
479© Springer Nature Switzerland AG 2020
S. J. Parekattil et al. (eds.), Male Infertility, https://doi.org/10.1007/978-3-030-32300-4_37

Apoptosis and Male Infertility

C. Latchoumycandane, S. Vaithinathan, S. C. D’Cruz, 
and Premendu Prakash Mathur

37.1	 �Introduction

Infertility is a global health issue and is usually defined as the 
failure to achieve clinical pregnancy after regular and unpro-
tected sex for at least a year or more. Even though infertility 
affects 15–20% of couples worldwide [1], male factor infer-
tility is contributing approximately 50% of cases, with sole 
responsibility in 30% and co-contributing with the female in 
20% of cases. According to WHO, the overall prevalence of 
primary infertility in India is between 3.9% and 16.8% [2]. 
In some African countries, the problem even exceeds where 
one-third of the couples are infertile [3, 4]. Increasing evi-
dence from epidemiological and clinical studies suggests 
that male reproductive health has been deteriorating due to 
several factors including exposure to environmental contam-
inants and changing lifestyle. The pathogenesis of male 
infertility can be reflected by defective spermatogenesis due 
to pituitary disorders, testicular cancer, germ cell aplasia, 
varicocele, and environmental factors or due to defective 
sperm transport resulting from congenital abnormalities or 
immunological or neurological factors. In 30–40% of male 
infertility cases, no cause is identified (idiopathic male infer-
tility). Recent findings have shown that the incidence of male 
infertility has increased due to genetic disorders and patho-
logical apoptosis. Of these, apoptosis has been identified as a 
major factor contributing to male infertility and has been 
studied extensively in recent years.

Apoptosis, also known as programmed cell death (PCD), 
is required for normal spermatogenesis in mammals and is 
believed to ensure cellular homeostasis, and an adequate 
amount of germ cells is eliminated via the process of apopto-
sis in order to maintain a precise number of germ cell popu-
lation in compliance with the supportive capacity of the 
Sertoli cells. Apoptosis is a highly regulated process charac-
terized by distinct changes in the cell morphology including 
membrane blebbing, shrinkage of cell volume, cytoplasmic 
vacuolization, nuclear condensation, and DNA fragmenta-
tion, followed by the disassembly of the cell into membrane-
bound apoptotic bodies. The biochemical features of 
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apoptosis include phosphatidylserine exposure to the exter-
nal leaflet of the plasma membrane, activation of caspase 
cascades, DNA cleavage, and DNA laddering. This chapter 
briefs both physiological and pathological events that trigger 
apoptosis and their effects on the male reproductive system.

37.2	 �Physiological Role of Apoptosis 
in Male Reproduction

Testes accomplish one of the complex events called sper-
matogenesis, which is necessary for the propagation of 
germplasm. Spermatogenesis is a highly dynamic and syn-
chronized process of germ cell maturation from diploid sper-
matogonia to mature haploid spermatozoa that takes place in 
the seminiferous epithelium of the testis. This highly intri-
cate cellular development is fostered by the somatic cells, the 
Sertoli cells, which envelope the germ cells [5]. During tes-
ticular development, the Sertoli cell number increases 
gradually and thereafter their proliferative capacity declines 
to produce a stable population of nondividing Sertoli cells 
[6]. On the other hand, the germ cells continuously prolifer-
ate and differentiate to become mature spermatozoa. Under 

normal condition, overproliferation of germ cells is tempered 
by selective apoptosis of their progeny in order to maintain a 
precise germ cell population in compliance with the support-
ive capacity of the Sertoli cells [6]. Apoptosis also occurs as 
a defense mechanism, such as in immune reactions or when 
cells are damaged by disease or environmental agents. 
Necrosis and apoptosis are the two major mechanisms of cell 
death. Necrosis occurs in cells that are damaged by external 
injury, whereas apoptosis occurs in cells that are induced to 
commit programmed death from internal or external stimuli. 
Apoptosis is broadly divided into an initiation phase fol-
lowed by a signaling phase and an execution phase in which 
cells rapidly execute a death program. Apoptosis consists of 
highly intricate, sophisticated, and energy-dependent cas-
cade mechanisms and occurs through two main pathways 
(Fig. 37.1). The first, referred to as the extrinsic or cytoplas-
mic pathway, is triggered through the Fas death receptor, a 
member of the tumor necrosis factor (TNF) receptor super-
family [7]. The second pathway is the intrinsic or mitochon-
drial pathway that when stimulated leads to the release of 
cytochrome c from the mitochondria and activation of down-
stream death signal [8]. Both the pathways converge into a 
final common pathway involving the activation of a cascade 
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of proteases called caspases that cleave regulatory and struc-
tural molecules, culminating in the death of the cell. The 
pathways are linked; thus, the distinction between the two 
pathways is simplistic. Overexpression of antiapoptotic pro-
tein Bcl-2 in the intrinsic pathway may lead to the inhibition 
of extrinsic-mediated apoptosis [9]; conversely, TNFα may 
increase the expression of NFκB and stimulates antiapop-
totic members of the Bcl-2 family proteins. Lindane, an 
organochlorine pesticide, is known to impair rat testicular 
functions and fertility through modulation of NFκB and 
FasL [10].

37.3	 �Extrinsic Pathway

Extrinsic pathway comprises several protein members 
including the death receptors, the membrane-bound Fas 
ligand, the Fas complexes, the Fas-associated death domain, 
and caspases 8 and 10, which ultimately activate the rest of 
the downstream caspases leading to apoptosis. Activation of 
the extrinsic pathway is initiated with the ligation of cell sur-
face receptors called death receptors (DRs). Fas is a member 
of the TNF receptor superfamily and is also called Apo-1. 
Fas signaling plays an important role in apoptosis. The Fas 
ligand (FasL)-Fas system is mainly recognized for its death-
related functions. When a death stimulus triggers the path-
way, the membrane-bound FasL interacts with the inactive 
Fas complexes and forms the death-inducing signaling com-
plex. The Fas death-inducing signaling complex contains the 
adaptor protein Fas-associated death domain protein and 
caspases 8 and 10 and leads to activation of caspase 8, which, 
in turn, can activate the rest of the downstream caspases. 
Caspase 8 interacts with the intrinsic apoptotic pathway by 
cleaving Bid (a proapoptotic member of the Bcl-2 family), 
leading to the subsequent release of cytochrome c [11].

37.4	 �Intrinsic Pathway

One of the most important regulators of this pathway is the 
Bcl-2 family of proteins. The Bcl-2 family includes proapop-
totic members such as Bax, Bak, Bad, Bcl-Xs, Bid, Bik, 
Bim, and Hrk and antiapoptotic members. Bax is a multido-
main proapoptotic member of the Bcl-2 family and its defi-
ciency results in a large accumulation of premeiotic germ 
cells in mature animals and a near complete absence of sper-
matocytes and mature sperm [12]. Antiapoptotic Bcl-2 mem-
bers act as repressors of apoptosis by blocking the release of 
cytochrome c, whereas proapoptotic members act as promot-
ers. Following a death signal, proapoptotic proteins undergo 
posttranslational modifications that include dephosphoryla-
tion and cleavage resulting in their activation and transloca-
tion to the mitochondria leading to apoptosis [8]. In response 

to apoptotic stimuli, the outer mitochondrial membrane 
becomes permeable, leading to the release of cytochrome c. 
Once cytochrome c is released into the cytosol, it interacts 
with Apaf-1, leading to the activation of caspase-9 proen-
zymes. Active caspase 9 then activates caspase 3, which sub-
sequently activates the rest of the caspase cascade and leads 
to apoptosis [9].

37.5	 �Fas/FasL

Fas is a type I transmembrane receptor protein that belongs 
to the TNF/nerve growth factor family [13, 14], and Fas 
ligand (FasL) has been identified as a TNF-related type II 
transmembrane protein [15]. The binding of the surface pro-
tein FasL to the Fas receptor triggers apoptosis in Fas-bearing 
cells by the activation of various caspases. It is widely 
accepted that FasL is normally expressed in Sertoli cells, 
whereas Fas antigen is expressed in the germ cells of rodents 
and humans. Caspase 8 is involved in the upstream of the 
apoptosis process [16, 17]. Activation of caspase 8 is fol-
lowed by activation of caspase 3, which is known as execu-
tioner protease in this process [18]. In the rodent testis, 
apoptosis, induced by FasL, has been suggested to be one of 
the mechanisms that limits the number of germ cells during 
normal spermatogenesis or after testicular injuries. Recent 
studies have also shown that, in the human testis, apoptosis is 
a conspicuous event during spermatogenesis; Fas–FasL 
interaction is reportedly involved in the regulation of this 
event [19, 20].

37.6	 �Caspase and Calpain Families

Caspases (cysteinyl aspartate-specific proteases) are aspartic 
acid-directed cysteine proteases. These proteases are synthe-
sized as precursors that have insignificant catalytic activity. 
The precursor caspase is converted to the active enzyme by 
proteolytic processing either by another protease or by auto-
catalysis and triggered by the binding of cofactors or removal 
of inhibitors. Caspases share similarities in amino acid 
sequence, structure, and substrate specificity. They are all 
expressed as proenzymes (30–50 kDa). They contain three 
domains and they are the amino terminal domain, a large 
subunit (~20 kDa), and a small subunit (~10 kDa). During 
the caspase activation, proteolytic processing occurs between 
domains, followed by association of the large and small sub-
units to form a heterodimer [21]. Although the majority of 
caspases are situated within the cytoplasm, some of the 
members can be found in the Golgi apparatus (caspase 12) or 
in association with the mitochondria (caspases 2, 3, and 9) 
[22, 23]. Caspase 3 is the most important effector caspase. Its 
activation is important in PCD signaling [24]. Calpains are a 
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superfamily of related proteins, some of which have been 
shown to function as calcium-dependent cysteine proteases. 
Calpain also plays an important role in apoptosis and necro-
sis, and Rojas et al. [25] demonstrated the presence of a cal-
pain–calpastatin system in human spermatozoa.

37.7	 �Cytochrome c

Different proapoptotic proteins, such as cytochrome c and 
Smac/Diablo, that are normally present in the intermem-
brane space of mitochondria, are released during the early 
stages of apoptosis. Suppression of the antiapoptotic mem-
bers or activation of the proapoptotic members of the Bcl-2 
family leads to altered mitochondrial membrane permeabil-
ity resulting in release of cytochrome c into the cytosol. 
Binding of cytochrome c to Apaf-1 triggers the activation of 
caspase 9, which then accelerates apoptosis by activating 
other caspases. In the cytosol, cytochrome c participates in 
the formation of the apoptosome complex together with its 
adaptor molecule, Apaf-1, resulting in the recruitment, 
processing, and activation of procaspase 9 in the presence of 
adenosine triphosphate [26]. Subsequently, caspase 9 cleaves 
and activates procaspases 3 and 7; these effector caspases are 
responsible for the cleavage of various proteins leading to 
the biochemical and morphological features characteristic of 
apoptosis [27]. The release of cytochrome c is, therefore, 
considered a key initiative step in the apoptotic process.

37.8	 �Nuclear Factor Kappa B

The classical NFκB transcriptional factors are composed of 
homodimers or heterodimers of Rel protein, of which p65/
p50 heterodimer is the predominant complex, in testicular 
germ cells [28]. In unstimulated cells, NFκB dimers are 
sequestered in the cytoplasm by inhibitory kappa B (IκB) 
protein. Upon exposure to various extracellular signals that 
leads to phosphorylation and degradation of IκB, free NFκB 
dimers rapidly translocate to the nucleus, wherein they acti-
vate transcription of target genes [29].

37.9	 �Spermatogenesis

Spermatogenesis is a dynamic and well-regulated process 
that involves multiplication, maturation, and differentiation 
of germ cells resulting in the formation of mature spermato-
zoa. The process is subdivided into spermatogoniogenesis 
known as mitotic multiplication of spermatogonia, matura-
tion of spermatocytes, spermiogenesis, and spermiation. 
Germ cells undergo mitosis to produce primary spermato-
cytes. The primary spermatocytes enter meiosis to form sec-

ondary spermatocytes and proceed through meiosis to 
produce haploid spermatids. These in turn undergo a com-
plex process of morphological and functional differentiation 
resulting in the production of mature spermatozoa, which is 
known as spermiogenesis. In mammalian species, to main-
tain proper germ cell numbers, apoptosis takes place in the 
testis [17]. Loss of spermatogenic cells is incurred mostly 
during maturity of spermatogonia and to a lesser extent dur-
ing maturation of spermatocytes and spermatid in adult rat 
testis. The sign of spermatogenesis is started when germ 
cells differentiate into spermatogonia. While some sper-
matogonia become self-renewing spermatogonial stem cells, 
most differentiate into spermatocytes and, at ~10 days after 
birth in mice and at puberty in man, initiate meiosis and are 
accompanied by extensive germ cell apoptosis [17].

37.10	 �Steroidogenesis

Leydig cells are the principal cells involved in the process of 
steroidogenesis. Leydig cells secrete androgens, particularly 
testosterone, which is extremely essential for the initiation 
and maintenance of spermatogenesis [30]. Any factor affect-
ing the Leydig cell viability, in turn, can interrupt the endo-
crine regulation of spermatogenesis and consequently affect 
the reproductive performance. Aroclor 1254, a commercial 
mixture of polychlorinated biphenyls, brought about a state 
of oxidative stress in cultured Leydig cells characterized by 
decline in the levels of enzymatic and nonenzymatic antioxi-
dants accompanied by an elevation in the levels of lipid per-
oxidation and reactive oxygen species (ROS). In addition, 
the activities of steroidogenic enzymes were inhibited at the 
level of gene expression causing diminished testosterone 
production [31]. Exposure of rats to a single dose of cad-
mium (0.20 mg/100 g body weight) inhibited the activities of 
testicular 3β and 17β-hydroxysteroid dehydrogenase along 
with reduced expression of StAR protein resulting in low-
ered serum testosterone levels. The observed effects have 
been attributed to the excess generation of ROS in the testis 
resulting from depletion of antioxidant enzymes like super-
oxide dismutase (SOD) and glutathione peroxidase. 
Exposure of primary cultured Leydig cells to cadmium at the 
concentrations of 10 mm caused increased oxidative DNA 
damage resulting in decreased viability of cells and testoster-
one secretion [32]. The high levels of corticosterone associ-
ated with stress are known to induce apoptosis in Leydig 
cells. The activation of Fas system, cleavage of procaspase 3, 
loss of mitochondrial membrane potential, and increased 
ROS generation are reported to be the possible mechanisms 
involved in corticosterone-induced Leydig cell death [33]. 
The decline in testosterone production following toxicant 
exposure may be in part due to apoptosis of Leydig cells 
caused by induction of stress by corticosterone.
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37.11	 �Effect of Environmental Contaminants

Apoptosis of spermatogenic cells is essential for the mainte-
nance of testicular homeostasis, although increased cell 
death can result in defective spermatogenesis leading to 
infertility [34]. In the testis, apoptotic death is a common 
programmed event that reduces 75% of germ cells [35]. 
However, excessive or inadequate apoptosis of testicular 
cells results in abnormal spermatogenesis or testicular 
tumors [36]. Various testicular toxicants have been reported 
to induce massive germ cell apoptosis indicating that the 
seminiferous epithelium responds to most of the adverse 
stimuli by eliminating germ cells through PCD [37]. Recent 
studies showed that dichlorodiphenyltrichloroethane (DDT) 
and its metabolite induced apoptosis through either in vitro 
or in vivo experiments [38, 39]. Song et al. demonstrated that 
exposure to p, p’-dichlorodiphenyldichloroethylene (DDE), 
a metabolite of DDT, at over 30 µM dose level showed induc-
tion of apoptotic cell death in cultured rat Sertoli cells by 
inducing mitochondria-mediated apoptotic changes includ-
ing elevation in reactive oxygen species (ROS) generation, 
decrease in mitochondrial membrane potential, and release 
of cytochrome c into the cytosol which could be blocked by 
N-acetylcysteine, an antioxidant with an elevated ratios of 
Bax/Bcl-w and Bak/Bcl-w, and cleavages of procaspases 3 
and 9 were induced by p, p’-DDE [32]. Metabolite of DDT 
(p, p’-DDE) at a dose of 30 µM for 24-h exposure could induce 
apoptosis of Sertoli cells through a FasL-dependent pathway 
including nuclear translocation of NFκB, increase of the 
FasL mRNA, and protein expression, which could be blocked 
by an antioxidant agent N-acetylcysteine. In addition, cas-
pases 3 and 8 were activated by p, p’-DDE treatment in these 
cells [40]. Ichimura et al. demonstrated the expression and 
localization of FasL, Fas, and caspase 3 proteins in mouse 
testis 12  h after the exposure to 4-0.004  mg/g of 
di(2ethylhexyl) phthalate (DEHP) and correlated the expres-
sion of these proteins with terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) of the 
DNA-fragmented nucleus [41]. Immunocytochemical exam-
ination of the DEHP-exposed (4 mg/g) mouse revealed a dis-
tribution of FasL in Sertoli cell and Fas in nearby spermatocyte 
and Fas and caspase 3 in the same spermatocyte. Exposure to 
mono(2-ethylhexyl) phthalate (MEHP), a Sertoli cell-spe-
cific toxicant, induced massive germ cell apoptosis associ-
ated with increased expression of both the Fas and FasL 
genes in rat testis. Mono(2-ethylhexyl) phthalate (MEHP), a 
well-known Sertoli cell toxicant, could decrease the levels of 
procaspase 8 and increase the levels of procaspase-8 cleav-
age products in mice testis [42]. β-Benzene hexachloride 
(BHC), a major metabolite of benzene hexachloride, induced 
apoptosis by activation of c-Jun N-terminal kinases (JNKs), 
translocation of NF-κB, expression of FasL, and further acti-
vation of caspase cascade [43]. Spontaneous germ cell apop-

tosis has been observed in several species of mammalian 
testis. Vaithinathan et al. demonstrated a significant increase 
in the levels of cytosolic cytochrome c and procaspase 9 as 
early as 6 h following exposure to a single dose of methoxy-
chlor at 50 mg/kg bodyweight. Time-dependent elevations in 
the levels of Fas, FasL, and pro- and cleaved caspase 3 dem-
onstrate induction of testicular apoptosis in adult rats follow-
ing a single dose of methoxychlor [44]. Recent findings 
reveal that methoxychlor exposure to pregnant female rats 
from embryonic days 8–15 at the dosage of 100 and 200 mg/
kg/day showed an increase in spermatogenic cell apoptosis 
and decreased sperm number and motility in adult animals of 
F1 and F2 generation [45, 46]. In another study, oral admin-
istration of bisphenol A 480 and 960  mg/kg/day induces 
apoptosis of Leydig and germ cells in the mouse testis 
through the Fas signaling pathway [47]. Lindane, a well-
known endocrine disruptor, could induce apoptosis of tes-
ticular cells by stimulating the mitochondrion-dependent 
pathway by elevating the levels of cytochrome c with a paral-
lel increase in procaspase 9. A time-dependent elevation of 
Fas, FasL, and caspase 3 in peritubular germ cells illustrates 
induction of testicular apoptosis in adult rats following expo-
sure to a single dose of lindane [10].

37.12	 �Oxidative Stress

Control of apoptosis may involve various pathways such as 
the mitochondria-mediated Bcl-2 family, Fas/FasL system 
that can be engaged by oxidative stress. Reactive oxygen 
species (ROS) is considered a potential signal for apoptosis. 
Elevated levels of ROS can cause oxidation of the mitochon-
drial pores, thereby disrupting the mitochondrial membrane 
potential and releasing cytochrome c and activating the 
mitochondria-mediated pathway of apoptosis. In addition, 
ROS have been shown to induce the expression of Fas recep-
tor and ligand stimulating the Fas/FasL-mediated apoptotic 
signal transduction pathway. Several environmental disrup-
tors are known to inappropriately activate apoptosis in tes-
ticular locale by increasing the levels of ROS [10, 48]. 
During the transit from undifferentiated germ cells to mature 
spermatozoa, the sperms are vulnerable to multitudinous 
threats which are counteracted by the powerful antioxidant 
defense system of the testis [49]. Many toxicants have been 
shown to damage this protective shield, thus increasing the 
susceptibility of this organ to oxidative stress [50, 51]. 
Experimental studies have demonstrated that exposure to 
hexachlorocyclohexane (i.p., 20 mg/kg/day) during the criti-
cal stages of testicular development induces elevation in the 
levels of lipid peroxidation and hydrogen peroxide (H2O2), 
along with reduction in the levels of superoxide dismutase 
(SOD), catalase, and ascorbic acid [52]. Doreswamy et al., 
have demonstrated the induction of oxidative stress, DNA 
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damage, and apoptosis in testis following exposure to mul-
tiple doses of nickel chloride [53]. Our earlier studies on 
various toxicants in rodent models have exemplified the role 
of oxidative stress in mediating its effects on testis. Oral 
exposure to lindane (5 mg/kg bodyweight/day) for 30 days 
resulted in elevated levels of hydrogen peroxide and lipid 
peroxidation with concomitant decline in the activities of 
antioxidant and steroidogenic enzymes in testis [54]. Similar 
impairment of antioxidant system and mitochondria-
dependent apoptosis of rat testis has been observed with lin-
dane following single dose of it [10, 55]. Methoxychlor, at 
dose levels of 50  mg/kg body weight, caused significant 
diminution in testicular antioxidant enzymes along with 
Fas–FasL and mitochondria-mediated apoptosis in a 
time-dependent manner [44]. Compilation of these studies 
indicates the generation of free radicals and associated oxi-
dative stress as the pathological mechanism underpinning 
the adverse effects of testicular toxicants. Innumerable stud-
ies have disclosed the involvement of oxidative stress in car-
rying out the malicious role of apoptosis in testis. Most of the 
toxicants have been reported to perturb the testicular locale 
either directly or indirectly targeting pivotal constituents of 
the testis—the germ cells, Sertoli cells, and Leydig cells. A 
study on the exposure of testis to a single dose (2 g/kg body 
weight) of di(2-ethylhexyl) phthalate revealed an augmented 
generation of ROS with simultaneous decrement in the con-
centrations of glutathione and ascorbic acid leading to selec-
tive apoptosis of spermatocytes [56]. Further exploration 
revealed the accrual of mono(2-ethylhexyl) phthalate, a toxic 
metabolite of DEHP, in testis causing mitochondrial respira-
tory damage and release of cytochrome c inciting apoptosis 
[56]. Exposure of spermatogenic cells to synthetic organic 
chemical, methyl tert-butylether (MTBE), enervated cell 
viability and induced generation of ROS and enhanced lipid 
peroxidation [57]. Similar damaging effects of oxidative 
stress followed by apoptosis in maturing germ cells have 
been observed with multifarious array of toxicants including 
metals. The uninterrupted close association of germ cells 
with Sertoli cells is yet another obligatory factor in sper-
matogenesis. Apart from its fostering role, Sertoli cells play 
a highly remarkable phagocytic role in eliminating sper-
matogenic cells undergoing apoptosis in response to chemi-
cal insult [58]. Consequently, any agent that confronts Sertoli 
cells may have a profound effect on spermatogenesis. In 
vitro exposure to β-BHC can enhance ROS and oxidative 
stress and then induce activation of JNKs and NF-kB, expres-
sion of FasL in rat Sertoli cells. Upon ligation of FasL to Fas, 
an FasL-mediated apoptotic death is stimulated in a target 
cell leading to the activation of caspase 8. Finally, apoptosis 
of Sertoli cells is mediated by executioner caspase 3, thereby 
disturbing the spermatogenic process [43]. Sertoli cells on 
exposure to an environmental contaminant, nonylphenol 

(10–40  mm), caused accumulation of ROS within 2  h of 
exposure which subsequently resulted in the loss of mito-
chondrial membrane potential and enhanced lipid peroxida-
tion at 12 h posttreatment [59]. In vitro studies on the effects 
of 4-tert-octylphenol, a degradation product of alkylphenol-
polyethoxylate, at a concentration of 30–60 mm for 6–24 h 
showed a decrease in the viability of Sertoli cells and 
increased apoptosis via caspase-3 pathway in a concentra-
tion- and time-dependent manner [60]. Diverse studies have 
cumulated over time, which accentuates the feasible role of 
oxidative stress in Sertoli cell apoptosis in response to 
toxicants.

37.13	 �Mechanisms Involved  
in Inducing Apoptosis

The possible mechanisms involved in the action of various 
factors in mediating testicular apoptosis are summed up. 
Most of the studies involving toxicants illustrate the 
undoubted role of ROS in executing its detrimental effects 
[31, 54, 59, 61]. These elevated levels of ROS can cause 
oxidation of the mitochondrial pores, thereby disrupting the 
mitochondrial membrane potential and releasing cyto-
chrome c [56, 62]. Once free of the mitochondrial mem-
brane, cytochrome c rapidly assembles a multi-protein 
complex involving Apaf-1 and procaspase 9 leading to the 
activation of the caspase 9, which subsequently triggers the 
effector caspase 3, 6, and/or 7 [26, 27]. These caspases, in 
turn, activate endonucleases and proteases resulting in DNA 
fragmentation and degradation of nuclear and cytoskeletal 
proteins [63, 64]. Apart from ROS, Bax, a member of pro-
apoptotic Bcl-2 family, can directly influence the release of 
cytochrome c from mitochondria [65]. It is interesting to 
note that the Bcl-2 protein family is itself regulated by ROS 
[66]; however, whether this regulation has any role in toxi-
cant-mediated apoptosis is not known. ROS have been 
shown to induce the expression of Fas receptor and ligand 
stimulating the Fas/FasL-mediated apoptotic signal trans-
duction pathway [67]. Interaction of Fas with FasL leads to 
a cascade of events which begins with the proteolytic cleav-
age of procaspase 8 to its active form, which consequently 
activates downstream effector caspase 3, 6, or 7 [68–70]. 
These caspases execute the cells by degrading the constitu-
ent proteins [71]. Elimination of apoptotic action of Fas by 
antioxidants further emphasizes the role of ROS in Fas-
mediated death process [72, 73]. Therefore, deprivation of 
antioxidants and/or generation of free radicals by toxicants 
is capable of reducing the Fas pathway. In addition, they 
impair steroidogenesis and may deprive germ cell of the 
essential growth factor, testosterone, and increase their sus-
ceptibility to ROS attack [74].
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37.14	 �Conclusion

The purpose of this chapter was to evaluate the role of vari-
ous factors influencing apoptosis in male infertility. Mounting 
evidence suggests that apoptosis occurs as the predominant 
cell death mechanism in testis in response to several diseases 
and toxic injuries. Research implies that reactive oxygen 
species and other secondary free radicals such as nitric oxide 
and hydroperoxides could be inducers or mediators of apop-
tosis in testis through downregulation of antioxidant defense 
system or increased expression of apoptosis-related proteins. 
However, the exact mechanism of action of apoptosis in 
inducing male infertility remains a mystery. Further studies 
are warranted to evaluate the adverse effects of apoptosis on 
testis.

37.15	 �Review Criteria

An extensive literature search probing “the apoptosis and 
male infertility” was performed using search engines such 
as ScienceDirect, OVID, Google Scholar, PubMed, and 
MEDLINE. The start and end dates for these searches were 
January 2014 to December 2018. The following keywords 
were used to retrieve the information and the data extrac-
tion: “male reproductive health,” “apoptosis,” “extrinsic 
apoptotic pathway in testis,” “intrinsic apoptotic pathway 
in testis,” “oxidative stress,” “environmental contami-
nants,” and “endocrine disruptors.” Articles published in 
English language were considered and the data that were 
solely published in conference or meeting proceedings, 
websites, or books were excluded in writing this review. 
Websites and book-chapter citations provide conceptual 
content only.
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