterial infection 
in the male reproductive system [45]. Moreover, establishment of better prevention 
strategy for bacteriospermia may be achieved by switching towards the use of tradi-
tional herbal medicine as alternative or complementary medicine. Traditional herbs 
such as Acalypha wilkesiana, Ageratum conyzoides, Bridella ferruginea, Ocimum 
gratissimum, Phylantus discoideus, Terminalia avicennioides [134], and 
Aframomum melegueta have been used in the management of male UTIs particu-
larly against common uropathogens that are responsible for bacteriospermia [130]. 
Similarly, bacteriospermia-mediated OS can be restrained by the use of antioxidant 
rich extract of Tribulus terrestris, Trachyspermum copticum, Cinnamomum verum, 
Terminalia chebula, Ocimum sanctum, Juniperus communis, and Taraxacum offici-
nale. However, detailed toxicological studies of these herbs are needed prior to use 
either as an alternative or complementary medicine for effective clinical manage-
ment of bacteriospermia.
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Chapter 8
Oxidant-Sensitive Inflammatory Pathways 
and Male Reproductive Functions

Sulagna Dutta , Pallav Sengupta, and Srikumar Chakravarthi

Abstract Male component is the major contributing factor in over half of all cases 
of infertility, with over 25% of infertile males having no recognised underlying 
cause  of infertility. In around 40–50% of male infertility cases, oxidative stress 
(OS)-related processes have been found to be responsible for fertility impairment. 
Inflammation is a major stress signal leading to OS. Redox imbalance occurs when 
endogenous antioxidant network fails to curb the excess generation of reactive oxy-
gen species (ROS), leading to activation of stress-sensitive intracellular signalling 
pathways directed to cellular damage. Oxidant-sensitive-inflammatory pathways 
are intricate vicious intracellular networking loops that initiate and exaggerate cel-
lular damage, including chronic impact on male reproductive tissues. These mecha-
nisms, however, are poorly known in connection to male reproductive abnormalities. 
Thus, the goal of this chapter is to explain the oxidant-sensitive-inflammatory path-
ways in male reproductive organs in a succinct manner, as well as their potential 
influence on male fertility.

Keywords Infection · Inflammation · Male infertility · Oxidative stress

8.1  Introduction

Infertility affects 10–15% couples of reproductive age across the world [1, 2]. It is 
described as a couple’s inability to conceive naturally after a year of regular, unpro-
tected sexual contact [3]. Infertility has a psychological impact on the affected cou-
ples, and it can lead to depression, and other physical and psychological problems 
[4]. Although fertility declines with age, it is most commonly caused by anatomical 
abnormalities, endocrinopathies, immunological issues, genetic and epigenetic 
causes, radiation, chemotherapy and exposure to environmental and occupational 
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endocrine disrupting chemicals (EDCs) [5–8]. Male factor is the main or significant 
contributing factor in nearly half of all cases of infertility, with no identified reason 
discovered in over 25% of infertile men [9, 10]. Oxidative stress (OS)-associated 
processes are shown to be accountable for the damage of sperm function and fertility 
in about 40–50% of male infertility cases [11, 12]. The capacity of the organism to 
withstand the detrimental impacts of reactive oxygen species (ROS) through neu-
tralisation by antioxidant defence mechanisms is disrupted in OS [12]. ROS, which 
includes superoxide anion (O2•−), hydroxyl radical (HO•) and hydrogen peroxide 
(H2O2), are highly reactive oxidizing molecules generated unceasingly with various 
metabolic processes [11]. Oxidative mechanisms in spermatozoa are especially fas-
cinating owing to their dual role in these cells. Fertilisation is impossible without 
physiological impacts of ROS to control crucial redox-sensitive processes including 
capacitation and hyperactivation [13]. Although its supraphysiological level of ROS 
impairs regular sperm functions such as motility, capacity, acrosome reaction, 
oocyte penetration and sperm head decondensation, which are important for concep-
tion [11, 12]. In the seminiferous tubules, haploid spermatozoa are produced during 
spermatogenesis, which is a metabolically active biological process. As a natural 
by-product of cellular respiration, O2 is produced during this process. Sertoli cells, 
which contain endogenous antioxidant enzymes (superoxide dismutase (SOD), cat-
alase, transferase, peroxidase and glutathione reductase) in high levels, protect germ 
cells (differentiating to spermatids) from OS in testes [14, 15]. The spermatozoa 
become sensitive to oxidative damage once they are propelled out from the germinal 
epithelium because they are no longer protected by the Sertoli cell defence system 
[11, 16]. ROS in excess can damage DNA, lipids and proteins in cells, causing cel-
lular injury [17–19]. Therefore, for the optimum sperm functions, ROS must be 
maintained at physiological levels to preserve cellular homeostasis and to regulate 
the redox-sensitive signal-transduction processes influencing fertility [13].

OS is closely associated with inflammation [20]. The oxidant-sensitive inflam-
matory pathways are complex and follow a vicious loop of intracellular networking 
[21]. The result is exaggeration of cellular damage and chronic diseases, which 
include disruption of male reproductive tissues affecting male fertility [8, 20]. 
However, these pathways in relation to male reproductive disruptions are poorly 
understood. Thus, the present chapter aims to concisely portray the oxidant- sensitive 
inflammatory pathways in the male reproductive tissues and their possible impact 
upon male fertility.

8.2  ROS and Oxidative Stress

In biology and medicine, there are three main types of reactive species: (a) reactive 
species of oxygen (ROS), (b) reactive nitrogen species (RNS), and (c) reactive chlo-
rine species (RCS). In terms of structure, a reactive species can be either a free radi-
cal or a non-radical [22]. ROS consists of both oxygen radicals and some 
non-radicals, which are either oxidising agents or are effortlessly transformed to 
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radicals. Radical and non-radical ROS include superoxide (O2) and hydrogen perox-
ide (H2O2), respectively. Likewise, another collective term, reactive nitrogen species 
is used for nitric oxide radicals and non-radicals (peroxynitrite, ONOO−); while the 
reactive chlorine species refers to atomic chlorine radicals and non-radicals (hypo-
chlorous acid, HOCl) [23, 24].

Superoxide anion is a crucial primary reactive  species generated in the 
cells.  Other  reactive species with pathophysiological relevance, such as H2O2, 
hydroxyl radical (OH•), and ONOO−, are also generated via the downstream oxida-
tive reaction cascades [24, 25]. In mammals, the endogenous sources of ROS include 
the mitochondrial electron transport chain, NADPH oxidases, cyclooxygenases, 
xanthine oxidases, nitric oxide synthases, lipoxygenases and cytochrome P450s 
[26, 27].

8.3  Oxidative Tissue Injury

ROS-facilitated oxidative damage to cellular macromolecules can be induced in a 
variety of ways. One of these pathways is initiated by interaction between two usu-
ally found free radicals: O2•− + NO• = ONNO− (peroxynitrite). Peroxynitrite is the 
product, which protonates quickly to peroxynitrous acid (ONOOH) at physiological 
pH.  Proteins, lipids, and DNA can all be damaged by this potent oxidising and 
nitrating agent [23].

Nitrotyrosine is produced by nitration of protein tyrosine residues and is fre-
quently utilised as a biomarker for nitrosative and oxidative stress. However, because 
there are numerous additional nitrating agents in vivo, nitrotyrosine cannot be used 
as specific marker of peroxynitrite production [28]. Protein nitration, on the other 
hand, is extremely harmful to the cell or organism. Filament assemblies with impor-
tant pathogenic implications can be disrupted by nitration of structural proteins, 
comprising actin and neurofilaments [29]. Nitration of signalling molecules or tran-
scription factors, on the other hand, might substantially change the physiological 
functions of those proteins [30]. In addition, peroxynitrite promotes calcium- based 
mitochondrial malfunction and cell death through calpain activation [31].

Lipid peroxidation and DNA hydroxylation caused by hydroxyl free radicals 
are two more significant oxidative damage mechanisms. In chemistry, these radical 
species are the extremely reactive, since they can impact almost every cellular 
molecule [32]. They are able to react with the DNA guanine ring structure to form 
an adduct, 8-hydroxy-2′-deoxyguanosine (8-OHdG) radical that can generate and 
propel a chain reaction inducing chemical alteration in DNA bases as well as can 
cause DNA strand breaks. Improper DNA repair may cause mutations, cell growth 
arrest or apoptosis [33]. By interacting with membrane lipids, the radical can 
potentially start a chain reaction, resulting in lipid peroxidation. Lipid peroxida-
tion has the overall impact of decreasing membrane fluidity, increasing membrane 
leakiness, and damaging membrane proteins, enzymes, deactivating receptors and 
ion channels [23].
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8.4  Oxidative Stress and Male Infertility

Aetiology of male infertility is yet unknown in roughly half of the cases, but it is 
evident that about 30–80% of infertile men bear high ROS in their ejaculate. Because 
of the significant connection between OS and male infertility, Agarwal et al. have 
coined the term ‘Male Oxidative Stress Infertility (MOSI)’ to define OS-related 
male infertility [34].

Leukocytes in seminal fluid and immature sperm with a morphologically defec-
tive head and cytoplasmic retention are the two primary sources of endogenous 
ROS in human semen [35–37]. Extrinsic ROS are generated during male genital 
tract infection and the chemotaxis and activation of leukocytes drive further inflam-
matory responses. Leukocytes activate the myeloperoxidase system to break down 
pathogens and in turn ROS is generated [38]. Excessive ROS generation by leuko-
cytes can result in OS in the seminal fluid. On the other hand, abnormal and imma-
ture spermatozoa are the sources of intrinsic ROS. During the normal spermiogenesis 
process, cytoplasm accumulates in the mid-piece fall off, causing cell elongation 
and condensation. Immature spermatozoa with morphological abnormalities retain 
the excess residual body, which contains high levels of cytosolic glucose-6- 
phosphate dehydrogenase (G6PD) enzyme and generate intracellular nicotinamide 
adenine dinucleotide phosphate (NADPH). NADPH is then converted to ROS by 
the intramembrane NADPH oxidase NOX5 [39].

When highly reactive ROS outstrip antioxidant defence mechanisms, the homeo-
static equilibrium between ROS and antioxidants is disrupted, which can contribute 
to the development of OS.  It can have damaging effects on sperm, such as lipid 
peroxidation (LPO), sperm DNA fragmentation (SDF) and germ cell apoptosis.

8.4.1  Lipid Peroxidation

Plasma membrane of spermatozoa have abundant polyunsaturated fatty acids 
(PUFAs), especially docosahexaenoic acid, with its non-conjugated methylene 
groups having six double bonds. Increased generation of ROS promotes sperm 
membrane PUFA peroxidation which results in cellular dysfunctions owing to 
impaired membrane integrity and fluidity that are needed for effective fusion of 
sperm–oocytes following capacitation and biochemical acrosome reaction cascade 
[11, 12]. Besides damaging the cell membrane of sperm, LPO by-products damage 
the mitochondrial proteins of the electron transport chain, resulting in electron leak-
age and a decline in mitochondrial membrane potential, ATP generation and sperm 
motility [40, 41]. The first phase of LPO is ‘initiation’, referring to hydrogen atoms 
extraction in carbon-carbon double bonds from an unsaturated fatty acid to produce 
free radicals. The second step is ‘propagation’, which involves the production of 
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lipid radicals and their rapid interaction with oxygen to produce peroxyl radicals 
[42]. When metals like copper and iron are present, peroxyl radicals can snip a 
hydrogen atom from an unsaturated fatty acid when are present, resulting in a lipid 
radical and lipid hydrogen peroxide [43]. The final phase is called ‘termination’, in 
which the generated radicals react with subsequent lipids to produce damaging 
aldehydes and other end products. Malondialdehyde (MDA), 4-hydroxynonenal 
(4-HNE) and acrolein are the primary products of LPO. MDA is a vital biomarker 
in PUFA peroxidation analysis and monitoring [44, 45].

8.4.2  Sperm DNA Fragmentation

Excess ROS generation and low antioxidant capacities in sperm might potentially 
result in SDF [17]. Via sperm caspase activation and induction of endonuclease, OS 
can directly or indirectly damage sperm DNA. SDF is triggered by DNA suscepti-
bility due to a chromatin condensation error in the course of spermiogenesis, which 
leads to chromatin structure substitution failure from histone to protamine. It is 
reported that following spermiation, during the migration of spermatozoa through 
rete testis, from seminiferous tubules to the cauda epididymis, excess of ROS expo-
sure causes DNA damage [13, 46]. This results in the formation of 8-OH-guanine 
and 8-OH-2′-deoxyguanosine (8-OHdG),75, oxidised guanine adducts. Increased 
8-OHdG levels are linked to DNA fragmentation and strand breaks.

In both single- and double-stranded (ds-) forms, DNA fragmentation may occur 
[17, 41]. The DNA repair can take place only at specific spermiogenesis stages, and 
during the nuclear condensation of the epididymis it is no longer activated. The 
human oocyte, provides the next opportunity for ss-DNA break repair; however, the 
efficacy to SDF repair diminishes with advanced maternal age [47]. In the absence 
of repair, a ds-DNA break causes genomic instability and cell death [48]. The exis-
tence of unrepaired SDF over the crucial threshold, also known as the ‘late paternal 
effect’, is said to have a negative impact on embryo development and pregnancy 
outcome [49]. At the second day of human embryo development (4-cell stage), sig-
nificant activation of embryonic genome expression occurs in a cleavage-stage 
embryo, and embryogenesis shifts from maternal factor dependency to embryo’s 
own genome dependence [50]. As a result, after fertilisation, a spermatozoon con-
taining SDF has a detrimental impact on blastulation, implantation and pregnancy 
outcomes. In addition, Kuroda and colleagues found that OS had a negative impact 
on cleavage embryo development, a phenomenon known as the ‘early paternal 
effect’ [51]. A number of studies have looked into the link between ART outcomes 
and SDF [52, 53]. A meta-analysis showed inverse correlation between SDF with 
pregnancy outcome and positive correlation with miscarriage [54]. Appropriate 
measurement and managing can lessen the problem on couples since SDF is one of 
the causatives of recurrent pregnancy loss.
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8.4.3  Apoptosis

Apoptosis is recognised as physiologically planned cell death owing to fragmenta-
tion of DNA via various cell death signalling and regulatory mechanisms [55]. 
Breaks of ds-DNA caused by ROS may lead to apoptosis. ROS also interrupts mito-
chondrial membranes such that it releases cytochrome-C signalling molecule, capa-
ble of activating apoptotic caspases and phosphatidylserine-binding of annexin-V 
[56]. Significant damage to mitochondria in infertile people may be induced by 
excessive amounts of cytochrome-C in seminal plasma [57].

8.5  Stress Response Pathways in the Male Germ Cells

Eukaryotic cells have a highly conserved signalling mechanism to adapt and respond 
to stress conditions, called the unfolded protein response (UPR), which promotes 
cell survival. Apoptosis signalling is triggered in the case of chronic stress or UPR 
dysfunction. HSR, UPRmt and UPRER are three transcription factors and molecular 
chaperones that, reliant on the site of UPR-mediated protein aggregates and the kind 
of stress, activate various other molecular chaperones and transcription factors that 
rectify protein-folding. If UPR mechanisms fail to restore protein conformation and 
proteins continue to aggregate in the cell, degradation pathways such as ubiquitin- 
proteasome- mediated proteolysis (ERAD) and autophagy may be triggered. There 
is some debate over the presence of an active proteasome and alternative mecha-
nisms for the destruction of low-quality and/or misfolded proteins in sperm. 
However, recent research suggests that autophagy is present and activated in ejacu-
lated human spermatozoa and germ cells, and that it is involved in cell survival and 
motility control [58], as well as reaction to chemicals like Cadmium [59]. 
Furthermore, constituents of the ubiquitin-proteasome system, notably ubiquitin 
enzymes, have been found in mature spermatozoa [60]. But on the other hand, pro-
teasomes in spermatozoa are poorly understood. These components are important in 
sperm DNA repair, sperm capacitation and acrosome response, and accumulating 
data indicated that an aberrant ubiquitin-proteasome system causes sperm defor-
mity and male infertility [60–62].

Sperm cells are susceptible to environmental changes once they leave the testes. 
The female reproductive system can reach high temperatures [63], and tobacco, 
alcohol, and a variety of environmental toxins can all have an effect on sperm func-
tions and fertility [64, 65]. These cellular stresses frequently cause a disruption in 
protein turnover and folding, resulting in an accumulation of faulty proteins or pro-
teins that would otherwise be removed during the maturation process. The mecha-
nism by which the UPR is activated in response to this event in ejaculated human 
sperm is unknown. This is owing to the fact that sperm are dormant cells in terms of 
its central dogma, and that several of these signalling pathways lead to the transcrip-
tion of numerous genes important in maintaining proteostasis. Nevertheless, latest 
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evidence pertaining to translation of nuclear-encoded protein in mature spermato-
zoa is coming to the fore [66, 67]. Gur and Breitbart published a pioneering revela-
tion that during sperm capacitation labelled amino acids get incorporated into 
polypeptides, and the use of particular protein translation inhibitors has a substan-
tial influence on sperm motility, capacitation and in vitro fertilisation outcomes [66].

8.6  Sperm Mitochondrial Response to Stress

With mitochondrial matrix stress, c-Jun N-terminal kinase (JNK2) activates the 
transcription factor c-Jun, which links the elements of AP-1 and stimulates tran-
scription of the C/EBP Homologous Protein (CHOP) and CCAAT/enhancer- binding 
protein beta (CEBPB) transcription factors. CHOP and CEBPB dimers are linked to 
the CHOP element in the UPRmt gene promoter which encodes mitochondrial qual-
ity regulator proteins, such as HSPD1 (HSP60), caseinolytic peptidase P protection 
protease (P) and mitochondrial components of import. There is presently no infor-
mation on the signal inputs which initiate stress in the mitochondrial matrix and 
cause c-Jun N-terminal kinases (JNK2) activation, although the detection of 
unfolded proteins seems to be mediated by Heat Shock Protein Family D (HSPD) 1 
by triggering eukaryotic Initiation Factor 2 (eIF2) phosphorylation, the double- 
strand RNA–activated protein kinase (PKR) suppresses global cytosolic protein 
translation. ROS activate protein kinase-B (AKT1) in the intermembrane space 
(IMS), which phosphorylates oestrogen receptor-α (ESR1). By boosting the activity 
of the proteasome 26S and promoting the transcription of the IMS protease high- 
temperature requirement (HtrA)-2 and the mitochondrial regulator Nuclear 
Respiratory Factor 1 (NRF1), activated ESR1 promotes IMS protein quality control.

8.7  Oxidative Stress and Inflammation: A Vicious Loop

Inflammation is usually thought of as a multimodal response in vascularised con-
nective tissue to external and endogenous stimuli. This protective response’s ulti-
mate objective is to rid the organism of both the initial source of cell damage and the 
effects of that injury. Excessive or uncontrolled protracted inflammation, on the 
other hand, can cause tissue damage and is the source of many chronic illnesses 
[68]. Infiltration of the inflammatory cells such as neutrophils, monocytes and lym-
phocytes to the location of the stimulation is a crucial component of inflammation. 
Leucocytes infiltrate the inflammatory region and are strongly coordinated by the 
margination, rolling and adhesion of leucocytes along vascular endothelium, and 
migration via chemotactic stimuli. Functions of adhesion machineries, such as 
intercellular adhesion molecule-1 (ICAM-1), selectins and vascular cell adhesion 
molecule-1 (VCAM-1), along with their respective leukocyte receptors, and chemo-
kines like interleukin-8 (IL-8) or monocyte chemoattractant protein 1 (MCP-1) are 
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required for inflammatory cellular infiltration [68]. Numerous enzymes (elastase, 
collagenase, proteases, acid hydrolases, lipases, phosphatases etc.), ROS and other 
inflammatory mediators (complement components, eicosanoids, nitric oxide, cyto-
kines, chemokines etc.) are released by activated inflammatory cells at the site of 
inflammation [68].

ROS are products of normal cellular metabolism that play an important role in 
the activation of signalling pathways in plant and animal cells in response to varia-
tions in intracellular and extracellular environmental circumstances [69]. The mito-
chondrial respiratory chain generates the majority of ROS in cells, as previously 
stated [70]. Moreover, it is also being discussed earlier that when ROS production 
exceeds the threshold of physiological buffering capacity, as in case of inflamma-
tion, they trigger OS and uncontrolled oxidative reactions with non-target intracel-
lular components, damaging cellular membranes, nucleic acids, lipids and various 
proteins. The modifications in these macromolecules, especially in the proteins, 
lipids and DNA, may also lead to mutagenesis [21, 71]. OS can activate a vast spec-
tra of transcription factors that overlap with inflammatory signalling pathways, 
namely, the nuclear factor kappa light chain enhancer of activated B cells (NF-κB), 
p53, HIF-hypoxia-inducible factor 1α, activator protein 1 (AP-1), peroxisome 
proliferator- activated receptor γ (PPAR-γ), Nrf2 and β-catenin/Wnt. These activated 
transcription factors may be responsible for more than 500 different gene expres-
sions, which contribute to the progression of inflammatory pathways [72, 73].

Thus, chronic OS can induce chronic inflammation, which can lead to a variety 
of chronic illnesses. The consensus of whether OS triggers inflammation or it is the 
other-way-round is difficult to reach, since OS and inflammation are interdependent 
pathophysiological processes. Thus, inflammation can also be the primary trigger 
for generation of the highly toxic ROS and pro-inflammatory mediators, cytokines, 
bioactive lipids and enzymes, modulating cellular and vascular functions, activating 
the immune cells and leading to adverse consequences. Pervasive apoptosis, vascu-
lar disruption, tissue remodelling and fibrosis are the main consequences of a local 
inflammatory response, all of which are detrimental to the tissues involved. 
Nevertheless, it is becoming patently apparent that systemic inflammation and ill-
ness, even including numerous inflammatory diseases that do not entail infection or 
overt injury to the reproductive organs, can affect male reproductive function [74, 
75]. The association of OS and inflammation is one of the most fundamental conun-
drums in male reproductive biology, with the underlying processes still elusive.

8.8  OS and Inflammation in Testes

Until the advent in male infertility research in the last few decades, the mechanisms 
of inflammation-mediated male reproductive disruptions remained as ignored 
notions. O’Bryan et  al. in 2000 had demonstrated that systemic inflammation in 
male rat models, induced via bacterial virulent factor (lipopolysaccharide, LPS) can 
be detrimental to male reproductive functions [76]. Followed by this observation, 
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there had been several studies that explored the possibilities of inflammation- 
induced male infertility [8, 20, 77, 78]. Inflammatory mediators such as the ROS, 
pro-inflammatory cytokines, interleukin-1β (IL1β) and tumour necrosis factorα 
(TNFα), nitric oxide and prostaglandins inhibit hypothalamic luteinizing hormone 
(LH)-releasing hormone secretion, pituitary LH production and Leydig cell choles-
terol mobilisation, resulting in loss of steroidogenic functions. The steroidogenic 
activity of Leydig cells is also inhibited by inflammation-activated neural pathways 
and corticosteroids, which are produced in response to inflammation [79, 80]. 
However, these studies provide only inadequate, and sometimes conflicting, frag-
ments of the puzzle.

Recognition of particular motifs, or pathogen-associated molecular patterns 
(PAMPs), found on bacterial, viral, fungal and protozoan pathogens, activates 
immune response and inflammation during infection. This recognition is mediated 
by unique pattern recognition receptors (PRRs). Toll-like receptors (TLR) are the 
most well-studied of these receptors, and they detect bacterial and viral nucleic 
acids, as well as other pathogen-specific molecules including LPS, peptidoglycans 
and bacterial lipopeptides [81, 82]. TLRs are primarily expressed by myeloid cells 
(macrophages, monocytes, and dendritic cells), although they are also present in 
epithelial and connective tissue cells. Among the testicular cells, TLRs expression 
is the highest in the Sertoli cells. Stimulation of Sertoli cells by TLR ligands may 
trigger inflammatory signalling pathways, such as the Myeloid differentiation pri-
mary response (MyD88), that lead to mitogen-activated protein (MAP) kinases and 
inflammatory transcription factors such as the NFkB and interferon regulatory fac-
tor 3 (IRF3) [83, 84]. This activates a gene expression profile typically triggered by 
inflammation, including the IL1 alpha (the cell-associated form of IL1B), IL6 and 
nitric oxide synthase 2 (NOS2 or inducible NOS), as well as the immunoregulatory 
cytokine activin A [83, 85, 86]. Many of these endogenous inflammatory mediators, 
including TNF, type 1 and type 2 interferons, IL1A and IL1B, nitric oxide and trans-
forming growth factor beta 3 (TGFβ3), can also be responded to by Sertoli cells [87, 
88]. There is substantial evidence that these molecules, which are commonly linked 
with inflammation, and the pathways via which they exert their effects, play critical 
roles in facilitating intercellular communication within the seminiferous epithelium 
[73, 89]. Throughout the cycle of the seminiferous epithelium, these inflammatory 
mediators control spermatogenic cell mitosis and meiosis, the formation of the 
Sertoli cell cytoskeleton and intercellular connections and different Sertoli cell 
functions. As a result, pathogenic molecules, cytokines and other inflammatory 
mediators generated inside the testis or entering the blood during systemic inflam-
mation interfere with the normal activities of Sertoli cells and spermatogenic cells, 
causing spermatogenesis to be disrupted. Leydig cells also express a variety of 
PRRs which recognise pathogenic constituents and trigger inflammatory pathways. 
Among these PRRs, TLRs were the first discovered receptors and were first found 
in Leydig cells of mouse. The Leydig cells possess high expression levels of TLR3 
and TLR4 [90]. The TLR3-mediated innate immune pathway in these cells leads to 
activation of NF-κB and IRF3. This is followed by induction of proinflammatory 
cytokines, including IL-6 and TN-α, as well as IFN-α and β. Both TLR3 and TLR4 
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pathways activation reportedly suppress testosterone synthesis in the Leydig cells, 
which is caused by the action of the TLR-induced high levels of cytokines, TNF-α 
and IL-6 [91, 92]. TLRs are present throughout the reproductive tract epithelium, 
including the epididymis, in addition to the testis. However, evidence from many 
investigations in rodents show locational variations in PRRs expression, with TLRs 
1–6 being expressed highly in the testis and TLRs 7, 9 and 11 being expressed more 
strongly in the epididymis, vas deferens or both [83–86].

As per the evidences presented above, TLRs primarily activate the NF-κB path-
way, cause inflammatory responses, and can initiate OS. During inflammation, the 
testicular macrophages play a critical role in stimulating inflammatory factors and 
ROS, that consequently disrupt gonadal steroidogenesis, reduction of testosterone 
levels and thereby also affect normal spermatogenesis [93]. In physiological condi-
tion, testicular macrophages contribute to testicular immune privilege and display 
diminished inflammatory functions [94]. In men with infertility-related orchitis or 
other inflammatory conditions, the number of macrophages with high phagocytic 
activity in testicular interstitial tissue is reduced, while the number of macrophages 
secreting copious inflammatory cytokines is raised. These macrophages respond to 
TLRs-induced activation of p38 MAPK and NF-κB followed by the release of 
inflammatory agents and establishment of OS causing testicular oxidative damage 
[95]. Leydig cell malfunction disrupted mitochondrial physiology, the inability of 
steroidogenic acute regulatory protein (StAR) to stimulate cholesterol transport into 
mitochondria, and suppression of steroid hormone synthesis are all caused by the 
inflammation-induced oxidative damage [96]. Nitric oxide production is also influ-
enced. GCHI (guanosine triphosphate cyclohydrolase I) is a rate-limiting enzyme in 
the production of tetrahydrobiopterin, which is required for inducible nitric oxide 
synthetase activation (iNOS). The NF-κB pathways also control the transcription of 
iNOS [97]. ROS are primarily produced by nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase, and the activity of NF-κB is controlled by the direct 
interaction of TLR4 with NADPH oxidase 2 (Nox2), one of the NAPDH oxidase 
subunits [98].

8.9  Summary

Inflammation and OS follow a vicious loop of intracellular pathway that engages in 
cellular damage and chronic diseases, including disruption of male reproductive 
tissues and impacts on male fertility (Fig. 8.1). Pathogenic virulent factors are rec-
ognised by PRRs, which are differentially expressed in male reproductive tissues, 
and may trigger MyD88 and MAPK pathways as discussed above, thereby activat-
ing the inflammatory transcription factor, NF-kβ and IRF3 [8, 99].

This in turn upregulates transcription of inflammatory gene subsets [99]. These 
inflammatory mediators induce infiltration of activated leukocytes causing further 
increase of immune biomolecules as well as an exaggerated generation of ROS 
inducing testicular OS. Sertoli cells are sensitive to endogenous inflammatory 
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mediators, most notably IL1A, IL1B, TNF, nitric oxide, transforming growth factor 
β3 (TGFβ3) and type 1 and type 2 interferons [99]. These molecules may extend 
their effects on Sertoli cells as well as mediate intercellular communication within 
the seminiferous epithelium [100]. Consequently, increased levels of inflammatory 
cytokines produced within the testis, or getting access in the testis from blood cir-
culation in case of severe systemic inflammation, affect the Sertoli cells, damage 
spermatogenic cells, and impair spermatogenesis [8]. The excessive ROS produc-
tion acting through PRRs activation continues a positive feedback circuit of OS and 
inflammation [101]. The chronic inflammatory responses can potentially cause 

Fig. 8.1 Mechanisms of oxidant-sensitive pathways in relation to inflammation and male infertil-
ity. Inflammatory stimuli activate the pattern recognition receptors (PRRs) in the testicular and 
epididymal cells. The PRRs trigger downstream signalling via Myeloid differentiation primary 
response (MyD88) and mitogen-activated protein (MAP) kinases pathways to activate the tran-
scription factors, such as the nuclear factor kappa light chain enhancer of activated B cells (NF- 
κB), activator protein 1 (AP1) and interferon regulatory factor 3 (IRF3). On the other hand, 
oxidative stress (OS) can be induced by excess ROS generation, causing oxidation of membrane 
phospholipids and intracellular proteins which again can trigger the PRRs-inflammatory pathway. 
Moreover, ROS can act through AKT (Protein kinase B) and oestrogen receptor (ESR) 1 to activate 
the transcription factor, Nuclear Respiratory Factor (NRF) 1 and 2. These pathways-induced acti-
vated transcription factors enhance the expressions of various inflammatory mediators, such as the 
tumour necrosis factors (TNFs), interferons (IFNs), interleukin (IL) 1, nitric oxide (NO) and 
tumour growth factor (TGF) β3, which lead to exaggerated inflammation as well as can act as OS 
stimuli, thereby operating in a loop. In addition, OS can trigger apoptotic cascades by aiding the 
release of cytochrome-c (Cyt-c) from mitochondria, thereby inducing cellular apoptosis
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orchitis which also can lead to induction of OS. Finally, OS-induced male infertility 
and its mechanisms are extensively documented. OS alters semen parameters and 
affect sperm functions and morphology by the processes of lipid peroxidation of 
sperm membrane, intracellular oxidative damage to spermatozoa, sperm DNA dam-
age and induction of apoptotic pathways in the germ cells [16]. However, further 
in-depth research is needed to reveal several gaps in the oxidant-sensitive inflamma-
tory pathways to underpin the pathogenesis of inflammation or OS-induced male 
infertility.
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Abstract Idiopathic male infertility (IMI) refers to the condition where semen 
quality declines, but exact causatives are not identified. This occurs in almost 
30–40% of infertile men. Traditional semen analyses are extensively used for deter-
mining semen quality, but these bear critical shortcomings such as poor reproduc-
ibility, subjectivity, and reduced prediction of fertility. Oxidative stress (OS) has 
been identified as the core common mechanism by which various endogenous and 
exogenous factors may induce IMI. Male oxidative stress infertility (MOSI) is a 
term used to describe infertile males with abnormal semen parameters and OS. For 
the treatment of MOSI, antioxidants are mostly used which counteract OS and 
improve sperm parameters with appropriate combinations, dosage, and duration. 
Diagnosis and management of male infertility have witnessed a substantial improve-
ment with the advent in the omics technologies that address at genetic, molecular, 
and cellular levels. Incorporation of oxidation-reduction potential (ORP) can be a 
useful clinical biomarker for MOSI. Moreover, various modulations of male fertility 
status can be achieved via stem cell and next-generation sequencing (NGS) tech-
nologies. However, several challenges must be overcome before the advanced tech-
niques can be utilized to address IMI, including ethical and religious considerations, 
as well as the possibility of genetic abnormalities. Considering the importance of 
robust understanding of IMI, its diagnosis, and possible advents in management, the 
present article reviews and updates the available information in this realm, empha-
sizes various facets of IMI, role of OS in its pathophysiology, and discusses the 
novel concept of MOSI with a focus on its diagnostic and therapeutic aspects.
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9.1  Introduction

Male infertility is defined as a male partner’s inability to make a healthy fertile 
female conceive even after one year of unprotected coitus [2]. As much as about 186 
million people in the world are infertile [3], among which male factor infertility is 
involved in 50% of the cases [4]. This further comprises of 50% of unexplained 
male infertility and those with known causes, while 50% is idiopathic male infertil-
ity (IMI) in which semen quality declines, but exact causatives are not identified [5]. 
Oxidative stress (OS) is reportedly responsible for 30–40% of unexplained male 
infertility [6] and about 80% of IMI cases [5, 7–9]. An overview of the global inci-
dence of male infertility is presented in Fig. 9.1.

Fig. 9.1 Global incidence of male factor infertility and oxidative stress as its key mechanism. 
About half of the global infertility cases are due to male factor. Oxidative stress is involved in both 
unexplained and idiopathic male infertility (a). There are numerous endogenous and exogenous 
factors that can cause the production of reactive oxygen species resulting in oxidative stress (b). 
Oxidative stress can disrupt male reproductive functions by inducing lipid peroxidation and apop-
tosis of germ cells and mature spermatozoa and also by causing sperm DNA damage (c). EDC: 
endocrine disrupting chemical
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Male infertility can be caused by a variety of factors, including reversible and 
irreversible conditions such as endocrine disruptions (usually due to hypogonad-
ism) at a rate of 2–5%, sperm transport disorders (such as vasectomy) at 5%, and 
primary testicular abnormalities (includes abnormal sperm parameters without a 
known cause) at 65–80% [10]. Other factors such as age, medical and surgical 
history, occupational and environmental exposure to endocrine disruptors, genetic 
and epigenetic factors, and systemic and urogenital infections could also influ-
ence each of the partners [11–14]. Unexplained male infertility and IMI are 
examples of infertility that arises suddenly or as a result of obscure or inexplica-
ble reasons [15]. Unexplained male infertility is defined as infertility of unknown 
cause in which normal sperm and female infertility factors have been eliminated 
[16]. Idiopathic infertility affects males who have an unexplained decrease in 
sperm quality with no previous history of reproductive issues and normal physi-
cal examination and endocrine laboratory testing findings [17]. Males with idio-
pathic infertility have fewer spermatozoa (oligozoospermia), lower motility 
(asthenozoospermia), or a higher percentage of morphologically abnormal sperm 
(teratozoospermia) [17].

The focal point of this chapter is to emphasize the various aspects of IMI and 
its pathophysiological relationship with OS. We have also tried to present a brief 
discussion on the major sources of ROS in body and its influence on sperm param-
eters. Finally, the chapter explores the novel concept of male oxidative stress 
infertility (MOSI), with particular attention to its diagnostic and therapeutic 
approach.

9.2  Idiopathic Male Infertility

Idiopathic male infertility, also known as idiopathic oligoasthenoteratozoospermia 
(IOAT), is a condition in which men’s sperm quality declines for no apparent reason 
[18]. No male infertility factor has been identified in approximately 30–40% of 
infertile men [1]. These men do not have any prior history of infertility, and normal 
physical examination, and endocrine laboratory evaluation. Semen analysis of such 
men shows reduced number of spermatozoa and sperm motility with much abnor-
mality in spermatozoa. These conditions commonly appear together and are termed 
as oligoasthenoteratozoospermia or OAT syndrome. IMI can be accredited to endo-
crine disruptors, ROS, or genetic aberrations [1, 19–21]. In idiopathic infertile men, 
the basis of altered semen parameters cannot be determined even after complete 
diagnostic investigations [1]. IMI is a complex condition influenced by environmen-
tal, hormonal, and genetic factors [22] together with ethnic characteristics [23]. OS 
seems to be one of the underlying mechanisms of IMI, although the molecular basis 
has not clearly been established [22]. ROS are required for proper sperm functions 
including capacitation and acrosome reaction, but excessive ROS can disrupt sperm 
functions. ROS can damage membranes and DNA through oxidation and peroxida-
tion reactions as plasma membranes contain a large quantity of polyunsaturated 
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fatty acids (PUFAs) [24]. Depending on their concentration, ROS can have both 
positive and negative impacts on sperm activity [24, 25]. To sustain proper physio-
logical functioning, ROS and RNS should be maintained at optimal levels. ROS are 
by-products of normal metabolic activities in stem cells, sperm, and ovum; and 
these reactive species are required for key reproductive processes including capaci-
tation, acrosomal reaction, and hyperactivation. Capacitation of sperm is a critical 
step in achieving fertilization capability. To complete the process, reactive species 
such as superoxide, H2O2, nitric oxide (NO), and superoxide anion radicals are 
required [25, 26].

9.3  Pathophysiology of Oxidative Stress and Male Infertility

9.3.1  Inflammation and OS

Inflammation is a normal response of the organism against the microbial infection 
or injury of the tissue [27, 28]. Neutrophils are the initial inflammatory immune 
cells, but macrophages play an essential role in inflammatory response [29, 30]. A 
considerable amount of prostaglandin E2 (PGE2), cytokines, and NO are released 
by macrophages and other activated inflammatory cells [29, 31]. However, inflam-
mation is a major factor in steroidogenesis and spermatogenesis. In addition, tes-
tosterone and luteinizing hormone (LH) levels in the blood in response to 
inflammation are significantly reduced [32]. Inflammation also inhibits sperm pro-
duction and development and overall sperm maturation. Spermatocytes and sper-
matids act as the major sites for inflammation. Epididymitis also makes prone to 
inflammatory attacks on the testes. The inflammatory reaction can occur through 
leukocytes that penetrate semen and produce anti-sperm antibodies. The efficacy of 
inflammation is increased by reducing the lipid components of the membrane of 
sperm flagellum, therefore reducing sperm motility and resulting in asthenozoo-
spermia [29, 33]. These events complicate maturation processes such as the reac-
tivity of acrosome, capacitation, and sperm penetration of oocytes [34]. 
Inflammation is highly associated with OS. Sperm of infertile men comprise ele-
vated levels of ROS besides high proinflammatory and cytokine levels. Although 
certain exogenous pathogens, including bacteria, can produce ROS, leukocytes are 
still the most significant source of seminal ROS [11, 35]. Leukocytes indirectly 
enhance ROS by generating proinflammatory cytokines that function as signals to 
control cell reactions, for example, inflammation [29, 31]. These proteins can trig-
ger the xanthine oxidase system; they increase ROS levels, and thus initiate OS 
[36]. On the other hand, active phagocytes generate high levels of ROS via phago-
cytosis that react with sperm membrane and raise the oxidant-to-antioxidant ratio. 
Even after the eradication of infections, the OS generated by these responses per-
sists [32]. Sperm count and motility, as well as the morphological defects, are nega-
tively related to seminal concentrations of TNF- α. Proliferation and differentiation 
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of beta (β) cells, T cells, and natural lethal cells cause apoptosis as they increase 
seminal cytoplasm levels. Interleukin-1α (IL-1α) and IL-1β also induce apoptosis 
through proliferation and differentiation of β cells, chemical absorption of leuko-
cytes into inflammation site, induction of neutrophils, and production of mono-
cytes. These cytokines also have harmful effects on the quality of semen. Increased 
levels of IL-1β are associated with decreased sperm motility [37, 38] which is 
accompanied by a simultaneous increase in ROS and malonaldehyde (MDA) levels 
[36]. With infection, cytokines, which function as immune-regulating components 
for the gonads, elevate, causing destruction to seminal tissue. Leukocytospermia is 
linked to the cytokines generated during inflammation. White blood cells (WBCs) 
in the semen penetrate the inflammatory site during inflammation; however, leuko-
cytes do not enter the seminal vesicle in normal circumstances. The arteries that 
supply blood to the testes dilate in inflammatory areas, allowing leukocytes to go 
to the vascular areas and depart the vascular endothelium. In addition to the afore-
mentioned alterations, greater permeability causes fluid to collect in the reproduc-
tive tracts, causing swelling and discomfort as well as the accumulation of 
immunoglobulins and other seminal proteins. The crosslinking reactions that are 
initiated by the release of inflammatory mediators are required for the removal of 
leukocytes from seminal vesicles. As a result of the reproductive tract inflamma-
tion, phagocytic cells are absorbed into the damage site. TNF-α stimulates neutro-
phils, causing them to generate free radicals as well as discharge their granular 
content, resulting in host defense and tissue damage. As male infertility is fre-
quently linked to infection or damage to the testes, and the inflammatory response 
has a negative impact on sperm parameters and fertility by producing ROS, all 
possible measures to eliminate or reduce inflammation should be taken to control 
OS and improve pregnancy outcome [39].

9.3.2  Varicocele and OS

Varicocele is one of the most common causes of infertility in men, with a prevalence 
of 15% in the general male population and 40% in infertile men [40]. OS plays a 
significant role in the pathophysiology of this disease. The possibility of developing 
varicocele increases with simultaneous increase in ROS level and decrease in con-
centrations of antioxidants [41]. Under heat stress and hypoxia, three kinds of 
reproductive system cells are responsible for the production of ROS in males with 
varicocele. Epididymal cells, endothelial cells in the dilated pampiniform plexus, 
and testicular cells such as developing germ cells, Leydig cells, macrophages, and 
peritubular cells are the most common [36]. Heat and hypoxic stress activate 
Complex III of the electron transport chain in mitochondria, which can lead to the 
production of ROS. Furthermore, NO produced from testicular and endothelial cells 
in varicocele-affected testes can nitrosylate complexes I and IV, simulating complex 
III and releasing ROS [42]. OS has a significant impact on testicular tissues. Infertile 
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males with varicoceles had greater amounts of ROS and MDA, as well as free radi-
cals such as NO, H2O2, and hexanoyllysine (another product of lipid peroxidation), 
as compared to idiopathic infertile men [43]. The spermatic veins are the key ele-
ments in the pathophysiology of varicocele. Certain stimuli can also cause endothe-
lial cells to generate ROS. Infertile males with varicocele had greater NO and iNOS 
levels in their spermatic veins than in other veins [44]. Infertile males with varico-
cele had lower seminal TAC than healthy men, according to enzyme and non- 
enzymatic antioxidant measurements [43]. However, it has been discovered that an 
early rise in antioxidant concentrations such as SOD and CAT is related to a disease- 
prevention defensive mechanism [45]. ROS level has been high in both infertile men 
with and without varicocele, but it is significantly greater in the first group, suggest-
ing that varicocele enhances ROS generation and hence oxidative damage. 
Varicocele is also linked to the severity of OS; therefore, the most severe varicocele 
indicates the most severe OS [43].

9.3.3  Obesity and OS

Obesity is a condition that is brought on by a combination of environmental, genetic, 
lifestyle, and physical activity variables [46]. Around 1.9 billion people on the 
planet are overweight or obese. Obesity has a detrimental impact on male reproduc-
tive function [47]. In obese or overweight persons, semen quality determinants such 
as sperm concentration and motility are lower, and DNA damage is higher than in 
those with normal BMIs [48]. As a result, the risk of infertility in such men increases 
by more than 20% [49]. Obesity along with chronic inflammation increases the 
metabolic rate as well as increases ROS production in the testes tissue and sperm 
[50]. OS in sperm and testis is positively correlated with increasing BMI and sperm 
DNA damage but shows a negative relation with reduced sperm motility and acro-
some reaction [51]. In addition, gonadal temperature may also impair sperm param-
eters in obese men. Higher temperatures affect spermatogenesis as optimum 
temperature for this process ranges between 34 and 35 °C. In obese men, internal 
temperature of gonads increases due to continuous deposition of fats in the scrotum 
[52]. Naturally, increasing testicular temperature will significantly intensify OS, 
thus lowering the sperm motility and concentration and increasing DNA damage 
[53]. Obesity raises serum-free fatty acid levels, and unsaturated fatty acids are 
more susceptible to ROS assaults, lowering SOD and raising MDA levels through 
peroxidation. As a result, the long-term impact of obesity on men’s fertility can be 
detrimental because of higher OS [47]. OS is a very usual complication in several 
ailments such as male infertility, as spermatogenesis and reproduction are very 
much associated with ROS. Therefore, normal sperm function requires the equilib-
rium of ROS and antioxidants, thus natural antioxidant usage, healthy lifestyles, 
regular exercise, and appropriate food habit may decrease excess weight and gradu-
ally lower BMI, reducing OS and promoting normal healthy sperm [54, 55].
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9.4  Sources of ROS

Several factors are responsible for the generation of ROS in the body which can 
ultimately lead to oxidative stress. These factors include infection in genitalia, vari-
cocele, metabolic syndrome, smoking, alcohol and drugs, ionizing radiation, use of 
mobile phones, psychological stress, severe exercise, and environmental pollution. 
These factors can be considered as sources of ROS and can be classified as endog-
enous or exogenous sources [20, 25].

9.4.1  Endogenous Sources

 Immature Sperm

During spermatogenesis, sperm are released which may be accompanied by addi-
tional amount of cytoplasm from germinal epithelium, where sperm usually remain 
immature and non-functional in nature. Immature sperm are characterized by cyto-
plasmic residues in the mid-piece. The sperm-mid-piece cytoplasm includes a 
glucose- 6-phosphate dehydrogenase enzyme (G6PD), which regulates the synthe-
sis, via a shunt called hexose monophosphate, of intracellular β-nicotinamide ade-
nine dinucleotide phosphate (NADPH). NADPH oxidase, which is found in the 
sperm membrane, provides energy for the generation of ROS [56, 57]. Furthermore, 
the sperm mid-piece has a high number of mitochondria, which serve as an energy 
store system for sperm movement. The diaphorase enzyme, which is found in the 
mitochondrial respiratory chain, maintains the ratio between reduced and oxidized 
forms of NADH, and therefore contributes to the sperm energy balance. This oxido-
reductase enzyme is found in the mitochondrial respiratory chain and generates 
superoxide anions, which influences the levels of ROS [58]. This may lead to mito-
chondrial dysfunction causing the generation of ROS production which can further 
disrupt sperm mitochondrial integrity. Mitochondrial membrane gets damaged by 
ROS which leads to increased production of ROS. In immature sperm, mitochon-
drial and cell membrane indeed are two main sites for ROS production [59].

 Leukocyte

Natural ejaculation contains a small number of leukocytes. Leukocytospermia is a 
condition in which WBC count is more than one million per ml of semen [60]. In 
patients with leukocytospermia, semen shows an increased amount of ROS result-
ing in damage to sperm DNA [29, 61]. The reproductive system having inflamma-
tion or irritation contains a high number of leukocytes in their seminal plasma. By 
enhancing the production of NADPH through the transfer of hexose monophos-
phate, peroxidase-positive leukocytes can generate 1000-fold ROS than immature 
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sperm [62]. Infertile men produce more ROS than fertile men, as there is a link 
between OS and increased leukocyte count [63]. Inflammation or infection can 
stimulate the body to produce leukocytes or WBCs which can produce up to 100- 
times more ROS than inactive cells [11, 29]. When the myeloperoxidase (MPO) 
system in PMN cells and macrophages is activated, it causes a respiratory burst and 
an increase in ROS generation. Thus, in infertile men, inflammation or infection 
should be considered clinically, as it might develop into significant health issues 
caused by OS [64].

9.4.2  Exogenous Sources

 Smoking

Cigarette smoking is one of the leading causes of male infertility [65]. Harmful 
chemicals present in cigarettes such as nicotine can disturb hormonal levels which 
in turn affect semen parameters [66]. Smoking results in accumulation of ROS in 
the testis which can have negative impacts on sperm DNA. Cigarette smoke con-
tains a variety of hazardous chemicals, carcinogens, and mutagenic substances, as 
well as stable and unstable free radicals and ROS. These chemicals promote the 
formation of superoxide anions and H2O2, which induce oxidative damage to cell 
lipid membranes, proteins, enzymes, and DNA, resulting in male infertility [67]. 
Creatine kinase (CK) is a protein found in sperm that serves as an energy reserve for 
fast ATP buffering and rebuilding. It also aids sperm motility. Cigarette smoking 
also reduces the CK activity [68]. In addition, damage caused to mitochondrial 
DNA due to increased level of ROS also reduces ATP production and available 
energy, affecting sperm motility [69]. Moreover, cigarette smoking alters semen 
characteristics such as semen quality, acrosin activity, and protein phosphorylation, 
disruption in the expression of micro-ribonucleic acids (miRNAs) and the histone- 
to- protamine transition resulting in male infertility [70]. Indirect exposure to ciga-
rette smoke can cause DNA damage and affect methylation patterns caused by high 
ROS levels in tissues and may be considered as an additional side effect of ciga-
rettes [49].

 Alcohol Consumption

Both quantity and quality of sperm are deleteriously affected by excessive alcohol 
consumption. Alcohol intake has been shown to have an inverse relationship with 
sperm parameters, resulting in decreased sperm motility and concentration, as well 
as a lower proportion of sperm with normal morphology [71]. Alcohol affects sperm 
motility, nuclear maturation, and DNA integrity by causing spermatic chromatin 
abnormalities through apoptosis [59]. After ethanol consumption, its metabolic 
activities in the liver increase ROS production which leads to structural and 
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functional changes in mitochondria and lowers ATP production [72]. Alcohol con-
sumption enhances the activity of cytochrome P450 enzymes (CYP2E), which 
boosts NADPH oxidase even further, resulting in altered physiological concentra-
tion of certain metals (specifically Cu2+ and Fe3+). As a result, the production of 
superoxide anions increases [72] in men who regularly consume alcohol; generation 
of nitric oxide (NO) is also increased by iNOS [73]. The mediators of mitochondrial 
dysfunction include NO and its metabolite, peroxynitrite (ONOO–) [26, 73].

 Radiation

Another external source of ROS that affects male fertility is radiation, which has 
biological effects that vary depending on the kind of radiation, the quantity of 
energy generated, and the length of exposure to radiation [74]. Ionizing and non- 
ionizing radiation severely affect the process of sperm formation. Thermal, radioac-
tive, radio frequency (RF), and other harmful radiations have a significant impact on 
male fertility [75]. In recent years, the usage of mobile phones, computers, wireless 
systems, and microwave ovens has increased, releasing electromagnetic radiation 
that has sparked worries regarding male infertility. By inducing OS, electromag-
netic radiation causes a variety of alterations in reproductive parameters. Mobile 
phone radiation has been shown to reduce spermatogenic cells, produce sperm 
membrane alterations, increase ROS and lipid peroxidation (LPO), as well as 
decrease sperm count and morphology [76]. Cell phone radiation has the potential 
to damage plasma membranes and activates plasma membrane NADH oxidase, 
which is involved in a variety of harmful cellular effects, including OS [77]. 
Electromagnetic radiation damages the mitochondrial DNA, causing disruptions in 
the electron transport chain (ETC) and leading to OS [78]. Even little variations in 
ROS levels can have an impact on sperm capacitation, acrosome reaction, and fer-
tilization, while OS produced by radiofrequency can cause serious damage to sper-
matozoa [75]. Furthermore, exposure to microwave radiation for two hours per day 
for 35 days has been shown to cause oxidative changes [79]. Radiofrequency radia-
tion also induces OS which shows a deleterious effect on male fertility by reducing 
glutathione level and disturbing sperm membrane integrity [80].

 Environmental Sources

Genital heat stress is one of the most prominent sources of ROS. Long-term expo-
sure to heat radiation causes scrotal hyperthermia, which raises ROS production 
substantially [81]. Heat stress has an impact on spermatogenesis, spermatozoa 
motility, sperm concentration, and sperm viability [82]. Subsequent increase in 
ROS caused by heat stress may cause over-expression of caspase 3 which leads to 
apoptosis in several cell types, including Sertoli and Leydig cells [83]. Pollution, 
which includes phthalate-like compounds, air pollution, and heavy metals, is 
another important source of ROS in the environment. Phthalates are synthetic 
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compounds found in personal care products, plastics, and food packaging materials, 
among other places. Increased ROS generation, a lack of testicular antioxidants, and 
a reduction in hormone levels are all likely effects of phthalate exposure [84]. 
Phthalates can promote LPO, which can raise the level of OS in the testis, resulting 
in mitochondrial malfunction and sperm function reduction [85]. Air pollution can 
elevate OS by generating free radicals through damage of sperm lipid membrane, 
thereby affecting sperm parameters [86]. In addition, heavy metals such as cad-
mium and lead are considered another source of ROS which may cause testicular 
OS and subsequently damage sperm DNA and reduction of sperm parameters 
[12, 21].

9.5  Impact of Oxidative Stress on Spermatozoa

Homeostatic balance between oxidants and reductants is affected when ROS exceed 
the antioxidant protection, which can further lead to the occurrence of OS. OS may 
cause LPO, DNA breakage, and germ cell apoptosis.

9.5.1  Lipid Peroxidation

Sperm are particularly vulnerable to ROS damage because their plasma membranes 
contain PUFAs with numerous double bonds on the one hand, while cytoplasmic 
antioxidant enzyme concentrations in sperm are extremely low on the other. 
Excessive levels of ROS cause LPO cascades to be triggered in OS-induced sperm, 
resulting in sperm function being impaired [78]. LPO changes the structure and 
dynamics of sperm lipid membranes, resulting in the generation of a substantial 
quantity of ROS [87]. A strong source of LPO is hydroxylic radical (·OH). The 
majority of sperm membrane fatty acids are unsaturated with unconjugated double 
bonds separated by groups of methylene, which weakens methylene H-C bonds to 
increase opportunities for hydrogen separation. The formation of free radicals is 
caused by the separation of hydrogen bonds, and these radicals are stabilized by 
altering the position of double bonds. Two double bonds are separated by a single 
bond in this radical. As a result of the enormous number of double bonds responsi-
ble for radical production in lipids, they are extremely susceptible to peroxidation. 
Lipid peroxyl radicals (ROO) react quickly with conjugated radicals, separating 
hydrogen atoms from other lipid molecules and forming lipid hydroperoxide 
(ROOH) [88]. A sequence of events, including oxidation of sulfhydryl groups (SH–
), decreases axonal protein phosphorylation and raises ROS, lowering sperm motil-
ity. Hydrogen peroxide (a kind of ROS) enters the cytoplasm through the sperm 
membrane and inhibits the activity of specific enzymes, notably G6PD. The glucose 
entrance into the hexose monophosphate shunt (pentose phosphate pathway) is reg-
ulated by this enzyme. This process generates reduced NADPH for cellular 
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reduction reactions under normal physiological circumstances, and blockage of this 
system reduces the synthesis of NADPH as a reduction equivalent in sperm. 
Reduced glutathione (SH-G) is used by glutathione peroxidase (GPx), a key anti-
oxidant enzyme in sperm, to decrease ROS. Reduced glutathione is therefore trans-
formed to oxidized glutathione (G-S-S-G). Because NADPH is required for the 
reduction of oxidized glutathione, a drop in NADPH levels caused by inhibition of 
the G6PD enzyme reduces the activity of glutathione peroxidase as an antioxidant 
defense. As a result, the quantity of phospholipid peroxidation rises, reducing mem-
brane fluidity and affecting sperm motility. In different biochemical assays, malo-
ndialdehyde (MDA), a by-product of LPO, is utilized to evaluate the amount of 
peroxidative damage produced to spermatozoa [78]. In addition, loss of electrons 
from the plasma membrane lipid by ROS may lead to LPO, a series of reduction–
oxidation processes, leading to highly mutagenic and genotoxic aldehydes such as 
MDA, 4-hydroxynonenal (4-HNE), and acrolein [89]. High ROS levels, which lead 
to the activation of caspases and eventually apoptosis, disrupt mitochondrial mem-
branes as well. During apoptosis, cytochrome-c is constantly generated, increasing 
ROS levels and perhaps accelerating the apoptotic cycle by increasing DNA dam-
age and fragmentation [7]. As a result, the sperm plasma membrane might be 
regarded a primary target for ROS, which can damage the genetic makeup of these 
membranes by activating cascade signaling [90].

9.5.2  Sperm DNA Fragmentation

Increased ROS generation and lower antioxidant levels in the sperm induce 
SDF. Through the activities of sperm caspase and endonuclease, OS can damage 
sperm DNA both directly and indirectly [91]. SDF is mostly caused by DNA dam-
age during spermiogenesis as a result of chromatin compaction errors, which results 
in chromatin structural substitution failure from histone to protamine. This damage 
is mostly caused by ROS exposure during spermiation or during spermatozoa comi-
gration from seminiferous tubules to cauda epididymis via the rete testes. 
8-OH-guanine and 8-OH-2′-deoxyguanosine (8-OHdG) are formed as a result of 
this reaction [92]. DNA fragmentation and strand breakage are strongly linked with 
increased concentrations of 8-OHdG. As DNA has a double-helix structure, it can 
be fragmented in both single-stranded (ss-) and double-stranded (ds-) forms. DNA 
repair may occur only during particular phases of spermiogenesis, and repair mech-
anisms do not operate during nuclear condensation in the epididymis. Although the 
capacity to repair SDF reduces with increasing maternal age, human oocytes can 
repair ss-DNA breakage, which is a critical stage in embryo development [93]. ds- 
DNA breakage causes genomic instability and apoptosis in the absence of repair 
[94]. The unstable SDF affects the development of embryos and pregnancy out-
come – also known as the “late paternal effects” [95]. Major activation of embry-
onic genome expression begins on the second day of embryo development (the 
4-cell stage), and embryogenesis then shifts from maternal factor dependency to 
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embryogenesis reliant on the genome of the embryo [95]. As a result, spermatozoa 
containing SDF have a negative impact on post-fertilization processes such as blas-
tulation, implantation, and pregnancy outcomes. OS also has an influence on the 
cleavage of embryos, which is known as the “early paternal effect” [96]. SDF nega-
tively associates with pregnancy outcome while having positive correlation with 
miscarriage. Because SDF can result in recurrent pregnancy loss, appropriate moni-
toring and management are necessary to reduce the risk [91].

9.5.3  Apoptosis

Apoptosis can be described as non-inflammatory reaction to a sequence of morpho-
logical and biochemical changes marked by tissue damages [57]. It plays a vital 
function in the removal of a defective sperm and hence preserves Sertoli cells’ nurs-
ing capacity [97]. Increased ROS levels disrupt inner and outer mitochondrial mem-
branes, causing cytochrome-c to be released and caspases to be activated, resulting 
in apoptosis. ROS-independent mechanisms involving cell surface proteins, Fas, 
may potentially cause apoptosis in sperm [98]. Fas is a membrane protein that 
causes apoptosis and belongs to the tumor necrosis factor-nerve growth factor 
receptor family [99]. When Fas ligand or agonistic anti-Fas binds to Fas, apoptosis 
is triggered [100]. Bcl-2, on the other hand, which serves as an apoptosis inhibitor 
gene, protects the cell by producing ROS [101]. Although Fas protein causes apop-
tosis in most of the cells, abortive apoptosis may allow certain Fas-labeled cells to 
avoid the process. Because all spermatozoa are not ejaculated, the number of defec-
tive spermatozoa in the semen increases. Failure to clear Fas-positive spermatozoa 
might be caused by a malfunction at one or more stages. To begin with, spermatozoa 
production may not be adequate to induce apoptosis in men with hypospermatogen-
esis because they may evade the apoptotic signal. Second, difficulties triggering 
Fas-mediated apoptosis may result in Fas-positive spermatozoa. Apoptosis is 
aborted in this scenario, and spermatozoa that are designated for apoptosis are not 
cleared [102]. When mitochondria are exposed to ROS, apoptosis inducing factor 
(AIF) is produced, which interacts directly with DNA, causing DNA fragmenta-
tion [103].

9.6  Male Oxidative Stress Infertility (MOSI) 
and Its Diagnosis

Male oxidative stress infertility (MOSI) is a term used to characterize infertile males 
who have abnormal semen parameters and OS [5]. Traditional semen analysis, 
which was first developed a century ago, is widely used for determining the quantity 
and quality of produced sperm. However, determining male infertility, in this 
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approach is not appropriate [104], as it has several flaws, including low reproduc-
ibility, subjectivity, and poor fertility prediction [105, 106]. Incorporation of 
oxidation- reduction potential (ORP) has been recommended as a helpful clinical 
biomarker for MOSI in males with aberrant semen analysis, given the limited clini-
cal efficiency of standard semen analysis, as well as the universality of OS among 
the subfertile male population [107, 108]. ORP may be used to assess the balance of 
antioxidants and oxidants in a wide range of biological fluids, and it is a key com-
ponent of sperm analysis because of its significant link to sperm dysfunction [109]. 
OS is measured using a variety of methods, including chemiluminescence for ROS, 
total antioxidant capacity for antioxidants, and the MDA test for post-hoc LPO 
damage [110]. Despite their efficacy, these tests are difficult to implement because 
they are too expensive, complicated, and time-sensitive, and they may also need 
sophisticated apparatus, and significant technical expertise [110]. Another limita-
tion of these analyses is that they implicate only a single OS marker that either 
includes the levels of oxidant or antioxidant, or post-hoc damage [104, 106]. ROS 
measurement in semen is not performed very often these days since it can be subject 
to intra- and inter-laboratory variability, as well as a long turnaround time and 
greater expenses [110]. The development of new technologies that can quickly 
detect seminal OS utilizing a bench-top analyzer to measure ORP in a reproducible 
manner allows for an accurate and cost-effective diagnosis of MOSI [107]. The 
male infertility oxidative system (MiOXSYS), a newly designed test for the detec-
tion of ORP in semen, is a simple and rapid approach [107]. The ORP test, which is 
based on a galvanostatic measure of electrons, is a unique approach in the field of 
infertility. ORP levels have been demonstrated to negatively impact sperm concen-
tration, sperm motility, normal morphology, total motile count as well as sperm 
DNA fragmentation (SDF), but normal SDF levels can still suggest OS existence 
[107, 111].

9.7  Antioxidants as Possible Treatment to MOSI

ROS mediate both physiological as well as pathological roles in male reproduction. 
In case of excess ROS generation, spermatozoa are incapable of repairing oxidative 
damage because of a lack of cytoplasmic enzymes. Antioxidants are widely applied 
in andrology as they provide protection to spermatozoa from excess ROS produced 
by abnormal spermatozoa, infiltrated and resident leukocytes thereby preventing 
oxidative damage to sperm. Antioxidants have been shown to enhance semen qual-
ity in smokers, reduce sperm cryodamage, prevent release of immature sperm, and 
have positive impact on assisted reproductive technique (ART) outcomes. Three 
distinct protective systems of antioxidants contribute interdependently to OS reduc-
tion in males: endogenous, nutritional, and metal-binding antioxidants [95, 112]. 
Endogenous antioxidants comprise of those present in spermatozoa and seminal 
plasma. The main antioxidant enzymes present in semen are superoxide dismutase 
(SOD), catalase, and glutathione peroxidase/glutathione reductase (GPX/GRD). 
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However, there are several non-enzymatic antioxidants present in the seminal 
plasma, for example, urate, ascorbate, pyruvate, vitamin E, vitamin A, GSH, tau-
rine, albumin, ubiquitol, and hypotaurine. Spermatozoa mostly have enzyme anti-
oxidant, the most common of which is SOD. Dietary or nutritional antioxidants are 
consumed as β-carotenes, carotenoids, vitamins C and E, and flavonoids. 
Antioxidants that are in the form of metal-binding proteins include ceruloplasmin, 
ferritin, albumin, transferrin, metallothionein, and myoglobin and they reduce OS 
via inactivation of free radical generating transition metal ions [95]. The metal che-
lators found in human semen also regulate the sperm plasma membrane LPO to 
maintain its integrity, such as lactoferrin, transferrin, and ceruloplasmin [113].

SOD metalloenzymes are key first-order antioxidant defense in the body to pro-
tect against ROS and mediate conversion of superoxide anion to H2O2. Glutathione 
peroxidase or catalase activity removes the generated H2O2. SOD protects sperm 
from OS-induced damage, inhibits sperm damage by O2 toxicity and LPO [114]. 
Peroxisomal catalase has an essential role in sperm capacitation [115], while the 
glutathione peroxidase aids conversion of H2O2 to either water or alcohol, rendering 
protection to the sperm encountering low oxidative damage [116]. Reduced gluta-
thione in semen causes motility defect and instability in sperm [117]. GSH supple-
ment finds importance in the treatment of male infertility, mainly in cases of 
unilateral varicoceles or reproductive tissue inflammation, and it improves sperm 
parameters in terms of sperm count, mobility, and morphology [118].

Carotenoids are natural antioxidants that preserve cell membrane integrity, con-
trol epithelial cells differentiation, and help regulate and sustain spermatogenesis. 
Deficiency in dietary carotenoids has been shown to reduce sperm motility [115], 
and low serum levels of retinol also correspond to sperm quality [119], reversed by 
vitamin A supplementation [120]. Vitamin C (ascorbic acid) content of seminal 
plasma is ten times higher than serum [121]. Increase in vitamin C levels reportedly 
correlates positively to percentage of normal sperm [122] and negatively to sperm 
DNA fragmentation [123], which suggests its beneficial effects in male infertility 
[124]. Vitamin E also safeguards sperm membrane from oxidative damage and miti-
gates hydroxyl and superoxide free radicals [115]. Coenzyme Q10 (CoQ10), a fat- 
soluble antioxidant, also efficiently prevents OS-induced sperm disruptions and 
modulates mitochondrial electron transfer chain to reduce generation of free radi-
cals [125, 126]. CoQ10 has been shown to have profound ameliorative impacts 
upon the overall sperm parameters [127, 128]. CoQ10 treatment to men with vari-
cocele could significantly enhance fertility parameters [126]. Interestingly, it also 
aids production of other antioxidants, vitamins E and C [129]. Selenium is a vital 
nutrient for proper testicular development, spermatogenesis, sperm motility, and 
sperm functions and its inadequacy leads to impaired sperm maturation, seminifer-
ous tubule epithelial atrophy [130]. For proper sperm capacitation and acrosome 
reactions, low ROS levels are needed. Therefore, excessive consumption of antioxi-
dants may lead to extreme diminished ROS levels which also may have adverse 
effects on fertility [131]. Nevertheless, antioxidants counteract OS and sperm 
parameters do improve with appropriate dosage and combinations of antioxi-
dants [36].
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9.7.1  Role of Antioxidants in Sperm Motility

Antioxidants mainly vitamins E and C, glutathione, hypotaurine, albumin, taurine, 
as well as SOD, and catalase act in preventing sperm motility reduction, while 
CoQ10 and N-acetyl cysteine increase sperm motility [63]. Effects of individual 
antioxidants and few of their combinations on sperm motility are discussed here. 
Vitamin E oral administration has been shown to reduce seminal concentration of 
MDA, which is the major LPO marker and also to improve sperm motility [132]. 
Oral carnitine supplement also enhances sperm motility and concentration [117]. 
Sperm motility is greatly improved when sperm are incubated with D-penicillamine 
[133]. When sperm preparation medium is supplemented with vitamins C and E 
combinations, sperm produce less ROS [134]. Superoxide supplementation influ-
ences acrosome reaction rate and maintenance of sperm motility [135].

9.7.2  Role of Antioxidants in Preventing Cryodamage

Issue with cryopreservation of sperm emerges if there is a need of frequent freezing 
and thawing as these procedures adversely impact and irreversibly affect sperm 
motility and metabolism as well as disrupt the sperm membrane [136]. Vitamin E 
and rebamipide have been shown to reduce cryodamage caused by freeze-thaw pro-
cedures and enhance sperm motility thereafter [137].

9.7.3  Role of Antioxidants in Preventing DNA Damage

Antioxidants effectively combat OS and protect sperm from DNA fragmentation 
[63]. It is evident that vitamins C and E oral supplements, used on a daily basis, 
could decrease the percentage of “terminal deoxynucleotidyl transferase biotin- 
dUTP nick end labeling” (TUNEL)-positive sperm, while the percentage of normal 
sperm remained unaltered [95].

9.8  Conclusions

Idiopathic male infertility should be tested for MOSI employing reliable, cost- 
effective, extremely sensitive, and specific ORP test, for example, by using 
MiOXSYS, which is more convenient than other elaborate methods [138]. Infertile 
men diagnosed with MOSI should have a thorough evaluation to screen for any cur-
able conditions and be instructed to take the necessary actions to reduce the known 
causes of OS that include lifestyle factors, exposure to radiations or toxins, 
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smoking, and alcohol consumption [139]. In case the causes of OS are not known, 
ORP test should be done for those infertile men in every three months and suitable 
management plans should be followed. After all other causes of OS have been elim-
inated, appropriate antioxidants treatment with proper dose should be given to these 
patients for at least three months. During the antioxidant treatment, ORP testing 
should be performed regularly to confirm treatment compliance and to observe the 
treatment effectiveness [138]. Measurement of ORP and stratification of male fertil-
ity/infertility on the basis of ORP can be an important tool in the management of 
infertile couples [138]. As knowledge and awareness of MOSI as a unique male 
infertility diagnosis expands, it is essential to develop different approaches targeting 
the underlying causes of IMI, while balancing the risk factors and advantages of 
various treatments.

9.9  Future Perspectives

Male infertility diagnosis and management have witnessed a substantial improve-
ment with the advent in the omics technologies that address at genetic, molecular, 
and cellular levels. Disease-targeted sequencing, entire exome and genome sequenc-
ing, and sperm epigenetic analysis are examples of NGS technologies that have 
been demonstrated to be effective in genetic testing [140]. Novel candidate genes 
linked with male infertility disorders such as oligozoospermia, azoospermia, and 
IMI have been identified using NGS [98, 141, 142]. Another interesting field of 
investigation in the case of IMI is a metabolic fingerprinting analysis of seminal 
plasma [143]. Changes in sperm epigenetics in infertile males (whose sperm appear 
normal in semen analysis) have a correlation with seminal metabolic profile caused 
by ROS [144, 145]. Recent developments in proteomic research have identified 
numerous proteins as biomarkers for a variety of male infertility causes, including 
OS-mediated sperm abnormalities, varicocele, asthenozoospermia, globozoosper-
mia, and testicular cancer [33, 40, 129, 146–149]. If andrology and artificial intel-
ligence are integrated, utilizing extensive machine learning, future diagnosis, and 
management of male infertility will become more advanced. Algorithms are con-
structed to detect males with azoospermia and men who may need genetic testing, 
sperm selection for ART, as well as embryo selection for IVF [150]. In recent years, 
next-generation therapies based on stem cells have made significant progress in 
research. For the effective generation of spermatozoa, several in vitro techniques 
and organ models employing embryonic stem cells induced pluripotent stem cells, 
and glioblastoma stem cells have been established [151]. Human pluripotent stem 
cells might be utilized to treat male infertility, reconstruct spermatogenesis, and cor-
rect genetic defects using the CRISPR-Cas9 gene- editing method [152]. Exosomes 
generated from pluripotent stem cells may also have therapeutic relevance in restor-
ing spermatogenic activity in individuals who have undergone chemotherapy or 
radiation [152]. Similarly, spermatogonial stem cells’ regenerative and self-renewal 
capabilities have inspired new approaches in the treatment of male infertility [153]. 
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Autografting cryobanked spermatogonial tissue as a potential fertility preservation 
approach for pediatric patients who have undergone gonadotoxic treatment has been 
proposed [154]. However, numerous obstacles must be addressed before these tech-
nologies can be used to modulate male infertility, including ethical and religious 
concerns as well as the risk of genetic problems being passed down to offspring.
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Chapter 10
Oxidative Stress and Varicocele-Associated 
Male Infertility
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Abstract Despite being regarded as one of the most common causes of male sub-
fertility, the pathophysiology of varicocele remains largely unknown. Recently, oxi-
dative stress (OS) is proposed to be the mediator in how varicocele may negatively 
impact fertility. The imbalance of reactive oxygen species (ROS) and seminal anti-
oxidants results in damage to sperm DNA and lipid membrane. There is evidence 
demonstrating higher OS level in men with varicocele which is also positively cor-
related with clinical grading of varicocele. Moreover, a number of studies have 
revealed the negative correlation between OS and conventional semen parameters. 
Furthermore, various interventions have shown their potential in alleviating OS in 
men with varicocele- associated infertility. Although direct evidence on improving 
pregnancy rate is not available at the moment, varicocelectomy has demonstrated 
promising results in relieving OS. Oral antioxidants represent another option with a 
favourable safety profile. The supplement can be used alone or as adjunct to varico-
celectomy. However, most of the studies are hampered by heterogenous dose regime 
and high- level evidence is lacking.
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10.1  Introduction

Varicocele is an abnormality of the venous drainage system of the testicle(s). 
Clinical varicocele is presented as dilated and tortuous veins of the pampiniform 
plexus, which is visible or palpable; whilst subclinical varicocele can only be 
detected on duplex ultrasonography. It is a common disease, affecting 15–20% of 
healthy adult male population. Varicocele is accountable for 69% of the secondary 
infertility, while it is the cause of primary infertility in 50% of cases [1]. It is the 
major correctable disease in male factor subfertility. In the 1950s, Tullock first dem-
onstrated that high ligation of varicocele could improve semen parameters in infer-
tile men with varicocele [2]. Substantial evidence shows that varicocele intervention 
significantly improved semen parameters [3]. The odds of spontaneous pregnancy 
are 2.4 after surgical intervention on men with clinical varicocele and abnormal 
semen parameters. The result is encouraging but inconclusive due to the low quality 
of evidence [4].

Despite being regarded as the major cause of male-factor infertility, the patho-
physiology of varicocele is not completely clear. The proposed mechanisms include 
scrotal hyperthermia, testicular hypoxia, backflow of toxic metabolites, hormonal 
disturbance, and oxidative stress (OS) [5]. OS is believed to be a major mechanism 
in how varicocele may impact fertility. It is well proven that OS, due to an imbal-
ance of reactive oxygen species (ROS) and seminal antioxidants, leads to spermato-
zoa damage. There is evidence showing negative correlation of semen parameters 
and level of OS in men with varicocele. Sperm concentration, total sperm motility, 
and normal sperm morphology were shown to correlate negatively with seminal 
ROS, malondialdehyde (MDA), and hydrogen peroxide, and correlate positively 
with seminal antioxidants [6].

However, OS alone cannot fully explain the variable effect of varicocele on sper-
matogenesis and fertility, as not every man with varicocele, even with increased OS 
level, suffers from infertility.

In this chapter, we discuss the possible sources of ROS in varicocele and the cor-
relation of OS level and varicocele-associated infertility. We will also investigate 
how surgical and medical therapy may alleviate the OS in varicocele.

10.2  Pathophysiology of Varicocele-Induced Oxidative Stress

The aetiology and pathophysiology of varicocele is believed to be multifactorial. 
The aetiology may be explained by three possible theories that are not mutually 
exclusive [5]. Firstly, insufficient, or absent venous valves that result in retrograde 
flux [7]. Secondly, insertion of the left testicular vein into the left renal vein at right- 
angle consequently elevating the hydrostatic pressure which is transmitted to the 
pampiniform plexus [7]. And, finally, partial obstruction of the blood flow because 
of the compression of the left renal vein between the superior mesenteric artery and 
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abdominal aorta [8]. Although up to 90% of men with varicocele are diagnosed with 
a unilateral, left-sided varicocele [8], abnormal venous reflux has been detected on 
the right side, too [9]. In addition, tallness [10], an upright posture [8], and heredi-
tary factors [11] have been associated with greater prevalence of varicoceles. 
Varicocele is believed to involve one or more of pathophysiological mechanisms 
such as a state of energy deprivation, hypoxia, transient scrotal hyperthermia which 
may exert negative effect on testicular function [12]. However, the exact patho-
physiological mechanism by which varicocele can lead to male subfertility remains 
largely unknown [13].

In patients with varicocele, the antioxidant buffering capacity decreases that per-
turbs the fine-tuned oxidant–antioxidant balance [14]. ROS may be released due to 
an increased pressure on venous walls [15]. Recently, it was reported that the basal 
ROS production by spermatozoa is elevated in patients with varicocele [16]. Free 
radicals such as nitric oxide (NO) and non-radical groups such as hydrogen perox-
ide (H2O2) are elevated in the semen of infertile men with varicocele [17–19]. In the 
cascade of ROS-related damage, overproduction of the superoxide anion (●OH) by 
spermatozoa is another important step that results in altered semen parameters in 
varicocele patients [20].

The three major sites of ROS generation include the principal cells in the epi-
didymis, the endothelial cells in the dilated pampiniform plexus, and the testicular 
cells such as the developing germ cells, Leydig cells, macrophages, and peritubular 
cells. In the mitochondria, the electron transport chain (ETC) can be directly acti-
vated by heat and hypoxic stress to release ROS [8]. Exposure to heat, hypoxia and 
toxic adrenal and renal metabolites are the major extrinsic stimulators of ROS in 
patients with varicocele [5]. Moreover, cadmium (Cd) deposition in the testes of 
patients with varicocele also induces oxidative stress (OS) [18]. The pathophysiol-
ogy of varicocele-associated OS in male infertility is presented in Fig. 10.1.

Multiple molecular pathways have been proposed correlating varicocele and 
elevated OS. Heat stress is associated with production of ROS from mitochondrial 
membranes, cytoplasm, and peroxisomes [8, 9, 21]. Venous reflux in patients with 
varicocele increases scrotal temperature and impairs normal spermatogenesis [22]. 
Testicular heat stress is believed to impair spermatogenesis through diminishing the 
overall protein synthesis and particularly the crucial enzymes including topoisom-
erase I, DNA polymerase, and heat shock proteins (HSPs) [23]. The release of NOS 
and xanthine oxidase within the dilated spermatic veins also lead to an increased OS 
level in subfertile varicocele patients as detected from their peripheral blood sam-
ples. In the spermatic vein, NOS has been suggested to induce the generation of 
local testicular ROS [24, 25]. Also, seminal concentrations of heat-labile enzymes – 
catalase (CAT) and glutathione peroxidase (GPx)  – activity are considerably 
reduced in infertile men with varicocele [6, 26, 27]. Testicular heat stress can induce 
oxidative damage leading to impairment of sperm quality parameters in infertile 
varicocele patients. This has been associated with the activation of hypoxia- 
inducible factor subunit-1α (HIF-1α) and p53 [28]. Hypoxia is believed to be 
another important stimulator of ROS in varicocele patients, and it might increase 
OS through inflammatory reactions [8, 9, 21]. Interleukin-1 (IL-1) is a potent 
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pro-inflammatory activator that has been found to be upregulated during experimen-
tal varicocele leading to increased production of ROS [29]. In dilated veins of vari-
cocele patients, markers of hypoxia particularly the expression of HIF-1α and 
subsequently vascular endothelial growth factor (VEGF) were elevated [30, 31]. 

Fig. 10.1 Pathophysiology of varicocele-associated oxidative stress (OS) in male infertility
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Recently, higher involvement of hypoxia pathway (as revealed by the markers 
HIF-1α and p53) has been reported in the pathogenesis of varicocele-associated 
male infertility than the inflammation pathway (TLR-2, TLR-4 and TNF-α) [28]. In 
fact, ROS production by complex I and III in the mitochondrial ETC is stimulated 
by hypoxia. During hypoxia, superoxide generation by the ETC also increases [32]. 
Hence, defective sperm function in varicocele patients may be attributed to hypoxia- 
associated mitochondrial dysfunction and elevated generation of mitochondrial 
O2•−/ROS by the spermatozoa [20]. Furthermore, OS may be enhanced by the 
reflux of renal and adrenal metabolites. Elevated hydrostatic pressure can lead to the 
reflux of adrenal and renal metabolites into the internal spermatic vein and, conse-
quently, into the testes. This in turn causes vasoconstriction of testicular arterioles 
resulting in hypoxia and altered spermatogenesis [8, 21] consequently resulting in 
impaired fertility in patients with varicocele. In some patients with varicocele, a 
bilateral elevation of the testicular Cd level has been associated with increased 
apoptosis which was related inversely to the postoperative improvement in their 
semen parameters [33].

Overproduction of ROS and deficiency in the pro-oxidant defence system are 
believed to be the major molecular causes contributing to the varicocele-associated 
male infertility [34]. Recently, a decreased expression of antioxidant enzymes 
superoxide dismutase (SOD 1 and 2) and glutathione S-transferase omega-2 
(GSTO2) was observed in varicocele sperm [16]. Oxidative stress can result in germ 
cells damage either directly or indirectly by affecting the non-spermatogenic cells 
and the basal lamina of the seminiferous tubules leading to apoptosis [9]. Also, ROS 
directly attacks spermatozoa DNA and lipid membranes that may also result in lipid 
peroxidation, altered expression of proteins, and oxidative DNA damage including 
base modification, DNA strand breaks, and chromatin cross-linking [9, 35, 36]. All 
these findings support the hypothesis that increased generation of ROS plays a key 
role in the alteration of testicular function in varicocele patients leading to infertil-
ity [21].

Accurate laboratory assessment of seminal OS is critical in the identification and 
monitoring of patients who may benefit from male infertility treatment [37, 38]. 
Direct assays measure the ROS and mainly include chemiluminescence, nitroblue 
tetrazolium test (NBT), cytochrome c reduction, flow cytometry, and oxidation- 
reduction potential (ORP) assay [38, 39]. Indirect methods measure the oxidized 
products and include myeloperoxidase or Endtz test as well as lipid peroxidation 
levels [38, 40]. Total antioxidant capacity (TAC) measures the ability of seminal 
antioxidants to scavenge free radicals, whereas individual antioxidant enzymes 
(superoxide dismutase – SOD, CAT, and GPx) also provide a good measure of sem-
inal ROS-scavenging ability [38, 40].

Currently, there is ample evidence to suggest that varicocele represents a major 
contributor of OS. OS has been shown to be a key player in the pathophysiology 
between varicocele and male infertility. The development of various assays in the 
measurement of OS allows its clinical application in patients with varicocele and 
male subfertility.
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10.3  Correlations Among OS, Varicocele, and Infertility

Evidence has shown that infertile men with varicocele have higher OS levels than 
fertile men without varicocele [6, 19]. However, an increase of OS can be observed 
in infertile men without varicocele as well. Studies have therefore been conducted 
to investigate the causal relationship between varicocele and OS. Hereby, we review 
the evidence on the correlations among OS, varicocele, and male infertility.

10.3.1  Varicocele Grade and OS

Besides a few studies which showed no difference in OS across varicocele grade 
[41–43], majority of studies showed the higher the varicocele grade, the higher 
seminal and testicular ROS (Table 10.1) [26, 44–48]. Cocuzza et al. measured semi-
nal ROS by luminol-dependent chemiluminescence (CL) method [41], and men 
with Grade III varicocele were shown to have higher seminal ROS than those with 
lower grade varicocele [47]. Alkan et al. made use of lucigen-dependent CL method, 
a more specific way in assaying extracellular ROS, also showed a positive correla-
tion between seminal ROS and varicocele grade, regardless of the fertility status 
[48]. The level of antioxidant has been shown to be inversely correlated with the 
varicocele grade [26, 44].

10.3.2  Varicocele-Associated OS and Fertility

 Fertile Men with or Without Varicocele

It is likely that men with clinical varicocele, even with preserved fertility, have 
higher OS than their normal counterparts (Table 10.2). Several studies have shown 
that seminal ROS was higher and antioxidant level was lower in fertile men with 
varicocele than in healthy fertile men [6, 49, 50]. Ni et al. showed that normozoo-
spermic men with clinical, but not subclinical varicocele, has significantly higher 
seminal MDA and DNA fragmentation than healthy controls, regardless of grade 
[50]. However, Cocuzza et al. compared 33 fertile men with varicocele to 81 fertile 
men without varicocele and found that their seminal ROS level has no significant 
difference [41]. This finding was echoed by Shiraishi et al., showing no statistically 
significant correlation between testicular volume and the generation of 4-hydroxy- 2-
nonenal (4-HNE)-modified protein in testicular tissue in fertile men with or without 
varicocele [51]. A subgroup analysis of the study by Sakamoto et al., which com-
pared normozoospermic men with or without varicocele, showed that besides a 
higher seminal plasma NO and HEL concentration in the varicocele group, their 
antioxidant level, in terms of SOD activity, was also higher [19]. Whether there is 
any other protective mechanism that prevents fertile men with varicocele from 
developing infertility is yet to be studied.
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Table 10.1 Correlation of OS and grading of varicocele

Study Study group (n) Marker(s) of OS Results

Koksal et al. 
[46] (2000)

Infertile men with 
varicocele [15]
Control group: 
infertile men 
without varicocele 
[10]

Testicular MDA Significantly higher in Grade III 
compared to subclinical, Grade I or II 
(p < 0.05)

Allamaneni 
et al. [45] 
(2004)

Infertile men with 
clinical left 
varicocele [45]

Seminal ROS 
level

Significantly higher in Grade II and 
III compared to Grade I (p = 0.02)

Cocuzza et al. 
[41] (2008)

Fertile men without 
varicocele [79] and 
fertile men with 
varicocele [32]
Control group: 
infertile men [29]

Seminal ROS 
level

No significant difference between 
Grade I and Grade II/III
No correlation between ROS level 
and varicocele grade

Shiraishi et al. 
[43] (2010)

Men with left 
varicoceles [31]
Control group: 
fertile men [8]

Testicular 
4-HNE-modified 
proteins

No significant difference between 
varicocele grades

Abd-Elmoaty 
et al. [44] 
(2010)

Infertile men with 
varicocele [35]
Control group: 
fertile men without 
varicocele [18]

Seminal oxidants:
MDA, NO
Antioxidants:
SOD, GPX, CAT, 
vitamin C

Grade I vs II: significantly lower 
antioxidant levels (SOD and vitamin 
C (p < 0.05)) in grade II
Grade I vs III: significantly higher 
oxidants levels (MDA and NO 
(p < 0.001)) and lower antioxidant 
levels (CAT and SOD (p < 0.01) and 
GPX (p = 0.01)) in Grade III
Grade II vs III: significantly higher 
oxidant levels (MDA and NO 
(p < 0.01)) and lower antioxidant 
levels (CAT and Vitamin C (p < 0.05), 
SOD and GPX (p = 0.01)) in Grade 
III

Blumer et al. 
[42] (2012)

Men with Grade II 
or III varicocele 
[29]
Control group: men 
without varicocele 
[31]

Seminal MDA No significant difference between 
Grade II and III

Mostafa et al. 
[26] (2012)

Infertile men with 
clinical varicocele 
[87]
Control group: 
fertile men without 
varicocele [20]

Seminal oxidants:
MDA, H2O2

Antioxidants:
SOD, GPX, CAT, 
vitamin C

Significant higher seminal oxidant 
levels (MDA and H2O2) and lower 
antioxidant levels (SOD, CAT, GPX, 
and vitamin C) in Grade II/III 
compared to Grade I

(continued)
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 Infertile Men with or Without Varicocele

Men with varicocele-associated infertility were shown to have higher seminal ROS 
than men with infertility of other causes (Table 10.3) [19, 52]. Mehraban et al. com-
pared seminal NO level in 40 infertile men with varicocele to that in 40 infertile men 
without varicocele and found that the NO level is significantly higher in the varico-
cele group [52]. Sakamoto et al. examined the NO and hexanoyl-lysine levels in 
infertile men with or without varicocele and showed that the levels were higher in 
the former group. They also reported a higher SOD level in infertile men with vari-
cocele [19]. Several studies support the findings of higher TAC in infertile men with 
varicocele than those without [53, 54]. Coenzyme Q10 (CoQ10), a lipid-type mole-
cule and a potent antioxidant, is shown to be more abundant in infertile men with 
varicocele than those without [55]. The increase in both OS and antioxidant may be 
explained by an ineffective utilization and neutralization system of antioxidant. 
However, one study showed significant increase in seminal ROS and a significant 
decrease in seminal antioxidants in infertile men with varicocele compared with 
infertile men without [6]. Nonetheless, the TAC of infertile men with varicocele is 
still significantly lower than fertile men without varicocele [56]. In summary, while 
level of OS is high in infertile men with and without varicocele, the level is higher 
in the former group. This suggests that although infertility is associated with 
increased OS, varicocele is associated with a further increase of it.

 Fertility in Men with Varicocele

Evidence of OS level in fertile and infertile men with varicocele is somehow mixed 
(Table 10.4). Earlier studies showed seminal ROS and TAC were not significantly 
different between fertile and infertile men with varicocele [49, 57], while some 
showed significantly higher seminal ROS in men with varicocele and infertility  

Table 10.1 (continued)

Study Study group (n) Marker(s) of OS Results

Cocuzza et al. 
[47] (2012)

Fertile men with 
clinical varicocele 
(156)
Control group: 
fertile men without 
varicocele (113)

Seminal ROS 
level

Significantly higher in Grade III 
compared to Grade I or II (p = 0.015)
No significant difference between 
Grade I and II

Alkan et al. 
[48] (2018)

Men with Grade 
II-III varicocele
Control group: men 
without varicocele 
[13]

Seminal ROS 
level
Superoxide anion 
(lucigenin- 
dependent CL)

Significantly higher total ROS levels 
(p = 0.006) and superoxide anion 
levels (p = 0.002) in Grade III 
compared to Grade II

Abbreviations: MDA malondialdehyde, ROS reactive oxygen species, 4-HNE 4-hydroxy-2- 
nonenal, NO nitric oxide, SOD superoxide dismutase, CAT catalase, GPX glutathione peroxidase, 
H2O2 hydrogen peroxide
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[41, 47]. Mostafa et al. studied the OS of fertile men with/without varicocele and 
infertile men with oligoasthenozoospermia with/without varicocele, by two ROS 
parameters (MDA, hydrogen peroxide) and five antioxidants (SOD, CAT, GPx, 
vitamins E and C). They showed that infertile men with varicocele have higher lev-
els of all two ROS parameters and lower levels of all five antioxidant parameters, 
when compared with the fertile control with varicocele [6]. Shirashi et  al. also 
showed a significant increase in 4-HNE-modified proteins in infertile men with 
varicocele when compared with fertile men with varicocele [51]. These contradic-
tory results show that OS may not be the sole cause of varicocele-related infertility.

Table 10.2 OS in fertile men with or without varicoceles

Study Study group (n)
Control 
group (n)

Marker(s) of 
OS Results

Hendin 
et al. [49] 
(1999)

Fertile men with 
varicocele [15]

Fertile men 
without 
varicocele 
[17]

Seminal ROS 
level
Seminal TAC

Significantly higher 
seminal ROS level 
(p = 0.02) and lower TAC 
(p = 0.05) in men with 
varicocele

Sakamoto 
et al. [19] 
(2008)

Fertile men with 
varicocele [15]

Fertile men 
without 
varicocele 
[15]

Seminal 
oxidants:
NO, 8-OHdG, 
HEL
Antioxidant:
SOD

Significantly higher NO 
and HEL (p < 0.05) and 
lower SOD activity 
(p < 0.005) in men with 
varicocele
No significant difference 
in 8-OHdG

Cocuzza 
et al. [41] 
(2008)

Fertile men with 
clinical varicocele 
[32]

Fertile men 
without 
varicocele 
[79>]

Seminal ROS 
levels

No significant difference

Mostafa 
et al. [6] 
(2009)

Fertile men with 
varicocele [44]

Fertile men 
without 
varicocele 
[44]

Seminal 
oxidants:
MDA, H2O2

Antioxidants:
SOD, CAT, 
GPX, vitamin 
and E

Significantly higher 
seminal oxidant levels 
(MDA and H2O2) and 
antioxidant levels (SOD, 
CAT, GPX, vitamin C and 
E) (p < 0.05)

Shiraishi 
et al. [51] 
(2009)

Fertile men with 
Grade I–III left 
varicocele (100)

Fertile men 
without 
varicocele 
(100)

Testicular 
4-HNE- 
modified 
proteins

No significant difference

Ni et al. 
[50] (2016)

Normozoospermic 
men with clinical 
varicocele [22]

Fertile men 
without 
varicocele 
[25]

Seminal MDA Significantly higher in 
men with clinical 
varicocele regardless of 
grading (p < 0.05)

Abbreviations: ROS reactive oxygen species, TAC total antioxidant capacity, NO nitric oxide, 
8-OHdG 8-hydroxy-2′-deoxyguanosine, HEL hexanoyl-lysine, SOD superoxide dismutase, MDA 
malondialdehyde, H2O2 hydrogen peroxide, CAT catalase, GPX glutathione peroxidase, 4-HNE 
4-hydroxy-2-nonenal
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Table 10.3 OS in infertile men with or without varicoceles

Study Study group (n) Control group (n)
Marker(s) of 
OS Results

Balercia 
et al. [55] 
(2002)

Men with varicocele- 
associated 
asthenozoospermia [12]

Men with idiopathic 
asthenozoospermia [12]

Sperm and 
seminal 
CoQ10

Men with 
varicocele had 
significantly 
higher sperm 
(p < 0.05) and 
seminal 
(p < 0.001) 
CoQ10

Meucci 
et al. [54] 
(2003)

Infertile men with 
oligozoospermia and 
varicocele [9]

Infertile men with 
idiopathic 
oligozoospermia [7]

Seminal TAC Significantly 
higher in men 
with 
varicocele 
(p < 0.05)

Mehraban 
et al. [52] 
(2005)

Infertile men with 
varicocele [39]

Infertile men without 
varicocele [39]

Seminal NO Significantly 
higher in men 
with 
varicocele 
(p = 0.001)

Mancini 
et al. [53] 
(2007)

Men with 
oligozoospermia and 
varicocele [12]

Infertile men with 
idiopathic 
oligozoospermia [10]

Seminal TAC Significantly 
higher in men 
with 
varicocele 
(p < 0.05)

Sakamoto 
et al. [19] 
(2008)

Oligozoospermic [15] 
and normozoospermic 
[15] men with varicocele

Oligozoospermic [15] 
and normozoospermic 
[15] men without 
varicocele [15]

Seminal 
oxidants:
NO, 
8-OHdG, 
HEL
Antioxidant:
SOD

Men with 
varicocele had 
significantly 
higher NO, 
HEL and SOD 
activity 
(p < 0.05)

Mostafa 
et al. [6] 
(2009)

Infertile men with 
oligoasthenozoospermia 
and varicocele [41]

Infertile men with 
oligoasthenozoospermia 
without varicocele [43]

Seminal 
oxidants:
MDA, H2O2

Antioxidants:
SPD, CAT, 
GPX, vitamin 
C and E

Significantly 
higher oxidant 
levels (MDA 
and H2O2) and 
lower 
antioxidant 
levels (SOD, 
and GPX) 
(p < 0.05)
No significant 
difference in 
CAT, vitamin 
C and E levels

Abbreviations: CoQ10 coenzyme Q10, TAC total antioxidant capacity, NO nitric oxide, 8-OHdG 
8-hydroxy-2′-deoxyguanosine, HEL hexanoyl-lysine, MDA malondialdehyde, H2O2 hydrogen per-
oxide, SOD superoxide dismutase, CAT catalase, GPX glutathione peroxidase
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10.3.3  Varicocele in Adolescent

The prevalence of varicocele is around 15% in the adolescent population [58]. OS 
by varicocele is evident as early as in the adolescent period. Romeo et al. first inves-
tigated the production of NO by estimating the serum concentration of 
L-hydroxyarginine (L-NHA), a by-product of NO synthase. In a group of ten ado-
lescents (9–18 years of age) with grade II or III left varicoceles, L-NHA concentra-
tion was found to be enhanced by 50-folds in their spermatic vein as compared to 
their peripheral veins [59]. This is further supported by the findings of a significant 
increase in spermatic vein nitrite/nitrate (NOx) and MDA levels when compared 
with peripheral levels in another study of 13 adolescents [60]. Bertolla et al. studied 

Table 10.4 OS men with varicoceles

Study
Study group 
(n) Control group (n)

Marker(s) of 
OS Results

Hendin et al. 
[49] (1999)

Infertile 
men with 
varicocele 
[21]

Fertile men with varicocele 
[15]

Seminal ROS 
levels

No significant 
difference

Pasqualotto 
et al. [57] 
(2008)

Infertile 
men with 
varicocele 
[21]

Fertile men with varicocele 
[15]

Seminal ROS 
levels and TAC

No significant 
difference in 
seminal ROS level, 
TAC and ROS-TAC 
score

Cocuzza 
et al. [41] 
(2008)

Fertile men 
with clinical 
varicocele 
[32]

Infertile men with clinical 
varicocele [29]

Seminal ROS 
levels

Significantly higher 
in infertile men with 
varicocele 
(p < 0.0001)

Mostafa 
et al. [6] 
(2009)

Fertile men 
with 
varicocele 
[44]

Infertile men with 
oligoasthenozoospermia 
and varicocele [41]

Seminal 
oxidants:
MDA, H2O2

Antioxidants:
SPD, CAT, 
GPX, vitamin 
C and E

Infertile men had 
significantly higher 
MDA (p < 0.05) and 
lower SOD, CAT, 
GPX, and vitamin C 
(p < 0.05)
No significant 
difference in H2O2 
and vitamin E

Shiraishi 
et al. [51] 
(2009)

Infertile 
men with 
varicocele 
[29]

Fertile men with varicocele 
[12]

Testicular 
4-HNE- 
modified 
proteins

Significantly higher 
in infertile men 
(p < 0.01)

Cocuzza 
et al. [47] 
(2012)

Fertile men 
with clinical 
varicocele 
(156)

Infertile men with clinical 
varicocele [37]

Seminal ROS 
levels

Significantly higher 
in infertile men with 
varicocele 
(p < 0.0001)

Abbreviations: ROS reactive oxygen species, TAC total antioxidant capacity, MDA malondialde-
hyde, H2O2 hydrogen peroxide, SOD superoxide dismutase, CAT catalase, GPX glutathione per-
oxidase, 4-HNE 4-hydroxy-2-nonenal
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the rate of DNA fragmentation in sperm, by Comet assay, in adolescents with and 
without bilateral Grade II or III varicoceles. They demonstrated that even with simi-
lar semen parameters on semen analysis, adolescents with varicocele had signifi-
cantly higher percentage of sperm with class III (meaningful DNA fragmentation) 
or class IV (high DNA fragmentation) fragmentation. This may be attributed to 
apoptosis or OS [61].

10.3.4  Varicocele and Secondary Male Infertility

Varicocele is a more common cause of secondary infertility than primary infertility 
[1]. The prevalence of varicocele increases with age [58]. This suggests that varico-
cele in some men is a progressive condition. The findings that ROS is only elevated 
in spermatic veins in adolescents with varicocele but in systemic circulation in 
adults also support that varicocele is a progressive disease. Ageing is also associated 
with increased mitochondrial production of ROS and a reduction of antioxidant 
activity [62]. This explains why some men with varicocele are fertile at earlier stage 
of life but develop secondary infertility at older age. This progressive increase of OS 
due to varicocele raises the question if early intervention, either surgical repair or 
antioxidant, can prevent future damage by OS.

In conclusion, an increased generation of OS is evident in men with varicocele. 
The level of OS is directly correlated with the grading of varicocele. An increase in 
OS can be observed in men with preserved fertility, and as early as in the adolescent 
period. Some men with varicocele and increased OS have their fertility preserved. 
This suggests that OS may be one of the major mechanisms, but not the sole patho-
physiology, in varicocele-related infertility. It may be due to a homeostasis between 
OS and antioxidants or other unknown protective mechanisms as well. As men age, 
such protective mechanisms may be impaired, and the homeostasis will be dis-
rupted. This explains the progressive nature of varicocele and the development of 
secondary infertility [59–61, 63].

10.4  Role of Interventions and to Reduce OS in Men 
with Varicocele-Associated Infertility

10.4.1  Varicocelectomy

 Varicocelectomy in Adult Men

Evidence suggests that varicocelectomy can lower the level of OS and improve 
semen parameters and pregnancy rate in infertile men with clinical varicocele [2–4, 
63–67]. Level of seminal MDA [63], NO [19, 63], and 8-OHdG [19, 64] has been 
shown to decrease after varicocele repair in infertile men. This effect may also be 
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observed in fertile men with clinical varicocele, as Dada et al. performed varicoce-
lectomy in 11 fertile men, and their seminal ROS significantly reduced in 1 month 
after operation, and further reduced at a slower rate in 3–6 months [65]. However, 
contradictory evidence is also present. Yesilli et  al. failed to show a significant 
improvement in post-operative seminal MDA in 26 infertile men who underwent 
subinguinal microsurgical varicocelectomy, despite having a significantly higher 
seminal MDA than the control non-varicocele group before the operation. 
Nonetheless, there was a significant increase in sperm HspA2 activities after the 
operation, indicating an improvement in sperm maturation [66].

Several studies have demonstrated that the TAC and level of antioxidants increase 
after varicocelectomy. Mostafa et al. examined six antioxidants (SOD, CAT, GPx, 
vitamin C, vitamin E) in infertile men with varicocelectomy. Four out of the six 
antioxidants, namely SOD, CAT, GPx, and vitamin C, significantly increased 3 and 
6  months after surgery. Albumin did not significantly increase in post-operative 
3 months, but a significant increase was observed in 6 months. Interestingly, level of 
vitamin E was observed to significantly reduce after 3 and 6 months of operation 
[63]. Sakamoto et al., however, showed that the SOD and HEL activities, which was 
high before surgery, normalized after varicocelectomy [19]. Mancini et  al. also 
failed to show a significant difference in TAC after varicocelectomy in both oligo-
zoospermic and normozoospermic men [67]. They also showed that total seminal 
plasma and cellular CoQ10 significantly decrease after varicocelectomy in oligozoo-
spermic men, but not in asthenozoospermic or normozoospermic men [68]. The 
evidence of the effect of varicocelectomy on OS is summarized in Table 10.5.

The improvement in OS after varicocelectomy is also time dependent. Mostafa 
et al. observed that both the markers of seminal OS (MDA and H2O2) were signifi-
cantly reduced and those of antioxidants (SOD, CAT, GPx, and vitamin C) signifi-
cantly elevated in both 3 and 6  months after varicocelectomy [63]. Similar 
phenomenon was observed in the study by Ni et al., where there was a significant 
reduction of seminal MDA 3 months after varicocelectomy, and a further reduction 
after 6 months, almost reaching the level of the normozoospermic non-varicocele 
control group [50]. Therefore, many clinicians allow a post-operative period of 
6 months to evaluate any meaningful improvement of OS by varicocelectomy.

Collectively, there is some evidence that varicocelectomy may alleviate OS in 
infertile men with varicocele. However, most studies were uncontrolled ones, with 
a small sample size and lacked long-term follow-up. In addition, it is still uncertain 
if this alleviation of OS leads to an improvement in semen parameters or pregnancy 
rate, as evidence on the direct association of change of OS, semen parameters and 
pregnancy rate is lacking.

 Varicocelectomy in Adolescent

Semen parameters, including sperm count, motility, and morphology, significantly 
improve after varicocelectomy in adolescents with clinical varicocele. Testicular 
catch-up growth rates are also observed after varicocele treatment, with the rate 
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Table 10.5 Effects of varicocele repair on OS

Study Patients (n)
Post-operative 
markers of OS

Post-operative 
antioxidants Conclusion

Mostafa 
et al. [63] 
(2001)

Infertile men undergone 
varicocelectomy [66]

At 3 months and 
6 months, 
significant 
reduction in:
MDA (both 
p < 0.0001)
H2O2 (both 
p < 0.0001)
NO (p = 0.0002 
and p = 0.0014)

At 3 months and 
6 months, 
significant 
increase in:
SOD (both 
p < 0.0001)
CAT (both 
p < 0.0001)
GPX (both 
p < 0.0001)
Vitamin C (both 
p < 0.0001)
Vitamin E (both 
p < 0.0001)
No significant 
increase in 
albumin at 
3 months but 
significant in 
6 months 
(p < 0.0001)

Varicocelectomy 
reduces OS at 3 
and 6 months

Mancini 
et al. [67] 
(2004)

Infertile 
oligozoospermic [6] and 
normozoospermic [8] 
men undergone 
varicocelectomy

N/A At 10–24 months, 
no significant 
difference in 
seminal TAC in 
either 
oligozoospermic 
or 
normozoospermic 
men

Varicocelectomy 
does not 
improve 
antioxidant 
capacity at 
24 months

Yesilli 
et al. [66] 
(2005)

Infertile men undergone 
left [19] and bilateral [7] 
MSV

At 6 months, no 
significant 
difference in MDA

N/A Varicocelectomy 
does not reduce 
OS at 6 months

Mancini 
et al. [68] 
(2005)

Infertile 
oligoasthenozoospermic 
[11], 
asthenoszoospermic 
[14] and 
normozoospermic [8] 
men undergone 
varicocelectomy

N/A At 6–8 months, 
significant 
increase in total 
and cellular 
CoQ10 only in 
oligozoospermic 
men

Varicocelectomy 
improves 
antioxidant 
capacity in 
oligozoospermic 
men at 
6–8 months

(continued)
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Table 10.5 (continued)

Study Patients (n)
Post-operative 
markers of OS

Post-operative 
antioxidants Conclusion

Sakamoto 
et al. [19] 
(2008)

Oligozoospermic men 
with Grade II–III 
varicocele undergone 
MSV [15]

At 6 months, 
significant 
reduction in:
NO (p < 0.001)
8-OHdG 
(p < 0.001)
HEL (p = 0.005)
Seminal NO and 
HEL not 
significantly higher 
than control group 
(normozoospermic 
men with no 
varicocele)

At 6 months, 
significant 
reduction in SOD 
activity (p = 0.01)
No significant 
difference in SOD 
activity compared 
to control group

Varicocelectomy 
reduces OS at 
6 months

Chen 
et al. [64] 
(2008)

Infertile men undergone 
varicocelectomy [29]

At 6 months, 
significant 
reduction in 
8-OHdG 
(p < 0.001)

At 6 months, 
significant 
increase in protein 
thiols and vitamin 
C (p < 0.001)

Varicocelectomy 
reduces OS at 
6 months

Dada 
et al. [65] 
(2010)

Men with clinical 
varicocele [11]

At 1 month and 
3 months, 
significant 
reduction in 
seminal ROS 
levels (p < 0.001)

N/A Varicocelectomy 
reduces OS at 1 
and 3 months

Ni et al. 
[50] 
(2016)

Infertile astheno/
oligozoospermic men 
with clinical varicocele 
undergone MSV [53]

At 3 months, 
significant 
reduction in 
seminal MDA in 
men with grade II 
(p < 0.01) and III 
(p < 0.05) 
varicocele
At 6 months, 
significant 
reduction in 
seminal MDA in 
men with grade I 
(p < 0.05), II and 
III (both p < 0.01)

N/A Varicocelectomy 
reduces OS at 3 
and 6 months

Abbreviations: MDA malondialdehyde, H2O2 hydrogen peroxide, NO nitric oxide, SOD superox-
ide dismutase, CAT catalase, GPX glutathione peroxidase, MSV microsurgical subinguinal varico-
celectomy, 8-OHdG 8-hydroxy-2′-deoxyguanosine, HEL hexanoyl-lysine, ROS reactive oxygen 
species, TAC total antioxidant capacity, CoQ10 coenzyme Q10
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from 62.8% to 100% for interventional varicocele treatment and varicocelectomy 
[69]. Çayan et al. studied adolescents with testicular hypotrophy and > 50% of cases 
underwent bilateral varicocelectomy and showed that varicocelectomy group had a 
paternity rate of 77.3%, significantly higher than 48.4% in the control group [70]. 
However, this improvement in paternity rate is not supported by another study with 
sclerotherapy as the treatment modality [71].

The effect of varicocelectomy on OS may be less pronounced in the adolescent 
group. Lacerda et al. showed that varicocelectomy in boys aged 14–19 improved the 
sperm DNA integrity and mitochondrial activity, but there was no significant differ-
ence in pre- and post-operative seminal MDA [72]. On the contrary, Cervellione 
et al. demonstrated that varicocelectomy significantly reduced the peripheral venous 
peroxidative level (TBARS) and increased the plasma peroxidation susceptibility 
lag time in 1 year [73].

10.4.2  Exogenous Antioxidants

Administration of exogenous antioxidants is an attractive option due to its non- 
invasiveness. Adverse events related to the use of exogenous antioxidants are 
reported to be low, with the majority being gastrointestinal side-effects [74]. High- 
quality evidence is lacking due to the diversity of antioxidants, non-standardized 
dosage use, small number of participants in each study, and different outcome mea-
sures [75]. Multiple classes of antioxidants have been studied in varicocele- 
associated infertility. These include single agent with known antioxidizing 
mechanism (e.g. L-carnitine, CoQ10), or combination therapies of such agents, com-
mercially available products with a mixture of multiple ingredients, and novel 
agents such as herbal medicine. Hereby, we investigate the use of antioxidants as a 
sole therapy or as an adjunct to varicocelectomy.

 Sole Therapy

Different exogenous antioxidants have been used in an attempt to alleviate 
varicocele- related OS (Table 10.6). Cinnoxicam, an anti-inflammatory agent which 
inhibits ROS and prostaglandin synthesis, was studied by Cavallini et al. They used 
cinnoxicam 30  mg suppository every 4  days for 12  months, and a significant 
improvement of sperm quality was observed for moderate-grade varicocele in 
2 months, best in 4 months and stable till 12 months, whereas subinguinal microsur-
gical varicocelectomy improved semen parameters in moderate- and high-grade 
varicocele in 4 months. Moreover, the semen parameters returned to baseline after 
cessation of cinnoxicam [76]. The same group has studied the use of L-carnitine/
acetyl-L-carnitine, which play an important role in spermatozoa energy metabo-
lism, in the treatment of idiopathic and varicocele-associated oligoasthenozoosper-
mia. The participants were randomized into three groups. Group 1 used a placebo, 
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group 2 used oral L-carnitine (2 g/d) and acetyl-L-carnitine (1 g/d), group 3 used 
L-carnitine/acetyl-L-carnitine and 1 x 30 mg cinnoxicam suppository every 4 days, 
for a duration of 6 months. Both treatment groups showed significant improvements 
in sperm concentration, morphology, and total count 3 and 6 months after initiation 
of the therapy for moderate-grade varicocele, with the result more pronounced in 
the combination group. The semen parameters returned to baseline after 3 months 
of drug suspension. Pregnancy rate was significantly improved in both treatment 
groups at the end of 9 months [77]. In a randomized controlled trial, 104 men were 
randomized into placebo control group and L-carnitine/acetyl-L-carnitine and 
micronutrient group. The regimen they used was daily 1000 mg l-carnitine, 725 mg 
fumarate, 500 mg acetyl-L-carnitine, 1000 mg fructose, 20 mg CoQ10, 90 mg vita-
min C, 10 mg zinc, 200 μg folic acid, and 1.5 μg vitamin B12 for 6 months. The 
supplemented group had significantly higher sperm concentration, progressive and 
total motility, and total count [78].

Oliva et al. used a combination of daily 1200 mg (600 mg every 12 h) of pentoxi-
fylline, 5 mg of folic acid and 66 mg of zinc sulphate for 12 weeks. Thirty-six men 
with infertility, clinical varicocele and abnormal semen parameters were recruited. 
Significant improvement in sperm with normal morphology was observed, and the 
effect persisted for at least 4 weeks after treatment cessation [79].

Festa et al. evaluated the use of CoQ10 100 mg per day for 12 weeks in patients 
with male infertility associated with low-grade varicocele. They found significant 
increase in TAC and improvements in sperm density and forward sperm motility; 
however, whether the effect was persistent after drug suspension was not 
reported [80].

Bioflavonoid, a plant pigment, is another class of antioxidants. Zámpeiri et al. 
conducted a longitudinal observational study with adolescents aged 10–14. They 
were prescribed the semisynthetic derivative of bioflavonoid, O-β- 
hydroxyethylrutoside, at a daily dose of 1000 mg/day for 3 months followed by 
three treatment-free months for 1 year. There was a significant decrease in clinical 
progression of subclinical to clinical varicocele (11% vs. 31%). There was higher 
rate of stable vein reflux (47 vs. 38%) and higher resolution rate of varicocele (41 
vs. 31%), but statistical significance was not reached [81]. Another derivative of 
bioflavonoid, micronized purified flavonoid fraction (MPFF), commonly available 
as Daflon, with the dosage of 1 g per day for 6 months, was shown to achieve signifi-
cant improvement in sperm motility and colour Doppler parameters, and relief of 
varicocele-related pain [82, 83].

Chinese herbal medicine may as well be a source of exogenous antioxidants. The 
escin, which has an anti-inflammatory effect by enhancing the release of glucocor-
ticoids (GCs) and prostaglandin-F2α (PGF2α) [84], was administered to men with 
varicocele-associated infertility at the daily dosage of 60 mg (30 mg every 12 h) for 
2 months. There was a significant improvement of sperm density, but not motility, 
in the escin group when compared with the control group. Nonetheless, varicocelec-
tomy is superior in improving semen parameters than the ecsin and control 
groups [85].
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 Antioxidants as an Adjunct Therapy to Varicocelectomy

Given the inferior result with antioxidant as a sole therapy when compared with 
varicocelectomy, there is a trend of studying the role of exogenous antioxidants as 
an adjunct therapy (Table  10.7). A randomized controlled trial (RCT) with 
L-carnitine-based combination supplement for 6  months after varicocelectomy 
showed similar significant improvement of semen parameters, and significantly 
higher pregnancy rate compared with the non-supplemented group (29% vs. 17.9%) 
[86]. On the contrary, Pourmand et  al. failed to show a significant difference in 
semen parameters or DNA damage with the regime of L-carnitine 750 mg per day 
(250 mg 3 times a day), for 6 months after varicocelectomy [87]. The dosage of 
L-carnitine they used was, however, lower than the common dosage of 1 g per day. 
Barekat et al. found that the use of N-acetyl-L-cysteine 200 mg daily for 3 months 
after varicocelectomy did not result in a significant improvement in semen analysis, 
as well as percentage of ROS-negative sperm and intensity of sperm ROS. However, 
they found significantly higher percentage of improvement of normal protamine 
content and DNA integrity in the N-acetyl-L-cysteine group than in the placebo 
group [88].

Vitamin C has also been studied as an adjunct therapy to varicocelectomy. In an 
RCT of 115 men with infertility, abnormal semen analysis, and clinical varicocele 
who underwent varicocelectomy, vitamin C of 250 mg twice per day was given to 
the treatment group for 3 months after surgery. The treatment group had signifi-
cantly better normal motility and morphology, but not sperm count, than the placebo 
group [89].

A Chinese herbal medicine, Jingling oral liquid, was used to compare with intra-
muscular injection of human chorionic gonadotropin (hCG), as a control group, 
after varicocelectomy. Semen quality significantly improved in both groups, and the 
improvement was better in the treatment group. In the treatment group, there was a 
significant increase in seminal SOD activity and zinc and decrease in Cd [90].

In a systemic review by Agarwal et al. which pooled 11 studies on antioxidant 
supplementation in varicocele, improvements of semen parameters and sperm func-
tion were reported in 75% and 83% of studies, respectively. However, the result is 
not statistically significant given the poor quality of studies [75].

There lacks high-level evidence on the use of exogenous antioxidants in varico-
cele intervention. Most of the studies have a small number of participants and 
inconsistent outcome measures. The combination and dosage of antioxidants are 
heterogenous. In conclusion, there is some evidence that the use of exogenous anti-
oxidants may alleviate varicocele-associated OS and improve semen quality in 
Grade I-II varicocele, but the effect is not long-lasting and inferior to varicocelec-
tomy. The use of antioxidants after varicocelectomy may further augment the 
improvement in semen parameters and sperm quality. Evidence on the effect of 
pregnancy outcome with antioxidants in varicocele-associated infertility is lacking. 
Nonetheless, exogenous antioxidants in general have a good safety profile. However, 
the effective bioavailability of many of the antioxidants is unknown, and there is 
potential harmful effect with overdosage due to the induced reductive stress.

T. C.-T. Lai et al.
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Table 10.7 Use of exogenous antioxidants as adjunct therapy to varicocele repair in men with 
varicocele

Study Patients
Group labels 
(n)

Dose and 
duration

Outcome 
parameters Outcomes

Yan et al. 
[90] 
(2004)

Infertile men 
undergone 
varicocelectomy

Jingling oral 
liquid [29]

Not reported Semen 
parameters

Significant 
improvement in 
semen quality 
(p < 0.01) compared 
to control group

Intramuscular 
hCG (control) 
[29]

Pourmand 
et al. [87] 
(2014)

Infertile men 
undergone left 
inguinal 
varicocelectomy

L-carnitine 
[48]

750 mg per day 
(250 mg 3 times 
per day) × 6 
months after 
varicocelectomy

Semen 
parameters

No significant 
effects on sperm 
counts, motility and 
morphology

Control group 
[48]

Cyrus 
et al. [89] 
(2015)

Infertile men 
with Grade II–
III varicocele 
undergone open 
inguinal 
(Ivanissevich) 
varicocelectomy

Vitamin C 
[45]

250 mg twice 
per day × 3 
months after 
varicocelectomy

Semen 
parameters

Supplement group 
has significant 
improvement in 
mean normal 
motility (p = 0.041), 
mean normal 
morphology 
(p < 0.001), normal 
count (p = 0.025) 
and normal motility 
(p = 0.033)
No significant effect 
on sperm count

Control 
placebo 
group [67]

Starch-filled 
capsule × 3 
months after 
varicocelectomy

Barekat 
et al. [88] 
(2016)

Infertile men 
with left Grade 
II–III 
varicocele 
undergone 
MSV

N-acetyl-L- 
cysteine [15]

200 mg per day 
× 3 months 
after MSV

Semen 
parameters

Between 
supplement and 
control group, no 
significant 
difference in 
improvement of 
sperm 
concentration, 
percentage of sperm 
motility and 
abnormal 
morphology

Control group 
[20]

No drug Percentage 
of ROS 
positive 
sperm, 
protamine 
content and 
DNA 
integrity

No significant 
difference in 
percentage of 
ROS-positive sperm 
and intensity of 
sperm ROS
Significantly higher 
percentages of 
improvement of 
normal protamine 
content (p < 0.05) 
and DNA integrity 
(p < 0.01) in 
supplement group

(continued)
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10.5  Conclusions

Not a single proposed pathophysiology can fully explain how varicocele leads to 
male infertility, but OS plays a central role in it. Regardless of fertility status, vari-
cocele is associated with increased seminal ROS level. For instance, fertile or infer-
tile men with varicocele demonstrate higher OS level than their counterparts without 
varicocele. The higher the grading of varicocele, the higher the OS level is. Surgical 
repair of varicocele can alleviate the OS, and potentially prevent its further harmful 
effect on spermatogenesis given the progressive nature of varicocele. Exogenous 
antioxidants may have a role especially as an adjunct to surgical repair, yet which 
and how they should be given has to be further studied.

Table 10.7 (continued)

Study Patients
Group labels 
(n)

Dose and 
duration

Outcome 
parameters Outcomes

Kizilay 
et al. [86] 
(2019)

Infertile men 
with clinical 
varicocele 
undergone 
MSV

L-carnitine- 
based therapy 
[62]

2000 mg of 
L-carnitine 
fumarate, 
1000 mg of 
acetyl-L- 
carnitine HCl, 
2000 mg of 
fructose, 
100 mg of 
citric acid, 
180 mg of 
vitamin C, 
20 mg of zinc, 
400 mcg of 
folic acid, 100 
mcg of 
selenium, 4 mg 
of coenzyme 
Q10, and 3 mcg 
of vitamin B12 
per 
day × 6 months 
after MSV

Semen 
parameters

At 6 months, 
significant 
improvement with 
supplement group, 
compared with 
control group, in 
total sperm count 
(p = 0.001), sperm 
concentration 
(p = 0.008), 
morphology 
(p < 0.001), total 
motility (p = 0.024) 
and progressive 
motility (p < 0.001)

Control group 
[27]

No drug Pregnancy 
rate

Significantly higher 
pregnancy rate 
(29% vs 17.9%, 
p = 0.029)

Abbreviations: hCG human chorionic gonadotropin, ROS reactive oxygen species, MSV microsur-
gical subinguinal varicocelectomy
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Abstract Reactive oxygen species (ROS) are critical physiological mediators of 
cellular function, including male fertility. When ROS exceed antioxidant regulation, 
oxidative stress occurs which is detrimental to cellular function. Oxidative stress 
has been found to be a central mediator of obesity, metabolic syndrome (MetS) and 
type 2 diabetes mellitus (T2DM), as well as with male infertility. Human studies 
have correlated testicular oxidative stress in obese males, and animal studies have 
further provided insight into potential mechanisms of action. Management of oxida-
tive stress is not well defined. Appropriate nutrition and exercise can be recom-
mended for all diabetic patients, and weight loss for obese patients with MetS and 
T2DM.  Consideration of dietary supplements including micronutrients, antioxi-
dants or medicinal herbs are recommended. Metformin may also offer benefits on 
testicular oxidative stress and fertility parameters. Significantly more research on 
causation, mechanisms, clinical assessments and appropriate management of infer-
tility on obesity, MetS and T2DM is still required.
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11.1  Introduction

Reactive oxygen species (ROS) have been found to be important regulators of phys-
iological function in all biological systems, particularly as signalling molecules that 
are regulated by various hormones and cytokines [1]. This activity is mediated 
through ROS activation of phosphorylation/dephosphorylation (redox) switches 
[2]. As ROS are potentially toxic to cells, endogenous antioxidant defences neutral-
ise and regulate redox biology. Endogenous antioxidants include catalase (CAT), 
glutathione peroxidase (GPx), superoxide dismutase (SOD) family, peroxiredoxins 
and thioredoxins. Additional antioxidant activity is from exogenous molecules 
obtained through nutritional sources, predominantly including Vitamin A and other 
β-carotenes, Vitamin C and Vitamin E, alongside numerous phytonutrients [3].

In excessive concentrations that overcome antioxidant regulation defences, ROS 
damage lipids and proteins, including cell membranes, mitochondrial membranes, 
enzymes and DNA [1]. An increase in ROS and/or a decrease in antioxidant defences 
defines a state of oxidative stress, resulting in cellular injury and damage to organ-
elles and molecules [2]. Oxidative stress has been implicated in numerous degen-
erative chronic pathologies, including complications of obesity, metabolic syndrome 
(MetS) and type 2 diabetes mellitus (T2DM) [4, 5]. Oxidative stress is also well 
defined to negatively affect male fertility across numerous different causes, which 
also include obesity, MetS and T2DM [6].

11.2  Obesity, Metabolic Syndrome and Type 2 
Diabetes Mellitus

An increase in adiposity, particularly abdominal white adipose tissue, is well estab-
lished to cause debilitating health effects, increasing morbidity and mortality [7]. 
Obesity is a clinical condition in which there is an excessive accumulation of fat that 
adversely affects health outcomes [8]. Closely related but considered a distinct clin-
ical entity, the metabolic syndrome (MetS) is clinically defined as a clustering or 
constellation of increased abdominal adiposity, increased blood pressure, reduced 
HDL cholesterol, increased serum triglycerides and increased glucose concentra-
tions [9, 10]. This syndrome describes a subgroup of patients who are at increased 
risk for the development of cardiovascular disease (CVD) and T2DM [11]. Obesity 
is a common feature of MetS [9], and closely associated with insulin resistance and 
the development of T2DM [7]. T2DM is considered a complication of obesity and 
MetS, with similar aetiologies and underlying pathophysiology, characterised clini-
cally by hyperglycaemia due to insulin resistance [12].

Common risk factors for the development of obesity, MetS and T2DM include an 
increased energy-dense and nutrient-poor nutritional consumption and reduced 
physical activity. This includes exposure to environmental toxins, endocrine- 
disrupting chemicals and pharmacological interventions, alongside genetic and 
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epigenetic changes [12–14]. Metabolic and co-morbidity risk factors include dys-
lipidaemia, hypertension, hyperinsulinaemia (insulin resistance), chronic inflamma-
tion, oxidative stress, obstructive sleep apnoea and micronutrient deficiencies [15].

An exponential increase in obesity prevalence globally has been observed in 
adults, adolescents and children in recent decades [9]. This is reported as up to 27% 
of adults and 47% of children [16]. Although there is a clearly defined increased risk 
in disadvantaged communities [8], this increase in the obesity pandemic is reported 
in both sexes and across all geographical regions, ethnic groups and socioeconomic 
groups [17]. Similarly to obesity, MetS has emerged as a global health problem, 
with the incidence parallel to that of obesity [13]. The International Diabetes 
Federation (IDF) reports a global incidence of 8,8% for MetS, representing more 
than 415 million people [13]. However, MetS is reported to be over 40% of the 
population in some regions, including Iran and Tunisia [9, 18]. This is set to increase 
into the future globally, with the most significant growths expected in Africa and the 
Middle East [13]. MetS is further estimated to be 3 times more common than diabe-
tes [18]. Based on data available from the Global Burden of Disease, T2DM affected 
8,8% of the global population in 2017, which is approximately 462 million people. 
This is across all age groups, including 4,4% in ages 15–19 years, 15% in ages 
50–69 years, and 22% in those aged over 70 years, and incidence peaking at 55 years 
of age [18, 19]. T2DM is considered the ninth leading cause of death globally, with 
over one million deaths annually [18].

11.3  Clinical Assessment of Obesity, Metabolic Syndrome 
and Type 2 Diabetes Mellitus

BMI is the standard tool used to clinically define bodyweight categories and esti-
mate risk of complications in underweight, overweight and obese patients. Based on 
this classification system, obesity is defined as >30 Kg/m2 (Table 11.1) by the World 
Health Organisation (WHO) [8, 20, 21]. This is considered a useful predictor of 
mortality over and under an apparent optimal BMI range of 22,5–25  Kg/m2 21. 
Mortality associated with increased BMI is due predominantly due to vascular dis-
ease complications, with a 30% increased risk for vascular mortality and 60–120% 
increased risk for diabetic, renal or hepatic complications for every additional 5 Kg/
m2 above normal [21].

BMI has been shown to have limitations, as it does not distinguish variations in 
body fat percentage and fat distribution across all BMI categories (Table 11.1), or 
distinguish between protective subcutaneous adipose tissue and detrimental visceral 
(abdominal) adipose tissue accumulation [7]. Cardiometabolic complications are 
associated predominantly with increased visceral adipose tissue [17]. BMI use 
alone has been estimated to miss up to half of all patients with cardiometabolic risk 
due to its high specificity with relatively low sensitivity [22]. Although body fat 
percentage may offer additional information, the determination of the waist 
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circumference (WC) is seen as a simple alternative with better prediction of compli-
cations and mortality than BMI [22, 23]. In overweight and obese men, a 
WC  >  102  cm significantly increases mortality risk compared to those with 
WC < 102 cm, and these risk thresholds are reduced in different ethnic backgrounds 
Asian and Europoid ethnic backgrounds [23]. However, lower thresholds with eth-
nic variation are provided in the MetS diagnostic criteria thresholds [10].

MetS is diagnosed based on the presence of any three of the five defining fea-
tures, specifically increased waist circumference (abdominal adiposity), blood pres-
sure, serum triglycerides, serum glucose, and/or reduced HDL cholesterol. Cut-off 
values for waist circumference and blood pressure vary with gender and/or ethnic 
background (Table 11.2) [10].

T2DM screening and diagnostic evaluation can be done using HbA1c criteria (> 
6.5%), fasting plasma glucose (> 126 mg/dL or 7.0 mmol/L) or the 2 h 75 g oral 
glucose tolerance test (> 200 mg/dL or 11.1 mmol/L). In patients diagnosed with 
T2DM, additional CVD risk factors should be clinically evaluated [24].

Table 11.1 Body mass index (BMI) categories and risk of co-morbidities

BMI Classification
Risk of 
co-morbidities Consequences

< 18.5 Underweight 
(undernourished)

Increased Immunodeficiency-related infectious 
disease and malignancies

18.5–24.9 Normal weight Low Uncommon related to BMI
25.0–29.9 Overweight Mild NCCDs: CVD; T2DM; malignancies; 

degenerative disease30.0–34.9 Class I obesity Moderate
35.0–39.9 Class II obesity Severe
> 40 Class III obesity Very severe

NCCDs non-communicable chronic disease, CVD cardiovascular disease, T2DM type 2 diabetes 
mellitus [20, 21, 131]

Table 11.2 The metabolic syndrome diagnostic criteria in males. A diagnosis is made with any 
three of the five criteria [10]

Criteria Categorical cut off points

Waist circumference Sub-Saharan African ≥94 cm;
Caucasian ≥94 cm;
Asian ≥90 cm

Blood pressure (or relevant medication) Systolic ≥130 mmHg and/or diastolic 
≥85 mmHg

Fasting triglycerides (or relevant medication) > 150 mg/dL or 1.70 mmol/L
HDL cholesterol (or relevant medication) < 40 mg/dL or 1.00 mmol/L
Fasting glucose (or relevant medication) > 100 mg/dL or 5.5 mmol/L

HDL = high-density lipoprotein
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11.4  Inflammation and Oxidative Stress 
in the Pathophysiology of Obesity, Metabolic Syndrome 
and Type 2 Diabetes Mellitus

Obesity, MetS and T2DM arise from complex interactions of polygenetic predispo-
sition, socioeconomic factors and cultural influences [16]. This complex pathophys-
iology includes phenomena such as insulin resistance, systemic inflammation with 
altered cytokine and adipokine expressions and oxidative stress. Endocrine changes 
in males also include reduced testosterone and progesterone, with increased gonad-
otropins, oestrogen and prolactin [4, 25–27]. These systemic biochemical changes 
are summarised in Table 11.3.

Although adipose tissue is considered an important source of inflammation and 
ROS in obesity, oxidative stress and inflammation have been identified in numerous 
different tissues and organs in obesity [25, 28]. Oxidative stress and inflammation 
mediate obesity and related metabolic disorders through cellular dysfunction, loss 
of cellular energy metabolism, altered cellular signalling and control of growth 
cycles, and DNA damage and mutations [29]. This leads to increased lipid peroxida-
tion, protein carbonylation, and reduced endogenous antioxidant expression, which 
are considered important mechanisms in the development of T2DM, CVD and 
malignancies [29]. As systemic inflammation is associated with reproductive tract 
inflammation in obesity and metabolic syndrome; oxidative stress in this context is 
increasingly considered detrimental to male reproductive tissues [25]. Oxidative 
stress and inflammation can be triggered by excessive macronutrients intake [30], 
including high fat and/or high carbohydrate diets [29]. This increased energy intake 
increases NADPH oxidase and reduces endogenous antioxidant defence [31, 32].

Inflammation is widespread in multiple tissues in obesity, MetS and T2DM. This 
includes adipose tissue, skeletal and cardiac muscle, liver, pancreas, brain and male 
reproductive tissues, associated with increased TNFα, IL-1β, IL-6 and IL-8 and 
reduced IL-2, IL-10 [25, 33]. This is mediated by a shift from an immune regulating 
phenotype to an inflammatory phenotype, with the infiltration of macrophages and 
lymphocytes predominantly into affected tissues [25, 26, 33]. Furthermore, inflam-
mation is known to be involved in the pathogenesis of insulin resistance in obesity 
and MetS, increasing the risk of T2DM [25, 26, 34].

Inflammation is also closely associated with increased ROS production and oxi-
dative stress, mediated in part through mitochondrial dysfunction [35]. Overnutrition 
(excess nutrient supply) results in mitochondrial dysfunction and increased ROS 
generation, which can further exacerbate the inflammatory response and increase 
cellular apoptosis [35]. Oxidative stress in adipose tissue also results in adipokine 
dysregulation, with increased leptin, orexin obestatin and plasminogen activating 
factor-1, and decreased adipokinine [36, 37]. Increased leptin, ghrelin and orexin 
correlates with oxidative stress, whereas adiponectin negatively correlates with oxi-
dative stress [37].

There is a significant correlation between systemic oxidative stress markers and 
increasing BMI, blood glucose, smoking, T2DM and CVD [38]. Oxidative stress in 
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obesity mediates the development of MetS, where accumulation of adipose tissues 
correlates with oxidative stress in vitro and in vivo (animals and humans). In adult 
humans, these markers include increased F2α-isoprostane (F2-IsoP), 8-iso- 
prostaglandin F2a (8-isoPGF2a), malondialdehyde (MDA), oxidised LDL choles-
terol (Ox-LDL), and reduced PON1 activity and total antioxidant capacity (TAC) 
[39]. There is also a reduction in endogenous antioxidant defence enzymes, includ-
ing GPx, CAT and SOD [39].

Genetic predisposition to obesity through single nucleotide polymorphisms 
(SNPs) includes genes involved with antioxidant defence systems. SNPs associated 
with increased oxidative stress in obesity includes GPX1 (594C/T and Ala5/Ala6+), 
GPX7 (G/A), CAT (−89A/T), CAT (−844A/G), CAT (−20C/T), PON1 (Q192R and 

Table 11.3 Correlated molecular changes of obesity and metabolic syndrome in males [4]

Category Marker

Endocrine ↓ Total and free testosterone
↓ Progesterone
↑ Oestrogen
↑ Gonadotropins
↓ SHBG
↑ Prolactin
↑ Insulin

Cytokines and adipokines and inflammation ↓ Adiponectin
↑ Resistin
↑ Platelet activating inhibitor-1
↑ Angiotensin II
↑ Leptin
↑ TNFα, IL-1β, IL-6, IL-8
↓ IL-2, IL-10
↑ Hs-CRP

Oxidative stress ↓ TAC
↑ Malondialdehyde (MDA)
↑ LDLox
↑ F2 isoprostanes (F2-IsoP)
↑ 8-iso
Prostaglandin F2a (8-isoPGF2a)
↑ Protein carbonylation
↓ Cu-Zn-SOD
↓ Mn-SOD
↓ Catalase (CAT)
↓ Glutathione peroxidase (GPx)

Micronutrients ↓ Vitamins A, B1, B9, B12, C, D, E
↓ Selenium
↓ Zinc
↓ Iron

K. Leisegang



243

L55M), SOD2 (Ala16Val), p22phox (−930A/G) and PPARy (Pro12Ala), amongst 
others [39]. These SNPs are further associated with an increased risk inflammation 
and insulin resistance [39].

Paradoxically, obesity is also associated with micronutrient deficiency [40, 41]. 
Common deficiencies include vitamin D, selenium, vitamin C, zinc, B-vitamins, 
carotenes, manganese, chromium and copper. These deficiencies contribute signifi-
cantly to oxidative stress, as well as defective insulin signalling, reduced tyrosine 
kinase activity, β-cell dysfunction, loss of muscle mass, increased protein kinase C 
and intracellular calcium [42]. Ultimately, through dysfunction insulin signalling 
and metabolic activity, these deficiencies contribute significantly to the pathophysi-
ology of MetS and T2DM [41].

Insulin resistance is closely associated with obesity and metabolic syndrome and 
has a central role in the pathogenesis of T2DM. This change in insulin signalling 
function is complex, but mediated through oxidative stress and inflammation [43]. 
Up to 30% of obese patients however do not have insulin resistance, and these 
patients are associated with reduced visceral fat and intima-media thickness of the 
carotid artery compared to obese patients with metabolic derangements [9]. 
Pathways for insulin resistance are also mediated through mitochondrial dysfunc-
tion, and well as lipotoxicity  and endothelial stress induced through oxidative 
stress [44].

Hyperglycaemia from both types of diabetes mellitus increases oxidative stress 
through increased oxidation of glucose, glycation of proteins and oxidative metabo-
lism of these glycated proteins. This oxidative stress has been closely associated 
with the development of complications [45]. Oxidative stress in obesity has also 
been shown to emerge from endothelial dysfunction induced by hyperleptinaemia 
[46]. Furthermore, oxidative stress has mediated the development of T2DM as well 
as vascular damage [28]. Complications of obesity are partly due to lipotoxicity, 
where there are increased lipids in peripheral tissues that outweigh the storage and 
antioxidant protection capacities. Increased intracellular lipids cause inhibition of 
GLUT4, leading to insulin resistance, reduced glucose uptake, oxidative stress, ER 
stress and apoptosis [47].

11.5  Impact of Obesity, Metabolic Syndrome and Type 2 
Diabetes Mellitus on Male Fertility

The association between male obesity, MetS and T2DM with reproductive dysfunc-
tion has been well established [4, 25, 48–50]. This includes reduced sperm param-
eters and spermatogenesis, increased DNA fragmentation and apoptosis, and 
changes in reproductive hormones that include hypogonadism and hyperoestrogen-
aemia. Obesity and MetS are further associated with low-grade chronic prostatitis, 
benign prostatic hyperplasia (BPH) and prostatic carcinoma. Importantly, sperm 
DNA damage and epigenetic changes can increase the risk of pregnancy 
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complications and poor health outcomes of the offspring, including metabolic and 
neurodevelopmental disorders [4, 25, 48–50].

Exposure to an obesogenic environment has been described to explain the rela-
tionship between environmental factors and infertility. Many of these obesogens 
may disrupt reproductive hormone activity, acting as endocrine-disrupting com-
pounds (ECDs). These lipophilic compounds accumulate in adipose tissue, modu-
lating reproductive function and reducing spermatogenesis. Furthermore, these 
obesogens can also transfer to the offspring through epigenetic modifications [51].

Diabetes, through chronic hyperglycaemia, is known to negatively affect sperm 
parameters, spermatogenesis, Leydig cell function and reductive hormone balance, 
as well as induce sexual dysfunction. It is postulated that the mitochondrial dys-
function and oxidative stress are key mediators in this negative impact of hypergly-
caemia on reproductive dysfunction [52].

11.6  Pathophysiology of Inflammation and Oxidative Stress 
in Metabolic Dysfunction on Male Fertility

As with numerous other tissues, ROS are important regulators and mediators of 
male fertility in normal redox physiology. ROS are critical in spermatogenesis, 
chromatin condensation, maturation in the epididymis, and involved in post- 
ejaculatory functions such as hyperactivation, acrosomal reaction and oocyte fusion 
[53, 54]. ROS, particularly H2O2, is generated from spermatozoa and leucocytes 
[55, 56]. Additional sources of ROS and antioxidants in seminal fluid are through 
prostate and seminal vesicle secretions [53, 54]. However, oxidative stress results in 
abnormal spermatogenesis, lipid peroxidation and DNA fragmentation, alongside 
mitochondrial dysfunction [57].

Obesity and MetS have been associated with increased oxidative stress and 
inflammation in the male reproductive tract [25, 58]. Alongside T2DM, obesity and 
metabolic syndrome also negatively affect MMP, alongside increased DNA frag-
mentation and markers of apoptosis [25, 59–61]. Excess adipose tissue produces 
excessive adipokines (cytokines derived from adipocytes), which in turn leads to 
inflammation and oxidative stress in the male reproductive tract [50]. Obesity is also 
associated with increased seminal leptin and insulin concentrations [59], and MetS 
also has increased seminal inflammatory cytokines and insulin [62].

There is also a positive association between adiposity, leptin, sperm parameter 
abnormalities and oxidative stress in obese men. Furthermore, leptin may increase 
oxidative stress directly in obese males [63]. Excess adipose tissue produces exces-
sive adipokines (cytokines derived from adipocytes), which in turn leads to inflam-
mation and oxidative stress in the male reproductive tract [50]. This impairs 
testicular and epididymal tissues [50]. Diabetes, through chronic hyperglycaemia, is 
known to negatively affect sperm parameters, spermatogenesis, Leydig cell func-
tion and reductive hormone balance, as well as induce sexual dysfunction. It is 
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postulated that the mitochondrial dysfunction and oxidative stress are key mediators 
in this negative impact of hyperglycaemia on reproductive dysfunction [52].

This has been shown in a number of observational studies in humans. Obese, 
non-obese T2DM and obese T2DM males all showed increased oxidative stress, 
reduced TAC, increased DNA fragmentation and apoptosis in spermatozoa, as well 
as reduced testosterone [64]. In male patients with excellent and mediocre semen 
quality, an increased fertility potential was associated with reduced iron and 
increased antioxidants, specifically CuZn-SOD, CAT and GPx [65]. In infertile 
males, a positive correlation was reported for BMI, increased intestinal permeabil-
ity, metabolic endotoxaemia, sperm DNA oxidative damage and DNA fragmenta-
tion [66]. In obese, non-obese infertile males and non-obese fertile males, the obese 
infertile males showed increased MDA alongside reduced sperm concentration, 
viability and acrosome intactness test compared to both groups, and reduced nuclear 
chromatin decondensation test (NCD) compared to non-obese fertile control [67]. A 
positive correlation between BMI and ROS was also reported in male patients, with 
a negative correlation between BMI and testosterone and sperm concentration [68]. 
Obese males that had increased ROS and DNA fragmentation alongside reduced 
sperm parameters compared with fertile normal weight men had a BMI positively 
correlated with seminal ROS concentrations [69]. Furthermore, proteomic analysis 
of seminal plasma of obese males has identified elevated GPx, mitochondrial gluta-
thione reductase, ceruloplasmin, clusterin, haptoglobin, S100A9 and ADP ribosyl 
cyclase, which are all involved in antioxidant activity where the overexpression may 
be an attempt to counterbalance excessive ROS. This included identification of pro-
teins that activate the inflammatory pathways and intrinsic apoptosis [70]. Although 
these studies in humans remain limited, they strongly suggest a relationship between 
oxidative stress and reduced semen parameters in obese males predominantly, with 
less direct evidence of reproductive oxidative stress available for MetS and T2DM.

Potential mechanisms of action of high energy diets and obesity-related meta-
bolic derangements are provided in animal studies. High energy diets lead to disrup-
tion of reproductive function and testicular histology, disrupting reproductive 
pathways and negatively affecting spermiogenesis and sperm maturation. This 
results in abnormal sperm parameters and sperm defections, changes to sperm 
membrane lipids and sperm morphology and decreased acrosome reaction and 
increased apoptosis [50, 71–73]. This further induces mitochondrial dysfunction 
which exacerbates increased ROS production [74, 73]. There is reduced testicular 
mRNA expressions of endogenous antioxidant enzyme activity, including CAT, 
SOD, GSH-Px and Nrf2 [75–77], and increased mRNA expression of NF-κB, TNFα 
and IL-1b, and decreased IL-10 [76, 77]. Inflammatory cytokines can further dam-
age the seminiferous tubules and the epididymal epithelium through the induction 
of ROS [68, 78]. Increased testicular and serum MDA, SOD and PC (protein car-
bonyl) has also been reported [72, 79], mediated partly by a reduced Nrf2/HO-1 
pathway [72]. With increased apoptosis, there is also increased mRNA levels of 
p53, Bax/BCl-2, caspase-9, caspase-8 and caspase-3 in the testes [76]. Furthermore, 
this is associated with decreased serum-free testosterone with increased SHBG 
[71–73, 75], mediated by inhibition of steroidogenic enzymes in testosterone 
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synthesis [77]. Histology of testicular tissue further shows seminiferous tubules 
vacuolar changes and increased spermatogenic cell apoptosis in testicular tissue 
[71, 73]. This was also associated with pathological damage and increased apopto-
sis in Leydig cells [75]. High energy diets resulting in hyperglycaemia and hypoin-
sulinaemia also increase testicular oxidative stress through an increased 
intratesticular lactate/alanine ratio [80]. Sperm cell epigenetic changes can also 
transfer metabolic and reproductive co-morbidities across the generations [50, 81]. 
Maternal obesity in rats has also been shown to increase oxidative stress in the 
reproductive system of male offspring, as well as causing impaired fertility. This 
included a reduction in serum LH and testosterone, reduced sperm concentration, 
viability, motility, and normal morphological forms [82]. This is supported by 
reduced sperm quality and antioxidant enzyme activity in offspring from maternal 
obese rats [83].

Proteomic investigation of obesity in mice on a high-fat diet (inducing hyperin-
sulinaemia and hyperglycaemia) alongside human testicular biopsies identified 102 
proteins affecting the testis. This included blood-testes barrier structural proteins 
(filamin A), oxidative stress response proteins (spermatogenesis associated 20), pro-
teins involved in lipid homeostasis (sterol regulatory element-binding protein 2 and 
apolipoprotein A1), and proteins interacting with androgen receptors (paraspeckle 
component 1). Additional altered protein pathways identified include GABA recep-
tor signalling, Rho GTPase pathway, pentose phosphate pathway, L-carnitine syn-
thesis, AMPK signalling and BRCA1  in DNA damage [84]. Hyperglycaemia in 
type 1 diabetes mellitus has been shown to result in reproductive dysfunction. In 
most animal studies, the mechanisms of hyperglycaemia impact on male reproduc-
tion may include increased oxidative stress, ER stress, mitochondrial dysfunction, 
changes in advanced glycaemic end-products increased DNA damage and altera-
tions in the HPG axis [85].

11.7  Assessment and Management of Oxidative Stress 
in Male Infertility

Testing of oxidative stress in male infertility assessments consists of direct and indi-
rect assessment in seminal fluid. Direct tests aim to measure a difference in ROS 
production and antioxidants. These include specific ROS chemiluminescence or 
fluorescence, nitroblue tetrazolium (NBT) test, or flow cytometry for intracellular 
SOD or H2O2 [86–91].. Unfortunately these assays have been limited to research 
currently, and are not widely used in clinical practice [90, 92]. Indirect tests deter-
mine molecular consequences of oxidative stress in seminal fluid. These include 
total antioxidant capacity, redox potential, malondialdehyde (MDA), 8-hydroxy- 2-
deoxyguanosine and sperm DNA damage [6, 90, 91, 93].
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11.7.1  Management

Management of obesity, MetS and T2DM remains fairly elusive, mostly due to the 
complex pathophysiology associated with these conditions [94, 95]. The impact of 
these pathologies on fertility is also complex and multifactorial, which further chal-
lenges appropriate management in these patients [94]. Therefore, management 
strategies need to be multifactorial, and target underlying mechanisms such as 
inflammation and oxidative stress in multiple organ systems [95, 96].

Long-term reduction in body weight depends on permanent changes in nutri-
tional intake and physical activity [8]. An appropriate healthy lifestyle and weight 
management is a critical consideration in the management of obesity, MetS and 
T2DM. This includes appropriate quality and quality to caloric intake and increased 
physical activity [97]. In humans, weight management can improve male fertility 
parameters, as well as circulating reproductive hormones and improved sexual dys-
function [98–100]. In high-fat diet-induced obese rats, weight loss improves testicu-
lar oxidative stress through improved MDA, PC and SOD levels [79].

11.7.2  Lifestyle: Nutrition and Exercise

The study of human nutrition is complex, relevant to the regulation of energy, cel-
lular stress, genetic predispositions (SNPs) and epigenetics [101]. Appropriate 
nutrition can reduce oxidative stress and inflammation, and improve male fertility 
and sperm quality. A diet rich in dietary fibre, fruits and vegetables, nuts and seeds, 
oils, unsaturated fatty acids and omega-3 fatty acids, micronutrients and phytonutri-
ents improve inflammatory and oxidative stress markers, alongside male sperm 
parameters [102–105]. This should further include an active lifestyle, stress avoid-
ance and where possible avoidance or mitigation of environmental or occupational 
toxin exposures can improve male infertility [106]. In this context, the Mediterranean 
diet has been found to improve oxidative stress and male fertility parameters [104]. 
These diets are also rich in antioxidants, particularly obtained through micronutri-
ents and phytochemicals. The Mediterranean dietary principles with antioxidant- 
rich foods have been shown to improve fertility outcomes in non-obese and obese 
males. Important nutritional micronutrients for fertility include vitamin A and 
β-carotenes, vitamin D and E, vitamin C, folate, zinc and lycopene [102].

Exercise may acutely increase oxidative stress, but adaption to regular exercise 
improves adaption to oxidative stress, although these mechanisms remain poorly 
understood [107]. In a mouse model of testicular oxidative stress and inflammation 
in high-fat diet-induced obesity, moderate exercise load was reported to improve 
testicular oxidative stress (through increased endogenous antioxidants and reduced 
ROS) and inflammation (through reduced NF-κB mRNA expression and transcrip-
tion), increase testosterone synthesis (through increased mRNA expression and 
transcription of steroidogenic enzymes), and improved sperm parameters and sperm 
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apoptosis compared to no exercise and intense exercise groups, although both mod-
erate and intense exercise resulted in improved adiposity [77]. In reduced fertility 
found in offspring of maternal obesity rat models, exercise improved the reduced 
sperm quality and antioxidant enzymes, alongside adiposity and gonadal fat found 
in the offspring [83].

Caloric restriction and intermittent fasting have been shown to reduce inflamma-
tion and oxidative stress associated with overnutrition and obesity, as well as 
improve obesity and metabolic complications [30, 33, 107]. This is done through 
limiting total calorie intake below optimal, without inducing micronutrient deficien-
cies [108]. Caloric restriction may improve male fertility parameters, although this 
remains unclear. Although there is a proposed trade-off between longevity associ-
ated with caloric restriction and fertility, long-term restriction in Rhesus monkeys 
shows minimal negative effect on fertility parameters. Further studies are required 
on the impact of caloric restriction on male fertility [109].

11.7.3  Nutritional Supplements and Antioxidants

Non-enzymatic exogenous antioxidants can be obtained through nutritional sources, 
particularly micronutrients and phytochemicals [37]. Supplementation with antioxi-
dants may offer benefits on semen parameters, but the exact indications, correct 
form, dosage and duration of therapy are currently unclear [37, 92]. The use of 
antioxidants has also been reported to be useful in diabetes complications, mitigat-
ing the important role of oxidative stress in this pathogenesis [110, 111].

Rich nutritional consumption of antioxidants is recommended. Vitamin E and C, 
carotenoids and carnitine have been found to be beneficial in restoring redox bal-
ance in males with infertility [106]. Vitamin D supplementation is also reported to 
improve oxidative stress markers in obesity [107]. Additional supplementation for 
male infertility includes Alpha-lipoic acid, lycopene, co-enzyme Q10 and melato-
nin [112–116]. Melatonin, as an antioxidant, also improved testicular oxidative 
stress in high-fat diet-induced obese rats. This included improved MDA, SOD and 
PC levels [79]. However, further research is warranted to determine any benefit on 
fertility parameters in obesity, MetS and T2DM.

11.7.4  Herbal Medicines

Secondary metabolites found in medicinal plants, such as polyphenols, flavonoids 
and catechins, are rich in antioxidant activity [117]. Studies have suggested that 
increased consumption of phytonutrients reduce obesity and associated metabolic 
derangements, reducing morbidity and mortality [118]. Herbal products have also 
been shown to improve oxidative stress in the male reproductive system including 
Vitis vinifera (grape seed), Origanum majorana essential oil, Nigella sativa, 
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Eurycoma longifolia Jack, Withania somnifera, Andrographis paniculata and 
Tribulus terrestris [106]. This has been demonstrated in animal models specifically 
on obesity-induced oxidative stress. Soy isoflavones at 150 and 450 mg/Kg improved 
obesity-induced testicular oxidative stress, germ cell apoptosis and reduced serum 
testosterone. This was mediated through increased Nrf2/HO-1 pathway that regu-
lates Bcl-2, BAX and caspase-3 expressions [72]. Proanthocyanidin extract from 
Vitis vinifera (grape seed) in high-fat diet-induced obese rats significantly improved 
serum testosterone, sperm parameters, histological changes in testes, as well as 
improved markers of testicular oxidative stress (increased SOD, GSH, and GSH-Px 
and decreased MDA) and reduction in spermatogenic cell apoptosis [73].

11.7.5  Pharmaceuticals

Non-steroidal anti-inflammatory drugs (salicylates) are associated with reduced 
inflammation and serum glucose in obesity, insulin resistance and T2DM [119–
123]. Low-dose methotrexate has failed to show a reduction in CRP, IL-1β or IL-6, 
does not reduce CVD incidence and may increase adverse events in patients with 
MetS or T2DM [124]. Colchicine may lower CVD risk in patients following myo-
cardial infarction, but this effect is yet to be investigated in obesity, MetS and T2DM 
[125]. Further immune-regulating drug targets include TNFα, IL-1β and IL-18 
antagonists, but do not show consistent effect on reducing T2DM.  Chemokine 
antagonists for CCR2 and CCR5 are reported to reduce inflammation and improve 
insulin resistance in obese animal models [33]. However, any impact on oxidative 
stress of these immune regulating approaches is not clear, nor any positive impact 
on male reproduction in obesity, MetS and T2DM patients. The treatment of obese 
mice with NADPH oxidase inhibitor is reported to reduce ROS and regulate adipo-
kine production in adipose tissue, improving metabolic derangements and hepatic 
steatosis [36]. Treating mice with antioxidants may also prevent the progression of 
obesity into T2DM [28].

Metformin is a commonly used hypoglycaemic agent in the management of 
T2DM, primarily to improve insulin signalling and cellular uptake of glucose. 
Further mechanisms of action include a reduction in inflammation and oxidative 
stress, mediated in part through reduced AMPK activation [126, 127]. Metformin 
has been suggested to also improve testicular oxidative stress and inflammation, 
with improved sperm parameters, in T2DM [128]. In an obese mouse model, met-
formin has been shown to improve fertility, reduce oxidative stress and recover 
NF-κB activity in Sertoli cells (SCs) in the reproductive system, mediated through 
improving blood-testis barrier integrity. Metformin further reduced lipid deposition 
in the testis and increased serum FSH [129].

Testosterone administration can also downregulate systemic inflammation and 
oxidative stress in obesity, MetS and T2DM. This may also improve insulin signal-
ling, adipokine secretion, dyslipidaemia and blood pressure [130]. However, exces-
sive testosterone administration is detrimental for male fertility, and should not be 
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considered as part of fertility treatment in these patients [94, 130]. As an alternative 
approach to hypogonadism in these males, aromatase inhibitors may improve sperm 
parameters in males. However, there is currently no significant evidence base for 
these medicines for the management of male infertility [94].

11.8  Conclusions

Although ROS are important physiological mediators of cellular function, including 
male fertility, excessive ROS and subsequent oxidative stress can be detrimental to 
cell function. Obesity, MetS and T2DM are associated with oxidative stress and 
inflammation as important mechanisms of disease, which is also found to affect 
testicular tissue and contribute to male infertility. Human and animal studies increas-
ingly establish a direct association between this systemic oxidative stress and male 
infertility. Management of this oxidative stress is not well defined; however, 
improved nutrition and exercise can be recommended for improvement in oxidative 
stress and male fertility parameters. Consideration of dietary supplements with 
micronutrients, antioxidants or medicinal herbs is recommended, however, further 
research on efficacy and dosage is required. Metformin may also offer benefits on 
testicular oxidative stress and fertility parameters in obesity, MetS and 
T2DM. However, significantly more research on causation, mechanisms, clinical 
assessments and appropriate management of infertility on obesity, MetS and T2DM 
is still required.

References

 1. Tafuri S, Ciani F, Iorio EL, Esposito L, Cocchia N. Reactive Oxygen Species (ROS) and male 
fertility. In: New discoveries in embryology. InTech; 2015. p. 19–40.

 2. Sies H. Hydrogen peroxide as a central redox signaling molecule in physiological oxidative 
stress: Oxidative eustress. Redox Biol. 2017;11:613–9.

 3. Höhn A, Weber D, Jung T, et al. Happily (n)ever after: aging in the context of oxidative stress, 
proteostasis loss and cellular senescence. Redox Biol. 2017;11:482–501.

 4. Leisegang K. Malnutrition and obesity. In: Oxidants, antioxidants and impact of the oxidative 
status in male reproduction. Elsevier; 2019. p. 117–34.

 5. Leisegang K, Henkel R, Agarwal A. Redox regulation of fertility in aging male and the role 
of antioxidants: a savior or stressor. Curr Pharm Des. 2016;23(30):2017–8.

 6. Leisegang K, Henkel R. Oxidative stress: relevance, evaluation, and management. In: Male 
infertility in reproductive medicine. CRC Press; 2019. p. 119–28.

 7. Dulloo AG, Jacquet J, Solinas G, Montani J-P, Schutz Y. Body composition phenotypes in 
pathways to obesity and the metabolic syndrome. Int J Obes. 2010;34(Suppl 2):S4–17.

 8. Haslam DW, James WPT. Obesity. Lancet. 2005;366(9492):1197–209.
 9. Engin A. The definition and prevalence of obesity and metabolic syndrome. Adv Exp Med 

Biol. 2017;960:1–17.
 10. Alberti KGMM, Eckel RH, Grundy SM, et  al. Harmonizing the metabolic syndrome a 

joint interim statement of the international diabetes federation task force on  epidemiology 

K. Leisegang



251

and prevention; national heart, lung, and Blood Institute; American Heart Association; 
World Heart Federation; International Association for the Study of Obesity. Circulation. 
2009;120(16):1640–50.

 11. Huang PL.  A comprehensive definition for metabolic syndrome. Dis Model Mech. 
2009;2(5–6):231–7.

 12. Chen L, Magliano DJ, Zimmet PZ. The worldwide epidemiology of type 2 diabetes mel-
litus – present and future perspectives. Nat Rev Endocrinol. 2012;8(4):228–36.

 13. Saklayen MG.  The global epidemic of the metabolic syndrome. Curr Hypertens Rep. 
2018;20(2)

 14. Han TS, Lean ME. A clinical perspective of obesity, metabolic syndrome and cardiovascular 
disease. JRSM Cardiovasc Dis. 2016;5:204800401663337.

 15. Kumar Khemka V, Banerjee A. Metabolic risk factors in obesity and diabetes mellitus: impli-
cations in the pathogenesis and therapy. Integr Obes Diabetes. 2017;3(3)

 16. Apovian CM.  Obesity: definition, comorbidities, causes, and burden. Am J Manag Care. 
2016;22(7):s176–85.

 17. Chooi YC, Ding C, Magkos F. The epidemiology of obesity. Metabolism. 2019;92:6–10.
 18. Khan MAB, Hashim MJ, King JK, Govender RD, Mustafa H, Al KJ.  Epidemiology of 

type 2 diabetes – global burden of disease and forecasted trends. J Epidemiol Glob Health. 
2020;10(1):107–11.

 19. Ogurtsova K, da Rocha Fernandes JD, Huang Y, et al. IDF diabetes atlas: global estimates for 
the prevalence of diabetes for 2015 and 2040. Diabetes Res Clin Pract. 2017;128:40–50.

 20. WHO. Obesity: preventing and managing the global epidemic. Report of a WHO consulta-
tion. World Health Organ Tech Rep Ser 2000;894: i–xii, 1–253.

 21. MacMahon S, Baigent C, Duffy S, et al. Body-mass index and cause-specific mortality in 900 
000 adults: Collaborative analyses of 57 prospective studies. Lancet. 2009;373(9669):1083–96.

 22. Okorodudu DO, Jumean MF, Montori VM, et al. Diagnostic performance of body mass index 
to identify obesity as defined by body adiposity: a systematic review and meta-analysis. Int J 
Obes. 2010;34(5):791–9.

 23. Han TS, Sattar N, Lean M.  Assessment of obesity and its clinical implications. 
BMJ. 2006;333(7570):695–8.

 24. Association AD. 2. Classification and diagnosis of diabetes. Diabetes Care. 
2015;38(Supplement 1):S8–S16.

 25. Leisegang K, Henkel R, Agarwal A. Obesity and metabolic syndrome associated with sys-
temic inflammation and the impact on the male reproductive system. Am J Reprod Immunol. 
2019;82(5):e13178.

 26. Esser N, Legrand-Poels S, Piette J, Scheen AJ, Paquot N. Inflammation as a link between obe-
sity, metabolic syndrome and type 2 diabetes. Diabetes Res Clin Pract. 2014;105(2):141–50.

 27. Emanuela F, Grazia M, Marco DR, Maria Paola L, Giorgio F, Marco B. Inflammation as a 
link between obesity and metabolic syndrome. J Nutr Metab. 2012;2012

 28. Matsuda M, Shimomura I. Increased oxidative stress in obesity: Implications for metabolic 
syndrome, diabetes, hypertension, dyslipidemia, atherosclerosis, and cancer. Obes Res Clin 
Pract. 2013;7(5)

 29. Rani V, Deep G, Singh RK, Palle K, Yadav UCS. Oxidative stress and metabolic disorders: 
pathogenesis and therapeutic strategies. Life Sci. 2016;148:183–93.

 30. Biobaku F, Ghanim H, Batra M, Dandona P. Macronutrient-mediated inflammation and oxi-
dative stress: relevance to insulin resistance, obesity, and atherogenesis. J Clin Endocrinol 
Metab. 2019;104(12):6118–28.

 31. Anderson EJ, Lustig ME, Boyle KE, et al. Mitochondrial H2O2 emission and cellular redox 
state link excess fat intake to insulin resistance in both rodents and humans. J Clin Invest. 
2009;119(3):573–81.

 32. Emami SR, Jafari M, Haghshenas R, Ravasi A. Impact of eight weeks endurance training on 
biochemical parameters and obesity-induced oxidative stress in high fat diet-fed rats. J Exerc 
Nutr Biochem. 2016;20(1):30–6.

11 Oxidative Stress in Men with Obesity, Metabolic Syndrome and Type 2 Diabetes…



252

 33. Wu H, Ballantyne CM. Metabolic inflammation and insulin resistance in obesity. Circ Res. 
Published online. 2020;1549–1564.

 34. Luft VC, Schmidt MI, Pankow JS, et al. Chronic inflammation role in the obesity-diabetes 
association: a case-cohort study. Diabetol Metab Syndr. 2013;5(1):1–8.

 35. de Mello AH, Costa AB, Engel JDG, Rezin GT. Mitochondrial dysfunction in obesity. Life 
Sci. 2018;192:26–32.

 36. Furukawa S, Fujita T, Shimabukuro M, et al. Increased oxidative stress in obesity and its 
impact on metabolic syndroame. J Clin Invest. 2004;114(12):1752–61.

 37. Darbandi M, Darbandi S, Agarwal A, et al. Reactive oxygen species and male reproductive 
hormones. Reprod Biol Endocrinol. 2018;16(1):1–14.

 38. Keaney JF, Larson MG, Vasan RS, et  al. Obesity and systemic oxidative stress: clinical 
correlates of oxidative stress in the Framingham study. Arterioscler Thromb Vasc Biol. 
2003;23(3):434–9.

 39. Rupérez AI, Gil A, Aguilera CM.  Genetics of oxidative stress in obesity. Int J Mol Sci. 
2014;15(2):3118–44.

 40. Lapik IA, Galchenko AV, Gapparova KM. Micronutrient status in obese patients: a narrative 
review. Obes Med. 2020;18:100224.

 41. Via M. The malnutrition of obesity: micronutrient deficiencies that promote diabetes. ISRN 
Endocrinol. 2012;2012:1–8.

 42. Christopher EE. Micronutrient deficiency, a novel nutritional risk factor for insulin resistance 
and Syndrom X. Arch Food Nutr Sci. 2018;2(1):016–30. https://doi.org/10.29328/journal.
afns.1001013.

 43. Barazzoni R, Gortan Cappellari G, Ragni M, Nisoli E.  Insulin resistance in obesity: an 
overview of fundamental alterations. Eat Weight Disord. 2018;23(2):149–57. https://doi.
org/10.1007/s40519- 018- 0481- 6.

 44. Yazıcı D, Sezer H.  Insulin resistance, obesity and lipotoxicity. Adv Exp Med Biol. 
2017;960:277–304.

 45. Maritim AC, Sanders RA, Watkins JB. Diabetes, oxidative stress, and antioxidants: a review. 
J Biochem Mol Toxicol. 2003;17(1):24–38.

 46. Korda M, Kubant R, Patton S, Malinski T. Leptin-induced endothelial dysfunction in obesity. 
Am J Physiol Heart Circ Physiol. 2008;295(4):H1514–21.

 47. Chavez JA, Summers SA.  Lipid oversupply, selective insulin resistance, and lipotoxicity: 
molecular mechanisms. Biochim Biophys Acta Mol Cell Biol Lipids. 2010;1801(3):252–65.

 48. Du Plessis SS, Cabler S, McAlister DA, Sabanegh E, Agarwal A. The effect of obesity on 
sperm disorders and male infertility. Nat Rev Urol. 2010;7(3):153–61.

 49. Lotti F, Marchiani S, Corona G, Maggi M.  Molecular Sciences metabolic syndrome and 
reproduction. Published online. 2021.

 50. Liu Y, Ding Z. Obesity, a serious etiologic factor for male subfertility in modern society. 
Reproduction. 2017;154(4):R123–31. https://doi.org/10.1530/REP- 17- 0161.

 51. Cardoso AM, Alves MG, Mathur PP, Oliveira PF, Cavaco JE, Rato L. Obesogens and male 
fertility. Obes Rev. 2017;18(1):109–25.

 52. Ramalho-Santos J, Amaral S, Oliveira P.  Diabetes and the impairment of reproductive 
function: possible role of mitochondria and reactive oxygen species. Curr Diabetes Rev. 
2008;4(1):46–54.

 53. Agarwal A, Sharma R, Roychoudhury S, Du Plessis S, Sabanegh E.  MiOXSYS: a novel 
method of measuring oxidation reduction potential in semen and seminal plasma. Fertil 
Steril. 2016;106(3):566–573.e10.

 54. Agarwal A, Parekh N, Panner Selvam MK, et al. Male oxidative stress infertility (MOSI): 
proposed terminology and clinical practice guidelines for management of idiopathic male 
infertility. World J Men?s Health. 2019;37(3):296–312.

 55. Baker MA, Aitken RJ.  Reactive oxygen species in spermatozoa: methods for monitoring 
and significance for the origins of genetic disease and infertility. Reprod Biol Endocrinol. 
2005;3:67.

K. Leisegang

https://doi.org/10.29328/journal.afns.1001013
https://doi.org/10.29328/journal.afns.1001013
https://doi.org/10.1007/s40519-018-0481-6
https://doi.org/10.1007/s40519-018-0481-6
https://doi.org/10.1530/REP-17-0161


253

 56. Tremellen K.  Oxidative stress and male infertility  – a clinical perspective. Hum Reprod 
Update. 2008;14(3):243–58.

 57. Sabeti P, Pourmasumi S, Rahiminia T, Akyash F, Talebi AR. Etiologies of sperm oxidative 
stress. Int J Reprod Biomed. 2016;14(4):231–40.

 58. Agarwal A, Rana M, Qiu E, AlBunni H, Bui AD, Henkel R. Role of oxidative stress, infection 
and inflammation in male infertility. Andrologia. 2018;50(11)

 59. Leisegang K, Bouic PJD, Menkveld R, Henkel RR.  Obesity is associated with increased 
seminal insulin and leptin alongside reduced fertility parameters in a controlled male cohort. 
Reprod Biol Endocrinol. 2014;12(1) https://doi.org/10.1186/1477- 7827- 12- 34.

 60. La VS, Condorelli RA, Vicari E, Calogero AE. Negative effect of increased body weight 
on sperm conventional and nonconventional flow cytometric sperm parameters. J Androl. 
2012;33(1):53–8.

 61. Leisegang K, Udodong A, Bouic PJD, Henkel RR. Effect of the metabolic syndrome on male 
reproductive function: a case-controlled pilot study. Andrologia. 2014;46(2):167–76. https://
doi.org/10.1111/and.12060.

 62. Leisegang K, Bouic PJD, Henkel RR. Metabolic syndrome is associated with increased semi-
nal inflammatory cytokines and reproductive dysfunction in a case-controlled male cohort. 
Am J Reprod Immunol. 2016;76(2):155–63.

 63. Malik I, Durairajanayagam D, Singh H.  Leptin and its actions on reproduction in males. 
Asian J Androl. 2019;21(3):296–9.

 64. Abbasihormozi S, Babapour V, Kouhkan A, et al. Stress hormone and oxidative stress bio-
markers link obesity and diabetes with reduced fertility potential. Cell J. 2019;21(3):307–13.

 65. Dobrakowski M, Kaletka Z, Machoń-Grecka A, et al. The role of oxidative stress, selected 
metals, and parameters of the immune system in male fertility. Oxidative Med Cell Longev. 
2018;2018

 66. Pearce KL, Hill A, Tremellen KP. Obesity related metabolic endotoxemia is associated with 
oxidative stress and impaired sperm DNA integrity. Basic Clin Androl. 2019;29(1)

 67. Najafi M, Sreenivasa G, Aarabi M, Dhar M, Babu S, Malini S. Seminal malondialdehyde 
levels and oxidative stress in obese male infertility. J Pharm Res. 2012;5(7 Cop):3597–601.

 68. Tunc O, Bakos HW, Tremellen K. Impact of body mass index on seminal oxidative stress. 
Andrologia. 2011;43(2):121–8. Accessed 10 May 2021. https://onlinelibrary.wiley.com/doi/
full/10.1111/j.1439- 0272.2009.01032.x

 69. Taha EA, Sayed SK, Gaber HD, et  al. Does being overweight affect seminal variables in 
fertile men? Reprod Biomed Online. 2016;33(6):703–8.

 70. Ferigolo PC, Ribeiro de Andrade MB, Camargo M, et  al. Sperm functional aspects and 
enriched proteomic pathways of seminal plasma of adult men with obesity. Andrology. 
2019;7(3):341–9.

 71. Jia YF, Feng Q, Ge ZY, et al. Obesity impairs male fertility through long-term effects on 
spermatogenesis. BMC Urol. 2018;18(1)

 72. Luo Q, Li Y, Huang C, et  al. Soy isoflavones improve the spermatogenic defects in diet- 
induced obesity rats through Nrf2/HO-1 pathway. Molecules. 2019;24(16):2966.

 73. Wang EH, Yu ZL, Bu YJ, Xu PW, Xi JY, Liang HY. Grape seed proanthocyanidin extract 
alleviates high-fat diet induced testicular toxicity in rats. RSC Adv. 2019;9(21):11842–50.

 74. Rato L, Alves MG, Cavaco JE, Oliveira PF. High-energy diets: a threat for male fertility? 
Obes Rev. 2014;15(12):996–1007. https://doi.org/10.1111/obr.12226.

 75. Zhao J, Zhai L, Liu Z, Wu S, Xu L. Leptin level and oxidative stress contribute to obesity- 
induced low testosterone in murine testicular tissue. Oxidative Med Cell Longev. 2014;2014

 76. Suleiman JB, Nna VU, Zakaria Z, Othman ZA, Bakar ABA, Mohamed M. Obesity-induced 
testicular oxidative stress, inflammation and apoptosis: protective and therapeutic effects of 
orlistat. Reprod Toxicol. 2020;95:113–22.

 77. Yi X, Tang D, Cao S, et al. Effect of different exercise loads on testicular oxidative stress and 
reproductive function in obese male mice. Oxidative Med Cell Longev. 2020;2020

11 Oxidative Stress in Men with Obesity, Metabolic Syndrome and Type 2 Diabetes…

https://doi.org/10.1186/1477-7827-12-34
https://doi.org/10.1111/and.12060
https://doi.org/10.1111/and.12060
http://dx.doi.org/10.1111/j.1439-0272.2009.01032.x
http://dx.doi.org/10.1111/j.1439-0272.2009.01032.x
https://doi.org/10.1111/obr.12226


254

 78. Cannarella R, Crafa A, Barbagallo F, et al. Seminal plasma proteomic biomarkers of oxida-
tive stress. Int J Mol Sci. 2020;21(23):1–13.

 79. Atilgan D, Parlaktas BS, Uluocak N, et al. Weight loss and melatonin reduce obesity-induced 
oxidative damage in rat testis. Adv Urol. 2013;2013

 80. Rato L, Alves MG, Dias TR, et al. High-energy diets may induce a pre-diabetic state alter-
ing testicular glycolytic metabolic profile and male reproductive parameters. Andrology. 
2013;1(3):495–504.

 81. Zhou Y, Wu H, Huang H. Epigenetic effects of male obesity on sperm and offspring. J Bio-X 
Res. 2018;1(3):105–10.

 82. Rodríguez-González GL, Vega CC, Boeck L, et  al. Maternal obesity and overnutrition 
increase oxidative stress in male rat offspring reproductive system and decrease fertility. Int J 
Obes. 2015;39(4):549–56.

 83. Santos M, Rodríguez-González GL, Ibáñez C, Vega CC, Nathanielsz PW, Zambrano E. Adult 
exercise effects on oxidative stress and reproductive programming in male offspring of obese 
rats. Am J Physiol Regul Integr Comp Physiol. 2015;308(3):R219–25.

 84. Jarvis S, Gethings LA, Samanta L, et al. High fat diet causes distinct aberrations in the tes-
ticular proteome. Int J Obes. 2020;44(9):1958–69.

 85. Maresch CC, Stute DC, Alves MG, Oliveira PF, de Kretser DM, Linn T. Diabetes-induced 
hyperglycemia impairs male reproductive function: a systematic review. Hum Reprod 
Update. 2018;24(1):86–105.

 86. Mahfouz R, Sharma R, Lackner J, Aziz N, Agarwal A. Evaluation of chemiluminescence and 
flow cytometry as tools in assessing production of hydrogen peroxide and superoxide anion 
in human spermatozoa. Fertil Steril. 2009;92(2):819–27.

 87. Esfandiari N, Sharma RK, Saleh RA, Thomas AJ, Agarwal A. Utility of the nitroblue tet-
razolium reduction test for assessment of reactive oxygen species production by seminal 
leukocytes and spermatozoa. J Androl. 2003;24(6):862–70. https://doi.org/10.1002/j.1939-
 4640.2003.tb03137.x.

 88. Gosálvez J, Coppola L, Fernández JL, et al. Multi-centre assessment of nitroblue tetrazolium 
reactivity in human semen as a potential marker of oxidative stress. Reprod Biomed Online. 
2017;34(5):513–21.

 89. Agarwal A, Allamaneni SSR, Said TM. Chemiluminescence technique for measuring reac-
tive oxygen species. Reprod Biomed Online. 2004;9(4):466–8.

 90. Ko EY, Sabanegh ES, Agarwal A. Male infertility testing: reactive oxygen species and anti-
oxidant capacity. Published online. 2014.

 91. Agarwal A, Majzoub A.  Laboratory tests for oxidative stress. Indian J Urol. 
2017;33(3):199–206.

 92. Agarwal A, Finelli R, Panner Selvam MK, et al. A global survey of reproductive specialists to 
determine the clinical utility of oxidative stress testing and antioxidant use in male infertility. 
World J Mens Health. 2021;39

 93. Agarwal A, Leisegang K, Sengupta P. Oxidative stress in pathologies of male reproductive 
disorders. In: Pathology. Elsevier; 2020. p. 15–27.

 94. Stokes VJ, Anderson RA, George JT. How does obesity affect fertility in men – and what are 
the treatment options? Clin Endocrinol. 2015;82(5):633–8.

 95. Singh H, Pragasam SJ, Venkatesan V. Emerging therapeutic targets for metabolic syndrome: 
lessons from animal models. Endocr Metab Immune Disord Drug Targets. 2018;19(4):481–9.

 96. Leisegang K, Dutta S.  Lifestyle management approaches to male infertility. Male 
Infertil Reprod Med. Published online October 28, 2019:141–51. https://doi.org/10.120
1/9780429485763- 15.

 97. Martins AD, Majzoub A, Agawal A. Metabolic syndrome and male fertility. World J Men?s 
Health. 2019;37(2):113–27.

 98. Håkonsen L, Thulstrup A, Aggerholm A, et  al. Does weight loss improve semen quality 
and reproductive hormones? Results from a cohort of severely obese men. Reprod Health. 
2011;8(1) https://doi.org/10.1186/1742- 4755- 8- 24.

K. Leisegang

https://doi.org/10.1002/j.1939-4640.2003.tb03137.x
https://doi.org/10.1002/j.1939-4640.2003.tb03137.x
https://doi.org/10.1201/9780429485763-15
https://doi.org/10.1201/9780429485763-15
https://doi.org/10.1186/1742-4755-8-24


255

 99. Maiorino MI, Bellastella G, Esposito K. Lifestyle modifications and erectile dysfunction: 
what can be expected? Asian J Androl. 2015;17(1):5–10.

 100. Jaffar M, Ashraf M. Does weight loss improve fertility with respect to semen parameters – 
results from a large cohort study. Int J Infertil Fetal Med. 2017;8(1):12–7.

 101. Bjørklund G, Chirumbolo S. Role of oxidative stress and antioxidants in daily nutrition and 
human health. Nutrition. 2017;33:311–21.

 102. Giahi L, Mohammadmoradi S, Javidan A, Sadeghi MR. Nutritional modifications in male 
infertility: a systematic review covering 2 decades. Nutr Rev. 2016;74(2):118–30.

 103. Salas-Huetos A, Bulló M, Salas-Salvadó J.  Dietary patterns, foods and nutrients in male 
fertility parameters and fecundability: a systematic review of observational studies. Hum 
Reprod Update. 2017;23(4):371–89.

 104. Karayiannis D, Kontogianni MD, Mendorou C, Douka L, Mastrominas M, Yiannakouris 
N. Association between adherence to the Mediterranean diet and semen quality parameters 
in male partners of couples attempting fertility. Hum Reprod. 2017;32(1):215–22.

 105. Belobrajdic DP, Lam YY, Mano M, Wittert GA, Bird AR.  Cereal based diets modulate 
some markers of oxidative stress and inflammation in lean and obese Zucker rats. Nutr 
Metab. 2011;8

 106. Adewoyin M, Ibrahim M, Roszaman R, et al. Male infertility: the effect of natural antioxi-
dants and phytocompounds on seminal oxidative stress. Diseases. 2017;5(1):9.

 107. Huang CJ, McAllister MJ, Slusher AL, Webb HE, Mock JT, Acevedo EO. Obesity-related 
oxidative stress: the impact of physical activity and diet manipulation. Sport Med Open. 
2015;1(1):1–12.

 108. Heilbronn LK, De Jonge L, Frisard MI, et al. Effect of 6-month calorie restriction on bio-
markers of longevity, metabolic adaptation, and oxidative stress in overweight individuals: a 
randomized controlled trial. J Am Med Assoc. 2006;295(13):1539–48.

 109. Sitzmann BD, Brown DI, Garyfallou VT, et al. Impact of moderate calorie restriction on tes-
ticular morphology and endocrine function in adult rhesus macaques (Macaca mulatta). Age 
(Omaha). 2014;36:183–97. https://doi.org/10.1007/s11357- 013- 9563- 6.

 110. Rahimi R, Nikfar S, Larijani B, Abdollahi M. A review on the role of antioxidants in the 
management of diabetes and its complications. Biomed Pharmacother. 2005;59(7):365–73.

 111. Osawa T, Kato Y. Protective role of antioxidative food factors in oxidative stress caused by 
hyperglycemia. Ann NY Acad Sci. 2005;1043:440–51.

 112. Akbari M, Ostadmohammadi V, Tabrizi R, et  al. The effects of alpha-lipoic acid supple-
mentation on inflammatory markers among patients with metabolic syndrome and related 
disorders: a systematic review and meta-analysis of randomized controlled trials. Nutr Metab. 
2018;15(1)

 113. Cheng HM, Koutsidis G, Lodge JK, Ashor A, Siervo M, Lara J.  Tomato and lycopene 
supplementation and cardiovascular risk factors: a systematic review and meta-analysis. 
Atherosclerosis. 2017;257:100–8.

 114. Fan L, Feng Y, Chen GC, Qin LQ, Fu C, ling, Chen LH. Effects of coenzyme Q10 supple-
mentation on inflammatory markers: a systematic review and meta-analysis of randomized 
controlled trials. Pharmacol Res. 2017;119:128–36.

 115. Akbari M, Ostadmohammadi V, Tabrizi R, et al. The effects of melatonin supplementation on 
inflammatory markers among patients with metabolic syndrome or related disorders: a sys-
tematic review and meta-analysis of randomized controlled trials. Inflammopharmacology. 
2018;26(4):899–907.

 116. Agarwal A, Leisegang K, Majzoub A, et al. Utility of antioxidants in the treatment of male 
infertility: clinical guidelines based on a systematic review and analysis of evidence. World J 
Mens Health. 2021;39(2):1–58.

 117. Leisegang K.  Herbal pharmacognosy: an introduction. In: Herbal medicine in andrology. 
Elsevier; 2021. p. 17–26.

11 Oxidative Stress in Men with Obesity, Metabolic Syndrome and Type 2 Diabetes…

https://doi.org/10.1007/s11357-013-9563-6


256

 118. Mitjavila MT, Moreno JJ. The effects of polyphenols on oxidative stress and the arachidonic 
acid cascade. implications for the prevention/treatment of high prevalence diseases. Biochem 
Pharmacol. 2012;84(9):1113–22.

 119. Donath MY, Dinarello CA, Mandrup-Poulsen T. Targeting innate immune mediators in type 
1 and type 2 diabetes. Nat Rev Immunol. 2019;19(12):734–46.

 120. Goldfine AB, Silver R, Aldhahi W, et al. Use of salsalate to target inflammation in the treat-
ment of insulin resistance and type 2 diabetes. Clin Transl Sci. 2008;1(1):36–43.

 121. Fleischman A, Shoelson SE, Bernier R, Goldfine AB.  Salsalate improves glycemia and 
inflammatory parameters in obese young adults. Diabetes Care. 2008;31(2):289–94.

 122. Goldfine AB, Shoelson SE. Therapeutic approaches targeting inflammation for diabetes and 
associated cardiovascular risk. J Clin Invest. 2017;127(1):83–93.

 123. Faghihimani E, Aminorroaya A, Rezvanian H, Adibi P, Ismail-Beigi F, Amini M. Reduction 
of insulin resistance and plasma glucose level by salsalate treatment in persons with predia-
betes. Endocr Pract. 2012;18(6):826–33.

 124. Ridker PM, Everett BM, Pradhan A, et al. Low-dose methotrexate for the prevention of ath-
erosclerotic events. N Engl J Med. 2019;380(8):752–62.

 125. Tardif J-C, Kouz S, Waters DD, et al. Efficacy and safety of low-dose colchicine after myo-
cardial infarction. N Engl J Med. 2019;381(26):2497–505.

 126. Saisho Y. Metformin and inflammation: its potential beyond glucose-lowering effect. Endocr 
Metab Immune Disord Targets. 2015;15(3):196–205.

 127. De Araújo AA, Pereira ADSBF, De Medeiros CACX, et  al. Effects of metformin on 
inflammation, oxidative stress, and bone loss in a rat model of periodontitis. PLoS One. 
2017;12(8):e0183506.

 128. Alves MG, Martins AD, Vaz CV, et al. Metformin and male reproduction: effects on Sertoli 
cell metabolism. Br J Pharmacol. 2014;171(4):1033–42.

 129. Ye J, Luo D, Xu X, et al. Metformin improves fertility in obese males by alleviating oxidative 
stress-induced blood-testis barrier damage. Oxidative Med Cell Longev. 2019;2019

 130. Winter AG, Zhao F, Lee RK. Androgen deficiency and metabolic syndrome in men. Transl 
Androl Urol. 2014;3(1):50–8. https://doi.org/10.3978/j.issn.2223- 4683.2014.01.04.

 131. James PT, Leach R, Kalamara E, Shayeghi M. The worldwide obesity epidemic. Obes Res. 
November 2001;9(Suppl 4):228S–33S.

K. Leisegang

https://doi.org/10.3978/j.issn.2223-4683.2014.01.04


257© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
K. K. Kesari, S. Roychoudhury (eds.), Oxidative Stress and Toxicity  
in Reproductive Biology and Medicine, Advances in Experimental Medicine  
and Biology 1358, https://doi.org/10.1007/978-3-030-89340-8_12

Chapter 12
Metabolic Dysregulation and Sperm 
Motility in Male Infertility
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Abstract Nowadays, about 14% of couples have difficulty in conceiving, and half 
of the cases are attributed to men. Asthenozoospermia or poor sperm motility is 
considered as the cause of infertility in males which is most common. Even though 
energy metabolism is considered the main reason for the etiology of asthenosper-
mia, few attempts are made to determine the pathway of its metabolic potential. 
Recognition of cellular as well as molecular pathways that lead to reduced sperm 
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motility may lead to the implementation of new therapeutic strategies to eliminate 
low sperm motility in people with asthenozoospermia. This review article discusses 
the key causes of decreased sperm motility and some of the muted genes and meta-
bolic causes of the same.

Keywords Male infertility · Asthenozoospermia · Glycolysis · OXPHOS · ATP 
production · cAMP/PRKA pathway · ROS · Autophagy · Curcumin

12.1  Introduction

India has a population of over 1.3 billion people and stands worldwide second after 
China [8]. Still, overpopulation is not the only topic to focus but for the past few 
years Indian people are also facing the problem of infertility which is not easily 
talked about. Although, the Indian Society of Assisted Reproduction reported 
10–14% of the Indian population suffers from infertility [28]. According to some 
estimates, this amounts to roughly one in every six couples in urban India [26]. 
According to the report of Ernst and Young in 2015 they estimated that 27.5 million 
couples in India wanted to become parents but were unable to do so naturally.

Infertility is defined as having unprotected sex for more than a year still the 
couple is unable to conceive. Although, infertility is often considered a female prob-
lem marital infertility can also be caused by problems in the male reproductive 
system [28]. The total fertility rate (TFR) is calculated based on the number of 
children born to each woman and does not take into account any female mortality, 
taking into account the country’s overall fertility rate. In 2016, TFR fell from 2 out 
of 12 US states. The total TFR of India is 2.3. In rural areas, the ratio is slightly 
higher—2.5, while in urban areas the overall ratio is 1.8 [51]. Although male and 
female infertility are common in India, the share of male infertility has been increas-
ing in recent years. Sperm motility, concentration, and morphology are key param-
eters that affect semen quality; so routine evaluation should be performed in a 
clinical settings [59]. It has been reported that the abnormal morphology (teratozoo-
spermia), low sperm count (oligozoospermia), and poor sperm motility (astheno-
zoospermia) are the most common causes of male factors, out of which 20% are 
asthenozoospermic.

12.2  Asthenozoospermia

Reduced or absent sperm motility is called asthenozoospermia. There are live 
sperm in the semen, but they cannot move or are not able to travel the distance 
from the vagina to the fallopian tube. Therefore, no further fertilization process 
may take place. According to WHO guidelines, the total motility of 
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asthenozoospermic sperm samples is <40% and progressive motility (forward 
motility) is <32%. Acute asthenozoospermia is also characterized by total sperm 
immotility or extremely low motile sperm in semen sample. It appears that com-
plete immotility of spermatozoa is associated with genetic factors. The cellular as 
well as molecular processes that lead to sperm motility should be minimized to 
assist researchers in solving reduced motility problems and accurate diagnostic 
results. Also, the muted genes are needed to investigate for better clinical results. 
Therefore, extensive research at the cellular and molecular level as well as its sig-
naling pathways is needed [36].

12.3  Cellular and Molecular Factors for Sperm Motility

12.3.1  Role of the Cilia in Sperm Motility as Well as Its Defect

The sperm tail is an essential structure of sperm movement. The flagella form a very 
large part of a sperm tail structure of a mammalian sperm, and the sperm tail struc-
ture is responsible for sperm movement. The tail and its structure of the human 
sperm facilitate the movement [31]. Sperm motility could be defined as the hydro-
dynamic impulse that pushes sperm into oocytes through the female reproductive 
tract. This type of pulse propagates when transverse waves propagate along the fla-
gella in the proximal-distal direction [31, 62].

The cilia can sense environmental signals, control sperm movement, and mediate 
the transmission of cilia signals. The ciliary structure consists of a matrix, a mem-
brane structure, and axons. In most active cilia, there are two central microtubules 
in the axons, consisting of 9 pairs of microtubules +2 central microtubules, after 
meiosis [33]. In each of these pairs without microtubules are placed axonal proteins, 
called dyneins, and used as “arms”. The movement of the flagella is based on the 
displacement of these dynein’s pair of axon microtubules, which mechanically 
strengthen the axons. To move the sperm in a harsh environment, this automatic 
reinforcement is necessary. Sperm flagella are activated, forming asymmetrical 
shapes of lower amplitude, and the sperms move in a very straight line [37].

As tail structure plays a major role in sperm motility, so any  defect directly 
affects flagella structure, sperm motility, and fertilization result. Currently, there are 
24 mutated genes (Fig. 12.1) that are related to structural defects of sperm flagella, 
which may be associated with other ciliary diseases and fertilization failure too [56].

When further studies done, the mutations in the ciliary gene cause most of these 
defects, name “Immotile Cilia Syndrome” or “Primary Ciliary Dyskinesia” (PCD)” 
was proposed [24, 53]. Currently, over 40 genes were identified whose mutations 
cause PCD in human. But infertility in males due to PCD is not well recorded in the 
literature. However, only 50% of PCD pathogenic genes were studied that cause 
asthenozoospermia in infertile males [64]. Some of such genes of PCD are listed in 
Table 12.1.
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Fig. 12.1 Genes linked to asthenozoospermia in male. Outer dynein arms (ODAs) and inner 
dynein arms (IDAs) are responsible for maintaining flagellum/ciliary beat frequency and normal 
waveform. RS and central pair complex (CPC) are essential for the beating of flagella/cilia by 
regulating the activity of the dyneins. Mutations in FS-related protein and centrosome-related pro-
teins cause MMAF.

Table 12.1 PCD pathogenic genes known to cause asthenozoospermia

Genes Functional category Cause References

SPAG6 CPC component PCD and asthenozoospermia Wu et al. [60]
RSPH3 RS component PCD and asthenozoospermia Jeanson et al. [25]
DNAI1 ODA intermediate chain PCD and asthenozoospermia Guichard et al. [22]
DNAH9 ODA heavy chain PCD and asthenozoospermia Loges et al. [34], 

Fassad et al. [18]
DNAAF2 Assembly of dynein arm 

complexes
PCD and asthenozoospermia Omran et al. [44]

LRRC6 Assembly of dynein arm 
complexes

PCD and asthenozoospermia Kott et al. [27]

HYDIN C2b projection PCD and asthenozoospermia Schou et al. [54]
DNAJB13 C2b projection or a 

structural RS component
PCD and severe 
oligoastheno-teratozoospermia

El Khouri et al. [17]
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12.3.2  Sperm Motility, Energy Driving as Well as Its Defect

ATP is used as a source of energy through the sperm in many cellular processes, 
including capacitation, movement, hyperactivity, acrosome reaction, and mainte-
nance of the cell environment. Glycolysis as well as oxidative phosphorylation 
(OXPHOS) are two metabolic pathways responsible for the production of ATP in 
sperm cells. It happens in a central part of the flagella, mitochondria, and head, 
respectively [19]. It is essential to be familiar with that the ATP production occurs 
just through the glycolysis in the central part of the flagella and that there are no 
respiratory enzymes in the head. In this regard, many glycolytic enzymes have been 
found in a fibrous sheath (FS) of sperm. These are lactate dehydrogenase, phospho-
fructokinase, hexokinase, glyceraldehyde-3-phosphate dehydrogenase (GAPD), 
and phosphoglucokinase isomerases [21].

When a chemical energy formed by the hydrolysis of ATP is converted to 
mechanical energy by dynein protein, and  force is simply generated. But it is 
through mitochondrial respiration that the ATP can be efficiently synthesized. 
Therefore, the question arises as to whether mitochondrial ATP can provide energy 
for rapid proliferation through rapid and sufficient proliferation in all flagella? The 
main characteristics of immobile sperm are the disruption of the integrity of the 
mitochondrial membrane and also the disruption of its sheath function, as a part of 
the energy for movement is given by the mitochondria [13, 14]. Sperm motility may 
also be affected by changes in the activity of the mitochondrial chain enzymes. 
Experimental results on the specific activity of the mitochondrial enzymes as well 
as sperm motility suggest that impaired mitochondrial function might lead to idio-
pathic asthenozoospermia [7].

At a molecular level, many studies have shown that changes in the mtDNA 
(including deletions that affect cell homeostasis) are a way to decrease sperm func-
tion and male infertility. Moreover, including motility as sperm parameters where 
motility and sperm concentration are related with the activity of the sperm mito-
chondrial enzymes, with electron transfer chain complexes (ETCs). Also, move-
ment is associated with mitochondrial respiration efficiency as well as oxygen 
consumption in the sperm mitochondria and several diverse ETC inhibitors may 
adversely affect sperm motility [55]. Mammalian sperm can use a variety of carbo-
hydrates as substrates for ATP production. Evidence recommends that glycolysis 
plays an essential role in sperm motility, even in the presence of mitochondrial 
substrates; inhibition of glycolysis may lead to a decrease sperm motility. Therefore, 
glycolysis is measured to be the source of the energy, especially for the sperm motil-
ity function. An interesting research or study showed that in the presence of isolated 
oxidative phosphorylation agents, sperm can maintain normal motility. This sug-
gests that mitochondrial oxidative phosphorylation may not be essential for flagellar 
function because of ATP, which contributes a little to oxidative phosphorylation to 
flagellar energy [37]. However, glycolytic enzyme complexes that are distributed 
throughout the tail can provide all the necessary ATPs to facilitate movement 
through the adequate fluid intake. Moreover, circulating AMP is important to 
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regulate sperm motility, because a decrease in CAMP levels is associated with a 
decrease in sperm motility. The mechanism that explains this inhibition is the reduc-
tion in protein phosphorylation caused by Ca2+ (as a result of conformational altera-
tion or depletion of the substrate), which prevents the substrates from interacting 
with kinases (Fig. 12.2) [46]. Indeed, the resolution of sperm metabolic motility 
requires much debate, as well as strong proof about the major provider of ATP.

12.3.3  Signaling Pathway and Genes Involve in Sperm Motility

Sperm cells are transcriptionally inactive that’s why their motility depend on the 
activation and inhibition of key signaling pathways. The two common signaling 
pathways that regulate its motility are calcium and cAMP/PRKA pathway. The 
influx of Ca2+ ions is permitted by Catsper channels that get activated either by pro-
gesterone or alkalization of sperm cytosol. Mutations in CatSper cause male 

Fig. 12.2 Schematic presentation of genetic relationship in signaling pathways of human sperm 
motility. Genes reported in human and related to the cAMP/PRKA and calcium pathways are 
indicated in the figure and also hyperactivated motility is induced when the latter pathway is acti-
vated to a much higher level, in combination with the activation of the calmodulin kinase (CaMK) 
pathway. Also, Ca2+ activates PIK3C, which forms PIP3 that in turn activates AKT by phosphory-
lation. AKT activates tyrosine kinases by phosphorylation. Src inhibits PPP1, which allows an 
increase of tyrosine kinases phosphorylation. Tyrosine kinases phosphorylate key proteins induc-
ing hyperactivated progressive motility. P phosphorylation, Prg progesterone
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infertility due to an inability of sperm to hyperactivate [45]. Simultaneously Na+ and 
HCO3

− co-transporter increase the concentration of Na+ and HCO3
− ions in sperm 

cell, which maintain the pH of spermatozoa [10, 49]. Both Ca2+ (Ca2ϸ) and HCO3
− 

activate intracellular soluble adenylyl cyclase (sAC) to increase the cyclic AMP 
(cAMP) levels. Activation of sAC and constant supply of cAMP is necessary for 
sperm motility but mutation in ADCY10 gene, which encodes for sAC, causes 
severe asthenozoospermia, due to the absence of progressive motility and segregat-
ing with absorptive hypercalciuria [48]. cAMP, in turn, activates sperm protein 
kinase A (PKA) (PRKA sperm PKA) in the principal piece of sperm flagella. The 
onset of PKA substrates phosphorylation is followed by activation of unidentified 
tyrosine kinases and the promotion of tyrosine phosphorylation of sperm proteins 
(e.g., AKAP4, AKAP3, VCP, and CABYR), which results in hyperactivated pro-
gressive motile sperm (Fig. 12.2) ([30, 40]).

The anchoring of PKA with fibrous sheath (FS) is done by structural proteins 
(i.e., AKAP3 and APAK4) via regulatory subunit of the kinase. AKAP3 may orga-
nize the basic of FS structure, initiate its formation, and incorporate AKAP4 into the 
FS during later spermiogenesis while AKAP4 may act in completing the FS assem-
bly. Lack of AKAP3 causes immotility of sperm due to accumulation of RNA 
metabolism and translation factors, displacement of PKA subunits, and misregu-
lated PKA activity. In humans, mutations in both AKAP3 and AKAP4 were reported 
in extremely short tails [20, 61]. Mutations in another FS-related gene FSIP2 were 
identified in complete disorganization of the FS and absence of components of 
CPC, IDA, and ODA. Surprisingly, FSIP2 could directly interact with AKAP4 and 
the patients whose FSIP2 is mutated, they lacked AKAP4 protein – indicating that 
FSIP2 may be essential for the maintenance of sperm function by anchoring cAMP- 
dependent PKA to AKAP4 [43]. However, this genetic relationship and mecha-
nisms of these genes in asthenozoospermia require further investigation.

12.3.4  Role of Reactive Oxygen Species (ROS) 
in the Acquisition and Control of Sperm Motility

Scientist has found that the free movement of electrons is caused by the ROS mol-
ecules from actively respiring spermatozoa followed by the intracellular redox reac-
tion. ROS is produced by two processes in spermatozoa: [i] the nicotinamide 
adenine dinucleotide phosphate oxidase system at the level of the sperm plasma 
membrane and/or [ii] the nicotinamide adenine dinucleotide-dependent oxido- 
reductase reaction at the mitochondrial level [1]. However, it is seen that ROS is 
mostly produced by the second process. Spermatozoa are highly motile cells due to 
their richness in mitochondria which provide constant energy to its tail but some-
times the energy is less in dysfunctional spermatozoa in semen due to the high level 
of ROS present. This elevated level of ROS in spermatozoa affects the function of 
mitochondria and results in low or absence of motility in sperm cells [42].
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O2
− is a major free radical which is produced by ROS in spermatozoa and this 

O2
− (electron – reduce product) reacts itself via dismutation to produce another ROS 

compound H2O2. After this both O2
− and H2O2 undergo the Haber-Weiss reaction in 

the presence of iron and copper as transitional metals to produce OH− which is 
highly reactive and destructive (Fig. 12.3). Not only this O2

− initiates LPO cascade, 
which is highly potent but it also leads to disruption of sperm membrane fluidity and 
its function [47].

Recent studies that describe the production of O2
− in sperm cells also revealed 

the presence of NOX5 (a calcium-dependent NADPH oxidase) mainly in the mid-
piece and acrosomal area of human spermatozoa. Initially, NOX5 is found in the 
human testis and gets activated by the binding of Ca2 to its cytosolic N-terminal 
EF-hand domain [39]. This activated NOX5 causes conformational changes in the 
spermatozoa by inducing oxidative stress (OS). This investigation strongly prove 
that NOX5 is a major source of ROS generation in the sperm cells of human. But 
still, overexpression of NOX5 associated with OS in infertile male is yet to be stud-
ied more.

Fig. 12.3 Possible mechanisms by which sperm cells may generate reactive oxygen species 
(ROS): (1) Ros production by an NOX system, such as NADPH-oxidase isoform 5 (NOX5), which 
is embedded in the sperm plasma membrane and is activated through an EF-hand Ca2+ binding 
domains; (2) ROS production by the mitochondrial ETC (electron-transport chain), with the elec-
tron leakage within the ubiquinone binding sites in complex I (CI) and in complex III (CIII) being 
the most important mechanisms
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12.3.5  Role of Metabolic Pathways and the Gene Responsible 
for Sperm Motility

After performing several studies on asthenozoospermia at the molecular level, now 
studying its metabolic pathway is equally important and needed. Asgari and his 
team reported the reconstructed SpermNet using all proteome data and the mCADRE 
algorithm, which is the first sperm cell proteome scale model [5]. Then they used 
the COBRA toolbox to analyze the updated model, and to study its effect on ATP 
production in the model. In total, 78 genes significantly increase the rate of ATP 
production, most of which symbolize oxidative phosphorylation, fatty acid oxida-
tion, the Krebs cycle, and the carrier components of the products of 25 family mem-
bers. Table  12.2 lists 11 new genes that they have identified in 29 genes. These 
genes were not previously associated with sperm cell energy exchange and may 
therefore be associated with asthenozoospermia. They further tested the azoosperm-
related genes that are now known using computer knockout methods, but these 
genes were not predicted, so they further examined the reconstructed model. The 
pathways affected by the knockout of these genes are also related to energy metabo-
lism and therefore confirms previous results. Therefore, their model not only pre-
dicts known pathways, but also identifies several non-metabolic genes for insufficient 
energy exchange in asthenozoospermia. Finally, their model supports the idea that 
in addition to glycolysis, metabolic pathways (such as phosphorylation and oxida-
tion of fatty acids) are important for the exchange of sperm energy, which can be the 
basis for fertility restoration [5].

Table 12.2 Novel predicted genes as potential biomarkers

S.no. Entrez gene ID Gene name

1. 2592 GALT
2. 55,577 NAGK
3. 5238 PGM3
4. 2650 GNT1
5. 51,727 CMPK
6. 9583 ENTPD4
7. 2720 GLB1
8. 5476 CTSA
9. 11,046 SLC35D2
10. 7355 SLC35A2
11. 4668 NAGA
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12.3.6  Sperm Motility, Molecular Pathways, 
and Lifestyle Factors

In addition to the defects of genetic diseases that can lead to absent or decreased 
sperm motility, certain physiological processes during sperm maturation can also 
affect sperm motility. Although, these physiological phenomena become uncon-
trolled and physiologically increased, though the more negative effect on sperm 
motility becomes more pronounced. Lifestyle factors, air pollution, and exposures 
to chemical pesticides can simply disrupt sperm motility [46].

These physiological phenomena are thought to be the reason for ROS production 
during sperm maturation, pregnancy, and fertilization. Excessive ROS production 
can lead to structural damage and initiate many pathways that lead to sperm loss 
during normal fertilization. Similarly, some studies have shown that ROS has a 
detrimental effect on sperm function and maturation. ROS are produced by sperm 
mitochondria, and sperm mitochondria has been considered as an important source 
of ROS, in a form of sperm cytoplasmic droplets (excessive cytoplasm) [13, 14]. 
Pathological conditions, for example, leukocytospermia, varicocele, genital infec-
tions, moreover chronic inflammation can cause ROS and sperm can’t move. Higher 
O2 is detrimental to sperm function, while higher H2O2 can disrupt sperm motility 
parameters. Diffusion of H2O2 from the membrane into the cell interferes with the 
activity of few important enzymes, for example, glucose-6-phosphate dehydroge-
nase (G6PD), which can reduce sperm motility. G6PD regulates intracellular dose 
and NADPH utilization through hexose monophosphate shunts [6].

Lifestyle risk factors likewise play a major role in male infertility as well as 
sperm quality. These include poor diet, smoking, excessive drinking, and mental 
stress. Other factors, such as exposure to environmental pollutants and age, have a 
positive relationship with oxidative stress, while they have a positive relationship 
with sperm correction. Although several clinical studies have not been conducted in 
such areas, indeed results of this study suggests that the dietary status is associated 
with sperm motility in semen samples [12, 57].

Smoking is another important factor that damages semen parameters, particu-
larly sperm motility. From review article in a meta-analysis, the results showed that 
smoking had a negative and significant impact on both general and advanced exer-
cise [23].

Apoptosis is another physiological phenomenon that can lead to decreased sperm 
motility. Human sperm may have indicators of apoptosis and affect sperm functions 
or remove sperm that have been damaged by DNA in a woman’s reproductive sys-
tem. Or, it may result from residual apoptosis in the testis, which may be linked to 
male infertility. Sperm with low motility cannot participate in fertilization of the egg 
and cell apoptosis to achieve its physiological purpose. When different inducers 
increase apoptosis uncontrolled way, it affects sperm motility and leads to poor 
sperm motility and asthenozoospermia [2].
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12.4  Therapeutic Approach for Athenozoospermia

Due to genetic reasons, there is currently no cure for sperm motility. However, one 
can protect sperm quality including sperm motility. As mentioned above, unhealthy 
lifestyle habits (lack of physical activity, excessive usage of electronic gadgets and 
recreation toxics), specific environmental phenomena as well as several pathologies 
linked to endocrine as well as cardiovascular diseases are associated with their oxi-
dative stress [15]. Use of antibiotics such as corticosteroids (antibodies against 
sperm after chronic inflammation of the genitals) on time to treat genital infections 
and surgery (varicocele) can also be used to treat other diseases that increase sperm 
oxidative stress [32].

For example, vitamin E is the radical peroxide cleanser and can be used as a 
serial antioxidant. This secures and prevents the spread of free radicals in the mem-
brane and plasma lipoproteins and reduces the level of malondialdehyde (an organic 
compound that is used as an indicator of oxidative stress) and thus improves sperm 
viability [38]. Furthermore, by processing vitamin E, it can prevent DNA damage 
caused by H2O2 free radicals. This molecule is broadly used in prophylactic treat-
ment [29]. However, antioxidants have received a lot of attention in recent days. 
Vitamin C, co-enzymes Q10, glutathione, HGH (the growth hormone of humans), 
and carnitine are used in preventing the overproduction of ROS in males (Fig. 12.4). 
Asthenozoospermia, which majorly causes male infertility, is treated mostly through 
antioxidants but it is helpful only to some limits and the reason lies in the ineffi-
ciency of the natural substances [50]. Therefore, it is important to take therapies of 
some natural products to cure asthenozoospermia.

Preventing oxidative stress is the main objective of therapy for the correction of 
asthenozoospermia. So, the plants having these series of constituents are important 
toward effective therapies. Curcumin, a natural polyphenolic compound, is catego-
rized as diferuloylmethane which is again produced from the rhizome of the tur-
meric plant (Curcuma longa Lin). It is mostly known for its effectiveness as an 
anti-inflammatory, antioxidant, and is also known for being the scavenger of free 
radicals in some cases [4]. But it was found out that curcumin was capable of 
improving the spermatozoa of Bull (Fig.  12.4) but however it has been seen to 
induce oxidative stress of rats’ testis. Besides this, it improves the cryopreservation 
of the boar spermatozoa. Infertile men and patients with leukocytospermia are 
highly benefitted with curcumin. This is because curcumin records improve sperm 
motility. Curcumin is also recorded as one of the most capable non-steroidal contra-
ceptive solutions. It works by blocking the motility of sperm. These two functions 
of curcumin act opposite to one another [63].

Myo-inositol or MYO is generally a therapeutic option available for infertility of 
females and in normal cases, it is connected to insulin resistance. Several data have 
recently accumulated regarding the possible application of MYO for treating male 
infertility. In research carried out by R.A. CONDORELLI, 2017 shows the possible 
antioxidant and prokinetic effect of MYO and its significance in hormonal regula-
tion and modulation. A proposal for a clinical algorithm was reserved and proposed 
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for patients suffering from low sperm motility or asthenozoospermia at the last part 
of the script. MYO was expected to impart some relevant pharmacological 
effect [11].

Proposed Mechanism coQ10 Mitochondrial CoQ functions include regulation of 
electron transport in the respiratory chain, receiving electrons from complex I and 
complex II and passing them to complex III, and transfer of protons from fatty acids 
to the matrix. An alternative function of CoQ may also be the regulation of perme-
ability transition pore opening and nutrition uptake through the voltage-dependent 
anion channel (VDAC) of the outer mitochondrial membrane (OMM).

Proposed Mechanism Curcumin The antioxidant, curcumin, is reported to bind 
promoters of antioxidant genes to promote antioxidant enzymes expression. Thus, 
curcumin plays an important role as an antioxidant and is very important for main-
taining spermatozoa motility through suppressing oxidative stress.

Fig. 12.4 Mechanism of (1) coenzyme Q10 and (2) curcumin effect in sperm mitochondria. 
CoQ10 Coenzyme Q 10, VADC voltage-dependent anion channel, ATP adenosine triphosphate, 
ADP adenosine diphosphate, Pi inorganic phosphate; I, II, III, IV, and V: respiratory chain com-
plexes, H+ proton, e− electron, Q coenzyme Q cycle, C cytochrome c, NADH reduced nicotinamide 
adenine dinucleotide, FAD+ nicotinamide adenine dinucleotide, FADH2 reduced flavin adenine 
dinucleotide, FAD flavin adenine dinucleotide, O2

*− superoxide radical, H2O2 hydrogen peroxide, 
ROS reactive oxygen species, AOBR antioxidant binding receptor, OMM outer mitochondrial 
membrane, INN inner mitochondrial membrane
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12.5  Conclusion

Decreased sperm motility or asthenozoospermia has been extensively studied, but 
now several researchers have focused on possible causes of asthenozoospermia and 
infertility. Many important cellular along with molecular factors related to the 
pathogenesis of asthenozoospermia have been reported, although genes related to 
metabolic pathways still need to be investigated. Structures such as SpermNet can 
predict several related genes in asthenozoospermia and confirm the idea that asthe-
nozoosperm involves multiple non-glycolytic pathways be taken. The best therapy 
for asthenozoospermia has not yet been established. Therefore, immediate preven-
tive measures and some empirical therapies are needed to develop. Safe and targeted 
therapies should be based on the genetic causes of sperm motility and ways to con-
trol sperm immotility.

Recent advancements in sequencing technologies have greatly accelerated the 
discovery of the genes that cause AZS, which has improved our understanding of 
the physiopathology of AZS to provide candidate biomarkers in treatment in AZS 
patients. However, considering the range of phenotypic and genetic heterogeneity of 
AZS, only a limited number of mutations have been identified, indicating that addi-
tional studies are still needed.
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Abstract Male infertility is a condition where the males either become sterile or 
critically infertile. The World Health Organisation assessed that approximately 9% 
of the couple have fertility issues where the contribution of the male partner was 
estimated to be 50%. There are several factors that can amalgamate to give rise to 
male infertility. Among them are lifestyle factors, genetic factors and as well as 
several environmental factors. The causes of male infertility may be acquired, con-
genital or sometimes idiopathic. All these factors adversely affect the spermatogen-
esis process as well as they impart serious threats to male genital organs thus 
resulting in infertility. Viruses are submicroscopic pathogenic agents that rely on 
host for their replication and survival. They enter the host cell, hijack the host cell 
machinery to aid their own replication and exit the cell for a new round of infection. 
With the growing abundance of different types of viruses and the havoc they have 
stirred in the form of pandemics, it is very essential to decipher their route of entry 
inside the human body and understand their diverse functional roles in order to 
combat them. In this chapter, we will review how viruses invade the male genital 
system thus in turn leading to detrimental consequence on male fertility. We will 
discuss the tropism of various viruses in the male genital organs and explore their 
sexual transmissibility. This chapter will summarise the functional and mechanistic 
approaches employed by the viruses in inducing oxidative stress inside spermatozoa 
thus leading to male infertility. Moreover, we will also highlight the various antivi-
ral therapies that have been studied so far in order to ameliorate viral infection in 
order to combat the harmful consequences leading to male infertility.
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13.1  Introduction

Since the beginning of life, living things have always been in a constant struggle for 
survival over the resources on earth for their nutrition, growth and reproduction. 
While some organisms are equipped with the ability to produce their own food 
known as autotrophs, but a vast majority of other organisms rely on some other 
organisms for their nutrition and propagation often being detrimental to their host 
known as the pathogens. The most notable mention of these pathogens that has left 
the world populace in a dramatic struggle over the decade is the emergence of vari-
ous deadly viruses affecting millions of people not only to mortality but also various 
forms of deformities or disabilities.

Viruses are a group of microorganisms structurally consisting of a genetic core 
of nucleic acid, i.e., DNA or RNA and an outer protein coat called capsid. In some 
viruses, there is a presence of an outer envelope that often has some spike-like struc-
ture that helps in injecting the viral genetic material within their host. Because of the 
absence of any other cellular structures, viruses are generally hard to target and kill 
without posing potential risk to the host. The most effective solution to viral dis-
eases till date is the vaccines and the body’s own innate immune response. Viral 
diseases apart from the direct pathogenesis often leave several damages to the body 
of host organisms even after sometimes the disease is cured, like deafness, infertil-
ity, paralysis of limbs and many others.

13.1.1  Origin of Virus

Viruses are considered as the earliest form of living entity and there are several 
theories regarding how they came into existence. Till date, there are three major 
theories hypothesising the origin of viruses, namely:

 Primordial Virus World/Virus Early Theory

This theory attempts to explain the origin of virus as directly emanating from the 
first pre-cellular genetic materials that eventually developed complex structures 
around the genetic core to form the virus in the course of evolution. This theory also 
hypothesises virus to give rise to cellular life forms although this has been of debate 
as all viruses require a host cell for survival and replication.

 Regressive Virus Origin/Regression Theory

The regressive theory, based on the findings of morphological and genetic simi-
larity between many parasitic bacteria and some recently discovered giant viruses, 
states that virus may have originated from the degeneration of cellular materials 
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that have lost their autonomic life functions and become parasitic on host cells for 
propagation.

 Escaped Genes Theory

The escaped theory says that virus may have originated from cellular genome from 
the ‘escape’ of selfish genes that have evolved to have their semi-self-replicative 
property within the host cells. The escaped theory is the most accepted theory of 
viral origin by far owing to the ability of modern-day virus to integrate cell’s genes 
into their genetic materials [1, 2].

Viruses are obligate intracellular parasites as they lack the systems required for 
the essential life processes such as replication, translation and other independent 
metabolic activity. Hence, viruses use the host’s metabolic machineries in an effi-
cient way to infect and propagate within the host. It is important to know the interac-
tions between the virus and its host’s cell environments to understand the mode of 
infection a virus follows and ways to combat the viral infection.

13.1.2  Virus Life Cycle

The course of viral life cycle has five general stages: cell entry, translation of viral 
proteins, replication of the genome, assembly of the viral particle and egress from 
the cell (Fig. 13.1).

 Cell Entry

After recognising a target host cell, virus generally attaches to the host cell’s mem-
brane by the interaction of viral factors with the specific receptors present on the 
cell surface, which then enters the cell cytoplasm through internalisation of the viral 
particle by endocytosis or by direct fusion with the host membrane in case of the 
viruses that lack capsid. Some enveloped virus also forms a pore-like structure 
within the host membrane to pass the viral genome into the cytoplasm [3, 4]. The 
viral receptors present on the cell determine which virus attacks which type of cells, 
for example, the neuraminidase and haemagglutinin protein present on the influenza 
virus’s cell surface binds to the sialic acid-containing receptors on cell that are 
mostly found on the cells of the respiratory tract, the gp120 viral proteins on human 
immunodeficiency virus (HIV) binds to the CD4 receptors of T lymphocyte cells 
thus making the T lymphocyte cells of human immune systems susceptible to HIV 
infections [4, 5].

Following the entry of the virus, the capsid is uncoated and the viral genetic 
material is released into the host cell’s cytoplasm for subsequent translation and 
replication.
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 Genome Replication, Transcription and Translation of Viral Proteins

Within the host cell viral genome follows various strategies to translate the viral 
proteins and replicate the genome based on their genetic contents. While DNA 
viruses enter the nucleus of host cell and most often use the host replication system 
to copy their genome, all RNA viruses replicate their genome within the cytoplasm 
using the RNA-dependent-RNA polymerase enzyme carried by the virus itself. 
Here it is important to note that viruses, prior to these genomic processes, often 
make various modulations to their surrounding environment in their favour for suc-
cessful use of host systems and to escape from the host recognition and immune 
response. For example, hepatitis C virus (HCV) has been shown to increase the 
intracellular lipid and cholesterol level prior to replication, increased level of certain 
cell signalling mediating components like phosphatidylinositides (PIs) and so on; 
most of which is done by exploiting the host’s metabolic system. Some virus also 
happens to downregulate the host’s apoptotic pathway, antiviral immune response 
processes or expresses anti-apoptotic genes to escape the immune response- 
mediated apoptotic death of infected cells, e.g. HCV virus decreases the host’s 

Fig. 13.1 Life cycle of virus inside spermatozoa. The life cycle of viruses can be characterised 
into six steps: attachment of virus to host cells, entry into host cell, replication of the viral genome 
and translation of the viral protein, assembly of the virus particles, release of the new formed viri-
ons. The attachment of the virus to the host is enhanced by various receptors like Axl, Ace2 
and Cd147
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immunoproteasome activity responsible for degrading viral and displaying viral 
antigen forimmune cell recognition, herpes virus EBV uses the virally encoded deu-
biquitinating enzyme (DUB) functions, and human cytomegalovirus (HCMV) 
encodes its own DUBs to inhibit the activation of the antiviral innate immune 
response [3].

 Cell Exit

The final stage of viral life cycle is to package the newly synthesised genomes and 
viral proteins into complete virions and release them into extracellular space for 
further infection and propagation. The newly synthesised virus particles attach to 
host cell membrane to eject from cell mainly by exocytosis [4]. Virus makes use of 
certain host systems or processes to execute their release from the cell-like herpes 
virus use the host’s Rab-GTPase enzyme system to traffic between cell organelles 
and egress from the cell. Some viruses use the mitochondrial F1FO-ATPase system 
for budding off as new virions [3].

Apart from these, viruses use a multitude of tactics to evade from viral recogni-
tion and host’s adaptive immune response, e.g. HIV infects the CD4+ TH cells, 
resulting in drastic immune suppression due to cell lysis; measles virus infects B 
cells, CD4+, and CD8+ memory T cells and monocytes, resulting in immune sup-
pression; Epstein-Barr virus infects the B cells, affecting antigen recognition and 
antibody release and many others [6].

These viruses exert detrimental effects on male fertility by inducing oxidative 
stress which in turn results in various abnormalities in sperm morphology as well as 
sperm characteristics. Infection with these viruses often leads to decreased sperm 
count, sperm motility, sperm viability, increased leucocyte infiltration and develop-
ment of orchitis [7–10]. Virus infection also leads to imbalance of the male hormone 
testosterone [10–13]. All these factors in concert result in the development of male 
infertility.

This chapter will elucidate the various detrimental effects of viral infection on 
male fertility. It will also highlight the development of antiviral therapy against 
these viruses in order to eliminate them which will indirectly assist in combating 
male infertility due to virus infection.

13.2  Classification of Viruses

Viruses, often microscopic in nature but vast in numbers, require a systematic 
grouping and characterisation for their easy scientific studies and controlling mea-
sures. In practice there are two ways of classifying viruses, one being direct mor-
phological characteristics of the virus and the other focusing on the genetic makeup 
of the virus.
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13.2.1  Morphological Characteristics

In the first way, viruses are known to have two major types based on the structure of 
their capsid along with other complex structural group of viruses. They are classi-
fied accordingly as:

 Helical Virus

This group of viruses consists of nucleic acid coiled in the shape of a helix and the 
capsid proteins wound around the nucleic acid, forming a long tube or rod-like 
structure surrounded by a hollow cylindrical capsid. Most plant viruses have helical 
morphology and the common animal viruses having helical structure are influenza 
virus, measles virus, mumps virus, rabies virus and Ebola virus [14, 15].

 Icosahedral

The most common capsid structure found within the animal viruses is icosahedral 
type. The genomes of icosahedral viruses are packaged within an icosahedral- 
shaped capsid that acts as a protein shell. An icosahedron is a geometric shape with 
20 sides (or faces), each composed of an equilateral triangle. Several viral proteins 
form each face (small triangle) of the icosahedral capsid subunits. These subunits 
together form the structural unit that repeats to form the capsid of the virion. The 
common viruses having icosahedral structure are rotavirus, human papillomavirus 
(HPV), hepatitis B virus (HBV) and herpes viruses [16].

 Complex Virus Structures

Apart from the helical and icosahedral structured capsid, present in most viruses, 
there are some viruses that have other complex structures like a modified icosahe-
dral structure, presence of extra protein tails, or complex outer wall. Bacteriophages 
and poxvirus are some common examples of virus of this category [17].

13.2.2  Genetic Characteristics

Apart from the morphological categorisation, viruses can be essentially classified 
based on their genome characteristics and mode of transcription. Developed by 
Nobel Laureate David Baltimore in 1970, this system groups virus under seven 
categories:
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 DNA Virus

The DNA virus is classified as A) class I: dsDNA viruses: viral genome is double- 
stranded DNA molecule, mRNA is transcribed using RNA polymerase from host or 
sometimes their own and the negative DNA strand as the template for mRNA. Some 
of the major family of viruses in this group are adenovirus, herpes virus, papilloma-
virus, poxvirus and others [18]. B) class II: ssDNA viruses: The virus of this group 
contains single-stranded DNA as their genome. As the DNA is single-stranded the 
virus after entering the host cell first synthesises a double-stranded DNA from the 
existing DNA using DNA polymerase enzyme and then the mRNA is transcribed 
from the double-stranded DNA like dsDNA viruses. Parvovirus and anelloviridae 
are some of the important viral families of this group [18].

 RNA Virus

The RNA virus is classified as A) class III: dsRNA viruses: The genetic content of 
this group of virus is a double-stranded RNA molecule. The virus upon entering the 
cell makes mRNA from the negative strand of the RNA using a RNA-dependent 
RNA polymerase. This mRNA is further used for other processes like translation 
and replication to generate the dsRNA genome of the virus. Rotavirus is one such 
common example of class III type virus [18]. B) class IV: positive-sense ssRNA 
viruses: viral genome is a single-stranded RNA molecule that has the positive or 
‘sense’ directionality of the RNA sequence, hence, this can readily be translated 
into viral proteins once inside the cell. Possibly the group with the most number of 
infectious viruses to human is the common members of this group are hepatitis C, 
West Nile virus, dengue virus, Zika virus, rhinovirus, coronavirus and the Middle 
East respiratory syndrome (MERS), severe acute respiratory syndrome (SARS) and 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [18]. C) class V: 
negative-sense ssRNA viruses: As this group of viruses contains the anti-sense 
strand RNA only as their genome so they require to synthesise the sense mRNA 
strand from the negative strand first using the RNA-dependent RNA polymerase 
which can then be used for other processes like translation. Some major pathogenic 
viruses of this type are Ebola virus, Hantavirus, influenza virus, the Lassa fever 
virus, and the rabies virus [18].

 Reverse Transcribing Virus

The reverse transcribing viruses are classified as A) class VI: RNA viruses that 
reverse transcribe: These groups of viruses also known as retroviruses have the abil-
ity to make an intermediate DNA or RNA from viral RNA or DNA respectively 
using the viral reverse transcriptase enzyme system. The reverse transcriptase 
enzyme functions as both RNA-dependent RNA polymerase and then DNA- 
dependent DNA polymerase that makes a double-stranded DNA molecule from the 
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single-stranded RNA molecule. This type of genome has the advantage of integrat-
ing the newly synthesised double-stranded DNA into the host cells’ genomic 
DNA. During the host cells’ transcription and replication the viral DNA is subse-
quently either transcribed into mRNA for further pathogenicity or can be used to 
replicate and produce multiple copies of the viral genome within the host cells for 
indefinite times as long as the host survives. The most notable member of this group 
is the HIV virus and the hepatitis B virus [18]. B) class VII: DNA viruses that 
reverse transcribe: DNA-RT viruses are a group of viruses that replicate through an 
RNA intermediate inside the host cell but while still inside the viral capsid. Hence, 
they require a viral reverse transcriptase enzyme just like RNA-RT viruses. The 
replicated genome is then transcribed using the host cells’ transcription machinery 
once in the host cytoplasm. A common example of DNA-RT virus is hepadnavi-
rus [18].

Often virus of various categories apart from their direct infectivity and disease 
induction can have severe consequences from a chronic infection, inflammation or 
oxidative stress caused in other organs. In recent years an increasing number of 
cases of occurrence of male infertility in patients suffering from major viral infec-
tion are being reported. The major viruses currently known to have a role in affect-
ing male fertility are the classical human immunodeficiency virus, hepatitis C virus, 
and the more recently Zika virus and the SARS-CoV-2, among others.

13.3  Oxidative Stress and Male Infertility

Oxidative stress is a condition caused due to the increased accumulation of reactive 
oxygen species (ROS). During oxidative stress, the antioxidant system of the cell is 
compromised due to the overproduction of ROS. Oxidative stress has often been 
linked to male infertility. Oxidative stress-induced male infertility is caused by a 
plethora of factors including invasion of foreign particles like viruses (hepatitis B 
virus, human immunodeficiency virus, Severe Acute Respiratory Syndrome–
Coronavirus-2, etc.), lifestyle-related factors, varicocele, obesity, metabolic disor-
ders, etc. A prime source of ROS generation in sperm includes activated leucocyte 
in semen and mitochondria in the spermatozoa. These factors lead to the develop-
ment of free radicals like superoxide anions, hydrogen peroxide and hydroxyl radi-
cals. The free radicals in turn result in the fragmentation of sperm DNA thereby 
causing apoptosis and in turn male infertility (Fig. 13.2). Sperm capacitation is a 
process that requires low level of ROS generation in order to execute redox- sensitive 
processes. However, an augmented level of ROS often disrupts sperm membrane 
fluidity and permeability [19]. ROS generation was shown to cause axonemal dam-
age. Presence of a single detection and repair mechanism of DNA damage makes 
spermatozoa more vulnerable to oxidative stress. Oxidative stress often leads to 
damage of sperm DNA, RNA and telomeres thus resulting in increased infertility 
[20]. This chapter stresses on the role of viruses in inducing male infertility with a 
special focus on oxidative stress. Many virus-like hepatitis B virus was shown to 
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cause sperm damage by inducing oxidative stress. Malondialdehyde, a marker for 
oxidative stress, was found to be augmented in sperm during hepatitis infection 
[21]. Leucocyte infiltration which causes high oxidative stress was shown to be 
increased during SARS-Cov2 and Zika infection [22, 23]. HCV was also shown to 
induce ROS generation with the help of its proteins E1 and NS3 [24]. ROS genera-
tion often leads to DNA fragmentation which in turn causes loss in sperm integrity. 
Spermatozoa with damaged DNA leads to fall in the fertilisation capacity of the 
sperm and abnormalities in other sperm parameters thus resulting in male infertility. 
Orchitis is a phenomenon characterised by swollen testis and inflammation of the 
scrotum. Viral infection often leads to the development of orchitis which in turn 
leads to the development of oxidative stress due to heightened levels of pro- 
inflammatory cytokines. Mumps virus infection often leads to the development of 
orchitis. Mumps virus infection was shown to trigger Toll-like receptor 2 (TLR2)-
mediated upregulation of pro-inflammatory cytokines TNF-α, IL-6 and chemokines 
CXCL10, monocyte chemoattractant protein-1 (MCP-1) [25]. These molecules in 
turn trigger the generation of oxidative stress leading to increased sperm cell apop-
tosis. Severe oxidative stress in turn leads to telomere attrition. The build-up of 
reactive oxygen species due to oxidative stress leads to the shortening of sperm 
telomere length [26]. HSV infection was shown to cause telomere attrition due to 
increased oxidative stress. HSV-1 was reported to cause the dissociation of shelterin 
from sperm telomere DNA. Shelterin is a protein that binds with telomere ends and 
protects it from DNA repair mechanism. HSV-1-encoded ICP8 protein was shown 
to cause the generation of single-stranded telomeric DNA which in turn causes loss 
of sperm telomere repeat DNA and subsequently leads to male infertility [27]. Viral 
infection also results in impairment of the antioxidant machinery due to excessive 
production of reactive oxygen species. Infection with SARS-CoV and influenza 
virus was shown to generate oxidised phospholipids (OxPLs). These viruses also 
led to the increase in the level of lipid peroxidation breakdown product malondial-
dehyde which is an indicative of oxidative stress [28]. Thus orchitis and surge in the 
inflammatory response results in the generation of oxidative stress. Oxidative stress 
in turn causes a debilitating effect on sperm by increasing sperm DNA fragmenta-
tion, mitochondrial DNA damage, telomere attrition and reduced antioxidant 
machinery thereby resulting in male infertility (Fig. 13.2).

13.4  Viruses and Male Infertility

Many viruses were shown to exert their detrimental effects on male fertility by 
inducing the generation of oxidative stress (Table 13.1). DNA viruses like human 
papillomavirus and herpes simplex virus, RNA viruses like SARS-CoV-2, Zika 
virus and hepatitis C and reverse transcribing viruses like hepatitis B virus and HIV 
were shown to cause male infertility (Fig. 13.3).
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Fig. 13.2 Viruses and male infertility. Infection due to viruses causes male infertility mainly via 
two routes. The first route is through the development of oxidative stress due to orchitis and surge 
in the level of inflammatory molecules. Development of oxidative stress causes sperm DNA dam-
age due to DNA fragmentation, mitochondrial DNA damage, telomere attrition and impaired anti-
oxidant machinery. The second route of virus-dependent male infertility is via abnormal hormonal 
regulation. Decreased testosterone level and increased FSH and LH levels cause change in sperm 
characteristics leading to male infertility. Sperm motility, viability, total sperm count, and penetra-
tion capacity of sperms are decreased due to abnormal hormonal balance
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Table 13.1 Adverse effect of viruses in inducing male infertility

Name of virus

Cells affected of 
male genital 
tract Effects on male fertility References

Human 
papillomavirus

Spermatozoa, 
epididymis, 
testis, vas 
deference

Asthenozoospermia
Generates anti-sperm antibodies that 
perturb sperm motility, sperm oocyte 
interaction, disrupts sperm integrity
Associates with mitochondrial membrane 
proteins, complex III, IV and V and 
increases the generation of ROS. E2 
protein modifies the mitochondrial cristae 
morphology thereby increasing 
mitochondrial ROS generation.
L1, capsid protein of the HPV interacts 
with AQP8 thus resulting in the inhibition 
of AQP8-mediated efflux of H2O2 from 
the sperms. It causes build-up of ROS 
inside the sperms leading to sperm 
dysfunction

[35]
[36]
[38]

Herpes simplex virus Spermatozoa, 
epididymis, 
prostrate

Excessive build-up of oxidative stress due 
to HSV infection causes telomere 
attrition, a phenomenon that causes 
shortening of the telomere length
Genital herpes, ameliorates sperm 
motility, motile sperm concentration, total 
motile sperm count, genital ulcer 
infection of epididymis and prostate 
gland

[26]
[40]
[42]
[43]
[44]

Hepatitis C virus Spermatozoa, 
spermatid

Reduces sperm count, sperm volume, 
sperm motility and sperm viability, 
reduces fertility index
Induces double-stranded DNA breaks by 
increasing nitric oxide production, HCV 
proteins E1 and NS3 increases ROS 
generation and ablates mitochondrial 
membrane potential
Induces sperm diploidy and random 
aneuploidy

[13]
[24]
[55]
[57]

West Nile virus Spermatozoa, 
lymphocytes,
Sertoli cells,
interstitial cell, 
seminiferous 
tubules

Orchitis, thickens tubular basement of 
testis, reduces spermatogenesis
Chronic inflammatory infiltration of 
lymphocytes, syncytial Sertoli cells, and 
multinucleated interstitial cell
Causes tubular necrosis of seminiferous 
tubules

[7]
[61]

(continued)
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Table 13.1 (continued)

Name of virus

Cells affected of 
male genital 
tract Effects on male fertility References

Zika virus Spermatozoa,
Sertoli cells,
epididymis

Haematospermia, oligospermia, painful 
ejaculation and penile discharge
Leucocytes infiltration of the semen, low 
sperm concentration and motility, 
increases expression of FSH and inhibin 
B in the semen
Orchitis and epididymitis

[71]
[72]
[73]

Severe acute 
respiratory syndrome 
virus

Spermatozoa, 
Sertoli cells, 
epididymis,
Leydig cells, 
Germ cells, 
interstitial cells

Germ cell destruction
Thickening of the basement membrane 
and
peritubular fibrosis
Leucocyte infiltration and vascular 
congestion of interstitial cells, increase 
apoptotic spermatogenetic cells
Increases expression of CD3+ T 
lymphocytes and CD68+ macrophages, 
increases IgG immunoreaction deposits in 
seminiferous epithelium, interstitium, 
some degenerated germ cells and Sertoli 
cells

[23]

Severe acute 
respiratory 
syndrome–
Coronavirus-2

Spermatozoa Orchitis
Leucocyte infiltration of the testis and 
atrophy of seminiferous tubules
Increases the production of pro- 
inflammatory cytokines, oxidative stress, 
decreases sperm motility and 
spermatogenesis
Causes testicular damage due to increased 
levels of FSH and LH and decreased 
levels of testosterone
SARS-CoV-2 spike protein S binds with 
the ACE 2 protein This prevents the 
conversion of angiotensin II thus resulting 
in increased ROS and NADPH oxidase 
generation

[12]
[23]
[87]
[89]
[90]
[94]

Ebola virus Spermatozoa, 
epididymis, 
seminal vesicle, 
prostate

Erectile dysfunction, decreased libido
Thrombocytopenia
Intesticular haemorrhage of non-human 
primates

[105]
[106]
[107]
[108]

(continued)
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Table 13.1 (continued)

Name of virus

Cells affected of 
male genital 
tract Effects on male fertility References

Influenza virus Spermatozoa Decreases total sperm count, sperm 
motility
Decreases sperm penetration capacity
Develops pulverised chromosomes and 
displays chromosomal translocation
Chromosomes display anomalous 
metaphases
Generates ROS production which leads to 
the formation of DNA strand breaks thus 
ultimately leading to apoptosis. Excessive 
production of ROS due to influenza 
infection may also lead to the 
development of sperm DNA breakage 
thus in turn causing male infertility

[113]
[114]
[115]
[116]
[117]

Mumps virus Spermatozoa,
Leydig cells,
seminiferous 
tubules

Gynecomastia
Bilateral orchitis, testicular atrophy, 
oligospermia, hypofertility
Mumps orchitis in turn results in the 
generation of oxidative stress due to 
accumulation of excessive ROS
Decreases testosterone level and increases 
LH and FSH levels leading to decreased 
libido and impotence
Leucocyte infiltration
Germ cell degeneration, seminiferous 
tubule degeneration

[11]
[121]
[122]
[123]
[125]

Hepatitis B virus Spermatozoa Decreases sperm viability, alters sperm 
morphology, lowers fertility index
Generates oxidative stress as indicated by 
increased malondialdehyde levels, 
ameliorates total antioxidant capacity, 
decreases matrix metalloprotease level 
leading to loss of mitochondrial integrity 
and increased sperm apoptosis
Increases level of IL-17 and IL-18

[131]
[132]
[133]

Human 
immunodeficiency 
virus

Spermatozoa, 
seminal 
mononuclear 
cell

Hypogonadotropic hypogonadism
Orchitis
Azoospermia, hyalinisation of the 
boundary wall of seminiferous tubules, 
lymphocytic infiltration of the interstitium
Perivasculitis, increases tubular wall 
thickness of the testes
Decreases testosterone levels, increases 
the level of inflammatory cytokine thus 
increasing ROS generation

[147]
[148]
[149]
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13.4.1  Human Papillomavirus (HPV)

Human papillomavirus is a small, non-enveloped virus having a diameter of 
52-55nm. Its genome contains a single double-stranded DNA molecule of about 
800 bp in length that is bound to cellular histones. The genome is contained in a 
capsid composed of 72 capsomer proteins. The capsid consists of two structural 
proteins namely LI and L2 which are encoded by the virus itself. The genome con-
sists of eight ORFs transcribed from a single strand of DNA.  It is functionally 
divided into three types namely early (E) region encoding protein E1-E7 required 
for viral replication, late (L) region encoding structural proteins L1-L2 required for 
assembly of the virus and long control region (LCR) which is the non-coding 
region [29].

Fig. 13.3 Baltimore classification of viruses: Baltimore in 1970 classified viruses into three main 
groups according to their genetic material which was further subdivided into sub-groups. The first 
group is DNA virus which is further subdivided into double-stranded DNA (ds DNA) viruses 
(class I) and single-stranded DNA (ss DNA) viruses (class II). The second group is the RNA virus 
group which is subdivided into double-stranded RNA (ds RNA) viruses (class III), positive sense 
single-stranded RNA viruses (class IV) and negative sense single-stranded RNA viruses (class V). 
The third group is the reverse transcribing virus group. It is further subdivided into RNA viruses 
that reverse transcribe (class VI) and DNA viruses that reverse transcribe (class VII). *marked 
viruses like herpes virus, papillomavirus, hepatitis C virus, CoV-2 coronavirus, Zika virus, HIV, 
and hepatitis C virus was shown to impart debilitating effect on fertility of men giving rise to male 
infertility
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 Human Papillomavirus (HPV) and Male Infertility

Human papillomavirus has been extensively tested in the prostate gland of males 
and is thought to be one of the main reasons for prostate cancer. In one study, Ostrow 
et al showed the presence of papillomavirus in the semen of three patients. Two of 
them had severe chronic wart disease. This study reported the notion that semen can 
act as an agent for sexual transmission of HPV [30]. Several studies have high-
lighted the presence of HPV in various male genital parts like epididymis, semen, 
testis and vas deference [31–34]. In patients with human papillomavirus-infected 
semen, the incidence of asthenozoospermia is considerably higher [35]. HPV was 
shown to induce infertility in men by generating anti-sperm antibodies that perturb 
sperm motility, sperm oocyte interaction and other sperm parameters [35]. It was 
also reported that HPV disrupts sperm integrity. HPV E2 protein was shown to 
induce the generation of ROS. It was shown to associate with mitochondrial mem-
brane proteins, complex III, IV and V and augment the generation of ROS. E2 pro-
tein was also shown to modify the mitochondrial cristae morphology thereby 
increasing mitochondrial ROS generation [36]. HPV E6 protein was shown to 
decrease the levels of antioxidant proteins SOD 2 and GPx ½, thus increasing the 
generation of ROS [37]. Thus HPV infection disrupts the cellular redox balance 
which is sensed by redox sensor apoptosis signal-regulating kinase 1 (Ask1) thus in 
turn increasing apoptosis by upregulating the c-Jun N-terminal kinase (JNK) path-
way. Aquaporins (AQP) are water channels that are present extensively in the 
sperms. They were shown to eliminate ROS by transporting hydrogen peroxide 
(H2O2) out of the spermatocyte. AQP3 is localised in sperm tails, head and midpiece 
whereas AQP8 is localised in the midpiece. L1, capsid protein of the HPV, was 
shown to interact with AQP8 thus resulting in the inhibition of AQP8 mediated 
efflux of H2O2 from the sperms [38]. This results in the build-up of ROS inside the 
sperms leading to sperm dysfunction.

13.4.2  Herpes Simplex Virus (HSV)

Herpesviruses have a unique four-layered structure: a core containing the large, 
double-stranded DNA genome is enclosed by an icosapentahedral capsid which is 
composed of capsomers. The capsid is surrounded by an amorphous protein coat 
called the tegument. It is encased in a glycoprotein-bearing lipid bilayer envelope. 
The size of the genome is approximately 240kbp. The nucleocapsid is embedded in 
a proteinaceous layer termed tegument. The viral envelope is embedded with viral 
glycoproteins B, glycoprotein C and glycoprotein D. They aid in viral attachment 
and entry into the host system [39].
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 Herpes Simplex Virus (HSV) and Male Infertility

HSV was shown to infect human spermatozoa. Herpes simplex virus was shown to 
transmit due to sexual intercourse [40]. Kotronias and co-workers demonstrated the 
connection of HSV and male infertility by in situ hybridisation technique [41]. They 
collected 60 sperm samples from men attending a clinic due to fertility issues. They 
detected HSV DNA in 37 of the 60 semen samples. HSV-1 was predominant in 21 
cases and HSV-2  in 16 cases. The presence of HSV was accompanied by lower 
sperm count and sperm motility. HSV-2 was shown to be present in the genital tract 
and is one of the causative agents of genital herpes [40]. Csata et al. detected HSV 
in about 40% of patients suffering from infertility and the virus was mainly present 
in latent form in about 60% of sperms [42]. HSV infection was reported to have 
debilitating effects on male accessory sex organs and sperm parameters [43]. HSV 
imparts its harmful effects on fertility parameters of men by inducing oxidative 
stress. Excessive build-up of oxidative stress causes telomere attrition, a phenome-
non that causes shortening of the telomere length [26]. Infection of HSV-1 was 
shown to cause sperm telomere attrition by dissociating shelterin protein from telo-
mere DNA thus resulting in its gradual telomere degradation by DNA repair 
machinery and in turn increasing male infertility.

13.4.3  Hepatitis C Virus (HCV)

HCV belongs to the family Flaviviridae. It is a small enveloped RNA virus. The 
genome of HCV consists of single-stranded RNA with positive polarity. The 
genomic RNA is packed by the core protein and the complex is enveloped by a lipid 
bilayer. The lipid bilayer contains two viral glycoproteins E1 and E2. The HCV 
genome consists of three distinct regions namely a 5’ untranslated region, a long 
ORF consisting of more than 9000 nucleotides and a 3’ untranslated region. The 
ORF encodes a polypeptide that is arranged in the order of NH2-C-E1-E2-p7-NS2-
NS3-NS4A-NS4B-NS5A-NS5B-COOH.  It is further processed co-translationally 
and posttranslationally by viral and host proteases [44].

 Hepatitis C Virus (HCV) and Male Infertility

Many studies done so far have indicated the presence of HCV in the semen of 
infected males. In one study, Kotwal and Baroudy showed the presence of HCV 
antigen in the semen of infected patients [45]. Liou et al in another study showed the 
presence of HCV RNA in the semen of infected males by nested polymerase chain 
reaction. In 34 patients positive for HCV, 24% (4 of 17) showed the presence of 
HCV RNA in the semen. The patients do not have any history of parenteral expo-
sure thus highlighting the possibility of sexual transmission of HCV virus [46]. 
Another study reported the presence of HCV RNA in supernatants of sperm and 
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spermatid [47]. Although many studies highlighted the presence of HCV virus in 
the semen of infected patients, few other studies contradicted this notion [48–50]. 
Another study by Fiore et al showed the presence of HCV RNA in semen, however 
its prevalence was found to be low. One out of 11 patients was found to be positive 
for HCV RNA in the semen [51].

The sexual transmission of HCV virus was further corroborated by Zhao et al 
where they showed that heterosexual individuals with multiple partners have a 
higher prevalence of HCV infection as compared to healthy women with stable 
partners [52]. Another study confirmed the notion of sexual transmission of 
HCV. Nucleotide sequencing of HCV genome from 35 spouse pairs revealed that 33 
(94%) of them have the same HCV genotype. Thirty couples (90%) showed 100% 
sequence homology and two had a high homology (>97%). Among the non-spouse 
pair studied, 27% showed same genotype and about less than 88% patients dis-
played low nucleotide homology [53, 130].

A study conducted by Hofny et al. showed 57 males with chronic HCV infection 
displayed decreased sperm count, sperm volume and sperm motility as compared to 
healthy controls. These males also displayed abnormal sperm morphology. The 
total testosterone level was also found to be lower as compared to control [13]. 
Lorusso et  al. showed ameliorated sperm viability, sperm motility and increased 
deformation of sperms in patients with HCV infection [54]. Fluorescence in situ 
hybridisation of HCV-infected sperm nuclei revealed diploidy. The fertility index 
was reduced in HCV-infected males. Their sperms also displayed increased apopto-
sis and necrosis [55]. Machida et al. reported that HCV infection induces double- 
stranded DNA breaks by inducing nitric oxide (NO) production. They also reported 
increased ROS generation and ablated mitochondrial membrane potential due to 
HCV infection. The HCV proteins E1 and NS3 were found to be the main inducers 
of ROS generation [24]. HCV infection often leads to alteration of redox state of the 
cells due to the elevated levels of ROS. It was reported that infection with HCV 
resulted in increased NADPH-oxidase and reduced glutathione (GSH) levels which 
are indicative of oxidative stress [56]. HCV infection was also to increase random 
aneuploidy in infected patients [57].

13.4.4  West Nile Virus

The West Nile virus belongs to the family Flaviviridae. It is a positive-stranded 
RNA virus. Its genome is approximately 11kb in length and consists of a single 
ORF flanked by 5’ and 3’ untranslated regions. The virus consists of an envelope 
surrounding an icosahedral nucleocapsid of size 50nm. The 3000 amino acid 
polyprotein is cleaved into ten proteins by proteases. Three proteins constitute 
the structural components required for virus formation namely capsid protein 
(C), premembrane protein (prM) and envelope proteins (E). The seven other pro-
teins are non-structural proteins (NS) required for replication of the viral 
genome [58].
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 West Nile Virus and Male Infertility

Till date very few studies have been done highlighting the presence of West Nile 
virus in the semen. Siemann et al have reported that primary human Sertoli cells 
(HSeCs) infected with West Nile virus have virus titres equivalent to that of Zika 
virus, which is known to have high infectivity in the semen [59]. Gorchakov and 
co-workers examined four semen samples for the presence of West Nile virus. One 
among the four semen samples was found to be positive with West Nile virus [60]. 
Another case study highlighted the association of West Nile virus outside the central 
nervous system. Immunohistochemistry of six post-mortem tissues of patients 
deceased due to West Nile virus infection revealed the presence of viral antigen in 
the testis and prostate gland of one out of six people. The infection in the testis was 
associated with inflammation.

Till date only one study has highlighted sexual transmission of West Nile virus. 
Kelley et al have shown a healthy middle-aged woman developed meningoencepha-
litis due to West Nile virus, two weeks after having unprotected sexual intercourse 
with her husband [61]. A study conducted by Smith et al reported orchitis in a post- 
mortem sample of a 43-year-old man with renal allograft who died of West Nile 
virus [7]. The testis sections were marked with thickened tubular basement. They 
also observed reduced spermatogenesis. They also observed chronic inflammatory 
infiltration of lymphocytes, syncytial Sertoli cells, and multinucleated interstitial 
cells. Chronic inflammatory infiltration leads to the development of severe oxidative 
stress. Tubular necrosis with karyorrhectic material in the seminiferous tubules was 
reported. West Nile virus infection was shown to induce the expression of heme 
oxygenase-1 (HO-1) and inducible NO synthase (iNOS), which are indicative of 
increased oxidative stress.

13.4.5  Zika Virus

Zika virus is a flavivirus first identified in febrile rhesus macaque monkeys in the 
Zika Forest of Uganda in the year 1947. Later it was also isolated from Aedes afri-
canus mosquitoes from the same forest. Zika virus belongs to the family Flaviviridae. 
It is a positive-sense single-stranded RNA virus. Zika virus genome contains 10794 
nucleotides and its open reading frame (ORF) encodes 3419 amino acids. The 
genome length of Zika virus is approximately 11kb. The genome encodes for a 
single polypeptide that is composed of structural proteins capsid (C), pre-membrane 
(prM) and envelope (E) and seven non-structural proteins namely NS1, NS2a, 
NS2b, NS3, NS4a, NS4b and NS5. The structural proteins aid in viral particle for-
mation and the non-structural proteins aid in viral replication [62].
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 Zika Virus and Male Infertility

In a study carried out by Foy et al, they have reported that Zika virus present in the 
semen can be transmitted sexually [63]. In their study, two American scientists con-
tacted the virus while they were staying at Senegal in 2008. The wife of one of the 
scientists also contacted the virus after his return to America. The most probable 
route for the transmission was thought to be through sexual route. In a study carried 
out by Mead et al, they have shown that Zika virus is often detected in the semen 
sample of symptomatic men [64]. They screened a total of 1327 semen samples 
from 184 men infected with Zika virus. They found 33% of the semen sample to be 
positive for Zika RNA, including 61% of those men who tested within one month of 
the disease onset. Infectious Zika virus was detected in 15% of Zika RNA positive 
semen samples, all obtained within one month of disease onset. A study conducted 
by Mansuy and colleagues reported Zika virus RNA to persist longer in the semen 
than in blood and urine in most of the studied cases [65]. A longitudinal follow up 
of a 32-year-old man with Zika RNA positive semen after his return from French 
Guyana revealed that the viral RNA persisted in the semen for 141 days after onset 
of symptoms. A study on five other symptomatic men showed Zika RNA to be pres-
ent in the semen sample of two out of six men till days 69 and 115 after the onset of 
symptoms. Confocal and stimulated emission depletion microscopy revealed the 
presence of Zika virus antigen in the sperm of infected men. Since Sertoli cells 
extensively express Axl receptor which facilitates Zika virus entry, they hypothe-
sised that Zika virus is transmitted to the spermatozoa through Sertoli cells as the 
spermatozoa lack receptor Axl. Zika virus RNA was shown to be present in the 
semen up to 188 days after onset of disease symptoms [66].

The presence of Zika virus RNA in the semen for a relatively longer period of 
time as compared to the other body fluids suggest that the male genital tract may 
serve as a potential reservoir for the virus. Zika virus was shown to be sexually 
transmitted from male to female, male to male and female to male both from semen 
as well as saliva. Hence Zika virus was shown to be transmitted during both anal as 
well as vaginal intercourse [67]. Counotte et  al reported that Zika virus is more 
plausibly transmitted from men to women rather than women to men. A living sys-
tematic review conducted by them revealed that the median duration of the presence 
of Zika virus RNA in the semen is 40 days with a maximum of 370 days [68]. They 
reported that several factors are responsible for the persistence of Zika virus in the 
semen. Men who ejaculate more than 4 times a week was able to clear the viral 
RNA in more than 21 days earlier. Other factors that play role in determining the 
persistence of Zika in the semen are increased age, absence of joint pain and con-
junctivitis. Zika virus was shown to replicate in other parts of male genital tract as 
vasectomised men displayed Zika virus RNA in bulbourethral glands, prostate and 
seminal vesicles [69].

A prospective cohort study was conducted by Huits et al in Belgian travellers 
with confirmed Zika virus infection who returned to America during the 2016 pan-
demic [70]. Ten of the 15 participants semen displayed haematospermia and 6 of 
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them showed oligospermia. 11 participants showed the presence of leucocytes in the 
semen sample. Paz-Bailey et al observed painful ejaculation and penile discharge in 
Zika virus-positive men [71]. In an observational study by Joguet et al, semen sam-
ples were collected from acute Zika-infected patients at Pointe-à-Pitre University 
Hospital in Guadeloupe, French Caribbean [72]. Semen was collected at days 7, 11, 
20, 30, 60, 90 and 120 post onset of symptoms. The study showed increased expres-
sion of follicle-stimulating hormone and inhibin B in the semen samples. The motile 
sperm count was found to be 50% lower on day 60 as compared to day 7. It reverted 
to normal by day 120. In a case study conducted by Avelino-Silva et al, burning 
sensation while urinating was reported in two of the total men [73]. One of them 
showed haematospermia. Among them cases of six participants were carried on 
forward. One out of six patients had a lower sperm concentration whereas 2 other 
men had concentration near the lower reference limit. Abnormal sperm motility was 
seen in all of the three participants.

Orchitis and epididymitis were shown to hamper testicular and epididymal func-
tion in a murine model of Zika virus infection. A study carried out by Governo et al 
showed abrogated spermatozoa number and sperm motility in Zika-infected male 
mice [8]. Zika virus infection was shown to infect Sertoli cells in both humans and 
mice [74, 75]. Orchitis and epididymitis in turn lead to the development of oxidative 
stress which may lead to male infertility. Zika infection was shown to augment the 
generation of ROS, malondialdehyde all of which are indicative of increased oxida-
tive stress.

13.4.6  Severe Acute Respiratory Syndrome (SARS) Virus

The SARS genome consists of positive-sense single-stranded RNA. The genome is 
about 30 kb in length. The size of the virus ranges from 80 to 90nm. The viral enve-
lope consists of lipid bilayer in which the spike (S), envelope (E) and membrane 
(M) proteins are embedded. Inside the envelope, the viral nucleocapsid is present. 
The virus consists of 14 ORF’s which can overlap sometimes. The genome contains 
5’ methylated cap and 3’ polyadenylated tail. ORFs 1a and 1b encode for replicase/
transcriptase. ORF2, ORF4, ORF5 and ORF9a encode for proteins spike, envelope, 
membrane and nucleocapsid respectively. ORFs 3a to 9b encode for accessory pro-
teins [76].

 Severe Acute Respiratory Syndrome (SARS) and Male Infertility

The studies related to the presence of SARS virus in the semen was initiated by 
scientists after the discovery that angiotensin-converting enzyme 2 (ACE-2), a func-
tional receptor of SARS virus, was expressed in the testicular tissues [77]. Zhao 
et  al, while studying the autopsy sample by in-situ hybridisation and electron 
microscopy of 6 peoples who died of SARS virus, found the presence of SARS 
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virus in testicular epithelial cells and Leydig’s cells [78]. However, no further stud-
ies were able to reflect similar results. Ding and co-workers studied four autopsy 
samples of patients who died of SARS virus. In spite of the expression of high levels 
of ACE-2 in the testis of the samples, none of them was found to be positive for 
SARS RNA as well as N protein [79]. Another group of scientists examined eight 
autopsy samples of people with SARS infection. They reported testicular atrophy in 
the samples, however the parenchymal tissues were found to be SARS negative [80].

Being a respiratory virus, SARS is mainly transmitted through aerosols and 
droplets. No sexual transmission of SARS virus has been reported so far.

Xu et al reported the involvement of SARS virus with male infertility [23]. They 
examined autopsy samples of testis from Ditan Hospital, Beijing, China. All the 
samples were collected from people who were deceased due to SARS virus infec-
tion. All the autopsy samples displayed germ cell destruction. The tissue samples 
displayed thickening of the basement membrane. They also observed peritubular 
fibrosis. Leucocyte infiltration and vascular congestion which are characteristics of 
inflammatory response was observed in interstitial cells. Increased inflammatory 
response might result in increased oxidative stress. They also reported accentuated 
levels of apoptotic spermatogenetic cells in SARS-infected samples as compared to 
control samples which might be due to increased ROS generation leading to sperm 
DNA damage. The SARS-positive samples displayed increased expression of CD3+ 
T lymphocytes and CD68+ macrophages compared to control. In the SARS testis, 
extensive IgG immunoreaction deposits were observed in the seminiferous epithe-
lium, interstitium, some degenerated germ cells and Sertoli cells.

13.4.7  Severe Acute Respiratory Syndrome–Coronavirus-2 
(SARS-CoV-2)

The World Health Organisation in December 2019 declared about the outbreak of 
SARS-CoV-2 in Wuhan, Hubei Province, China. SARS-CoV-2 is a novel coronavi-
rus causing the disease named coronavirus disease-19 (COVID-19) [81]. Later in 
March 2020, the World Health Organisation informed COVID-19 to be a global 
pandemic [82]. The SARS-CoV-2 belongs to the coronavirus family having a beta-
coronavirus 2B lineage [83]. SARS-CoV-2 is closely related to virus strain BatCov 
RaTG13, with a sequence similarity of 96%. The genome size of coronavirus is 
about 27-32 kb. Its genome consist of single-stranded positive-sense RNA.  The 
SARS-CoV-2 consists of four structural proteins namely spike protein (S), nucleo-
capsid protein (N), membrane protein (M), envelope protein (E) and 16 non- 
structural proteins (nsp1-nsp16). The two open reading frames (ORF) that 
distinguish SARS-CoV-2 from other viruses are ORF8 and ORF10. Of the total 103 
SARS-CoV-2 genomes studied by reasearchers, they found 149 mutations. Among 
the 103 strains identified, 101 displays notable linkage between two single nucleo-
tide polypeptides (SNPs). Majority of the SARS-CoV-2 types are the L-type and 
S-type. They are distinguished by the presence of two SNPs at sites 8,782 and 
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28,144. Among the 103 strains identified, the L type accounts for 70% and the S 
type for 30% [84]. The COVID-19 pandemic has stirred havoc in the current sce-
nario. Although it infects people of all age groups, older people and people with 
co-morbidities are at a higher risk. Significant number of the deaths have occurred 
in individuals with age 65 and above.

 Severe Acute Respiratory Syndrome–Coronavirus-2 (SARS-CoV-2) 
and Male Infertility

Few studies have claimed about the presence of SARS-CoV-2 in the semen. One 
such observational  study carried out  by Li et  al with males having a history of 
COVID-19 and aged 15 years and older in Shangqiu Municipal Hospital. Initially, 
they identified 50 patients, however 12 of them were unable to provide semen sam-
ples due to erectile dysfunctions. Among the remaining 38 patients whose semen 
were collected for further testing, 23 people (60.5%) had already recovered and 15 
people (39.5%) were in the stage of acute infection due to the virus. Semen from 6 
patients (15.8%) were found to be positive for SARS-CoV-2 which included 4 of the 
15 patients (26.7%) [85]. Massarotti et al reported the presence of SARS-CoV-2 in 
the semen of six male patients including two participants still recovering from the 
infection [86]. These reports were however contradicted by reports from various 
other studies indicating the absence of SARS-CoV-2 in the semen of infected males. 
Pan et  al in their observational study with 34 male participants diagnosed with 
COVID-19 reported the absence of SARS-CoV-2 in their semen after a median of 
31 days follow-up from diagnosis of the disease [87]. However, 6 patients (19%) 
reported scrotal discomfort due to orchitis. Another study by Song et al also cor-
roborated the absence of SARS-CoV-2  in the semen of patients with COVID-19 
disease. Paoli and co-workers also showed a similar result. They tested semen and 
urine samples of a 31-year-old man diagnosed with COVID-19 for the presence of 
viral E and S genes. Both the semen and urine sample was found to be negative for 
SARS-CoV-2 [88]. Due to discrepancy in the results obtained by different groups as 
well as a small sample size used in most of the studies, further research will be 
essential before reaching any conclusions.

Transmission of the SARS-CoV-2 through sexual route has not been studied 
extensively till date. Several discrepancies regarding the presence of SARS- 
CoV- 2 in the semen sample have made it more elusive regarding the transmission of 
the viral particles through sexual route. Moreover, due to the high rate of infectivity 
of the SARS-CoV-2, it is always advisable to maintain caution during any intimate 
contact in order to prevent virus spread. SARS-CoV-2 is mainly known to be trans-
mitted through respiratory droplets, mucus and faecal matters.

In a study by Pan et al with 34 male participants having SARS-CoV-2 infection, 
6 of them (19%) reported scrotal discomfort around the time of the viral infection. 
The researchers concluded that the discomfort may be due to the occurrence of viral 
orchitis due to the infection [87]. Chen et  al performed a structural analysis of 
receptor-binding domain (RBD) of the spike proteins present in SARS-CoV-2. 
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Molecular modelling studies revealed that RBD has strong interaction with 
angiotensin- converting enzyme 2 (ACE2). The RBD of SARS-CoV-2 has a definite 
loop with flexible glycyl residues. The presence of a unique phenylalanine F486 in 
the distinct loop permits it to penetrate deep into the hydrophobic pocket of ACE2. 
The presence of ACE2 in the testis, Leydig cells, renal tubular cells and intestines 
makes them a possible route for the transmission of the virus. The presence of 
ACE2 in the male genital tract also raises possibilities that the virus may have a 
debilitating effect on the male genital organs thus leading to infertility via the 
increased oxidative stress route. SARS-CoV-2 spike protein S was shown to bind 
with the ACE 2 protein and enter the sperm. This prevents the conversion of angio-
tensin II (Ang II) to angiotensin 1-7 due to the absence of free ACE2. Ang II in turn 
binds the angiotensin type 1 receptor (AT1R) and increase the production of ROS 
and NADPH oxidase [89]. Thus SARS-CoV-2 may cause sperm DNA damage and 
in turn result in infertility due to oxidative stress generation. The presence of CD147 
receptors on the spermatogonial stem cells in the testis also raises a possibility of 
SARS-CoV-2 entry through it into the male genital tract [90]. Xu et al provided 
evidence of leucocyte infiltration in the testis as well as atrophy of seminiferous 
tubules in patients with SARS-CoV-2 infection [23]. A study by Shi et al reported a 
burst of pro-inflammatory cytokines in patients with SARS-CoV-2 infection [91]. 
The use of antiviral drug Ribavirin during SARS-CoV-2 infection was shown to 
augment oxidative stress, reduce the testosterone levels and impair spermatogenesis 
[12]. The increase in oxidative stress and pro-inflammatory cytokines was shown to 
have detrimental effects on sperm motility and spermatogenesis [92, 93]. Surge in 
inflammation level results in the production of ROS which in turn can lead to sperm 
DNA damage. Infection with SARS-CoV-2 was shown to produce oxidised phos-
pholipids (OxPLs), which in turn leads to increased levels of lipid peroxidation 
breakdown product malondialdehyde which is an indicative of oxidative stress. The 
increased levels of FSH and LH which serve as markers of testicular damage during 
SARS-CoV-2 infection also raise the possibility that SARS-CoV-2 has a detrimen-
tal effect on the male genital system which could lead to infertility [94]. The low 
level of testosterone could also lead to the development of erectile dysfunction and 
infertility in males infected with SARS-CoV-2 [95]. Increasing evidence regarding 
the surge of cytokine productions as well as hormonal dysregulation during SARS- 
CoV- 2 has made a possibility of a link between SARS-CoV-2 infection and male 
infertility. Hence, an extensive study in this respect is required in order to combat 
both the viral spread as well the detrimental effects it imparts on the male geni-
tal system.

13.4.8  Ebola Virus

Ebola virus belongs to the family Filoviridae. They are known to be highly patho-
genic causing haemorrhagic fever [96]. It consists of a negative sense single- 
stranded RNA genome enclosed within a helical nucleocapsid. The RNA genome 
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is non-segmented and 18-19 kb in size. The virus lacks 5’ capping and 3’ polyad-
enylation. The virus contains virally encoded glycoproteins that project as 
7-10 nm long spikes from the lipid surface. They are filamentous viruses. The 
Ebola virus contains seven viral proteins namely NP (nucleoprotein), VP35, 
VP40, GP (glycoprotein), VP30, VP24 and an RNA-dependent RNA polymerase 
(L) [97].

 Ebola Virus and Male Infertility

Numerous studies on the magnitude of viral ribonucleic acid (RNA) persistence in 
the body fluid after Ebola infection revealed the presence of viral RNA for a long 
time in males infected with the virus. Another study conducted by Liberia’s Men’s 
Health Screening Program (MHSP) revealed the presence of viral RNA in the serum 
of about 9% of Ebola survivors among the total number of participants studied. 
Among the total participants, 63% of males were found to have persistent Ebola 
virus RNA in their semen even after 12 months or more after disease recovery [98]. 
The longest period of time for the persistence of Ebola virus RNA in the semen of 
infected men after release from the Ebola treatment unit was shown to be 565 days 
[98]. It was also reported that men having age greater than 40 years are more likely 
to have a positive viral RNA in the semen as compared to younger men [98]. A 
40-month follow-up of Ebola survivors in Guinea (PostEbogui) using the sensitive 
Ebola Xpert assay revealed the persistence of Ebola virus RNA in all the males 
studied for up to 3 months and 70% of the males had viral RNA in the semen for 
about 6 months [99]. Another report from Guinea revealed the presence of Ebola 
virus RNA in the semen of 1 survivor for up to 531 days [100]. However, Diallo et al 
showed that the persisting virus was different from the virus that affected the survi-
vor initially. It was shown that the virus that persisted was transmitted sexually and 
it gave rise to a new strain of Ebola virus disease in Guinea and Liberia [100]. The 
persisting virus was transmitted about 470 days after the onset of symptoms. A lon-
gitudinal and modelling study by Sissoko et al revealed that 50% of the male survi-
vors clear viral RNA from their semen at 115 days and 90% of men clear viral RNA 
at 294 days [101]. The longest period of time for the persistence of Ebola virus RNA 
in the semen was reported to be 965 days [102].

The presence of Ebola virus RNA was also detected in gonads of animals like 
macaque and rhesus monkey. A study conducted by Perry et al showed that four 
females and eight male macaques that perished of Ebola between 6 and 9 days after 
virus infection displayed Ebola infection in testis, seminal vesicle, epididymis, 
prostate gland, uterus and ovary [103]. The presence of Ebola virus in the reproduc-
tive tract led scientists to speculate the possibility of sexual transmission of Ebola 
virus. A study conducted by Zen et al reported Ebola virus replication harmonises 
with systematic inflammatory response in asymptomatic rhesus monkey that did not 
succumb to Ebola infection [104]. Macrophages were found to be the reservoirs of 
Ebola virus in the lumen of epididymis of these rhesus monkeys.
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Although the mechanism of action of Ebola virus in connection to male infertil-
ity is not well comprehended, but few reports have linked Ebola virus disease to 
male infertility. A study conducted by Wadoum et  al at Ebola survivor Mobile 
Health Clinic (MHC) in Sierra Leone between 7 February 2015 and 10 June 2016 
reported 5.1% male survivors having erectile dysfunction and 10.2% male survivors 
having loss of sexual desire [105]. Another study in Liberia reported the virus to 
cause erectile dysfunction and decreased libido in male survivors [106]. In another 
study, immunohistochemical staining of Ebola virus antigen revealed the presence 
of fibrin clots in the blood vessel of testis of infected males. This led to the conclu-
sion that thrombocytopenia might be a plausible outcome of platelet consumption 
due to fibrin clots [107]. Infection of non-human primates with the virus resulted in 
testicular haemorrhage [108]. Ebola virus infection was shown to cause increased 
levels of ROS, pro-inflammatory cytokines, chemokines which aid in the pathogen-
esis of Ebola [109]. Increased ROS generation in turn might lead to sperm DNA 
breakage and finally male infertility.

13.4.9  Influenza Virus

The influenza virus belongs to the family Orthomyxoviridae. The influenza virus is 
roughly a spherical virus of about 80-120 nm in diameter. It is an enveloped virus 
and its outer layer which is composed of lipid membrane is derived from the host. 
The influenza genome segmented and is organised into 8 pieces of single-stranded 
RNA (Influenza C has 7 pieces of RNA instead of 8). The RNA along with the 
nucleoprotein is packed in a helical ribonucleoprotein form. Glycolipids constitute 
the spikes which are embedded in the lipid membrane. The glycoproteins consist of 
proteins linked to sugars like HA (hemagglutinin) and NA (neuraminidase). About 
80% of the spikes contains HA and the rest 20% contains NA.

 Influenza Virus and Male Infertility

The presence of influenza virus in semen or their sexual transmissions has not been 
reported yet. Though no studies done so far have shown the presence of influenza 
receptor on human genital tract, a few studies have shed light on the presence of 
influenza receptors on the genital tract of turkeys [110, 111]. Sergerie et al carried 
out a study in which they reported parameters in semen sample and sperm deoxyri-
bonucleic acid integrity following febrile influenza. By using sperm chromatin 
structure assay (SCSA) they reported decreased total sperm count at days 15, 37 and 
58 after a 2-day fever of 39oC to 40oC. The count returned to normal after the fever 
subsided. Sperm DNA fragmentation measured by terminal deoxynucleotidyl trans-
ferase dUTP nick end labelling (TUNEL) assay increased from 17% before fever to 
23% at day 15 which are indicative of increased ROS production. Sperm motility 
was remarkably abrogated at days 15 and 37 after the fever and bounced back to 
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normal by day 58. High DNA stainability notably increased at day 37 after the fever 
[112]. Another study highlighted the variation in sperm penetration rate after febrile 
viral illness. By using sperm penetration assay, this study documented decreased 
sperm count and reduced sperm capacitation after febrile viral illness. The param-
eters like motility were reverted to normal at 4 weeks and sperm count was recov-
ered at 8 weeks [113]. Another study by MacLEOD reported abrogated sperm 
motility and sperm count after febrile viral illness [114]. Kantorovich et al reported 
human diploid cell culture administered with influenza virus developed pulverised 
chromosomes as well as the displayed chromosomal translocation [115]. Influenza 
virus infection was shown to augment the generation of ROS which in turn induced 
RANTES production. The generation of ROS also leads to the formation of DNA 
strand breaks thus ultimately leading to apoptosis. Excessive production of ROS 
due to influenza infection may also lead to the development of sperm DNA break-
age thus in turn causing male infertility.

In a murine model of influenza, Sharma and co-workers intraperitoneally injected 
mice with two doses of 1 and 2 hemagglutinating units (HA) of influenza A2 Hong 
Kong/68 virus [116]. The mice were shown to develop chromosomal aberrations. 
Mice administered with 1 and 2 HA U influenza virus displayed anomalous meta-
phases. Aneuploids percentile in mice inoculated with 1 and 2 HA virus were shown 
to plummet until 24 weeks post infection after an initial fluctuation between 1 and 
4 weeks [116]. The euploidy percentage was also higher in virus-infected mice. 
X-Y dissociation in spermatocyte led to sterility in male mice. Inoculation of mice 
with influenza A2 Hong Kong/68 virus led to pulverisation [116]. Another study by 
Pathki and co-workers demonstrated that inoculation of male mice with 16HA of 
ultraviolet (UV) inactivated purified X-31 strain of influenza virus resulted in domi-
nant lethal mutations in mice [117]. It was concluded that not only live virus but 
also inactivated virus gives rise to dominant lethality.

13.4.10  Mumps Virus

Mumps virus belongs to the Paramixoviridae family. It consists of a linear single- 
stranded RNA genome. The genome is surrounded by symmetric repeating protein 
units. The mumps virus is an irregular-shaped virus with a diameter ranging from 90 
to 300nm. The virus contains an envelope that is three-layered and encloses nucleo-
capsid. The outer surface of the envelope consists of glycoproteins containing HA 
(hemagglutinin) and NA (neuraminidase). The middle layer consists of lipid bilayer 
and the innermost layer is a non-glycosylated membrane protein that forms the 
outer structure of the virus. The mumps genome codes for eight proteins namely 
haemagglutinin-neuraminidase protein (HN), fusion protein (F), nucleocapsid pro-
tein (NP), phosphoprotein (P), matrix protein (M), hydrophobic protein (SH), and L 
protein [118].
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 Mumps Virus and Male Infertility

Though no mechanistic evidence relating to mumps virus infection and male infer-
tility have been deciphered so far, yet many reports have shown males having fertil-
ity issues after exposure to mumps virus infection. Aiman and co-workers first 
reported gynecomastia in males infected with mumps virus [119]. Mumps virus 
infection led to the development of bilateral orchitis which resulted in testicular 
atrophy. These men displayed decreased testosterone production and increased 
luteinising hormone (LH) and follicle-stimulating hormone (FSH) levels produc-
tion thus highlighting the adverse effect of mumps virus on Leydig cell function. 
These men also displayed decreased libido and impotence. Another study showed 
mumps virus-induced bilateral orchitis that manifests in increased testicular pain 
and swelling thus leading to testicular atrophy and in turn infertility [120]. Bilateral 
orchitis was reported to induce oligospermia and testicular atrophy in 13% of the 
cases and it lead to the development of hypofertility [11]. Mumps associated with 
orchitis resulted in oedema of the interstitial tissues leading to congestion of blood 
vessel and accumulation of lymphocytes. As a consequence, the permeability of the 
blood vessels increases leading to interstitial haemorrhage [121, 122]. This also led 
to the extravasations of fibrin and leucocyte. The seminiferous tubules also degener-
ated. Repair of the scarring caused by the infection often leads to the deposition of 
collagen within the interstitial tissue resulting in fibrosis and atrophy. Mumps orchi-
tis in turn results in the generation of oxidative stress due to the accumulation of 
excessive ROS.  Generated ROS often results in sperm DNA fragmentation and 
apoptosis. Mumps virus infection was shown to trigger upregulation of pro- 
inflammatory cytokines TNF-α, IL-6 and chemokines CXCL10, (MCP- 1) which in 
turn results in the generation of oxidative stress [26]. Mumps virus was also shown 
to have many indirect effects on germ cells. One of them is an increase in body 
temperature resulting from the viral infection thus leading to testicular dysfunction 
and in turn germ cell degeneration [123]. Another consequence is that of seminifer-
ous tubule degeneration due to interstitial oedema thus leading to germ cell degen-
eration [124]. Adamopoulos and co-workers reported mumps virus to have an 
adverse effect on Leydig cells and testicular functions. They observed a dip in the 
testosterone level with a concomitant increase in luteinising hormone (LH) and 
follicle-stimulating hormone (FSH) levels in 27 patients infected with the virus [125].

13.4.11  Hepatitis B Virus (HBV)

HBV, a prototype of the Hepadnaviridae family, has been shown to infect approxi-
mately 2 billion people worldwide. More than 350 million people were shown to be 
chronic carriers of the virus [126]. According to the Global Burden of Disease 
study, the total mortality due to hepatitis B was estimated to be approximately 
786000 in the year 2010 [127]. The virus can be transmitted through various sources 
including mother to child transmission during birth and delivery, blood or body 
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fluids, sex with an infected partner, infected needles and syringes, etc. 257 billion 
people were estimated to be infected with HBV (defined as hepatitis B surface 
antigen- positive) in the year 2015 by World Health Organisation. In 2016 it was 
reported by World Health Organisation that of the more than 250 million people 
living with HBV, about 27 million people were aware of the infection and about 4.5 
million people were on treatment.

HBV is classified into eight genotypes A to H each having a distinct geographi-
cal distribution. It consists of a circular, partially double-stranded DNA. Electron 
microscope shows three types of virus particles. Two of the virus particles consist of 
a small spherical structure with a diameter of 20nm and filament of width 22nm 
which are composed of hepatitis B surface antigen (HBsAg) and host-derived lip-
ids. They are devoid of viral nucleic acid and are therefore non-infectious [128]. 
The third particle termed as the Dane particle is the infectious one having a spheri-
cal, double-shelled structure which is 42nm in diameter. The Dane particle consists 
of inner nucleocapsid composed of hepatitis B core antigen (HBcAg). The core is 
surrounded by lipid envelope containing HBsAg. The core is complexed with virally 
encoded polymerase and viral DNA genome. The genome of HBV is partially 
double- stranded and it consists of circular DNA of about 3.2 kilobase pairs. The 
HBV genome encodes four overlapping open reading frames (S, C, P, and X) [129]. 
The S ORF encodes for the viral surface envelope proteins HBsAg. The C ORF 
encodes either the viral nucleocapsid HBcAg or hepatitis B e antigen (HBeAg). The 
P ORF encodes for the polymerase protein. The polymerase protein is functionally 
divided into three domains namely the terminal protein domain, the reverse tran-
scriptase domain and the ribonuclease domain. The X ORF encodes a 16.5-kd pro-
tein hepatitis b x antigen (HBxAg).

 Hepatitis B Virus (HBV) and Male Infertility

HBV has been shown to be associated with male infertility. Recent studies have 
indicated that HBV infection results in increased male infertility. HBV was shown 
to pass the blood-testis barrier [130]. Males infected with HBV displayed lower 
fertility index [131]. In males infected with HBV, the sperm concentration was 
found to be significantly lower as compared to control [132]. Males infected with 
HBV have lower sperm viability as well as they exhibit morphological differences 
compared to the control [132]. A recent study has shown the involvement of hepati-
tis B virus S (HBs) protein in male infertility. Exposure of sperm cells with HBs 
resulted in the generation of oxidative stress. Malondialdehyde, an indicator of 
increased oxidative stress, was found to be high in spermatozoa treated with HBs 
[133]. These spermatozoa showed ameliorated total antioxidant capacity (TAC) 
[133]. HBs also resulted in heightened apoptosis of spermatozoa. Spermatozoa 
treated with HBs resulted in increased externalisation of phosphatidylserine (PS). 
They also showed an augmented expression level of apoptotic markers like cas-
pase3, caspase8 and caspase 9[133]. Spermatozoa treated with HBs manifested 
decreased Matrix metalloprotease (MMP) leading to loss of mitochondrial integrity 
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and increased apoptosis and reduced sperm motility [133]. In males with HBV 
infection, the level of IL-17 and IL-18 was found to be significantly higher. All these 
inflammatory molecules give rise to oxidative stress thus resulting in the generation 
of ROS which in turn leads to loss of sperm DNA integrity and in turn apoptosis.

13.4.12  Human Immunodeficiency Virus (HIV)

HIV belongs to the Retrovirus family in the genus of Lentivirus. HIV is approxi-
mately 100nm in diameter containing outer lipid envelope. Inside the lipid bilayer 
is embedded the transmembrane glycoprotein gp41. The surface glycoprotein gp120 
is attached to the gp41. These two are responsible for the attachment of the virus to 
the host surface. The viral gag gene encodes for the matrix protein p17, core protein 
p6 and p24 and nucleocapsid protein p7. The viral core contains two identical 
single- stranded RNA molecule. The proviral DNA is formed by reverse transcrip-
tion of the viral RNA genome into DNA followed by the subsequent degradation of 
the RNA and integration of the viral DNA in the human genome. The pol gene 
encodes for enzymes protease, reverse transcriptase and RNase H or reverse tran-
scriptase plus RNase H (p66) and integrase. The virus also contains other genes that 
encode for various functional proteins like the vif gene encoding the viral infectivity 
protein, vpr gene encoding the viral protein R, nef gene encoding the negative regu-
latory factor, vpu gene encoding the virus protein unique, tat gene encoding the 
transactivator of transcription and rev gene encoding RNA splicing regulator. HIV-2 
contains vpx gene encoding virus protein x instead of vpu [10, 134].

 Human Immunodeficiency Virus (HIV) and Male Infertility

There are mainly two forms of HIV namely HIV-1 and HIV-2. Gupta et al reported 
the presence of HIV in the semen shortly after infection [135]. HIV virus can enter 
the semen via three routes namely as free virions, spermatozoa associated and viri-
ons compartmentalised inside the leucocytes [37]. Anderson et al have also reported 
enrichment of various cytokines and chemokines in the semen of patients infected 
with HIV [136]. This enrichment was thought to favour viral replication in the host. 
Asymptomatic carriers were shown to transmit the virus via their semen [137, 138]. 
Bagasra et al reported the presence of HIV-1 in the seminal cells of infected patients 
[139]. By using in situ polymerase chain reaction technique they observed the pres-
ence of HIV-1 in about 45% of the infected men at all stages of infection. Seminal 
mononuclear cell and sperm were shown to harbour HIV-1. A study conducted by 
Muciaccia et al highlighted the presence of HIV-1 DNA containing abnormal sper-
matozoa during ejaculation by infected males [140]. By using immunocytochemis-
try and in situ hybridisation techniques, Baccetti et al have shown that HIV-1 can 
bind and enter the spermatozoa. They detected viral particles, viral antigens and 
viral RNA in the sperm of infected patients [141].
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The route of entry of the virus still remains unclear. The two co-receptors 
CXCR4 and CCR5 that facilitate the entry of HIV into the cells were not detected 
in the spermatozoa as was evidenced by flow cytometry data [142]. The CD4 
receptor which is the main entry molecule for HIV was reported to be present in 
semen lymphocytes and monocytes but its presence in the spermatozoa was not 
confirmed in this study [143, 144]. Ashida and Scofield were the first to shed light 
on the interaction between the virus and the spermatozoa [145]. They highlighted 
the presence of a sperm ligand that was shown to react with the CD4 antibodies 
thus providing the first indirect clue for the presence of CD4 molecule in human 
sperms. Bergamo et al in their study highlighted the presence of CD4 molecule on 
the spermatozoa. They reported a 1kDa glycoprotein gp17 that was shown to inter-
act with CD4+ T cells as well as to soluble CD4 recombinant protein. Western 
blotting of lysates from spermatozoa with monoclonal antibodies showed that pro-
teins from the spermatozoa exhibited similar electrophoretic and antigenic proper-
ties as that of CD4 and gp17. Post acrosomal region of the spermatozoa also 
showed positive CD immunostaining in this study. The presence of CD4 mole-
cules was also detected in the head region of sperm in mice [146]. Baccetti et al 
also detected a glycolipid on the surface of spermatozoon that was thought to bind 
HIV as well as aid its transmission [141].

HIV infection was shown to impart damage to the testes thus leading to infertil-
ity. HIV was reported to impart hypogonadotropic hypogonadism. Orchitis was 
shown to be a common phenomenon of HIV infection [147]. Orchitis in turn may 
lead to the generation of ROS which may cause loss of sperm DNA integrity. 
Pudney and Anderson carried out a study in which they tested autopsy samples 
from 43 male patients having acquired immune deficiency syndrome (AIDS) 
[148]. Azoospermia was observed in the samples. They also reported hyalinisation 
of the boundary wall of seminiferous tubules along with extensive infiltration of 
the interstitium with lymphocytes. They also reported the presence of CD4 posi-
tive white blood cells in the testis which is an indicative of the presence lympho-
cytes and macrophages for HIV. Paepe and Waxman carried out a study in which 
they examined autopsy samples of 57 patients with AIDS [9]. They observed 
reduced spermatogenesis in patients with AIDS.  The autopsy samples of these 
patients also displayed fibrosis of the interstitium along with thickening of the 
basement membrane. Croxson et al reported that patients with AIDS have lower 
levels of testosterone and increased level of follicle-stimulating hormone (FSH) 
and luteinising hormone (LH) [149]. They concluded that a lower level of testos-
terone is due to impairment of the proper functioning of the testis due to HIV 
infection. Roders and Klatt carried out a retrospective case study in which they 
tested autopsy samples of testis from 100 AIDS patients. They observed increased 
perivasculitis, infiltration of lymphocytes, interstitial fibrosis and increased tubu-
lar wall thickness of the testes. This could lead to testicular atrophy thus resulting 
in male infertility. HIV infection was shown to increase the level of various inflam-
matory cytokines which in turn debilitate testosterone synthesis thus leading to 
male infertility.
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13.5  Antiviral Therapies

Several antiviral therapies have been developed by different groups of scientists in 
order to combat the progression of viral infections (Table 13.2). Many chemically 
manufactured antiviral drugs have been developed so far in treating different kinds 
of viral infections. Most of the chemical drugs are nucleoside analogues. However, 
recently many natural compounds as well as interferon therapy have shown promis-
ing response to viral infections. They also incur less side effects as compared to the 
chemical drugs. Thus these modes of treatment can be effectively administered in 
order to ameliorate viral entry into the host cell. These antiviral agents also act to 
inhibit viral replication and the spread of the virus to other cells (Fig. 13.4). Thus 
antiviral therapies can be considered effective in preventing male infertility.

13.5.1  Natural Compounds

Flavonoids are a group of secondary metabolites derived from plants that were 
shown to have many antiviral properties. Flavonoids are further divided into various 
classes based on level of oxidation and substitution of the pyrene ring. Flavones are 
a class of flavonoids that consist of a 2-phenyl-1-benzopyran-4-one backbone. 
Mucsi et al showed a combination of flavones like apigenin, quercetin and querci-
trin and acycloguanosine like acyclovir and Zovirax have antiviral action against 
herpes simplex virus types 1 and 2 in cell cultures [150]. Eliptica alba extracts and 
phytochemicals isolates containing wedelolactone, luteolin, and apigenin were 
shown to have antiviral properties. Eliptica alba and the phytochemicals abrogated 
HCV replication by inhibiting the RNA-dependent RNA polymerase function of 
HCV replicase in vitro [151]. Chiang et al in their comparative study have shown 
that purified components from Ocimum basilicum and purified components isolated 
from it like apigenin, linalool and ursolic acid have antiviral activities against DNA 
viruses like HSV, HBV and adenovirus as well as RNA viruses like coxsackievirus 
B1 and enterovirus 71 [152]. Apigenin was also shown to exert its antiviral proper-
ties against RNA viruses. Hakobyan et al in their study have shown that apigenin 
suppressed viral protein synthesis and viral factory formation of African swine fever 
virus. Apigenin was shown to be a very potent antiviral agent during the early stages 
of virus infection [153]. Apigenin downregulated the expression of mature 
microRNA122, which was shown to aid the replication of HCV [154]. Luteolin is 
another group of flavonoid that was shown to possess antiviral properties. Luteolin 
was shown to abrogate the Tat function of HIV thus inhibiting its reactivation during 
the latent phase. It inhibited clade B- and C-Tat-driven transactivation of LTR thus 
abrogating the reactivation of HIV [155]. Wu et al showed that luteolin has antiviral 
activity against EBV. It ablated the expression of proteins from EBV lytic genes. It 
also abrogated the EBV reactivating cell number by ameliorating the activities of 
the promoters of Zta (Zp) and Rta (Rp) genes by dysregulating the binding of 
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Table 13.2 Natural products and interferon therapy as antiviral agents

Name of the 
compound Mode of action References

Apigenin Combination with Zovirax results in reduced multiplication 
of HSV-1 and HSV-2

[150]

Inhibits RNA-dependent RNA polymerase function of HCV 
replicase, thus abrogating HCV replication

[151]

Inhibits the secretion of HBsAg and HBeAg [152]
Suppress viral protein synthesis and viral factory formation 
of African swine fever virus

[153]

Downregulates the expression of mature microRNA122 
which aids in replication of HCV

[154]

Luteolin Decreases clade B- and C-Tat-driven transactivation of LTR 
of HIV thus inhibiting the reactivation of the virus during the 
latent phase

[155]

Inhibits the protein expression of the lytic genes of EBV [156]
Inhibits the binding of transcription factor Sp1 to promoters 
of Zta (Zp) and Rta (Rp) genes, thereby decreasing EBV 
reactivating cell number

[156]

Inhibits the binding of SARS-CoV spike proteins with the 
host cell

[157]

Baicalein Ablates the neuraminidase function of avian influenza H5N1 
strain. Downregulates the influenza-induced cleavage of 
caspase-3 and nuclear export of the viral RNA particles

[158]

Oral administration of baicalein to BALB/c mice with 
influenza infection increases mean time to death and 
decreases lung consolidation

[159]

Disrupts the NS1-p85β binding influenza virus, increases 
interferon signalling, decreases (PI3K/Akt) activation thus 
preventing influenza infection

[160]
[161]

Inhibits the interaction between HIV-1 envelope proteins T 
cell tropic (X4), monocyte tropic (R5) and CD4/CXCR4 or 
CD4/CCR5, decreasing virus entry into the host. It blocks the 
replication of HIV during the early stages of viral infection

[163]

Quercitin Inhibits the replication of influenza A virus subtypes (H1N1, 
H5N2, H7N3 and H9N2) by inducing the secretion of 
pro-inflammatory cytokines and type 1 interferon

[164]

Inhibit binding, penetration and replication of HSV into the 
host cells

[165]

Binds to the hemagglutinin subunit (HA2) of influenza A 
virus and inhibits its entry into the host, ablates the 
neuraminidase function of influenza A H1N1 and H7N9 
viruses

[166]
[167]
[168]

Binds with the nonstructural protein 3 (NS3) of HCV 
helicase and inhibit its replication, bind with HCV p7 protein 
and inhibit virus assembly

[169]

(continued)
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Table 13.2 (continued)

Name of the 
compound Mode of action References

Kaempferol Inhibits the neuraminidase activity of the influenza A virus [172]
Abrogates the reverse transcriptase activity of HIV [173]
Inhibits the function of NS3 thus inhibiting replication of 
HCV

[174]

Inhibits SARS coronavirus infection by inhibiting the 3a ion 
channel of the virus thus limiting its release

[176]

Epigallocatechin 
gallate

Binds to haemagglutinin moieties of influenza virus and 
inhibiting its entry into host cells

[177]

Prevents binding of CD4 with gp120 of HIV thereby 
inhibiting HIV infection, inhibits the reverse transcriptase 
activity of HIV

[179]

Inhibits the lytic cycle of EBV by downregulating the 
expression of lytic cycle proteins Rta, Zta and EA-D, 
suppress EBV infection by inhibiting the activation of MEK/
ERK1/2 and PI3-K/Akt pathways

[181]

Ameliorates HSV infection by binding to the viral envelope 
glycoproteins gB and gD that are crucial for HSV infection

[183]

Inhibits HBV replication by facilitating lysosomal 
acidification

[184]

Reduces the formation of HBV covalently closed circular 
DNA, downregulates the synthesis of replicative 
intermediates of DNA thereby reducing HBV infection

[185]

Inhibits HCV entry inside the host by preventing the 
attachment of the virus to the host cells, ameliorates the 
replication cycle of HCV

[187]
[188]

Reduces entry of ZIKA virus into host cells [189]
Naringenin Blocks the assembly of intracellular infectious HCV particles 

by activating peroxisome proliferator-activated receptor 
(PPAR)-alpha

[190]

Genistein Inhibits HIV infection by dysregulating actin dynamics in 
resting CD4 T cells and macrophages

[192]

Blocks HIV protein U thereby inhibiting the formation of 
cation permeable ion channel in infected cells

[193]

Blocks the replication of HSV by inhibiting the transcription 
of viral particles

[194]

Curcumin Downregulates the expression of PGC-1α, thereby abrogating 
HBV replication.

[195]

Suppresses (SREBP-1)-Akt pathway, thereby inhibiting HCV 
replication

[196]

Chebulagic acid and 
punicalagin

Inactivates viral HCV particles and ablates HCV attachment 
and penetration into the host cell
Competes with HSV-1 cell surface glycoprotein 
glycosaminoglycan (GAG) and inhibits viral entry and cell to 
cell spread

[197]
[198]

Coumarin Inhibits HIV replication by suppressing NF-кB activation [199]

(continued)
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transcription factor Sp1 [156]. Yi et  al reported two small molecules, tetra-O-
galloyl- beta-D-glucose (TGG) and luteolin to exert their antiviral properties by 
inhibiting the binding of SARS-CoV spike proteins with the host cell, thus prevent-
ing its entry [157]. Baicalein is another flavonoid which was shown to exert its 
antiviral activity against avian influenza H5N1 strain. Sithisarn et al showed that 
baicalein ablated the function of viral neuraminidase. It was also shown to down-
regulate the virus- induced cleavage of caspase-3 and nuclear export of the viral 
RNA particles. It also abrogated the expression of interleukin-6 and interleukin-8 
[158]. Baicalein was also reported to harbour its antiviral activity during influenza 
infection in vivo. Oral administration of the compound to BALB/c mice with influ-
enza infection resulted in increased mean time to death and decreased lung virus 
titre [159]. Lung consolidation was also inhibited. Baicalein was shown to exert its 
antiviral activity upon influenza infection by modulating the viral non-structural 
protein 1 (NS1) protein. Nayak et al showed that administration of baicalin during 
influenza infection disrupts the NS1- p85β binding, thus resulting in increased 

Table 13.2 (continued)

Name of the 
compound Mode of action References

Type I interferon 
(IFN-α and IFN-β)

Releases myxovirus resistance (Mx) GTPases that interferes 
with viral nucleocapsid localisation
Induces the production of 2’–5’-oligoadenylate synthetase 
(OAS), which activates nuclease RNaseL thereby degrading 
viral RNA
Induces protein kinase RNA-activated (PKR), which disrupts 
recycling of guanidine diphosphate, thereby blocking 
translation of the viral RNA
Induces the expression of gene 15 (ISG15) and tripartite 
motif (TRIM) that blocks the release of viral particles
Increases the expression of APOBEC3, which in turn induces 
hypermutation of viral DNA
Induces the expression of apoptotic genes including Fas 
ligand (FasL), PDL-1 and TRAIL
PEG- IFN-α along with ribavirin is used for the treatment of 
HBV infection. It works by clearing serum hepatitis B e 
antigen (HBeAg)
PEG- IFN-α is generally administered with nucleoside 
analogues lamivudine (LMV), adefovir (ADV), entecavir 
(ETV) and telbivudine (LdT) for better results

[200]
[201]
[203]
[204]
[205]

Type II interferon
(IFN-γ)

Induces the expression of PKR, OAS and Mx GTPase
Induces the expression of dsRNA-specific adenosine 
deaminase (ADAR), which exerts its effect by ablating viral 
replication
Used in treatment against HIV-induced opportunistic 
infections with or without the combination of HAART

[206]
[207]
[208]

Type III interferon 
(IFN-λ)

Induces the expression of OAS and Mx protein
Ablates HIV replication in macrophages and primary T cells 
by activating the JAK-STAT pathway-mediated innate 
immune response

[209]
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interferon (IFN) signalling and decreased phosphoinositide 3-kinase/Akt (PI3K/
Akt) activation [160]. Baicalein was also shown to induce the production of IFN-γ 
in CD4+, CD8+ T-cells, natural killer (NK) cells of humans during influenza infec-
tion [161]. Synthetic analogues of baicalein with B ring-substituted bromine was 
found to be more effective than drugs like oseltamivir or ribavirin in treating 
Tamiflu-resistant H1N1 influenza virus [162]. Li et al reported that baicalein inhib-
ited the interaction between HIV-1 Env proteins T cell tropic (X4), monocyte tropic 
(R5) and CD4/CXCR4 or CD4/CCR5 thus resulting in decreased virus entry into 
the host. It also blocks the replication of HIV during the early stages of viral infec-
tion [163]. Quercitin is another group of flavonoids having potent antiviral activity. 
Epimedium koreanum Nakai, a traditional medicinal plant, was shown to have anti-
viral activities against a range of viruses. Quercitin is a major component of the 
Epimedium koreanum plant. It was shown to ablate the replication of influenza A 
virus subtypes (H1N1, H5N2, H7N3 and H9N2) and HSV by inducing the secretion 
of pro-inflammatory cytokines and type 1 IFN [164]. Houttuynia cordata water 

Fig. 13.4 Antiviral responses targeting different stages of viral infection of spermatozoa. Various 
natural antiviral agents and interferon signalling molecules were shown to target virus infection. 
Some of the viruses like luteolin, baicalein, quercitin, epigallocatechin gallate, chebulagic acid and 
punicalagin were shown to prevent viral attachment to host. Other molecules like apigenin, luteo-
lin, baicalein, quercitin, kaempferol, genistein, curcumin, coumarin and Type I, Type II, Type III 
were shown to inhibit viral replication and translation of viral proteins. Apigenin, quercitin, epigal-
locatechin galate and naringenin were shown to inhibit viral assembly. Apigenin, baicalein, 
kaempferol, chebulagic acid and punicalagin were shown to inhibit the egress of newly formed 
virus thus inhibiting its spread
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extracts were shown to have antiviral properties against HSV-1, HSV-2 and acyclo-
vir-resistant HSV-1 strain. Two compounds present in the extract quercetin and iso-
quercitrin were shown to inhibit HSV binding, penetration into the host cells as well 
as its replication [165]. They were also shown to inhibit the nuclear factor kappa B 
(NF-κB) pathway. Quercetin was shown to bind with the hemagglutinin subunit 
(HA2) of influenza A virus and inhibit its entry into the host [166]. Computational 
studies and molecular docking revealed that quercetin and chlorogenic acid ablates 
the neuraminidase function of influenza A H1N1 and H7N9 viruses [167, 168]. 
Fatima et al showed that quercetin, catechins, resveratrol and lutein bind with the 
nonstructural protein 3 (NS3) of HCV helicase and inhibit its replication [169]. 
Quercetin was also shown to bind with HCV p7 protein and inhibit virus assembly 
[170]. Kaempferol is another group of flavonoids with promising antiviral activity. 
It was shown to impart antiviral action against HSV-1 and HSV-2 [171]. Lee et al 
showed that a derivative of kaempferol, kaempferol 3-O-α-L-rhamnopyranoside, 
has antiviral action against influenza A virus. It was also shown to inhibit the neur-
aminidase activity of the virus at a much higher concentration [172]. Kaempferol 
and kaempferol-7-O-glucoside were found to have antiviral action during the early 
stage of HIV infection by abrogating its reverse transcriptase activity [173]. Another 
derivative of kaempferol, kaempferol- 3,7-bisrhamnoside, was found to have antivi-
ral activity against HCV by inhibiting NS3 serine protease of HCV [174]. Jeong 
et al showed that kaempferol exhibits its antiviral action against influenza strains 
H1N1 and H9N2 by inhibiting the neuraminidase activity of the virus [175]. 
Schwarz et al demonstrated that kaempferol inhibits SARS coronavirus infection by 
inhibiting the 3a ion channel of the virus thus limiting its release [176]. Catechin 
and its derivative epigallocatechin gallate (EGCG) were shown to have antiviral 
activity against influenza virus by binding to haemagglutinin of the virus and inhib-
iting its absorption [177]. EGCG was reported to compete with sialic acid residues 
for binding to influenza A virus thus inhibiting its attachment to the host [178]. 
Williamson et al showed that EGCG has a strong binding affinity for CD4 molecule. 
EGCG was reported to ameliorate HIV infection by binding itself with CD4, thus 
preventing binding of CD4 with gp120, an envelope protein of HIV-1 thus prevent-
ing HIV infection [179]. Epicatechin gallate and EGCG were shown to inhibit the 
reverse transcriptase activity of HIV [180]. EGCG was also found to be effective 
against EPV infection. EGCG was reported to inhibit the lytic cycle of EBV by 
ablating the expression of lytic proteins Rta, Zta and EA-D [181]. EGCG was shown 
to suppress EBV infection by inhibiting the activation of mitogen-activated protein 
kinase kinase (MEK)/extracellular signal-regulated kinase 1/2 (ERK1/2) and phos-
phatidylinositol 3-kinase (PI3-K)/Akt pathways [182]. EGCG was also found to be 
effective against HSV infection. EGCG was found to ameliorate HSV infection by 
binding to the viral envelope glycoproteins gB and gD that are crucial for HSV 
infection [183]. EGCG was shown to inhibit HBV replication by aiding in lyso-
somal acidification [184]. He et al showed EGCG to ameliorate HBV infection by 
reducing the formation of HBV covalently closed circular DNA as well as they 
downregulated the synthesis of replicative intermediates of DNA [185]. EGCG was 
found to inhibit the entry of HBV inside immortalised human primary hepatocytes 
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with about 80% efficiency [186]. However, they did not observe any change in viral 
genome or virus secretion upon EGCG administration unlike the previous study. 
EGCG was also found to be an effective antiviral agent against HCV. It was shown 
to inhibit the virus entry inside the host by preventing the attachment of the virus to 
the host as well as ameliorated the replication cycle of HCV [187, 188]. Carneiro 
et al found EGCG to be effective against Zika virus infection. A study conducted by 
them during Zika virus outbreak in Brazil highlighted that administration of EGCG 
resulted in the entry of the virus into the host [189]. Naringenin is another flavonoid 
compound which was shown to be effective against HCV infection by blocking the 
assembly of intracellular infectious HCV particles by activating peroxisome 
proliferator- activated receptor (PPAR)-alpha [190]. Long-term administration of 
naringenin was shown to cause a rapid 1.4log reduction in the level of HCV [191]. 
Genistein is a group of isoflavons which was shown to inhibit HIV infection by 
interfering with the HIV-mediated actin dynamics in resting CD4 T cells and mac-
rophages [192]. Genistein was reported to block the HIV protein U which is known 
to form cation permeable ion channel in infected cells [193]. Geninstein was 
reported to block HSV replication by inhibiting the transcription of viral particles 
[194]. Curcumin is another compound which was shown to have antiviral proper-
ties. It was shown to abrogate HBV replication by inhibiting the expression of per-
oxisome proliferator- activated receptor gamma coactivator 1- alpha (PGC-1α), 
which is a co-activator of transcription of HBV [195]. It was reported to suppress 
sterol regulatory element- binding protein- 1 (SREBP-1)-Akt pathway, thereby 
inhibiting HCV replication [196]. Lin et al have reported two tannins, chebulagic 
acid and punicalagin, which inactivated viral HCV particles and inhibited HCV 
attachment and penetration into the host cell [197]. The two tannins were shown to 
compete with HSV-1 cell surface glycoprotein glycosaminoglycan (GAG) and 
inhibit viral entry and cell to cell spread [198]. Coumarins derived from Calophyllum 
species was shown to exhibit antiviral activities against HIV virus by suppressing 
nuclear factor- kappa B (NF-кB) activation and in turn inhibiting viral replica-
tion [199].

13.5.2  Interferon Therapy

Interferons (IFNs) are heterogenous group of signalling molecules that are effec-
tively used by host cells in response to any viral threat. They are soluble glycopro-
teins. IFNs are classified into three types Type I, II and III based on the structure of 
the receptors. Type I interferons include IFN-α and IFN-β. They exert their antiviral 
activity by inducing a number of factors [200, 201]. Myxovirus resistance (Mx) 
GTPases released by interferons interferes with viral nucleocapsid localisation. 
Type I IFNs were shown to induce another protein 2’–5’-oligoadenylate synthetase 
(OAS) which in turn activates nuclease RNaseL that exerts its antiviral effect by 
degrading viral RNA.  Protein kinase RNA-activated (PKR) is another enzyme 
induced by Type I IFN that disrupts recycling of guanidine diphosphate, thus 
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blocking translation of the viral RNA.  Type I interferons were also reported to 
induce two proteins, interferon-stimulated gene 15 (ISG15) and tripartite motif 
(TRIM) that blocks the release of viral particles. APOBEC3 is another protein 
induced by Type I IFNs that was shown to induce hypermutation of viral DNA. In 
response to viral infection, Type I IFN was shown to induce apoptotic genes includ-
ing Fas ligand (FasL), PDL-1 and TRAIL. Type I IFN was shown to activate NK 
cells directly in response to viral infection. Type II interferon includes interferon-
gamma (IFN-γ). During virus infection IFN-γ was shown to induce the expression 
of PKR, OAS and Mx GTPase. Along with these proteins IFN-γ also induces the 
expression of dsRNA- specific adenosine deaminase (ADAR), which exerts its effect 
by ablating viral replication. IFN-γ was also shown to directly convey the informa-
tion of viral attack from innate to adaptive immune response. Type III interferon 
signalling includes interferon-lambda (IFN-λ). IFN-λ was shown to exert its antivi-
ral response in target cells expressing IFN-λ receptors. It is structurally similar to 
interleukin-10. IFN-λ was shown to induce OAS and Mx protein [202].

Recombinant IFN-α has been used against HCV. However, due to their relatively 
shorter half-life and rapid absorption, IFN-α is generally attached with polyethylene 
glycol (PEG) moiety and administered to infected patients [203, 204]. Chronic 
HCV-infected patients are generally given on a weekly basis a subcutaneous injec-
tion of pegylated IFN-α (PEG- IFN-α) with a daily dose of oral ribavirin. Pegylated 
IFN-α2a (PEG- IFN-α2a) has been used for the treatment of HBV infection. PEG- 
IFN- α2a works against HBV by effective clearance of serum hepatitis B e antigen 
(HBeAg). Treatment with PEG-IFN-α2a was shown to have a long-lasting effect as 
compared to treatment with nucleoside analogues (NA), such as lamivudine (LMV), 
adefovir (ADV), entecavir (ETV) and telbivudine (LdT) [205]. PEG-IFN-α2a is 
generally administered along with NA for better results. IFN-β is used in patients 
with poor response to PEG-IFN-α/ribavirin treatment during HCV infection [206]. 
It was shown to work in patients with IL-28 risk allele who were unable to respond 
to PEG- IFN-α/ribavirin treatment [207]. IFN-γ is used in treatment against HIV- 
induced opportunistic infections with or without the combination of highly active 
antiretroviral therapy (HAART) [208]. IFN-λ was shown to inhibit the replication of 
HBV and HCV viral genome [209]. IFN-λ was reported to ablate HIV replication in 
macrophages and primary T cells by activating the JAK-STAT pathway-mediated 
innate immune response [209]. Thus interferon therapy is a promising antiviral tool 
in ameliorating viral infection.

13.6  Conclusions

In this chapter, we have reviewed the impact of a plethora of viruses in inducing 
male infertility. A range of different viruses have been shown to exist in the semen 
of infected males and they were also shown to be transmitted sexually. These viruses 
were shown to induce male infertility by employing numerous patho-physiological 
mechanisms. The viruses were reported to impart detrimental consequences to 
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sperm parameters leading to infertility. Sperm infections with viruses have been 
reported to ablate sperm motility, disrupt sperm morphology thus resulting in the 
development of infertility. Infection with viruses was also shown to induce aneu-
ploidy and fragmentation of DNA.  The mechanistic approach by which viruses 
induce male infertility is by inducing oxidative stress. ROS generated due to 
increased leucocyte infiltration and cytokine secretion as a result of viral infection 
leads to the development of oxidative stress inside spermatozoa leading to decreased 
fertility rate. Many chemical and natural products are emerging as promising thera-
peutic antiviral agents in ameliorating viral assembly and replication inside the host 
system. This review will shed light on the mechanism and extent of viral pathogen-
esis inside male genital tract, resulting in the development of infertility. It will sum-
marise the available studies in light of antiviral therapies. Although many studies 
relating viruses and male infertility have been done so far yet a detailed mechanism 
relating to the development of viremia and male infertility have not been clearly 
elucidated. Hence, this review will shed light on the available research relating to 
the impact of viral infection on male fertility and the available antiviral therapies 
which could be modulated further in order to decrease male infertility.
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Abstract Viruses, being intracellular obligate parasites, can cause several congeni-
tal and sexually transmitted diseases. Depending on the site of infection, viruses can 
adopt various pathogenic mechanisms for their survival and to escape the host 
immune response. The male reproductive system is one of the attainable targets of 
many viruses including immunodeficiency virus (HIV), Zika virus (ZIKV), adeno-
virus, cytomegalovirus (CMV), and severe acute respiratory syndrome coronavirus 
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2 (SARS-CoV-2), and infection with such viruses may cause serious health issues. 
Leydig cells and seminiferous tubules are the prime sites of mammalian testis for 
viral infection. The azoospermic condition is a common symptom of viral infection, 
wherein the hypothalamic-pituitary-testicular (HPT) axis can be disrupted, leading 
to decreased levels of luteinizing hormone (LH). Furthermore, oxidative stress (OS) 
is a major contributing factor to viral infection-associated male infertility. The like-
lihood of direct and indirect infection, as well as sex-based variability in the vulner-
ability pattern to viral infections, has been observed. However, there appears to be a 
long-term impact of viral infection on male reproductive performance due to tes-
ticular tissue pathogenicity – a process that requires thorough investigation. The 
present study aimed to explore how the viruses affect the male reproductive system, 
including their distribution in tissues and body fluids, possible targets as well as the 
effects on the endocrine system. We used the major electronic databases such as 
MEDLINE and SCOPUS. Google Scholar was also consulted for additional litera-
ture search related to the topic. Obtained literatures were sorted based on the con-
tent. The articles that reported the pathogenesis of viruses on male reproductive 
health and were published in the English language were included in the pres-
ent study.

Keywords Viral infection · Epidemic · Sexual transmission · Male reproductive 
system · Reproductive endocrinology · Oxidative stress

14.1  Introduction

The discovery of the human immunodeficiency virus (HIV) in the 1980s sparked a 
growing interest in male reproductive research [1]. A number of viruses (e.g., ade-
novirus, Polyomavirus hominis 1 – BK virus, cytomegalovirus – CMV, parvovirus 
B-19, Zika virus – ZIKV) have been reported to cause viremia in human semen [2, 
3]. The symptoms and outcomes of the virally infected pathogenesis can differ as 
the viruses belong to different families [3]. An infected partner may transfer the 
viruses into the semen through sexual interaction or by physical contact with the 
unprotected skin. Viruses may potentially be transmitted from the penile epithelia 
during the collection of samples from the infected patient, too [4, 5]. Sexual trans-
mission may be one of the main reasons behind few epidemics, as there is a possibil-
ity that the viruses may be circulating across the world through the gametes and 
embryos of infected humans and/or animals [3].

Different pathogenic processes have been described depending on the site of 
infection on the human body – (a) a systemic, acute, or chronic infection can result 
in irreversible infertility, hormone imbalances, testicular dysfunction, and sper-
matogenesis disruption [4]; (b) testicular orchitis inhibits the sperm production [5]; 
and (c) male accessory gland (epididymis, prostate, and seminal vesicles) and ure-
thral infections may impose serious complications on the male reproductive 
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features and fertility. Such cases of virus-induced semen infection are believed to be 
increasing, especially in asymptomatic males associated with poor sperm quality 
[6]. Furthermore, another astonishing observation includes that with the increase in 
viral load, there is an absence of seminal leukocytes, which are the indicators of 
male genital tract infections [4, 7, 8]. Chronic sperm infections, and subsequent 
decline in fertility may particularly be brought about by the HIV, hepatitis B virus 
(HBV), and hepatitis C virus (HCV). More specifically, HIV contamination has 
been verified in causing persistent low genitourinary tract inflammation, sperm con-
tamination, and decreased fertility [9]. It has been established that the HBV or HCV 
contamination in semen reduces sperm head motility [10] and increases the fre-
quency of sperm aneuploidy and DNA fragmentation [11]. Human papillomavirus 
(HPV) has been demonstrated to exert a negative influence on sperm parameters 
[12–15]. Other viruses that may cause sexually transmitted diseases (STDs) are also 
capable of colonizing in the semen. This is a principal problem that scientists 
encompass especially with respect to the herpesvirus (HSV), human cytomegalovi-
rus (HCMV), and adeno-related virus (AAV). Both the viral DNA and RNA at the 
sperm level can induce testicular damage and may exert negative impact on sperm 
parameters [16, 17]. In fact, little is known about the viral infectivity of the repro-
ductive system at clinical as well as molecular levels. Data on the contamination 
capability of coronaviruses inside the human reproductive tract date back to the 
SARS-CoV epidemic of 2002. SARS-CoV2 has been purported to act in a really 
comparable way while it influences generative features. The male reproductive tis-
sues express better degrees of the ACE2 receptor in comparison to that of females 
that can justify the higher vulnerability of male reproductive tract to the SARS-CoV 
and/or SARS-CoV2 infection relative to that of the female [4,5,8,]. SARS-CoV and 
SARS-CoV2 are usually not detected in the humoral samples of patients, despite the 
fact that ACE2 receptors are highly expressed in gametes, Leydig cells, and the 
Sertoli cells [4, 9, 18]. More importantly, the current scenario of COVID-19 pan-
demic raises questions about the pathogenesis of SARS-CoV2 particularly in rela-
tion to its potential impact on human reproduction and fertility. This evidence-based 
study presents the conceivable effect of viral infections on the regenerative capacity 
of the male. Alongside, the study also features the hypotheses that need in-depth 
research for the specific fundamental instruments as to how such infections includ-
ing that of the coronaviruses are related to men’s health and wellbeing.

14.2  Methodology

We primarily used major electronic databases such as MEDLINE and SCOPUS. The 
web search engine Google Scholar was also consulted for additional literature 
search related to the topic, using the keyword strings such as “testis and virus”, 
“male reproductive organ and virus”, “virus, semen and prostate”, “testicular antivi-
ral defense”, etc. Obtained literature was sorted based on the content and relevance. 
Articles that did not fit to the purview of the theme according to our search key of 
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the current topic were excluded. Even many papers were not considered as they 
were not in the English language. Every article that specifically highlighted the 
behavioral, histological, or any specific biochemical activity in mice or human due 
to various viral infections was kept back. Articles allied to the above issues on 
organisms besides human beings were excluded. Those articles reporting only 
pathogenesis of virus on male reproductive health published prior to the year 2010 
have also been excluded.

14.3  Viruses and the Male Reproductive System

Different microorganisms, which include bacteria, viruses, and protozoa, can infect 
the male reproductive system and may affect fertility [19–23]. Among these, viruses 
play an important part in causing several congenital diseases (including mumps, 
measles, etc.) and severe STDs (such as HIV, HSV, HPV, etc.). Their infectivity 
could range from moderate to broad in the context of tropism (Table 14.1). Bacterial 
infections thrive in the urogenital tract and basically have an effect on the accessory 
glands and epididymis, which is comparable to the viral infections in the blood-
stream and predominantly have an effect on the testes [13, 14].

Table 14.1 Viral infections of the male reproductive tract and their consequences

Virus Site of infection Disease/Effect

Mumps virus Leydig cells (4), germ 
cells (14, 27, 36)

Orchitis (29, 34, 36), testicular atrophy (29, 34), 
sterility (3, 34, 58), decrease in androgen secretion 
(4), testicular cancer (34, 24)

HIV Lymphocytes and 
macrophages (25, 37), 
germ cells (22, 24, 51)

Orchitis, interstitial fibrosis, lymphocyte infiltration, 
change in Leydig cell number, decrease in germ cell 
number (63, 22, 23, 64, 48), change in 
spermatogenesis (33, 42, 43, 52, 57, 54)

EBV Semen (37, 79) Orchitis (68, 73), testicular cancer (10, 26, 30)
Parvovirus 
B19

Testes (5, 27, 33, 56) Testicular cancer (12, 54, 60)

HSV-2 Testes (22, 30,52) Viral reservoir (5, 12, 24, 33–37)
HSV-1 Testes (35, 52) Infertility (15, 38, 60)
Adenovirus Semen (14, 21) Infertility (45, 60, 93)
Coxsackie 
virus

Testes (15, 33, 36, 79) Orchitis (21, 33, 36,56,79)

Influenza virus Not available Orchitis (56, 68,73)
Endogenous 
retroviruses

Germ cells (7, 25, 33, 
59)

Testicular cancer (32, 40, 65)
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14.3.1  Viruses in Semen

Infections can be explicitly communicated for up to 41 days [24]. A meta-analysis 
has determined the existence of 27 viruses in the human semen that infects the 
bloodstream [25]. Those encompass the viruses that cause Ebola virus disease, 
AIDS, HBV, and HSV [26]. Careful review of the literature revealed that at least 11 
viruses can survive within the testes, especially in men infected with influenza, 
dengue, and SARS viruses [27]. HIV is the most dominant pathogen that is sexually 
transmitted. Its presence within the semen causes virus-induced cellular damage; 
however, the nature of the inflamed cells remains unclear [28]. The virus was dis-
covered in the lymphoid fraction of 2 men’s sperm samples in the initial period of 
the disease, which was principally spread by a HIV-1-positive individual [5, 15, 17, 
29]. The virus is known to be transmitted through the semen of asymptomatic carri-
ers [30]. HIV-1 has been found in both symptomatic and asymptomatic AIDS 
patients’ cell-free seminal fluid [31]. This finding implies that HIV may be released 
into the epididymal fluid when epididymal epithelial cells become infected. In fact, 
the prostate and seminal vesicles are the viral reservoirs that release HIV into the 
sperm cells [32]. As a result, the virus is exposed to macrophages and lymphocytes 
that are not an unusual place within the sperm and are genuine targets for HIV [33]. 
Free virions, virions linked with sperm, and virions that have infiltrated leukocytes 
are the three principal sources of HIV-1 in the semen [14, 34]. The main vectors of 
HIV-1 in the semen have been identified as leukocytes, lymphocytes, monocytes, 
and macrophages from the precedent sources [35]. There are controversies regard-
ing the internalization of HIV-1 by sperm that may be considered as passive carriers 
of HIV-1 facilitating attachment to the cell surface [36]. During sexual intercourse, 
individuals having HIV-induced inflammation can transmit the virus through their 
semen, which incorporates free-floating virus in addition to the inflamed leukocytes 
[19, 22]. Sperm cell expresses molecules that interact with HIV envelope proteins 
(e.g., heparan sulfate and mannose receptors) [37]. After the attachment, the viruses 
get transmitted from sperm to dendritic cells (DCs) as shown in culture. The CD4 
and dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin 
(DC-SIGN) are required for such a transmission [38]. This indicates that DCs 
become aware of the presence of the viruses by means of binding to sperm in place 
of consuming them. Da Silva et al. (2016) first confirmed the response of sperm 
ligand with CD4 antibodies and studied the interactions among sperm and HLA-DR 
high-quality cells which offer sturdy backing to the proof of expression of CD4 on 
sperm [34]. Immunofluorescence and Western blotting helped to detect the CD4 
molecules on mouse sperm heads [21].

Transmission of ZIKV through sexual contact is one of the most pressing public 
health concerns. Infectious virus particles can survive in the sperm for up to 
6 months after the infection and can be passed from male to female sexual partners 
during unprotected sexual contact. Reports of ZIKV RNA confirmed that ZIKV was 
able to infect the MRT, although the mechanism of invasion, replication, and persis-
tence is unknown [22, 35]. Further research on how ZIKV enters the MRT and 
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interacts with different cell types, which could aid in the development of vaccines 
and antiviral medicines, is needed. Furthermore, as ZIKV can be excreted repeat-
edly over several months, it poses a risk to the semen bank and human fertility 
efforts. Semen alterations have been reported, including a decreased sperm count 
with increasing sperm anomalies, specifically in patients with ZIKV RNA-positive 
seminal specimens [23]. However, the details of ZIKV infection in the genital tract 
are still not clear. Immunohistochemistry revealed the presence of ZIKV antigen in 
the heads of mature sperm in a chronic ZIKV positive patient within the sperm [34]. 
Post-infection studies of ZIKV RNA, by Atkinson et al., point toward the knowl-
edge gap about the persistence of viruses in genital fluids during the replication of 
ZIKV2 [2, 5]. Despite having a pandemic potential, there is no strong evidence of 
semen infection by influenza virus; however, influenza virus infection was found to 
reduce sperm count in boars [20, 24].

On the other hand, human T-lymphotropic virus type I (HTLV-1) is sexually 
transmitted through the sperm, most likely by infected sperm lymphocytes [25]. 
Human herpesvirus 8 (HHV-8) has been considered as the principal pathogen 
behind Kaposis sarcoma that is integrally associated with HIV infection. 
Epidemiological studies revealed the transmission of the virus is mostly by sexual 
intercourse. A multicenter research published in 1999 concluded that HHV-8 DNA 
was found in the semen at a concentration that was insufficient for consistent detec-
tion [26]. Hence, the seminal viral load should be quantified to detect the transmis-
sion probability within the population. Another Herpesviridae family member 
HCMV has also been detected in infected body fluids including semen [27]. HCMV- 
infected sperm is thought to increase the risk of AIDS by activating CD4+ cells, 
making it one of the most common opportunistic infections in AIDS patients [28].

Recently, different cohort studies have assessed the risk of seminal infection by 
SARS-CoV2. It has been observed that mild infection did not affect testis or epi-
didymis functionality but semen parameters were impaired after a moderate infec-
tion. Furthermore, viral RNA remained undetected by RT-PCR in the semen of 
acute COVID-19 patients suggesting the absence of sexual transmission of virus 
[29]. However, another group has detected the presence of SARS-CoV2 in semen, 
and even speculated that MRT may be seeded by SARS-CoV2 due to the lacunae of 
blood-testes/vas deferens/epididymis barriers in the presence of systemic local 
inflammation [30]. Testes are an organ that has the ACE2 receptor, according to 
research conducted using existing proteomic databases and an examination of sperm 
surface using monoclonal antibodies. In addition to ACE2, another protein called 
TMPRSS2 aids in the fusing of SARS-CoV2 with human sperm. This protease has 
been found in prostasomes, which are released into the seminal fluid by the prostate 
gland after ejaculation. A cautious scrutiny of the human sperm proteomic database 
additionally explained the associated proteases TMPRSS11B and TMPRSS12  in 
addition to FURIN in sperm cells – all of which province like activating proteases 
for viral contamination consisting of coronaviruses. The companionship of those 
activating proteases and ACE2 within the sperm plasma membrane increased the 
chances of sexual transmission of the virus. More studies would possibly help in 
discovering the sexual transmission of SARS in the future [7, 31, 32].
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14.3.2  Viral Infection in the Testis

There are two main functional fundamental compartments within the mammalian 
testis [30]. The Leydig cells (liable for testosterone release) alongside macrophages, 
fibroblasts, blood, and lymphatic vessels are taken into consideration as interstitium 
(primary compartment). The second compartment consists of the seminiferous 
tubules that are surrounded by a multifaceted stratified epithelium that contains two 
distinct populations of cells: spermatogenic cells that develop into spermatozoa and 
Sertoli cells that serve a supportive and nutritive function. Infection is replicated in 
both these compartments in human males and other well-evolved life forms [5, 7, 
32]. Figure 14.1 represents a mechanism of the viruses interaction and steps toward 
entering into the cells and causing seminal infection.

Most prevalent viruses that cause testicular infections include ZIKV, HIV, and 
mumps virus [30, 31]. Few investigations have confirmed the role of oncogenic 
viruses like herpes or papillomavirus in testicular cancer etiology. Different arbovi-
ruses such as ZIKV and bluetongue viruses have been documented to infect the testis, 
causing testicular atrophy [31]. Bluetongue virus can replicate within the endothelial 
cells of the peritubular area that surrounds the seminiferous tubules [6, 32]. Testicular 
degeneration results in azoospermia that ultimately lead to male infertility [33]. The 
symptoms associated with mumps are limited to infectious parotitis in adolescent 

Fig. 14.1 Virus survival mechanism and virus-induced seminal infection. It represents the path-
ways of virus entry into cells, beginning with the bloodstream and progressing to leukocytes, 
lymphocytes, monocytes, and macrophages. This may allow the virus to accomplish its life cycle 
while evading the immune responses
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males, while orchitis is the most common illness in men aged 15 to 30 years [3, 21]. 
Initially after infection, the virus immediately attacks the testis followed by destruc-
tion of testicular parenchyma and diminishing androgen production [34]. A link 
between HPV infection and testicular cancer has been confirmed in a recent meta-
analysis. HPV DNA changes its nature inside the cell from episomal to host-genome 
integrated, influencing cellular genome transcription [32, 35].

In other situations, such as COVID-19, the similarity of coronaviruses indicates 
toward their sexual orientation, with males being more vulnerable than females. The 
ACE2 receptor is important in COVID-19 pathogenesis because it aids direct host 
cell damage. SARS-CoV2 can enter cells and replicate through binding to the ACE2 
receptor [3]. Consequently, cells with higher ACE2 expression appear to be more 
vulnerable to SAR-CoV2 infection [3]. According to a recent study, the testes have 
the greatest levels of ACE2 mRNA and macromolecule expression as compared to 
other bodily tissues [3]. Spermatogonia, Leydig cells, and Sertoli cells are among 
the male reproductive gland cells that express ACE2 RNA [3–5]. Furthermore, 
ACE2 protein levels are significantly higher in male reproductive gland cells than in 
male sex glands [6, 7], supporting the idea that male ductless gland functions are 
more sensitive to SARS-CoV-2-mediated failure. The communication of ACE2 has 
also been linked to aging [5]. ACE2 receptor expression levels are the highest in 
patients between ages 15 and 40, and the lowest in those above 60 years of age [36]. 
COVID-19 has been demonstrated to render young males more susceptible to tes-
ticular injury than older patients. This also suggests that different secretory environ-
ments have a significant pathophysiological role in SARS-CoV2 infection in the 
male. The primary step required for SARS-CoV2 infectivity, as previously docu-
mented, is the proteases-mediated preparation of the viral spike proteins with the 
cell membrane interface, mostly through the transmembrane proteolytic enzyme 
TMPRSS2 [11]. TMPRSS2 is thought to cleave the ACE2 protein, allowing the 
virus to enter the host cell more easily [12]. According to an investigation, the sex 
hormone receptor activation is required to start the transcription of the TMPRSS2 
gene. Augmented sex chromosome inheritance of genetic polymorphisms and, as a 
result, endogenous sex hormone activities could be a potential mechanism to explain 
male vulnerability to COVID-19. This is due to the fact that the gene loci for sex 
hormone receptor and ACE2 are situated on X chromosome [13].

14.3.3  Viral Infection in the Prostate

The predominant male steroid hormone is testosterone [3]. Androgenic hormone is 
important for the development of male reproductive tissues such as the testes and 
prostate, as well as secondary sexual traits such as increased muscle and bone mass 
[22–27]. Androgenic hormone is a steroid that belongs to the androstane type and 
has a keto and hydroxyl group at positions three and seventeen, respectively. It oper-
ates by attaching to the sex hormone receptor and causing it to be activated. 
Traditional sperm cell growth requires androgenic hormone [6–9, 11]. It activates 
genes in Sertoli cells that enhance spermatogonia demarcation. Under dominance 
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demand, it synchronizes acute hypothalamic–pituitary–adrenal (HPA) axis paying 
back. Physiological stress in males has been linked to lower sperm cell quality and 
higher sexual dysfunction [38–42]. This could be due to repressive effects on the 
HPG axis, which affects the testosterone levels, causing Sertoli cell modifications 
and as a result, changing the blood–testis barrier, resulting in gametogenesis arrest. 
Proper discharge balance is a crucial necessity for male fertility. Endocrine dysfunc-
tion could impair the reproductive health. SARS-CoV2 is expected to cause inflam-
matory reactions that impair the hypothalamic–pituitary–testicular (HPT) axis 
operations, resulting in lower levels of luteinizing hormone (LH), cyst stimulating 
secretion (FSH), and androgenic hormones [42–48]. COVID-19 patients have been 
observed to contain lower blood serum androgenic hormone levels, higher gonado-
tropin levels, and a lower androgenic hormone to gonadotropin magnitude ratio than 
healthy men indicating that the present theory is flawed [45]. This reveals the miss-
ing links in the relationship between SARS-CoV2 infection and androgen regula-
tion, which requires immediate attention in order to clarify the hypothesis regarding 
SARS-CoV2 infection in relation to male fertility. The male androgenic hormone 
secretion begins to drop around the age of 30, with signs and symptoms of andro-
genic hormone deficiency often appearing around the age of 65 [4]. Attenuated 
sexual desire, impotency, weariness, anxiety, diminished strength, bone loss, and 
increased belly fat are all hallmarks of age-related deficits in androgenic hormone 
production in the primary sector [49, 50].

Mumps virus causes a dramatic alteration in Leydig cell activity in the testis dur-
ing the acute phase of the disease. Testicular failure is defined by a decrease in tes-
tosterone levels combined with an increase in LH and FSH levels [35]. Testicular 
shrinkage, libido loss, impotency, and gynecomastia have all been linked to a 
decrease in testosterone and a rise in LH and FSH levels in the male [2, 9–13]. As a 
result, it is possible that the mumps infection impairs Leydig cell function, leading 
to more serious consequences like testicular cancer, although it remains unclear 
whether this is due to a direct or indirect effect of the virus on the cells. Male testos-
terone levels have been observed to rise in the early stages of HIV infection, whereas 
testosterone levels have been found to fall in patients with AIDS. The number of 
Leydig cells decreases as a result of testosteronemia, which is a result of lympho-
cyte infiltration and interstitial tissue fibrosis [36].

Prostate cancer is one of the major leading causes of death in males throughout 
the world. HPV belongs to the class of oncogenic viruses that can cause prostate 
cancer [36]. Although viral DNA may stay inside the cells in episomal and inte-
grated forms and cause a variety of prostate illnesses, it is still uncertain if HPV is 
genuinely involved in the etiology of a small percentage of prostate malignancies 
[38, 51]. It is controversial whether HSV in prostate has a notable relationship with 
prostate carcinoma or not [39]. HSV antigens are recognized in prostate cancer 
cells, as well as HSV antibodies in the serum [40–42]. However, a larger epidemio-
logical investigation found no significant difference in HSV-2 antibody levels 
between individuals with prostate cancer and those with benign prostatic hyperpla-
sia [43–47]. As a result, it is assumed that HSV-2 infection of the prostate is wide-
spread in males, but there is no causative association between HSV-2 infection and 
prostate cancer, and more data in this area is needed [48]. When the tumor- associated 
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HSV-2 transformed hamster embryo cells, it resulted in the formation of human 
prostate cancer [49]. Teixeira et al. revealed that a human prostate cancer cell line 
can express HCMV-specific membrane antigen throughout their prostate cell cul-
ture study, and they presumed that HCMV was linked to prostate cancer in the light 
of their findings [50]. They also stated that males with prostate cancer have greater 
titers of anti-HCMV antibodies [51] than the controls with benign prostatic hyper-
plasia [52]. Patients who died of AIDS had HIV1-related proteins in several adja-
cent glandular epithelial cells in prostate sections, too [53]. However, morphological 
investigation revealed no significant abnormalities in the prostate [54]. Two investi-
gations by the same group of researchers found HHV-8 in normal, hyperplastic, and 
neoplastic prostate glands from HIV-negative individuals [55, 56], while other 
reports contradicted these findings and found no link between HIV-negative men 
and HHV-8 in normal, hyperplastic, and neoplastic prostate glands [19, 21, 57–61]. 
This showed that the prostate gland would be a favored site for viral incubation and 
endurance. However, HHV-8 did not establish latent infection in prostate cancer cell 
lines, implying that it is unlikely to be implicated in prostate pathogenesis [62].

14.4  Gender-Based Susceptibility

A few investigations outlined the physiological contrasts among males and females 
leading to different responses to viral infection. Females showed reduced suscepti-
bility to viral infections. Due to greater immunity against contaminations, with 
respect to viral weight inside an individual and transcendence number of polluted 
individuals inside a general population, viral illnesses are regularly lower for 
females than males [11, 46]. Nonetheless, there is a growing awareness that a sig-
nificant proportion of the disease attributed to a viral infection is caused by an 
unusual host fuel [63–69]. As a result, greater antiviral, combustible, and cell-safe 
responses are generally observed in females. Regardless of the way the gender dif-
ferences have been particularly recorded for viral defilements, there has been lim-
ited focus on differentiations among males and females in terms of prophylaxis and 
helpful medications against viral diseases [70]. Antibodies are the guideline precau-
tion treatment for viral infections and have effectively diminished numerous sick-
nesses both in the male and the female. Viability of immunization depends on their 
capacity to initiate defensive resistance in either at a present moment (e.g., flu) or in 
long haul (e.g., measles) [70, 71].

There is developing proof that defensive resistant reactions and unfriendly 
responses to viral antibodies are higher in females than in males [7, 70]. Majority of 
antiviral medications are used to treat specific viral disorders, with these drugs typi-
cally preventing viral infections from replicating in host cells. Of late, it has been 
reported that the pharmacokinetics (i.e., ingestion, dispersion, digestion, and dis-
charge of medication) and pharmacodynamics (i.e., the impact of the medication on 
physiological and biochemical cycles, both restorative and unfavorable) vary 
between the genders. SARS-CoV2 is a profoundly pathogenic infection that causes 
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an intense respiratory trouble disorder which incites significant issues for world-
wide wellbeing [2–7, 56, 72]. Studies have identified individual variances in the 
safe response to SARS-CoV2 tainting and triggering illnesses. Due to another natu-
ral barrier, steroid synthetics, and components connected to sex chromosomes, 
females are less vulnerable to viral contamination than males [5, 18]. Females with 
two X chromosomes, whether one is torpid or not, put their immune systems under 
strain. Female sexual direction has lower viral weight levels and less anxiety due to 
immune regulatory qualities encoded by the X chromosome, although CD4+ white 
platelets are higher and have a better safe reactivity than male sexual route [9, 32]. 
Females, on the other hand, tend to develop higher levels of antibodies that last 
longer. In comparison to the trigger of TLR7 and the manufacturing of IFN, the 
levels of genesis of immune cells are higher in women than in men. Level of TLR7 
is higher in females than in males and its biallelic enunciation prompts higher resis-
tant responses and assembles the resistance from viral infections [13, 73]. TLR7 
defends against single-stranded RNA contamination by boosting the development 
of disease-specific immunoglobulin and lengthening the period of action for counter 
cytokines such as the IL-6 and IL-1 classes. Furthermore, after a viral infection, 
females produce less IL-6 burning than males, which is regularly linked to a shorter 
life span. There are also sites on the X chromosome that translate for features like 
FOXP3 that regulate safe cells, as well as a recall factor for infection and pathogen-
esis [6, 74]. The X chromosome affects the effective quality management system by 
circling back to proteins like TLR8, CD40L, and CXCR3, which can be over- 
expressed in females and affect the response to viral infection and vaccines. 
Regardless, the biallelic expression of X-associated qualities can lead to a terrifying 
insusceptible framework and flammable responses. Males are more likely to develop 
cardiovascular disorders, and those without cardiovascular problems who have been 
infected with SARS-CoV2 have a high prevalence of varying diseases, but these 
implications are still being investigated [66, 72, 75].

14.5  Virus-Induced Oxidative Damage and Male Infertility

Superoxide (O•−2), hydrogen peroxide (H2O2), peroxyl radical (ROO•), or 
hydroxyl (•OH) are among the particles generated with a half-life of nanosec-
onds. The reactive nitrogen species (RNS), which include nitric oxide (•NO), 
dinitrogen trioxide (N2O3), and peroxinitrite (ONOO−), are less prevalent but still 
present in sperm cells [1–9, 56, 76]. When the balance between oxidants and 
reductants is disrupted due to excessive generation of reactive oxygen species 
(ROS), a working framework is triggered. Increased levels of oxygen radicals or 
ROS have been shown to influence sperm motility and architecture [61]. High 
ROS levels have been linked to DNA breakage and chromatin squeezing, which 
could endanger the sperm DNA integrity. Also, during extreme viremia, the abil-
ity to repair DNA is harmed, due to the modification of the nucleoprotein-inter-
vened structure that the sperm possess initially [62, 77]. As a result, implantation 
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rates could reduce further leading to an imbalanced pregnancy [63, 64]. SARS-
CoV2 can initiate oxidant-sensitive pathways using provocative reactions, that 
could affect the human reproductive system in a manner discussed previously 
[42]. In addition to the sperm cells at various phases of development, human dis-
charge comprises leukocytes, epithelial cells, and the monocytes from various 
phases of spermatogenesis. Two of these cells that produce a lot of free radicals 
are peroxidase-positive leukocytes and immature sperm [59]. Sperm are espe-
cially powerless to oxidative mischief on account of the presence of plentiful 
polyunsaturated fatty acids. These unsaturated fats are large biomolecules and 
provide a primary issue for multiple layers put together to facilitate the activities 
like acrosome response and sperm-egg interactions [60]. DNA bases are more-
over arranged in order to withstand base alterations, strand-breaks, and chromatin 
cross-interfacing. Effect of superoxides and apoptosis are unquestionably impor-
tant actions in generating DNA damage in the germline [64]. Oxidative stress 
(OS) is well accepted as a contributing factor in male infertility [57–60]. When 
the balance between oxidants and reductants (cancer-prevention agents) is upset 
due to an increase or decline in ROS levels (or even an unusual elevation or 
decrease in antioxidants), OS is triggered. Increased ROS can affect sperm auxil-
iary and usable integrity, such as motility, structure, count, and acceptability [61]. 
High levels of ROS have been linked to DNA fragmentation and chromatin 
squeezing, both of which have been linked to sperm DNA insights. Furthermore, 
the ability to repair sperm DNA damage is severely harmed by high viremia, 
which is due to the disruption of the original nucleoprotein-mediated defense 
framework of sperm [62, 69]. This, in turn, may reduce fertilization rates, implan-
tation rates, embryogenesis, and may also enhance miscarriage [71, 72].

14.6  Testicular Antiviral Defense System

Infection of the testis with a virus has a negative impact on spermatogenesis and can 
develop into testicular cancer [6, 9, 11]. Hence, testicular immune system is crucial 
to the protection of male reproductive health. Interferon (IFN) and other proteins 
play a major role in the innate immune system immediately after any viral infection 
[63]. Leydig cells and Sertoli cells have the most antiviral capability of all the tes-
ticular cells [64, 65]. The IFNs bind to auto-expressed or other cell’s expressed 
receptors followed by the induction of innate immune signaling cascade that 
involves toll-like receptors (TLRs), RIG-I-like receptors (RLRs), and several pro-
teins (such as MAVS, IL, etc.) [66]. Rat seminiferous tubules were used to study the 
testicular defense system [3]. As infection of the germ cells in the seminiferous 
tubules was found to damage the germline or spread the virus or viral DNA to all 
germ cells, including the sperm, their protection became extremely important [67–
70]. However, male germ cells have an autophagic mechanism to clear the virus. 
Moreover, male germ cells and macrophages were found to express beclin-1 and 

D. Sarkar et al.



337

LC3 which gives the impression of acquiring an autophagy machinery [36, 67, 71]. 
This autophagy plays an important role in recycling the intracellular components 
and removes dysfunctional cells to adapt to the stress so that cellular homeostasis is 
maintained [37, 72]. Autophagosomes may directly engulf the invading viral parti-
cle intracellularly [69, 73].

Regulation of the adaptive immune system and more specifically, the cell- 
mediated immunity has not been explored in detail within the testicular microenvi-
ronment in the context of viral infection [74]. Viruses are one of the most common 
causes of male infertility and infertile patients with a history of inflammation have 
a significantly greater antisperm antibody in their blood and sperm, implying that 
inflammatory response has a significant impact on male sexual health [40, 75]. Treg 
(along with Fox P3 molecules), γδ T cells, and helper T cells are involved in autoim-
mune orchitis, though their activity has not been investigated against viral infection. 
A considerable reduction in Leydig cells in the testes, as well as T lymphocyte inva-
sion, was found in COVID-19-infected patients. Even more astonishingly, ACE2 
receptor was found to be expressed at a higher degree in the testes, as stated earlier 
[41, 75, 76]. Nora et al. [8] reported similar T lymphocyte invasion, including CD3+ 
T cells and CD20+ B lymphocytes, and the analysis via functional genomics 
revealed an increased inflammatory response-related network in a separate study 
conducted on COVID-19 [18].

14.7  Conclusions

A variety of viruses, especially those infecting the human semen, can affect the 
male reproductive systems, as previously summarized in Table 14.1. The possible 
effects of viral infections on male reproduction are concluded in Fig.  14.2. 
Repercussions of such viral infections may be detrimental to varying degrees 
including organ integrity, and refashioning of the reproductive and endocrine sys-
tems. Viruses after penetrating the reproductive tissues cause an infection. To fight 
our immune system, viruses produce many inflammatory compounds like interleu-
kin and tumor necrosis factors. Infection can also give rise to physiological stress. 
Ultimately, all these elements are responsible for producing ROS that could lead to 
OS in the process of reproduction. On the other hand, testosterone levels drop 
because of virus-induced damage in the Leydig cells that eventually pass on to the 
Sertoli cells. The disorder in Sertoli cells leads to the manufacturing of extraordi-
nary sperm-mediated infertility in affected men. More research is needed to deter-
mine whether viruses attack and replicate in the adjacent glands and the urethral 
epithelium. Progress in these areas is necessary for the development of new thera-
peutic strategies to eradicate viruses and cure endocrine dysfunction caused by 
viruses.
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14.8  Future Perspectives

An increasing number of families of viruses have recently been discovered to colo-
nize/infect the male reproductive system, and could potentially be life-threatening 
to the infected individual in particular and to the public health in general [2, 6, 23, 
71]. An insight into the pathophysiology of these viruses in the reproductive system 
is important to help in the prevention of sexual transmission and associated repro-
ductive problems in males [1, 17, 23, 78]. Preventive measures must be described 
with respect to the previous, current, and upcoming viral outbreaks, although many 
issues have remained unaddressed. Mechanisms underlying the dangerous effects of 
chronic viral infections on semen quality and male fertility remain widely unknown, 
discriminating the systemic from a more direct viral impact on the reproductive 
system [11, 25]. Greater understanding of the infection pathways and target cells of 
the male reproductive tract is essential to develop adequate treatment strategies [13, 
79]. Semen as a vector of sexual and vertical viral transmission has to be examined 
and as a matter of fact, the simple presence of the viral nucleic acid levels in the 
semen may not be considered indicative of infection [27, 33, 79]. Finally, it is essen-
tial to draw attention to the complex role of certain viruses in the etiology and evolu-
tion of the reproductive cancers such as penile, prostatic, and testicular cancers. The 
presence of a human virome in the male genital system can lead to the discovery of 
viruses or combinations of viruses in previously undiagnosed asymptomatic males 
who may be withholding harmful conditions [33, 56, 59]. More studies on viruses 
can provide useful information for better understanding of the pathogenesis, infec-
tion pathways, and the target tissues as well. In addition, meaningful research can 
make it possible to elucidate the mechanisms of viral persistence in semen, sexual 

Fig. 14.2 Effects of viral infection on male reproduction. Role of viral infection on several repro-
ductive organs, i.e., testis, semen, and prostate where virus induces oxidative stress and produces 
ROS. This may affect several sperm-related parameters and lead to cause infertility(?)
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confirmation, and mechanisms for vertical transmission. Accordingly, appropriate 
and specific therapies can be developed to treat or prevent the potential implications 
of the male reproductive system for future generations.
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Chapter 15
Sperm Redox System Equilibrium: 
Implications for Fertilization and Male 
Fertility

Lauren E. Hamilton, Richard Oko, Antonio Miranda-Vizuete, 
and Peter Sutovsky

Abstract Structural and regulatory requirements of mammalian spermatozoa in 
both development and function make them extremely unique cells. Looking at 
the complexity of spermatozoon structure and its requirements for both motility 
and quick breakdown within the post-fertilization environment, as well as its 
functional needs as an extremely streamlined cell with high energy require-
ments, demonstrate the high importance of oxidative-reductive processes. The 
oxidative state of the testis and epididymis during sperm development and matu-
ration highly influences sperm structure, with a high dependence on disulfide 
bond formation, facilitated by thiol mediated processes. However, once func-
tionally active, sperm transition to a new high-risk functional paradigm requir-
ing low levels of reactive oxygen species (ROS) while also being highly 
susceptible to oxidative damage due to the high proportion of polyunsaturated 
fatty acids within the lipid bilayer of the plasmalemma and the lack of cytosolic 
antioxidant defenses. This chapter highlights how glutathione and thioredoxin 
systems mediate the oxidative environment of the male reproductive tract and 
facilitate the successful development, maturation and function of mammalian 
spermatozoa.
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15.1  Introduction

Mammalian spermatozoa function at the knife’s edge of oxidative regulation, 
requiring low levels of reactive oxygen species (ROS) while also being highly sus-
ceptible to oxidative damage. The high proportion of polyunsaturated fatty acids 
within the lipid bilayer structure of the sperm plasmalemma and the lack of cyto-
solic antioxidant defenses within the streamlined cell structure result in a high-risk 
functional paradigm for mature spermatozoa. Protected by the antioxidant defenses 
of their surroundings in the testes and the epididymis during development and matu-
ration, once functionally activated, spermatozoa have been, somewhat allegorically, 
described as following an apoptotic trajectory, with only a single cell successfully 
accomplishing its functional objectives, while the rest undergo cell death [1, 2]. 
Unlike somatic cells that need to continuously regenerate and maintain cellular 
integrity, sperm cells must only equip themselves with enough protection to survive 
the journey to the site of fertilization. This chapter will focus on how the glutathione 
and thioredoxin redox systems facilitate the protection, successful development, 
and maturation of mammalian spermatozoa.

15.2  The Glutathione Redox Cycle

Composed of glutamic acid, glycine, and cysteine amino acids, and harboring an 
active thiol group, glutathione (gamma-glutamyl-cysteinyl-glycine) has been shown 
to be the major nonprotein source of antioxidant defense within cells. Glutathione 
is synthesized in a series of six-enzyme catalyzed reactions facilitated by the actions 
of γ-glutamylcysteine synthetase (GCS) and glutathione synthetase (GS), as part of 
the γ-glutamyl cycle [3–6]. Present in both free and bound forms, the redox status 
of glutathione can be determined based on the ratio of reduced (GSH) and oxidized 
(GSSG) forms. Under physiologically normal cellular conditions, reduced glutathi-
one (GSH) predominates where it can be oxidized to neutralize oxidative stress 
before being regenerated by glutathione reductases, a process facilitated by proton 
donations from NADPH and H+ molecules [5]. The antioxidant capacity of GSH 
can be used directly but is also the driver of catalytic activity for many enzymes 
such as glutaredoxins, glutathione peroxidases, and glutathione transferases. 
Moreover, the functional implications of glutathione are not exclusive to oxidative 
cellular defense and have also been shown to be involved in amino acid transport 
mechanisms, nucleic acid and protein synthesis, and enzymatic modulation [4, 5]. 
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In the male reproductive tract, GSH availability strongly influences both germ cell 
development and cell protection, acting through a wide range of enzymatic and 
direct interactions.

15.3  The Implications of Glutathione on Male Fertility 
from Testis to Embryo

Glutathione is the most abundant thiol in mammalian cells and acts both directly, in 
an antioxidant capacity, and indirectly, as a substrate in oxidative-reductive reac-
tions [6–8]. Developmentally, reduced glutathione (GSH) concentrations have been 
shown to increase concomitantly with spermatogenetic cell development [9]. 
Beginning at birth and continuously rising until puberty, the presence of GSH within 
the testicular environment is proposed to mediate normal development and survival 
of male germ cells [9–12]. Throughout spermatogenesis, high levels of GSH have 
been recorded in early spermatogenic cells up to and including pachytene spermato-
cytes but dramatically decrease during the transition from spermatocyte to sperma-
tid [9]. This suggests that as the elongating spermatids become more streamlined 
and compact, their dependence on extracellular antioxidant systems increases as 
their intracellular stores of GSH decrease. During the early stages of germ cell 
development, the synthesis and maintenance of reduced GSH is believed to be pre-
dominately facilitated by Sertoli cells, the somatic, germ cell nursing cells within 
the seminiferous epithelium [13–15]. Investigations into expression levels of gluta-
thione reductases (GR), an essential component of the glutathione system, showed 
that Sertoli cells have approximately eightfold higher GR activity but half the con-
centration of GSH when compared to early, pre-meiotic spermatogenic cells [16]. 
These findings suggest that external GSH supplementation and the trafficking of 
GSH or its precursors to germ cells is required for germ cell sustenance, oxidative 
stress protection and proliferation [16]. The buffering of the oxidative environment 
within the basal compartment of the testicular epithelium by the surrounding 
somatic cells may also explain the increased resistance to oxidative injury shown by 
spermatogonia when compared to mature sperm cells [17–20].

As spermiogenesis commences, the accompanying rapid GSH depletion in sper-
matids is proposed to be due to their high production of hydrogen peroxide (H2O2), 
limited GSH regeneration, and the high enzymatic activity of glutathione peroxi-
dases (GPX) such as GPX4, which acts in both oxidative defense and structural 
spermatid development [21]. The depletion of GSH within the maturing spermatids 
is speculated to be required for protein disulfide bond formation, in the structural 
formation of the mitochondrial capsule and the protamine compaction of the nucleus 
[21]. As sperm maturation continues within the epididymis, there is an increased 
dependence on extracellular reductive substrates, a trend that continues throughout 
the male reproductive tract, with high levels of antioxidant molecules being reported 
in epididymal secretions, seminal plasma, and prostate secretions [22, 23].
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The concentration of GSH is also critical during fertilization events, specifically 
within early embryonic development [24–28]. The level of GSH within the oocyte 
has been suggested as an indicator of maturation, reaching its peak concentrations 
in the MII stage [24, 29–34]. Immediately after sperm-egg fusion, GSH is directly 
implicated in a variety of processes including the disassembly of sperm compo-
nents, the decondensation of the sperm nucleus, the formation of the male pronu-
cleus, the formation of the sperm aster, and the breakdown of the connecting piece 
[24, 25, 28, 35, 36]. Furthermore, the availability of GSH or its precursors has also 
been reported to enhance oocyte maturation and in vitro embryo development when 
supplemented into culture media [25, 27, 37, 38], demonstrating its continuous 
importance from testes to embryo and its overarching role in male reproductive 
success.

15.4  The Role of Glutathione Transferases in Sperm 
Development and Fertilization

Glutathione-transferases (GSTs) are multifunctional and ubiquitous proteins that 
function as detoxification enzymes through the conjugation of reduced glutathione 
(GSH) with the electrophilic centers of substrates [39]. Cytosolic GSTs all have the 
structurally conserved GST conical fold, but can be further categorized into differ-
ent subclasses based on sequence and structural features. Thus far there are seven 
subclasses of soluble cytosolic GSTs in mammals: alpha, zeta, theta, mu, pi, sigma, 
and omega and one mitochondrial membrane-bound subtype, kappa. GSTs form 
both hetero- and homo-dimers within their subclasses and can facilitate different 
reactions through binding and/or catalytic activity [40]. GSTs are best-known for 
their detoxifying properties of both endogenous and exogenous toxic substrates 
mediated by the conjugation of glutathione (GSH), ligands, or other binding 
domains [41]. However, differences in their isoenzymatic architecture also facilitate 
different multifunctional capacities including glutathione peroxidase, dehydro-
ascrobate reductase, and thiol transferase activity [39]. To date, cytosolic GSTs 
from the subclasses of alpha, mu, pi, theta, zeta, and omega have been identified and 
characterized throughout the male reproductive tract in detoxification processes as 
well as fertilization events [35, 42–50].

Transcripts of GSTs from all the soluble subclasses except pi have been 
reported to undergo alternate splicing events resulting in a highly heterogeneous 
and diverse group of enzymes. Furthermore, genetic variations within the GSTs 
of the male reproductive system have been thoroughly investigated in various 
ethnic populations, with relation to fertility status. Reportedly, GSTM1-null and 
GSTT1-null genotypes as well as a GST pi single nucleotide polymorphism 
(SNP), substituting Ile105Val, have been shown to be directly correlation with 
decreased sperm concentration, increased spermatozoon membrane damage, and 
an overall decrease in fertility [51–55]. Higher incidences of nonobstructive 
 azoospermia, oglioasthenozoospermia, and asthenozoospermia have also been 
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linked to these mutations [51–55]. Wu et al. (2013) have suggested that the null 
genotypes may remove binding sites for transcription factors [56], resulting in a 
change in gene expression related to sperm maturation and fertility; however, the 
exact mechanisms affected are not fully understood.

Mammalian testes have been reported to express the highest amount of total 
GSTs per milligram of cytosolic protein within the body [57], with the first docu-
mented GSTs of the male reproductive tract reported in 1978 [58]. Since then, iso-
enzymes of the GST Pi (GSTP), GST Mu (GSTM), GST Alpha (GSTA), GST Theta 
(GSTT), GST Zeta (GSTZ), and GST Omega (GSTO) have all been characterized 
to reside within the male reproductive system in various animal models. In the tes-
tis, immunostaining has identified GSTs as residents of Sertoli and Leydig cells, as 
well as germ cells. Investigations of specific GST expression have also shown that 
type A and type B spermatogonia  strongly express  GSTM2  specifically [59]. 
Furthermore, low expression of GSTA, GSTP, GSTT, and GSTO has also been 
reported in testicular cells [60]; however, GSTO expression in somatic 
cells appeared restricted to the Leydig cells [61]. High GST expression within the 
Leydig cells of the testicular interstitium is proposed to stem from the functional 
duality of certain GST subclasses, that harbor steroid isomerase activity in addition 
to electrophilic detoxification capabilities, implicating them in additional processes 
throughout the synthesis of testosterone and progesterone [62]. Furthermore, 
GSTZ1–1 immunoreactivity in the testis was shown to intensify concomitant with 
increased differentiation and maturation in both pre- and post-meiotic germ cells 
[63] and GSTO2 expression was shown to emerge post-meiotically, in the early 
stages of spermiogenesis before being shuttled to specific perinuclear theca com-
partments of the sperm head [48].

Within the epididymis, GSTs have regional specificity with high expression of 
GSTM2, GSTM5, and GSTO1 found in the caput epididymis, whereas GSTP1, 
GSTM3, and GSTO1 were identified in the corpus and caudal segments [64]. Light 
and electron microscopy investigations within the rat epididymis revealed cell-type 
specificity of GSTP enzymes in the basal cells of the corpus and proximal caudal 
regions, while GSTM reactivity was predominately found in the principal cells of 
the corpus and cauda epididymis [65]. Fluorescent immunohistochemical analysis 
in the mouse and boar epididymis showed evidence of GSTO2 within the luminal 
aspects of the epithelium, where it is proposed to be secreted into the luminal space 
via the apocrine secretory pathway [50]. Epididymal GSTs have been shown to 
regulate the oxidative-reductive environment of the epididymal epithelium itself, 
findings that supported not only by their presence but also by their differential regu-
lation when exposed to xenobiotics [66, 67].

Biological activity of GSTs within the epididymis is further enhanced by their 
interactions with maturing spermatozoa as they transit through the luminal space. 
Initial investigations in goat were the first to show that GSTM and GSTP bind to the 
sperm surface using non-covalent interactions; however, further studies have shown 
their conserved surface localization in multiple mammalian species [43, 44, 66–68]. 
In ejaculated porcine spermatozoa, GSTP1 has been identified localizing to the 
midpiece, principal piece, and end piece of the tail as well as being present on the 
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caudal aspect of the sperm head [47]. GSTM isoenzymes show a similar surface 
reactivity throughout the sperm tail but have also been shown to reside at the apical 
aspect of the sperm head in goats, co-localized with the acrosome [44]. Recent find-
ings have similarly revealed that a subset of GSTO2 enzymes also associate with the 
sperm surface in both pigs and mice, and coat both the head and tail regions [50]. 
Functionally, these GST subclasses have been proposed to cooperate in facilitating 
detoxification processes to limiting lipid peroxidation on the sperm surface, which 
is of high importance for mammalian spermatozoa, as they have a high proportion 
of polyunsaturated fatty acids within the plasma membrane, making them more 
prone to oxidative damage [45–47, 50]. While GSTM and GSTP enzymes are pro-
posed to utilize the traditional glutathione transferase activity to regulate oxidative 
stress, GSTO2, an enzyme shown to have high levels of dehydroascorbate reductase 
activity may exert its antioxidant effects through the replenishment of ascorbic acid 
within the surrounding environment as well as being able to neutralize oxidative 
stress via reduced glutathione conjugation [50]. Aside from detoxification roles 
facilitating  plasma membrane oxidative homeostasis, both surface-bound GSTM 
and GSTP isoenzymes have also been shown to participate in fertilization events, 
irrespective of their catalytic functions, notably as sperm recognition factors in the 
oocyte zona pellucida binding at fertilization [43]. Furthermore, recent findings 
have also implicated GSTP1 as an inhibitor of the JNK kinases signal transduction 
pathway within porcine spermatozoa, a pathway associated with mitochondrial dys-
function and cell death in somatic cells [47].

While GST activity has been predominately characterized on the plasma mem-
brane of spermatozoa, with isoforms of GSTM, GSTP, and GSTO subfamilies iden-
tified as plasma membrane residents, GSTO2 has also been localized within the 
perinuclear theca (PT) of the mammalian sperm head [48, 49]. Specifically, GSTO2 
has been identified within the postacrosomal sheath region (PAS) of the PT in spatu-
late spermatozoa (e.g., bull, boar) and within both the PAS and perforatorial regions 
of the PT in falciform sperm (e.g., rat, mouse) [48, 49]. The PAS is a highly con-
densed cytosolic protein region that surrounds the caudal aspect of the sperm 
nucleus, and has previously been implicated as the reservoir of the sperm-borne 
oocyte activating factors (SOAF) for its quick solubility upon sperm-oocyte fusion 
[69, 70]. Through intracytoplasmic sperm injection (ICSI) studies in mice, Hamilton 
et  al. (2019) demonstrated that sperm-borne GSTO2 inhibition causes a nuclear 
decondensation delay within developing embryos that is further exacerbated when 
GSTO enzymes within the oocyte are also inhibited [35]. Embryos that were con-
ceived with spermatozoa that lacked GSTO2 activity showed a continuous and com-
pounding delay that persisted throughout development and resulted in high rates of 
blastomere fragmentation and low blastocyst formation compared to vehicle con-
trols [35]. Furthermore, dually inhibiting GSTO activity within both the female and 
male gametes resulted in a post-fertilization developmental arrest at the one-cell 
stage, suggesting a critical role for GSTOs in this early stage of zygotic develop-
ment [35]. The multifaceted functions of GSTs support that GSTOs may be acting 
in a detoxifying manner during this highly active stage of embryonic development, 
while also facilitating the unpacking of the sperm head or nucleus at the onset of 
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pronuclear development. Overall, the role of sperm-borne GSTO2  in post- 
fertilization events emphasizes the impact of sperm constituents on successful 
embryo development and highlights the importance of oxidative-reductive activity 
and sperm-borne contributions within early embryo development.

15.5  Glutathione Peroxidases of the Male 
Reproductive Tract

Glutathione peroxidases (GPX) are major scavengers of free radicals that facilitate 
the protection of cells against oxidative stress and lipid peroxidation. To date, the 
known GPXs can be divided into eight major subclasses (GPX1–8). In humans, the 
enzymatic activity of GPX1–4 and GPX6 is facilitated by the selenocysteine residue 
at their catalytic center; however, in rodents, the selenocysteine of GPX6 is replaced 
by solely cysteine in the catalytic center which may lead to differing enzymatic 
interactions and substrate specificity [71]. As a superfamily, their common func-
tional denominator is the ability to catalyze the reduction of hydroperoxides using 
the reductive power of thiols. As their name suggests, GPX enzymes have a strong 
preference for GSH. GPX enzymes have also been described as a first line of cel-
lular defense when cells respond to minor changes in H2O2 concentrations [72]. 
Furthermore, unlike other enzymes that facilitate cellular antioxidant functions, 
such as peroxiredoxins and catalase, GPXs are also able to metabolize specific 
organic molecules that have been affected by peroxidation due to hydroxyl radical 
production and facilitate the recycling of their components [73].

Within the male reproductive tract, ubiquitous expression of GPX1 can be found 
in both the testis and epididymis, whereas GPX3, GPX4, and GPX5 all show 
regional and sub-cellular specificities within the male reproductive tract [73]. GPX3 
has been reported in the cytoplasmic compartment of the epithelium of the epididy-
mis and vas deferens, and has been shown to be secreted in the lumen of the caput 
epididymis [74, 75]. Investigations into GPX3 expression have also found that 
while it is influenced by androgens within the corpus and caudal regions of the epi-
didymis, the caput GPX3 expression is independent of androgenic control [74, 75]. 
GPX4 is more broadly expressed across the male reproductive tract, showing strong 
expression within the testicular environment, the germ cells, and the epididymis 
[73]. Conversely, GPX5 expression is exclusively reported in the principal cells of 
the epididymis where it has also been shown to be secreted into the lumen and 
loosely interact with spermatozoa [76].

Functionally, GPX1 has been characterized as an antioxidant, and facilitates the 
regulation of H2O2 within the epithelial environment of both the testis and the epi-
didymis [73, 77]. GPX1 may also indirectly participate in the stress response 
through its regulation of hydrogen peroxide concentrations, as hydroperoxides have 
been shown to functionally mediate signal transduction pathways by activating the 
ubiquitination of signal-transducing proteins in the cytosol or by modulating 
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thiol- containing transcription factors [78]. The functional implications of GPX1 
expression may also exceed their roles within the reproductive epithelium. While no 
protein expression of GPX1 has been reported in germ cells, one study has sug-
gested that GPX1 mRNA is shuttled into the newly formed zygote by the fertilizing 
spermatozoon and that its absence may have negative implications for the develop-
ing embryo [79].

GPX4 is a moonlighting enzyme that acts both in oxidative regulation and as a 
structural building block during sperm development. During spermatogenesis, 
GPX4 is heavily involved in the testicular defense against ferroptosis, a recently 
recognized type of non-apoptotic cell death triggered by a cell’s inability to effec-
tively protect itself against lipid peroxidation [80–82]. Ursini and Maiorino (2020) 
propose that traces of hydroperoxide derivatives of lipids are constantly being pro-
duced through aerobic metabolism, and consequently require the continuous reduc-
ing activity of GPX4 to avoid the accumulation of lipid peroxidation [80]. However, 
when GPX4 activity is inactivated or overwhelmed, and there is a build-up of reac-
tive oxygen species derived from iron metabolism, ferroptosis can occur. To date, 
ferroptosis has been shown in the Sertoli cells of a mouse testicular ischemia- 
reperfusion model [81], and in the testes of mice treated with the chemotherapy/
germ cell eradicant drug busulfan [82]. Furthermore, additional evidence demon-
strated that ferroptosis induced testicular damage mimicks phenotypes seen when 
GPX4 is inactivated or GSH is depleted, highlighting the vital role of GPX4 in the 
maintenance of the oxidative state of the membrane of testicular cells [82].

In germ cells, GPX4 is catalytically active from early spermatogenesis to late 
spermiogenesis, but does become inactivated in the mitochondrial sheath capsule of 
mature spermatozoa [21]. Three isoenzymes of GPX4 exist within mammalian 
spermatozoa due to alternative splicing, with two residing in the mitochondrial cap-
sule of the sperm tail midpiece and accounting for approximately 50% of its protein 
content [83]. The third isoenzyme is located within the sperm nucleus where it 
retains its peroxidase activity and is believed to function during sperm maturation in 
the epididymis [21].

The functional contributions of each respective GPX4 isoenzyme have been 
investigated in regard to their implications on sperm development, structure, and 
fertility. Knockout models created in mice have targeted each of the differently 
expressed isoenzymes separately, to help deduce their specific functions. The 
expression of the mitochondrial GPX4 (mGPX4) begins during the pachytene sper-
matocyte stage of spermatogenesis and is continuous without interruption through-
out sperm development [21]. At the onset of puberty, mGPX4 is suspected of 
maintaining the ROS concentrations surrounding the mitochondrial electron trans-
port chain activity of developing spermatids, and specifically preventing ferroptosis, 
before being structurally incorporated into the mitochondrial capsule as a structural 
component [80, 84]. Conditional knockouts of the mGPX4 isoenzyme resulted in 
sperm-structural defects, with a high prevalence of hairpin folds (distal reflex) in the 
midpiece and a decrease in mitochondrial membrane potential, which ultimately led 
to decreased fertility due to altered motility [85]. The mitochondrial capsule is 
formed late in spermiogenesis when the level of GSH within maturing spermatids is 
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low. Facilitated by the GSH depletion in elongating spermatids, mGPX4 is sug-
gested to utilize surrounding protein thiols as alternate donors, with catalytic inter-
mediates becoming cross-linked and inactivated, ultimately building the outer 
capsule of the mitochondrial sheath, which encircles the tail midpiece [21, 86, 87].

Investigations into sperm nuclear GPX4 (snGPX4) concluded that it was not 
essential to overall male fertility, but that knockout models did show defective DNA 
condensation during sperm maturation [88]. The lack of DNA compaction also 
resulted in higher rates of DNA oxidation, which was credited to a greater suscepti-
bility to ROS-mediated damage during sperm transit [88]. These findings reinforce 
the previously proposed role for snGPX4 mediating the condensation of the sperm 
nucleus by acting as a protamine thiol peroxidase and crosslinking protamines 
through the formation of disulfide bridges [89]. Nuclear condensation not only con-
veys a level of protection to the paternal DNA in sperm cells as they travel toward 
the site of fertilization, but also acts as a structural modulator that creates a more 
streamlined cell with greater hydrodynamic properties to allow for improved 
performance.

The epididymis is the site of both conventional Se-dependent (GPX1, GPX3, and 
GPx4) and Se-independent (GPX5) GPX enzymes. The expression of GPX5 is con-
served in various mammals and regulated by androgenic control in the caput epi-
didymis region [90]. Functionally, GPX5 also differs from the other epididymal 
GPXs in that it is secreted into the luminal compartment where it has been docu-
mented to loosely interact with sperm cells [76, 91]. The mouse knockout model of 
GPX5 did not indicate any direct implications on the fertility status of young males; 
however, an increased incidence of late developmental defects was found in embryos 
conceived with spermatozoa from aged GPX5−/− mice [92]. Spermatozoa within the 
caput epididymis also presented with excessive chromatin compaction, which the 
authors suggested could be due to the increased availability of H2O2 and other ROS 
that could be utilized during the chromatin hypercondensation that occurs during 
sperm maturation [92]. Furthermore, regionally specific investigations of oxidative 
stress (OS) within the epididymis also revealed a heightened OS response in the 
cauda epididymis, which displayed an upregulation of the cytosolic GPX enzymes 
within the epithelium and an increase in the presence of catalase mRNA, both indi-
cators of increased ROS [92]. Conversely, unlike caput spermatozoa, cauda epididy-
mal spermatozoa of aged GPX5−/− knockout males showed decreased sperm 
chromatin compaction suggestive of decreased DNA integrity due to fragmentation 
and DNA breaks [92]. The increased expression of antioxidant enzymes within the 
epididymal epithelium and the increased DNA damage within luminal cauda epi-
didymal spermatozoa were both suggestive of a heightened concentration of ROS 
within the caudal luminal environment. These findings were further supported 
through greater 8-OxodG reactivity in the nuclei of the cauda epididymal spermato-
zoa and increased lipid peroxidation of cell membranes [92]. Together these find-
ings suggest that GPX5 is an important luminal ROS scavenger, specifically in the 
cauda epididymis, where the sperm reserve is stored until ejaculation, a role that is 
even more important in aged males that already have a decreased antioxidant capac-
ity compared to younger counterparts.
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15.6  The Influence of Selenium in the Male 
Reproductive Tract

Selenium (Se) has been well documented as a critical element for testicular function 
with comparatively high Se concentrations reported in the testes in relation to other 
organ systems [93, 94]. Past findings have shown that selenium is transported into 
the male reproductive system by selenoprotein P [95–97], which interacts with its 
receptor on Sertoli cells, facilitating the Se uptake required for spermatogenesis 
[96]. Radioactive Se tracking experiments suggest that up to 80% of testicular Se is 
incorporated into the midpiece of developing spermatids with the rest distributed 
throughout the epithelium of the reproductive tract [97]. Functionally, Se is incor-
porated into the active sites as a selenocysteine residue in most glutathione peroxi-
dases, and thioredoxin reductases. Evolutionarily, the use of selenocysteine within 
the catalytic sites of proteins in the thioredoxin system is unique to vertebrates, with 
an exception being a cytosolic thioredoxin reductase in C. elegans [98]. 
Selenocysteine traditionally replaces a Cys residue in the active site, giving the 
proteins higher reactivity to a broader spectrum of substrates [99]. Se deficiency has 
been widely reported to produce testicular dysfunction in mammals, resulting in 
sperm morphological defects that mirror those of GPX4 knockouts, such as hairpin 
bends in the sperm midpiece, sperm head abnormalities, loss of motility, and disrup-
tions to testosterone biosynthesis [93]. While GPX4 is shown to have very high 
affinity for Se and does take precedence over bioavailable Se when Se concentra-
tions are limited, studies have suggested that it may not function in isolation. 
Instead, GPX4 cooperates in a disulfide bond formation and isomerization system 
with thioredoxin glutathione reductase (TGR), to promote the formation of struc-
tural components of the developing spermatid [100]. Besides working in close syn-
ergy with GPX4, TGR is also functionally driven by the selenoprotein at its catalytic 
center and is highly expressed in the testis [100]. Therefore, the dramatic conse-
quences of Se deficiency that are reflective of GPX4 knockouts should not be looked 
at solely in isolation but also in the context of how the absence of GPX4 influences 
the functional capabilities of additional cooperative proteins that it interacts with 
during sperm development and maturation. Moreover, in fully mature sperm, spe-
cific selenoproteins, such as sperm mitochondrion-associated cysteine-rich protein 
(SMCP), which is highly expressed in the testis and localizes to the mitochondrial 
sheath of the sperm midpiece, have also been reported to have large implications on 
sperm fitness with SMCP-/-129/Sv knockouts resulting in asthenozoospermia [101]. 
Therefore, selenium availability may also be a key regulator of fertilization success 
that could be investigated in individuals that demonstrate sperm motility disorders. 
These findings are also consistent with additional selenoprotein knockout models as 
well as clinical observations in Se deficient males, who show decreased sperm 
counts and higher incidence of oligoasthenzoospermia [93]. Excessive Se also con-
tributes to negative fertility parameters, increased morphological defects, and 
decreased motility, demonstrating the need to moderate redox regulation in both 
developing spermatids and mature sperm [93]. Consequently, the upstream 
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regulation of selenium and its mediating effects on selenoprotein activity have tre-
mendous downstream implications on the  male reproductive tract’s oxidative 
homeostasis, the structural integrity of sperm cells, and overall fertility status.

15.7  The Mammalian Testis Thioredoxin System

Thioredoxins (TRX) are a class of small general protein disulfide reductases that are 
present in virtually all living organisms. Thioredoxins catalyze thiol-dependent 
thiol-disulfide exchange reactions in different types of proteins through the revers-
ible oxidation of the cysteine residues of their conserve active site (WCGPC), 
impacting varied traits like transcription factor DNA binding activity, DNA synthe-
sis, cell growth, antioxidant defense, immune response, or apoptosis [102]. 
Thioredoxins are maintained in their reduced active conformation by the flavoen-
zyme thioredoxin reductase (TRXR) that uses the reducing equivalents from 
NADPH, comprising the so-called thioredoxin system [99]. Initially identified in 
the early sixties as the electron donor required for ribonucleotide reductase activity 
in bacteria [103, 104], TRXR was later shown to be present in higher organisms 
when a human adult T-cell leukemia derived factor was found to be a mammalian 
thioredoxin [105]. While in bacteria there is only one thioredoxin system located in 
the cytoplasm, there are two main thioredoxin systems in eukaryotes, including 
TRX-1 and TRXR-1 in cytoplasm, and TRX-2 and TRXR-2 in the mitochondrial 
matrix [105–109]. Moreover, metazoans possess additional thioredoxin proteins 
and larger proteins containing one or several thioredoxin-like domains in different 
subcellular localizations (reviewed in [110]). Furthermore, some organisms contain 
a third thioredoxin reductase member, hybrid of a N-terminal glutaredoxin domain 
followed by thioredoxin reductase module (named TGR for thioredoxin glutathione 
reductase) that, in addition to its intrinsic thioredoxin reductase activity, can also act 
as a GSSG reductase thanks to the N-terminal glutaredoxin domain [100].

The first connection of the thioredoxin system with reproduction biology came 
through the identification of cytoplasmic TRX1 as a component of the early preg-
nancy factor, a pregnancy-dependent suppressor releasing hormone which is syn-
thesized within the first hours post-fertilization to block the maternal immune 
response toward the fetal allograft [111]. Later on, two Drosophila melanogaster 
thioredoxins were found to be exclusively expressed in the germline. Firstly, the fly 
deadhead locus encodes an egg-specific thioredoxin required for meiotic oocyte 
progression [112] and for decondensing sperm chromatin at fertilization [113, 114]. 
Whereas, the fly trxT locus encodes a testis-specific thioredoxin of yet unknown 
function [115]. Curiously, these two Drosophila thioredoxins are arranged as a gene 
pair, transcribed in opposite directions and sharing a 471 bp regulatory region [115]. 
However, it was in mammals where the thioredoxin family flourished with the iden-
tification of several new members with exclusive or very high expression in testis 
and spermatozoa, which are discussed in more detail within the following sections.
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The process of cellular differentiation that occurs in the male germ cell is a 
unique phenomenon not found in any other cell of the body. This highly coordinated 
and complex process transforms round spermatids into highly differentiated motile 
cells that must not only survive their transit to the site of fertilization but also be able 
to rapidly break apart in the oocyte cytoplasm for the paternal nucleus to success-
fully incorporate into the newly formed zygote. In mammalian spermatogenesis, 
this is achieved through extensive disulfide bond formation in both the nuclear and 
flagellar accessory structures, effectively creating strong, reversible stabilizing 
structures that can be rapidly degraded during fertilization. Together, the uniqueness 
of male germ cell differentiation and its high redox requirements due to the large 
amounts of disulfide bond formation help to explain the strong expression and pres-
ence of both traditional and testis-specific thioredoxin proteins in the male germ-
line. Thioredoxins are critical facilitators that work cooperatively with other 
enzymes in disulfide bond formation and specifically participate in disulfide isom-
erization by reducing disulfide bonds to allow for their reoxidation by other oxido-
reductases [100]. To date, TRX-1 and TRXR-1, part of the cytoplasmic thioredoxin 
system, TRX-2 a member of the mitochondrial thioredoxin system as well as 
TXL-2, TGR, and the spermatid-specific thioredoxins (SPTRX-1/TXNDC2, 
SPTRX-2/TXNDC3/NME8, and SPTRX-3/TXNDC8) have been reported to func-
tion in the testes [100, 116–121], also presented in Fig. 15.1.

Spermatid-specific thioredoxin 1 (SPTRX-1/TXNDC2) protein is first expressed 
in the post-meiotic round spermatids and peaks between stages 14–16 of the rat 
spermiogenesis cycle, commensurate with the onset and assembly of the sperm tail 
fibrous sheath (FS) [118, 122]. SPTRX-1 can act both as an oxidant or a reductant 
and has been co-localized associating with the longitudinal columns but not the 
transverse ribs of the FS during sperm tail formation; it shows diminished expres-
sion concomitant with the completion of FS assembly [118, 122]. Based on its tem-
poral and spatial expression SPTRX-1 has been suggested as a possible component 
of the nucleation center of the FS longitudinal columns and a regulator of sperm tail 
morphogenesis [118, 122]. Furthermore, its redox duality also lends support to the 
possibility that it acts much like a protein disulfide isomerase (PDI), facilitating 
disulfide bond reshuffling to ensure the correct ultrastructural organization of the FS 
[118, 122]. Therefore, while it is not of structural importance in mature spermato-
zoa, it may be of significance when investigating the causes of structural tail malfor-
mations such as dysplasia of the fibrous sheath (DFS) for its role in regulating the 
development of sperm tail accessory structures.

Spermatid-specific thioredoxin 2 (SPTRX-2/TXNDC3/NME8) is the second of 
three thioredoxin proteins endemic to the testes. It harbors a thioredoxin catalytic 
domain in its N-terminus followed by three nucleotide diphosphate (NDP) kinase 
domains [119]. Due to sequence similarities and protein arrangement, SPTRX-2 has 
been suggested as the human homolog to the sea urchin protein IC1, a component 
of one of the three intermediate chains of the sperm axoneme outer dynein arms 
[123]. Its similarity to IC1, an axoneme-structural component, is further cemented 
by its exclusive expression within the sperm accessory tail structure of the FS [119]. 
Much like SPTRX-1, SPTRX-2 protein expression is restricted to spermiogenesis; 
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however, its expression levels peak late in FS development, between steps 15–19 of 
rat spermiogenesis [119]. Moreover, unlike SPTRX-1, SPTRX-2 is not a transient 
component of flagellar development but rather has been shown to be an integral 
structural component of the FS that persists within the mature spermatozoa [119]. 
In in vitro studies using a physiological reducing system, E. coil-expressed human 
SPTRX-2 showed a lack of both thioredoxin and kinase activities, suggesting it may 

Fig. 15.1 Light microscopic (a-e) and flow cytometric detection of select redox proteins in human 
spermatozoa. Immunofluorescence detects thioredoxins TXNDC2/SPTRX1 (a) and TXNDC3/
SPTRX2 (b) in the flagellar midpiece and principal piece of most morphologically normal and 
some aberrant spermatozoa, while TXNDC8/SPTRX3 accumulates in superfluous cytoplasm of 
defective spermatozoa (c). Thioredoxin TXL2 (d) is detected at varying intensity levels along the 
entire flagellum while peroxiredoxin PRDX2 (e) appears to be concentrated in the sperm tail mid-
piece/mitochondrial sheath, with lesser intensity in the sperm head postacrosomal sheath. (f) 
Differences in men’s sperm content of TXNDC8, a candidate diagnostic marker of human male 
infertility and prognostic marker of ART outcomes are readily discernible in flow cytometric his-
tograms of sperm samples labeled with fluorescent anti-TXNDC8 antibodies. Such individual dif-
ferences are reflected by varying percentages of TXNDC8-positive spermatozoa in a teratospermic 
subject with extremely low sperm motility and concentration (top; two million sperm/ml, 1% 
motility), an oligo-asthenozoospermic subject (center) with low sperm motility (19%) and concen-
tration (14 million/ml), and a normospermic donor (bottom; 84 million/ml, 85% motile)
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require posttranslational modifications or interactions with other co-factors or pro-
teins to exert its functions [119]. Furthermore, SPTRX-2 does have several phos-
phorylation sites which could induce a required conformational change activating 
its catalytic functions [119]. These phosphorylation sites are of interest as phos-
phorylation events are integral to the sperm priming event of capacitation, which 
conveys sperm fertilizing ability within the female oviduct via changes in sperm 
motility patterns, and structural and membrane remodeling [119]. Lastly, immedi-
ately after fertilization occurs, the FS is one of the first sperm structures solubilized 
and recycled within the zygotic cytosol, superseding the breakdown of the paternal 
mitochondria and the outer dense fibers [124]. Therefore, the localization of 
SPTRX-2 as a structural component of the FS may be required to facilitating post- 
testicular functions such as the phosphorylation of the sperm tail substrates during 
capacitation and/or assisting in the rapid breakdown of the FS within the zygote 
after sperm-egg fusion [119]. Joint involvement of SPTRX1 and SPTRX2 in sper-
miogenesis and sperm anti-ROS defense can be inferred from a double knockout 
mouse model displaying the accelerated age-induced loss of sperm quality and 
motility [125].

Spermatid-specific thioredoxin 3 (SPTRX-3/TXNDC8) was the last of the trio of 
tissue-specific testicular thioredoxins discovered, and appears to have arisen from a 
gene duplication of the TRX-1 gene ancestor, with the only difference being an 
extra exon (exon V) present in the SPTRX-3 gene [121]. Clearly divergent from the 
two previously reported SPTRX proteins, SPTRX-3 does not contain any additional 
domains and is also uniquely localized in the Golgi apparatus of secondary sper-
matocytes and round spermatids rather than in the developing tail accessory struc-
ture of the elongating spermatids [121]. Surprisingly, SPTRX-3 lacks a clear 
signaling sequence to localize to the ER/Golgi system, and in fact has not been 
reported to associate with the ER in previous studies [116, 121]. However, SPTRX-3 
does have additional cysteine residues within the exon V which suggest the possibil-
ity that Cys-acetylation serves as a signal for translocation to the Golgi apparatus, 
similar to the sorting mechanisms shown for GCP16 and PSKH1 [126, 127]. The 
expression of SPTRX-3 is highest in the Golgi apparatus of pachytene spermato-
cytes, before the commencement of proacrosomal granule formation and therefore 
is not suggested to have direct involvement in acrosome development [121]. 
Conversely, a functional role in regulating proteins through post-translational modi-
fications has been suggested, as some proteins require phosphorylation during mei-
osis to be able to exert their functions, and previous studies have shown that TRX-1 
does function in this capacity in other systems [128]. Additionally, SPTRX-3 may 
also be a candidate biomarker for male fertility, as SPTRX-3 overexpression and 
post-testicular retention via accumulation in sperm nuclear vacuoles and residual 
cytoplasm surrounding the flagellar midpiece have been reported in teratospermic 
patients [121] and have been associated with negative pregnancy outcomes in cou-
ples attending infertility clinics [129, 130].

Thioredoxin-like protein 2 (TXL-2) is a fusion protein that harbors a thioredoxin 
domain as well as one NDP domain, and has been found to share homology with 
SPTRX-2 [117]. TXL-2 also features an RCC1 signature that could suggest it 
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interacts with Ran [117]. While not exclusive to testis, TXL-2 has a unique localiza-
tion pattern that is tightly connected to microtubule-based structures, with its high-
est expression in the cilia of the lung airway epithelium and the manchette and 
axoneme of spermatids within the testicular seminiferous tubules [117]. While thio-
redoxins do not traditionally associate with microtubular structures in higher verte-
brates, there are a few examples of such proteins in invertebrates such as LC14 and 
LC15 in Chlamydomonas flagellum and IC1 found in the dynein-containing inter-
mediate filaments of sea urchin axonemal structures, previously discussed for its 
homology to SPTRX-2 [123, 131]. Furthermore, evidence suggests that there are 
members of the NDP kinase protein family that do interact with microtubules, giv-
ing some precedence for the unconventional localization patterns of TXL-2 [132–
134]. The spermatid manchette is a hallmark structure of spermiogenesis that 
facilitates both nuclear shaping and the shuttling of proteins into the sperm head 
during spermatid elongation. Therefore, TXL-2 may act as a regulator of microtu-
bule stability and maintenance within the manchette, using its functional disulfide 
reductase activity. Alternatively, TXL-2 could function to supply GTP for microtu-
bule assembly or to facilitate the enzymatic activity of Ran through interactions 
with its previously stated RCC1 signature [117]. Clinically, TXL-2 may also be 
linked to aberrant sperm phenotypes as the gene maps to a region of the genome 
associated with primary ciliary dyskinesia (PCD), and one translocation in the gene 
has been associated with azoospermia and oligospermia [117]. Overall, the func-
tional implications of TXL-2 activity could have large consequences on sperm mor-
phology and energy regulation, specifically within the formation and function of the 
sperm axonemal structures.

As spermatogenesis progresses and GSH availability decreases, involvement of 
the glutathione system in the regulation of NADPH oxidation and antioxidant regu-
lation most likely transitions to the peroxiredoxin-thioredoxin system. This is sup-
ported by the high number of sperm-specific enzymes endemic to the male germ 
line and the well-documented role of PRDXs as ROS regulators in spermatozoa 
[116, 118–121, 135]. However functionally, PRDXs require constant reduction to 
enact their role as H2O2 regulators and therefore must act synergistically with thio-
redoxins [136]. Once oxidized, PRDXs need to be reduced by a TRX which in turn 
is reduced by NADPH in the presence of a thioredoxin reductase [136]. Therefore, 
through the regulation of specific PRDX proteins, the TRX system may also be 
indirectly regulating the oxidative environment.

PRDX2 is the fastest regenerating redox protein and is highly efficient in neutral-
izing H2O2, providing better protection against H2O2-induced damage than catalase 
or glutathione peroxidases. It has recently been found to reside both in elongating 
spermatids and within seminal plasma [137, 138]. Put forth as a moonlighting 
enzyme, PRDX2 is suggested to act in a very similar capacity to and in cooperation 
with GPX4 [138]. PDRX2 is proposed to initially function in ROS regulation, via 
its peroxidase activity before being subsequently processed into an inactive form 
late in spermiogenesis, when it is structurally incorporated into the mitochondrial 
sheath and the highly compacted postacrosomal sheath region of the sperm 
head [138].
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Regulation of the oxidative environment influences disulfide bond formation, 
through the availability of oxidative substrates, and in turn mediates the structural 
formation of key features during spermiogenesis. Therefore, hypercondensation of 
sperm chromatin and the formation of ultrastructural features of the sperm tail, two 
events that rely heavily on disulfide bond formation may also be highly regulated by 
a PRDX4, that functions as a newly proposed H2O2 sensor. While PRDX4 was orig-
inally documented in the testis/male germ line as a membrane-bound isoform local-
izing to the ER, a larger, alternatively transcribed cytosolic isoform (PRDX4-Long) 
has recently been shown to be restricted to spermatids of eutherian mammals [139]. 
Following a similar expression pattern of that of TGR, PRDX4-Long is proposed to 
act as an H2O2 sensor rather than in a peroxidative capacity, where it may influence 
TGR, GPX4, and PRDX2 [139]. This sensory function has been attributed to 2-Cys 
PRDXs in yeast and would functionally allow for disulfide bond formation without 
the production of damaging levels of H2O2 [140]. Therefore, PRDX4 may mediate 
the oxidative environment and act to signal for disulfide bond formation, ultimately 
conserving certain thiols under conditions that promote oxidation.

15.8  Conclusions and Perspectives

The glutathione and thioredoxin redox systems are well documented throughout the 
body but do show increased importance in the unique metamorphosis-like cellular 
differentiation and maturation processes of the male germ cells. While the 
glutathione- centered antioxidant system does have a heightened presence within the 
testicular environment and the early stages of spermatogenesis, antioxidant defense 
does appear to transition to a more peroxiredoxin-thioredoxin dominated system 
late in spermiogenesis and into sperm maturation, concomitant with the dramatic 
decrease in GSH availability. The shifting redox landscape within spermatogenesis 
may be explained by the unusual requirements of the male germ cell to be a structur-
ally complex yet highly reducible cell. With such a high dependence on disulfide 
bond formation and reduction, and a limited cytosolic capacity for antioxidant 
enzymes, the sperm cell appears to have strategically incorporated inactive forms of 
antioxidants into its structural components, which could be re-activated once the 
sperm enters into the highly reductive environment of the zygotic cytosol. 
Furthermore, to ensure survival to the site of fertilization, a large amount of 
membrane- bound redox proteins have been identified coating the sperm sur-
face which can interact with the high levels of antioxidant thiols in male reproduc-
tive system secretions, ultimately allowing the sperm cell to be streamlined yet 
protected. Therefore, sperm redox proteins such as glutathione transferases, gluta-
thione peroxidases, thioredoxins, and peroxiredoxins should be regarded as critical 
for spermatozoon fitness and should be investigated as fertility markers for sperm 
function and structural integrity. Harnessing the knowledge of redox equilibrium in 
fertilization systems could produce large benefits in human-assisted reproductive 
therapies by optimizing oocyte and embryo culture media and stimulating various 
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enzymatic activities in both male and female gametes. Maximizing the reducing 
power of human oocytes and selecting spermatozoa with high intrinsic reductase 
activities could promote pronuclear development via complete and even unpacking 
of the sperm nucleus, and timely release of oocyte activating sperm factors follow-
ing intracytoplasmic sperm injection. Artificial insemination in agriculturally 
important livestock mammals may also benefit from the enrichment of semen dilu-
ents/extenders with antioxidants and reductase-stimulating ingredients to carefully 
balance the oxidative environment and preserve overall sperm function.
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