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1. Introduction

Apoptosis or programmed cell death is a physiological process involving a finely regulated
cascade of biochemical events. The main features of this pathway are the activation of
specific proteases such as caspases, the release of pro-apoptotic mitochondrial factors, and
finally changes in nuclear morphology and DNA fragmentation. Throughout the apoptotic
process, one of the responsible signals for initiating the process of programmed cell death is
a sustained and manteined increase in intracellular calcium levels ([Ca?*];). Experimental
evidence suggests that an increase in [Ca2*]; could be associated with the apoptotic signal. In
fact, an overload of [Ca2*]; due to depletion of intracellular stores or calcium influx from the
extracellular medium has been suggested to be a signal that precedes the apoptotic process.
Additionally, apoptosis also can be stimulated by oxidizing agents such as hydrogen
peroxide and menadione, and inhibited by antioxidants.

Mainly two pathways have been described inducing apoptotic cell death, which differ in
how the death signal is transduced. The first is the extrinsic pathway, triggered by binding
of extracellular death ligands, such as factor activating ExoS ligand (FasL), to its cell-surface
death receptor, such as Fas. Membrane death receptors form a complex known as the death-
inducing signaling complex, which recruits procaspase-8 becoming activated caspase-8, and
subsequently processes other downstream caspases. The second is the intrinsic pathway,
which is mediated by mitochondrial alterations. The protein Bid, a natural substrate of
caspase-8, is the nexus between the extrinsic and intrinsic pathway. In response to apoptotic
stimuli, several proteins are released from the mitochondrial intermembrane space into the
cytoplasm. Such mitochondrial alterations stimulate the generation of reactive oxygen
species (ROS), which together with activation of DNAses by caspases and mitochondrial
signals, undergo DNA damage.

The apoptotic process has been described in many cell types, including both sperm and
intratesticular germ cells from different animal species, including humans. The process is
similar to that carried out in somatic cells. Apoptosis may play a major role at causing
diseases related to male infertility. Actually, it is known that apoptosis is involved in the
genesis of several diseases of the male genital tract as defective spermatogenesis, decreased
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sperm motility, sperm DNA fragmentation, testicular torsion, varicocele and immunological
infertility.

On the other hand, melatonin is known to regulate seasonal and circadian rhythms of
mammals, but emerging evidence suggests that melatonin possesses protective effects
against free radicals and apoptosis. For this reason, this indolamine appears to be a good
candidate to improve sperm quality and protect from oxidative stress. Little is known,
however, about the mechanisms that carry out such effects. In this regard, melatonin, which
has an uncommonly low toxicity profile, may be used as a powerful free-radical scavenger,
and anti-apoptotic agent in ejaculated human spermatozoa to supplement sperm
preparation media, therefore increasing success of assisted reproductive techniques.
Moreover, characterization of the role of melatonin on apoptosis and oxidative damage in
ejaculated human spermatozoa may be helpful to preserve high rates of functional
spermatozoa after manipulation for their use in any assisted reproduction program.

2. Apoptosis

Apoptosis is a basic biological principle of programmed cell death that occurs in almost
every cell type (Kerr et al., 1972). It is a physiological process initiated by environmental or
developmental stimuli, which are in charge of removing redundant cells, and maintains
tissue homeostasis in a safe and non-immunogenic manner, whereas necrosis leads to
plasma membrane rupture, release of pro-inflammatory intracellular molecules and
collateral tissue damage (Kerr et al., 1972). The activation of a genetic program that controls
designs and initiates a cascade of events leads the cell forward an organized and noiseless
destruction. Apoptosis does not take place randomly, but it is a process with energy
requirements, like ATP. Additionally it does not initiate inflammatory response, allowing
the elimination of undesirable cells without modifying the architecture and physiology of
tissues around. A major component of the apoptotic machinery involves a family of aspartic
acid-directed cysteine proteases, called caspases (cysteinyl aspartate-specific proteases),
which cleave multiple protein substrates en masse, leading to the loss of cellular structure
and function and, ultimately, resulting in cell death (Stennicke & Salvesen, 1997).
Traditionally, two general apoptotic pathways have been described. The first is the extrinsic
pathway, triggered by binding of an extracellular death ligand, such as factor activating
ExoS ligand (FasL), to its cell-surface death receptor, such as Fas (Ashkenazi & Dixit, 1998).
The second is the intrinsic pathway, which is mediated by mitochondrial alterations. In
response to apoptotic stimuli, several proteins are released from the mitochondrial
intermembrane space into the cytoplasm (Green & Reed, 1998). Some of the well-
characterized proteins include cytochrome ¢, which mediates the activation of caspase-9 (Li
et al,, 1997), thus triggering a cascade of caspase activation, including caspase-3, that
promotes cellular self-destruction.

Reproductive phenomena are also under these regulation events. These include from the
development of germ cells (spermatogenesis and oogenesis), follicular development and
maturation, to the interaction of gametes with subsequent fertilization and embryo
implantation. For instance, in human beings, after twenty weeks of development, females
show 7 millions of germ cells, which are decreased to 2 millions of ovocytes in birth and
finally 300,000 in the beginning of sexual maturity (Baker, 1963). Further than 90 % of
ovocytes in ovary degenerate throughout the reproductive period of life (Hsueh et al., 1994).
Theoretically, a normal testicle losses 75 % of spermatozoa due to the degeneration of germ

www.intechopen.com



Apoptosis, ROS and Calcium Signaling in Human Spermatozoa: Relationship to Infertility 53

cells throughout the spermatogenesis (Rodriguez et al., 1997). In human reproductive
system, cell death can be observed in ovocyte degeneration (Morita & Tilly, 1999), in
follicular atresia (Hsueh y cols., 1994), in ovulation (Murdoch, 2000), in the luteolisis (Davis
& Rueda, 2002) and in germ cells of testis (Sinha-Hikim & Swerdloff, 1999; Koji, 2001). In
males who suffer infertility from unknown origin, increased DNA damage and subsequent
fragmentation of oligonucleosome in sperm cells have been reported. The presence of
apoptotic signals in spermatozoa has been controversial for long time, especially due to the
low transcriptional activity in these cells (Grunewald et al., 2005) and the inability to transfer
studies on somatic cells to sperm behavior. Early works denied the existence of apoptosis in
human ejaculated spermatozoa (Weil et al.,, 1998) and others have considered that the
presence of endogenous debris in ejaculated spermatozoa indicates incomplete maturation
during spermatogenesis (Sakkas et al., 1999a). Nonetheless, the presence and activation of
apoptotic signals in human spermatozoa in response to various stimuli, is presently widely
accepted (Eley et al., 2005; Barroso et al. 2006; Bejarano et al., 2008; Lozano et al., 2009).

During spermatogenesis, germ cells are in continuous proliferation, being apoptosis the
process in charge of maintaining the homeostasis in testis. The hormonal control, both
central (exerted by adenohypophysis FSH) and local (exerted by testosterone in Leydig
cells), acts as the main mechanism for spermatogenesis regulation, as well as regulating
pathway-specific apoptotic genes and proteins rather than proliferation (Ruwanpura et al.,
2010). Damages in DNA (intrinsic pathway) and the signal when a ligand binds to specific
death membrane receptors (extrinsic pathway) are the major mechanisms to trigger
apoptosis in germ cells (Ruwanpura et al., 2010).

The ejaculated sperm deposited in the female reproductive tract must be subjected to a
rigorous controlled program of senescence, so that they can activate mechanisms for
removal from the cervix and uterine cavity (Aitken & Koppers, 2011). Phosphatidylserine
externalization is a typical signal of apoptosis in somatic cells. It is thought that externalized
phosphatidylserine in the surface of sperm is a consequence of apoptosis triggered by
oxidative stress suffered in the female tract (Lozano et al., 2009). This phenomemon seem to
activate the phagocytic cells responsible for senescent spermatozoa elimination (Kurosaka et
al., 2003). Thus, leukocyte antigens recognize and phagocytize sperm without an
inflammatory reaction. However, phosphatidylserine exposure is not only related to
apoptosis in sperm but also is associated with a decreased ability to fertilize (Said et al.,
2005). In 2003, De Vries and colleagues published a paper linking the externalization of
phosphatidylserine in the training process (De Vries et al.,, 2003); and in 2005, it was
reported the externalization of this phospholipid after induction of acrosome reaction by
calcium ionophore A23187 (Martin et al., 2005). Other authors found a reduced capacitation
and subsequent acrosome reaction in sperm that had externalized phosphatidylserine
(Grunewald et al., 2006).

Signs of apoptosis in mature spermatozoa are found primarily associated with the
mitochondrial pathway: activation of initiator caspase-9, disruption of mitochondrial
membrane potential, activation of the main executioner caspase-3 and subsequent cellular
collapse (Paasch et al., 2004; Bejarano et al., 2008). Experimental evidence points to an
apparent exclusive cellular location of active caspase-3 to the mid-piece of spermatozoa
(Oehninger et al., 2003). This is consistent with the fact that mitochondria are mainly located
in that area, and also consistent with mitochondrial association of caspases-3 decribed by
Nicholson (Nicholson, 1999).

www.intechopen.com



54 Male Infertility

Moreover, caspases are a family of cysteinyl aspartic-specific proteases which represent the
central component of apoptotic machinery. Caspases are involved in both physiological
processes, like spermatogenesis, and andrological pathologies, including varicocele,
immunological infertility and reduced sperm fertilizing potential (Said et al., 2004). Besides
other apoptotic events, caspase activity has been associated with spermatozoa immaturity,
low count, reduced motility (Marchetti et al., 2004), decreased fertilization rates (Grunewald
et al., 2008) and loss of plasma membrane integrity, as shown by phosphatidylserine
externalization (Paasch et al., 2004).

Another point of connection between apoptosis and sperm capacitation is associated with
the cytosolic protease calpain and its natural inhibitor calpastatin. Both proteins are located
between the plasma membrane of sperm and the acrosome (Yudin et al., 2000). Calpain is a
calcium-dependent protease, involved in sperm capacitation, acrosome reaction and cell
fusion, which are essential processes for ovum fertilization. Numerous studies have shown
the relationship between calpain and sperm motility and acrosome reaction (Ozaki et al.,
2001). Caspase-1, a pro-inflammatory and executioner cystein-protease of apoptosis, is
activated in human sperm within the activation cascade of caspases in response to apoptosis
stimuli (Paasch et al., 2004). Caspase-1 cleaves directly calpastatin resulting in an increased
activity of calpain (Wang et al., 1998). These results together, suggest that apoptotic signals
are activated by capacitation and acrosome reaction, and consequently calpain performs an
enhancing effect on apoptosis. Other studies showed that inhibition of both caspase-1 and
calpain partially suppresses the capacitation process without apoptosis signaling,
supporting the relevant role of both proteases for capacitation and fertilization capacity in
human sperm. In this line, inhibition of [Ca2*]; sensor, calmodulin, inhibited events related
to capacitation, as well as triggering a strong activation of caspases-9 and -3, with a previous
disruption of mitochondrial membrane potential. Thus, these findings suggest that
apoptosis and capacitation are inverse processes in human sperm. Although apoptotic
spermatozoa are not able to be capacitated, capacitated spermatozoa present inhibition
apoptosis signaling (Grunewald et al., 2009b). Therefore a strong dependence of [Ca2*]; is
displayed by both processes apoptosis and capacitation. This is consistent with results
showing caspase-3 dependence of calcium signaling (Bejarano et al., 2008).

On the other hand, several studies have shown evidence on the effects of some factors on
caspases and their relationship to male infertility. For example, treatment with prolactin,
besides causing spermatogonial apoptosis, augments significantly caspase activity in
testicular tissue when treated simultaneously with cycloheximide, a well-known pesticide
(Yazawa et al., 2000). However, the pancaspase inhibitor z-VAD-fmk inhibits prolactin-
induced apoptosis in germ cells, which indicates the essential role of caspases in prolactin-
induced apoptosis (Yazawa et al., 2001). But in general, exposure to antiandrogens increases
both expression and activity of caspases in a dose-dependent manner, as revealed by
experiments carried out with flutamine (Omezzine et al., 2003).

Caspase-8 constitutes a key factor in crosstalk between the two propagation pathways of
death signals, especially when activated by external cytokines. Upon activation by
external death signals, caspase-8 can directly either activate executioner caspases or
truncate the Bcl-2 family member, Bid, into tBid, which, once truncated, translocates from
cytosol to mitochondria where it promotes permeability and release of cytochrome ¢ (Lee
et al., 1999).
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2.1 Extrinsic apoptosis

The extrinsic pathway constitutes another main manner to trigger apoptosis by external
signals through specific death receptors, called FAS receptors. This pathway has been
shown being activated in physiologically and experimentally-induced apoptosis in germinal
cells (Shaha, 2007). Fas expression in human testis is related to cellular degeneration within
the meiosis process, arresting maturation during the spermatogenesis. Evidence indicates
that Fas gene expression is likely involved in the elimination of defective germ cells which
have alterations in meiotic maturation (Francavilla et al., 2002). A massive apoptotic wave
appears in early stages of normal mature spermatozoa in order to keep the ratio between
some germinal cell stages and Sertoli cells. In addition, it has been shown that Sertoli cells
express FasL, which lead to the destruction of Fas-positive germ cells, thereby limiting the
germ cell population to a number that Sertoli cells can support (Celik-Ozenci et al., 2006).
Such events are in agreement with the “abortive apoptosis”, theory which proposes that
apoptotic processes start in germinal cells but are not completed, and therefore Fas-positive
sperm can be found in ejaculated semen. In this regard, in normal sperm, less than 10% of
spermatozoa are Fas-positive. However, in oligozoospermic samples and in men whose
spermatozoa have poor motility and morphology Fas-positive spermatozoa oscillates
between 10-50% (Sakkas et al., 1999a). Although, some authors have reported no evidence of
Fas expression in ejaculated sperm, neither non-normozoospermic nor normozoospermic
patients (Perticarari et al., 2008), a recent study has confirmed the presence of a low Fas
expression, asserting its ability as selected apoptotic marker on cell surface of ejaculated
spermatozoa (Soleimani et al., 2010). The triggered apoptosis in germinal cells could be
attributed to a molecular mechanism which avoids the transmission of any abnormality to
offspring (Koji, 2001).

Northern blottings carried out in mouse testis have shown that this organ represent the
main constitutive source of FasL in the organism (Suda et al., 1993). Fas system is involved
in the control of immune system and is responsible of autoimmune diseases when it is not
functional. Bellgrau and collegues reported that allografts of testes were accepted in mice,
unless they were derived from gld mice (non-functional FasL), or were grafted into Ipr mice
(lack of Fas). They also showed that Sertoli cells were identified as the testicular cells that
express FasL and this receptor was therefore proposed to be responsible for immune
privilege in the testis (Bellgrau et al., 1995). However, other researchers sustain that the
expression or overexpression of FasL induce proinflammatory immune response after allo-
and xeno-transplantation (Allison et al., 1997). Additionally, Riccioli and collegues showed
that through Fas system cells express FasL on germ cells surface, and not on Sertoli cells as
showed by other authors, therefore discarding the theories of maintenance of
immunoprivilege and regulation of physiological germ cells apoptosis. Given that FasL is
present in germ cell membrane, FasL may represent a self-defence mechanism against
lymphocytes present in the female genital tract, as corroborated experimentally (Riccioli et
al., 2003). Experimental evidence carried out on mice revealed the presence of FasL on
epididymal spermatozoa, suggesting that this system plays a self-protective role of male
gametes against immune attacks along the male and female genital tract (Riccioli et al.,
2003). Supplementary studies have shed new light about the role of Fas depending on its
location. Two different forms of Fas were observed in sperm: Membrane cell bound (mFas)
and soluble Fas (sFas) besides of matrilisyn (MMP-7), the methalloprotease which cleaves
mFas to sFAS. mFas was found on normozoospermic men and it was absent in sperm cells
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from pathological donors suggesting that normozoospermic germ cells are equipped with
Fas system protection against hostility into human genital tract. On the other hand, germ
cells from infertile samples showed matrilysin and sFas, and consequently they are prone to
suffer apoptotic process in human genital tract (Riccioli et al., 2005).

Apart from the physiological role of Fas, many external toxicants have been described to
cause cell damage where Fas takes an essential part triggering apoptosis. For instance,
bisphenol A, a potential endocrine disruptor and testicular toxicant, induces germ cell
apoptosis through Fas/FasL and the subsequent activation of the mitochondrial apoptotic
pathway (Wang et al., 2010). Zearalenone, which is a non-steroidal estrogenic mycotoxin,
causes testicular toxicity through the modulation of Fas/FasL (Jee et al., 2010). Lead-induced
apoptosis is involved in the increase of Fas expression (Dong et al., 2009). Intra-peritoneal
injection of ethanol in mice also causes a rise in Fas/FasL expression. Moreover, this toxicant
causes damage to mitochondria, activating the intrinsic pathway of apoptosis (Jana et al.,
2010). In this line many toxicants have been shown to promote apoptosis through Fas
pathway, including cocaine (Jia et al., 2008), dexamethasone (Khorsandi et al., 2008), mono-
(2-ethylhexyl) phthalate (Chandrasekaran et al., 2005), among others. Additionally, the
gonads are very sensitive to exogenous stimuli such as X-rays and heat; these factors seem
to be related to infertility in both sexes. Several studies of apoptosis on male infertility
establish an association between increased cell death and fertility problems. Actually, an
increase in apoptotic germ cells in testis of patients suffering severe oligozoospermia and
azoospermia has been reported (Lin et al., 1997).

Li and co-workers reported that BID, a pro-apoptotic Bcl-2 family member, is a specific
substrate of caspase-8 in the Fas apoptotic signaling pathway. While non-truncated BID is
localized in cytosol, truncated BID (tBID) translocates to mitochondrial outer membrane and
thus transduces extracellular apoptotic signals to mitochondria. tBID induces release of
cytochrome ¢, loss of mitochondrial membrane potential, cell shrinkage, and nuclear
condensation in a caspase-dependent fashion. Thus, BID is a mediator of mitochondrial
damage induced by caspase-8 (Li et al., 1998).

2.2 Intrinsic apoptosis

Apart from the extrinsic pathway, intrinsic apoptosis is also involved in both physiological
and pathological processes. The anti-apoptotic Bcl-2 family members play a critical role in
the intracellular balance, likely hormonally-controlled, determining which cell lives or
which one dies (Rodriguez, 1997). As mentioned before, apoptosis is present in the normal
human testis involving all classes of germ cells. In this regard, Oldereids reported that there
was a preferential expression of Bax, Bcl-xL, Bcl-2, Bad and Bak in germ cell compartments
suggesting that these apoptotic proteins are involved in differentiation and maturation
through the various stages of human spermatogenesis (Oldereid et al., 2001), under intrinsic
apoptosis control. During the male embryo development, primordial germ cells migrate
from allantoids, where they are generated to develope gonads, known as gonadal ridge. In
this process apoptosis occurs in order to eliminate cells with anomalous migration, which
therefore would be cause of physiological anomalies. Redundant primordial germ cells are
controlled by the balance of Bcl-xL and Bax proteins, which determine the death or survival
process. Thus, in case of cell death, apoptosis is carried out affecting permeability of
mitochondria and their subsequent collapse (Rucker et al., 2000).
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According to recent studies, hormones control apoptosis in different stages of maturity.
Follicle-stimulating hormone (FSH) and testosterone play a role predominantly acting as
survival factors. Studies to test the action of testosterone showed that the hormone
influence, at least in rodents, is exercised through both pathways, intrinsic and extrinsic, in
spermatocytes and spermatids. Studies in gonadotrophin-deficient men suggest that the
hormonal control on apoptosis of spermatogonia is exercised through the intrinsic pathway
(Rawanpura et al., 2008).

Experimental evidence have shown that mitochondrial membrane potential (AWy,) could be
used as a trustable tool to determine the sperm quality, given that the AW, and sperm
functions are correlatively related. For instance, studying JC-1 staining, a probe sensitive to
AW, it was observed a relationship with events such as compromise plasma membrane
permeability (Troiano et al., 1998), DNA damage (Donelli et al., 2000), motility and in vitro
fertilization rates (Marchetti et al., 2004) or even presence of phosphatidylserine (Barroso et
al., 2006). In all cases, a correlation between sperm quality and AWy, could be found. This
suggests that AW, may be used as a diagnosis of dysfunctional spermatozoa suffering from
apoptotic process, low motility, DNA damage or other types of undesirable occurrences. In
this way, the rates of pregnancy among barren couples could be easily improved when
abnormal sperm is discarded. Interestingly, those spermatozoa showing high AW, have
shown intact functionality of acrosome as well as high motility values and fertilizing
capacity (Gallon et al.,, 2006). Likewise, low AW, is related to low rates of pregnancy
(Marchetti et al., 2004). Together, these results suggest the importance of mitochondrial
functionality for fertilizing capacity of human spermatozoa.

The use of chemotherapeutic agents leads to undesirable consequences on sperm functionality,
damaging DNA and/or triggering apoptosis affecting mitochondria. For instance, betulinic
acid (BA) has been shown to disrupt AW, activating subsequently caspase-9 and -3. These
events of intrinsic programmed cell death have been related to a significant decrease of
spermatozoa motility (Dathe et al, 2005), given that they induce apoptosis through
mitochondria, the cell energy source necessary for sperm motility or velocity. Pre-incubation
of spermatozoa with z-VAD-fmk inhibited only in a partial way the loss of AW, under BA
treatment, which is indicative that BA-induced mitochondrial disruption is independent of
caspase activation (Espinoza et al., 2009). Together these results suggest that inducers of the
mitochondrial pathway of apoptosis applied in the treatment of cancer affect directly to men
fertility. High AW, has been positively correlated to sperm concentration and negatively to
levels of ROS. This is consistent with low rates of in vitro fertilization (IVF) (Wang et al., 2003).
Controversially, the anticancer agent cisplatin is able to induce caspase-8 and apaf-1, activating
caspase-3 and -2 even with caspase-9 blocked. This implies that cisplatin leads to apoptosis
independently of mitochondria (Muller et al., 2003).

Hyperthermia is the base for cryptorchidism. Exposure of germ cells at mild heat results in
induction of apoptosis. Besides FasL, Bax translocation to mitochondria, caspases-3, -6, -9, -7
activation and cytochrome c release have been detected under hyperthermia treatment.
However, heat-induced apoptosis in FasL-defective cells was not blocked. These results
demonstrate that heat-induced apoptosis occurs via mitochondria (Said et al., 2004).

Alkylating drugs against cancer such as cyclophosphamide (CP) have unwanted results in
patients' germ cells, both in seminogram parameters and in causing DNA damage as a
consequence. However, it has been described that these unwanted effects could be mitigated
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by the presence of antioxidants, e.g. astaxanthin, a red carotenoid pigment (Tripathi & Jena,
2008). Genotoxicity of different anti-neoplastic agents, including methotrexate or tamoxifen,
induces hazards in both somatic and germ cells, as a consequence of cancer treatment side
effects. However, pretreatment with the antioxidant taurine alleviates chromosomal
aberrations, and restores GSH levels, increasing the count and motility of spermatozoa and
decreasing abnormalities (Allam et al., 2011).

3. ROS generation and oxidative stress

Aerobic organisms are continuously exposed to ROS. The main source of ROS is the electron
transport chain within the inner mitochondrial membrane. Apoptosis can also be stimulated
by ROS in several cell types (Brookes et al., 2004; Bejarano et al., 2008; Lozano et al., 2009).
Aerobic cells are equipped with the necessary antioxidant machinery to scavenge ROS and
keep free radicals at homeostatic levels avoiding pathological effects due to oxidative stress. It
has been long recognised that ROS may form an important link similar to the second
messenger intracellular communication, or even taking part in physiological processes such as
“the respiratory burst” in macrophages or neutrophils. Nevertheless, physiological levels of
ROS are also required for normal sperm functions including hyperactivation, capacitation and
acrosome reaction (Sikka et al., 1995). The amount of scavenging enzymes of spermatozoa is
limited as well as their cytoplasm, in which these enzymes are found, making them highly
susceptible to ROS damage. Actually, it has been suggested that the damage to the acrosome
membrane may not be related to sperm motility (Griveau et al., 1995). Lipid peroxidation
caused by oxidative stress conditions during the transport of sperm through the epididymis
not only affects the plasma membrane of these cells in close contact with each other during
transport, but can also inhibit the acrosome reaction by damaged acrosome membrane with no
apparent effect on motility (Oehninger et al., 1995).

When global levels of ROS, overcome the available total antioxidant capacity (TAC)
oxidative stress occurs, which results in oxygen and oxygen-derived oxidants. Given that
ROS are able to readily permeate membranes, within cells, DNA, proteins and lipids suffer
from oxidative damage, leading cells into apoptosis. ROS present in seminal plasma can be
originated from several sources, both endogenous and exogenous. The ejaculated semen is
made up of different types of cells, including mature and immature spermatozoa,
leukocytes and epithelial cells, being leukocytes and immature spermatozoa the major
source of ROS (Kothary et al., 2010). Leukocytes, more specifically neutrophils and
monocytes, are present in semen, avoiding the presence of pathogens. In line with this,
during infection leukocytes produce high amount of ROS (Tremellen et al., 2008). A
detrimental activity of superoxide dismutase (SOD) and increased levels of pro-
inflammatory interlekin-8 can also be detected (Blake et al, 1987). Semen contains
antioxidants that protect germ cells from environmental oxidative hazard. However,
antioxidants are removed by assisted reproductive techniques, leaving sperm cells
especially vulnerable to oxidative damage. Semen manipulation, like cryopreservation or
repeated cycles of centrifugation, has unwanted effects on germ cells. After cryopreservation
and thawing or centrifugation, an excess of ROS is detected evoking oxidative stress in germ
cells due to lowered intracellular antioxidant levels. As expected, these effects cause
irreversible damage to DNA (Agarwal et al., 1994; Kumar et al., 2011). In this regard, the
application of antioxidants appears as a tool to protect germ cells from manipulation-
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induced oxidative damage. Growing studies support the beneficial effect of antioxidants.
For example, the exposure of post-thawed spermatozoa showing increased levels of ROS to
ascorbate or catalase reduced ROS production and subsequent apoptotic events, such as loss
of AW, PI and Annexin V staining. Moreover, a considerable improvement in sperm
parameters was also appreciated (Li et al., 2010). Similar results were obtained with other
antioxidants like cystein, taurine, chloropromazine, and treating samples with the
antioxidant enzymes SOD and glutathione peroxidease (Paudel et al., 2010; Thuwanut et al.,
2010). The use of melatonin, which has an uncommomly low toxicity profile, has been also
proposed as a powerful antioxidant and anti-apoptotic agent in ejaculated human
spermatozoa (Espino et al., 2010).

Apart from leukocytes, immature spermatozoa are an additional source of ROS. Erroneous
spermatogenesis does not allow the regular extrusion of cytoplasm from potential germ cells
for maturation process. Thus, these sperm cells contain an excess of cytoplasm and are
considered immature (teratozoospermic). The excess activates the NADPH system (Kothary
et al., 2010), mainly in mitochondria, resulting in an increase of free radicals. Moreover,
mitochondria have been reported to be the main source of ROS in infertile men (Plante et al.,
1994). It has been reported a positive tendency between teratozoospermia and ROS
production at pathological levels, as well as apoptosis and DNA damage in spermatozoa
(Sikka et al., 1995). In this regard, it has been reported that H,O»-evoked oxidative stress
induces mitochondrial ROS generation affecting mitochondria functionality and activating
caspase-9 in human spermatozoa (Espino et al.,, 2010). Caspase-9 is an initiator protease
considered to be involved in the initial steps of mitochondrial apoptosis. The pre-incubation
of spermatozoa with the specific inhibitor of caspase-9, z-LEHD-fmk, was able to block
H>Os-evoked caspase-3 activation (Bejarano et al., 2008). Taken together, these findings
strongly suggest that oxidative stress leads cells into apoptosis through the mitochondrial
pathway. Evidence suggests that ROS-mediated damage to sperm significantly contributes
to 30-80% of pathological cases (Shekarriz et al., 1995; Agarwal et al., 2006).

Natural antioxidants including melatonin are currently acquiring great importance for cell
protection against oxidative hazards. Melatonin reduces calcium-evoked ROS generation, as
well as caspase-9, what means that melatonin protects mitochondria, blocking the apoptotic
process (Espino et al., 2010). Similarly, myo-inositol, the most important form in nature of
inositol, a component of vitamin B, has been suggested to have an antioxidant seminal
action. Particularly, myo-inositol has shown capacity to ameliorate mitochondrial function
of oligo-astheno-theratozoospemic patients. This indicates that the molecule may be used
for the treatment against male infertility (Condorelli et al., 2011). ROS cause infertility by
two main mechanisms. First, ROS damage the sperm membrane which in turn reduces the
sperm motility and ability to fuse with the oocyte. Second, ROS directly damage sperm
DNA, compromising the paternal genomic contribution to the embryo (Tremellen et al.,
2008). A positive correlation between urinary TAC and different seminogram parameters
including concentration, motility, morphology and vitality, as well as a negative correlation
with round cells has been shown (Ortiz et al., 2011). Hence, antioxidant endogenous levels
strengthen or ameliorate sperm parameters and diminish the number of round cells, which
are responsible, at least in part, for the oxidant environment in seminal fluid due to ROS
generation. Also endogenous melatonin exerts a role in semen quality improvement.
Additionally, evidence supports that melatonin supplementation has a potential use to
obtain more successful assisted reproductive technique outcomes (Ortiz et al., 2011.).
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Although, orally-administered antioxidants improve sperm DNA damage and protamine
packaging, and reduce seminal ROS generation and apoptosis, other researchers have not
observed significant changes in routine sperm parameters (concentration, motility and
morphology) (Tunc et al., 2009).

Infection in the genital tract usually results in leukocyte increase and a subsequent elevation
of seminal ROS levels. If the number of leukocytes exceeds normality (1x10¢ leukocytes/mL)
spermatozoa integrity may be compromised. However, at lower concentrations, leukocytes
occasionally may cause oxidative stress (Kothary et al., 2010). Varicocele has adverse effects
on spermatogenesis and sperm quality, but the responsible mechanisms remain little
known. High levels of ROS, as well as low TAC levels, have been detected in semen from
infertile varicocele patients and a decrease in ROS levels has been shown after
varicocelectomia (Agarwal et al.,, 2004). ROS presence plays an important role causing
asthenozoospermia. Given that some reactive species can induce peroxidation on membrane
lipids, they affect negatively to axonemal structures compromising severely the sperm
motility and the asthenozoospermia occurs. Interestingly, most men suffering from spinal
cord injury suffer also from infertility (Lisenmeyer & Perkash, 1991). Both a polluted
environment or lifestyle habits are quite often the causal origin of presence of ROS in sperm.
Not only industrial air pollutants, such as those included in beauty products, heavy metals,
pesticides, sulfur dioxide or food preservatives (Kothary et al., 2010), but also compounds
of cigarette smoke have been reported to be harmful for health. More specifically, cigarette
smoke produces ROS and decreases TAC and semen parameters (Saleh et al., 2002). In line
with this, it is noteworthy that smokers’ semen contains more ROS than non-smokers” semen.
Thereby, fertility might be compromised by smoking-derived effects. Moreover, ethanol
consumption may also have adverse effects for male fertility. Ethanol metabolism induces ROS
generation damaging cellular molecules, including DNA, proteins and lipids (Vine, 1996).
Given that antioxidant defenses play an essential role in apoptosis regulation, even when the
death signal is not oxidative stress, supplementation which antioxidants, such as N-acetyl-L-
cystein, both in vitro and in vivo, may diminish DNA-damage of spermatozoa, suggesting a
new therapeutic strategy for oligospermic patients (Erkkild et al., 1998).

Generally there are some anomalies in DNA of ejaculated spermatozoa. However the
consequences that fertilization with anomalous DNA could cause in the development of the
embryo are still not very well known. Intracytoplasmic sperm injection appears to be a
growing risk to transfer damaged DNA (Sakkas et al., 1999b). In this regard, further studies
are necessary to identify and select sperm with undamaged DNA or remove sperm with
damaged DNA from samples, in order to improve the efficiency of pregnancy with in vitro
fertilization methods. Although there is a negative correlation between quality of sperm
parameters and DNA damage, breaks in DNA have been also found in normal parameters
of seminograms. Two hypotheses define the most likely explanation for DNA damage in
spermatozoa, a failed packaging of chromatin and induction of apoptosis (for review see
Sakkas et al., 1999b). The main origin of DNA damage can be found in the anomalous
packaging of chromatin. Protamines are proteins in charge of the DNA packaging, replacing
histones in the haploid spermatogenesis. Furthermore they are believed to be essential for
sperm condensation and DNA stabilization. Protamines are usually deficiently deposited in
DNA during the packaging of spermatogenesis, remaining some vulnerable nicks along the
chromatin. These nicks indicate incomplete maturation during spermatogenesis. Thus, DNA
is susceptible to suffer damage by ROS or nucleases, which is in agreement with findings
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that showed a correlation between DNA damage and a deficient packaging due to
underprotamination (Sailer et al., 1995). The tumor suppressor protein p53 is expressed
when DNA is damaged. p53 promotes the transcription of some genes involved in
apoptosis, including those that code for death receptors and pro-apoptotic Bcl-2 (Miiller et
al., 1998). Although p53 is not found in normal spermatogenesis, it has been found in
spermatogonia under X-ray treatment, since germ cells from p53 knockout mice are not
prone to trigger apoptosis of germ cells when DNA is irradiated. Evidence suggests that p53
is particularly involved at removing lethally damaged spermatogonia (Beumer et al., 1998).

4. Role of Ca** in sperm physiology

Cytosolic Ca?* signals can control several physiological processes in excitable and non-
excitable cells. These signals are produced by opening channels permeable to Ca2* either in
the plasma membrane or in the membrane of intracellular organelles containing high Ca2*
concentrations. CaZ*-permeable channels can catalyze the flow of millions of CaZ* ions
through non-conducting lipid bilayers and, therefore, a small number of channels can cause
significant changes in a tiny cell, such as the sperm, within milliseconds. In fact, changes in
the intracellular concentration of Ca?* due to the activation of such channels have been
associated with different aspects of mammalian sperm function, including sperm motility,
capacitation and the acrosome reaction.

4.1 Sperm capacitation

Capacitation of sperm is a prerequisite for successful fertilization. It comprises a series of
complex and finely tuned changes that normally occur during transit in the female genital
tract so that spermatozoa can reach and fuse with the oocyte. Changes associated with
this process comprise, among others, an increase in respiration and subsequent changes in
the sperm motility pattern, removal of cholesterol from the plasma membrane, increases
in [Ca?*]; in the sperm head and flagellum, and activation of second-messenger cascades
(de Lamirande et al., 1997; Purohit et al., 1999; Darszon et al., 2001). Importantly, the
most significant change in sperm after capacitation is its ability to undergo the acrosome
reaction (AR).

Ion environment and ion fluxes through the sperm plasma membrane are highly important
in capacitation. Particularly, intracellular Ca2* has been shown to be increased during
capacitation. This may be the result of (i) reduced Ca2* efflux due to inhibition of the Ca2*
ATPase pump, (ii) increased leakage of Ca2?* across the membrane owing to instability
caused by removal of cholesterol, and/or (iii) increased Ca2* influx due to the activation of
unidentified channels (Jagannathan et al., 2002). Nevertheless, regulation of voltage-gated
Ca?* (Cay) channels during sperm capacitation may also occur, although such a regulation
has not been directly established (Espinosa et al., 2000; Darszon et al., 2001).

4.2 The acrosome reaction

The sperm acrosome reaction (AR) is a fundamental reproductive strategy which is a pre-
requisite for successful fertilization. It involves exocytosis of the acrosomal vehicles
contained in the head of the sperm. During this process, lytic enzymes and materials
required for sperm binding are released into the extracellular space leading to the fusion of
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the gametes. Ca2* influx is an absolute requirement for the physiological AR in sperm from
all species examined to date (Vansudevan et al., 2010). In mammals, fertilization begins with
the direct interaction of sperm and egg, a process mediated primarily by gamete surface
proteins. Once the sperm has penetrated the cumulus cells and reaches the zona pellucida
(ZP), it undergoes exocytosis, thus releasing the acrosomal content.

Sperm-ZP adhesion activity has been confirmed by gene knockout of one sperm surface
enzyme that putatively binds ZP3 (a glycoprotein constituent of the ZP), i.e. beta-1,4-
galactosyltransferase I (GalT I) (Rodeheffer & Shur, 2004). ZP3-induced exocytosis of the
acrosomal contents proceeds through two sperm signaling pathways. In the first, ZP3
binding to GalT I and other potential receptors results in activation of a heterotrimeric
guanosine-5’-trisphosphate (GTP)-binding protein and phospholipase C (PLC), thus
elevating the concentration of intracellular Ca2*. In the second pathway, ZP3 binding to the
same receptor(s) stimulates a transient influx of Ca2* through T-type Cay channels. The
intracellular Ca?* signal elicited by ZP3 is prolonged and the sperm AR occurs some
minutes after the beginning of this signal. This initial intracellular Ca2* entry, in a later
phase of the signaling, induces a second, sustained Ca?* influx through transient receptor
potential cation (TRPC) family Ca2* channels, thereby resulting in a sustained increase in
intracellular Ca2* that triggers exocytosis (Darszon et al., 2001; Primakoff and Myles, 2002).

4.3 Sperm motility

Although the external triggering mechanisms that initiate sperm motility are largely
unknown, evidence supports a modification of the Ca2* balance by several separate
mechanisms. Elevation of intracellular Ca?* can occur by entry of Ca2* ions into cells
through the plasma membrane or release of Ca2* from internal stores. At this respect, it has
been demonstrated that Cay channels are expressed in the sperm tail and may participate in
the regulation of flagellar motility. Thus, these channels are present in the sperm flagella
and compounds known to inhibit them induce a small decrease in human sperm motility,
thereby indicating they might participate in regulating this function (Trevino et al., 2004).
Additionally, confocal immunofluorescence experiments have shown that, at least, four
distinct types of capacitative Ca2* channels (TRPC1, 3, 4 and 6) are expressed and
differentially localized in the human sperm. By analyzing the effects of distinct TRPC
channel antagonists using a computer-assisted assay, evidence suggests that these proteins
may play an important role in controlling human sperm flagellar movement (Castellano et
al., 2003).

Likewise, at some time before fertilization, mammalian sperm undergoes a change in
movement pattern, named hyperactivation, which is critical to the success of fertilization
because it enhances the ability of sperm to penetrate the egg’'s ZP (Ho & Suarez, 2001a,b).
Experimental evidence suggests that hyperactivated motility may be regulated by an
inositol 1,4,5-trisphosphate receptor (IP3R)-gated intracellular Ca2* store in the neck region
of mammalian sperm (Ho and Suarez, 2001b). Moreover, the unique sperm-specific cation
channel, CatSper, is expressed by meiotic and post-meiotic spermatogenic cells but not by
other cells, and is present in the sperm flagellum, thus suggesting a role in the regulation of
sperm motility. In line with this, targeted disruption of mouse CatSper gene results in male
sterility, mainly due to the inability of sperm to maintain normal patterns of motility and to
penetrate the egg’s ZP (Ren et al., 2001). Actually, disruption of CatSper2 seems to underlie
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highly reduced sperm motility in man, as ascertained in asthenoteratozoospermic patients
(Avidan et al., 2003), which constitutes the first description of an autosomal gene associated
with non-syndromic male infertility in humans.

4.4 Sperm apoptosis and its interaction with ca* signaling

Apoptosis signaling in human sperm has been a controversially debated issue for a long
time, because sperm are mainly transcriptionally inactive cells (Grunewald et al., 2005) and
the knowledge gained from studies of somatic cells cannot be transferred without
experimental evidence. Although initial studies denied the presence of apoptosis in
ejaculated human sperm at all (Weil et al., 1998), and further studies suggested an abortive
apoptosis as a remnant of incomplete spermatogenesis (Sakkas et al., 1999a), recent
publications have suggested that human spermatozoa have the ability to undergo apoptosis
or apoptosis-like conditions in response to a variety of stimuli (Grunewald et al., 2001;
Paasch et al., 2003, Taylor et al., 2004; Eley et al., 2005; Barroso et al., 2006; Martin et al., 2007;
Bejarano et al., 2008; Espino et al.,, 2011). Apoptosis signaling in human sperm is
preferentially based on the mitochondria-associated pathway, the main features being
activation of the initiator caspase, caspase-9, disruption of the transmembrane
mitochondrial potential, activation of the major effector caspase, caspase-3, and consecutive
cellular degradation (Paasch et al., 2004; Bejarano et al., 2008).

Although calcium is a key regulator of cell survival, the sustained and prolonged elevation
of [Ca2*]; plays a role in cell death (Demaurex & Distelhorst, 2003). The pro-apoptotic effects
of calcium are mediated by a diverse range of calcium-sensitive factors that are
compartmentalized in various intracellular organelles, including endoplasmic reticulum and
mitochondria (Hajnoczky et al., 2003). Excessive calcium load to the mitochondria may
induce apoptosis by stimulating the release of apoptosis-promoting factors from the
mitochondrial intermembrane space to the cytosol and by impairing mitochondrial function
(Wang, 2001). In this context, it has been demonstrated that H.O; and progesterone are able
to induce a mitochondria-dependent apoptosis program in ejaculated human spermatozoa,
which requires increases in intracellular Ca2* concentration and Ca2?* entry into
mitochondria. In fact, both the [Ca2*]; chelator, dimethyl BAPTA, and the specific blocker of
calcium uptake into mitochondria, Ru360, were able to inhibit sperm apoptosis induced by
both H>O; and progesterone, as ascertained by experiments on caspase-3 activity and
phosphatidylserine externalization (Bejarano et al., 2008).

Bcl-2 family members are reported to have an important role during testicular development
(Yan et al., 2000). The members of the Bcl-2 family, composed of both death agonists and
antagonists, differ in their structural features, and their expression pattern depends on the
tissue of expression (Reed, 1997). A homologue of Bcl-2, Bcl-x, exists in two isoforms
generated by alternative splicing. The large form, Bcl-xL, protects cells against death,
whereas the short form, Bcl-xS, promotes cell death by inhibiting Bcl-2 or Bel-xL function. In
this context, it has been suggested that ionic alterations in the cell could signal a change in
alternative splicing of Bcl-x leading to up-regulation of a given isoform. Thus, by using a
well-known testicular toxin, 2,5-hexanedione (2,5-HD) (Akingbemi & Hardy, 2001), it has
been proven that exposure to 2,5-HD causes an intracellular Ca2?* increase in spermatogenic
cells, thus producing a shift toward a relative increase of Bcl-xS encoding isoform over the
Bcl-xL isoform. Since the level of Bcl-2 and Bax remained unchanged after 2,5-HD exposure,
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the effect of 2,5-HD seems to be mediated by reversal of the ratio between apoptosis-
inducing and -preventing isoforms of Bcl-x, leading to mitochondrial changes resulting in
apoptotic death (Mishra et al., 2006). On the other hand, the Fas/FasL system has been
strongly implicated in spermatogenic cell death during development (Hikim et al., 2003),
adulthood (Koji et al., 2001), and after toxin exposure (Richburg et al., 2000). Actually, it has
been showed that physiological apoptosis of spermatocytes during the first wave of
spermatogenesis is associated with Fas up-regulation. Interestingly, up-regulation of Fas
and subsequent activation of caspases were correlated with an increase in intracellular Ca2*
concentration (Lizama et al., 2007), thereby reaffirming the notion that apoptosis is linked to
alterations in Ca2* homeostasis.

5. Melatonin, a new advantage in fertility

Melatonin (N-acetyl-5-methoxytryptamine), the main secretory product of the pineal gland,
acts as an antioxidant and a "scavenger" of free radicals, possesses anti-proliferative,
oncostatic and anti-aging activity, and immunomodulatory and neuroprotective effects.
Other organs and tissues can also produce melatonin, where it can be found in high
concentrations. At the level of subcellular organelles, melatonin levels may vary. Some
authors have reported levels of melatonin in the nucleus and mitochondria higher than
those found in plasma (Leén et al.,, 2004). The number of articles reporting the role of
melatonin in apoptosis has dramatically increased in the last decade. The fields of interest
are grouped into two categories: i) the role of melatonin in preventing apoptosis in normal
cells and ii) the role of melatonin increasing apoptosis in cancer cells. This pro-apoptotic role
in tumor cells contrasts sharply with the anti-apoptotic actions in normal cells, implying a
potential use of melatonin in the death of tumor cells, thus preserving cellular function of
normal cells (Sainz et al., 2003; Bejarano et al., 2011).

It is known that human seminal plasma contains melatonin, which can exert important
effects on sperm motility and sperm function, favoring and increasing fertility rates. In fact,
it has been shown that melatonin is able to increase sperm hyperactivation acting through
its receptor MT1 (Fujinoki, 2008). Melatonin also exerts beneficial effects in oocyte
physiology and improves the fertilization rate. This means that melatonin has potential
beneficial effects on fertility, for both male and female. It is worth noting that the
supplementation with melatonin may be especially important in couples where one or both
may be infertile. However, few clinical trials have been carried out in infertile patients
treated with melatonin at medium/long-term periods.

Melatonin is known to regulate seasonal and circadian rhythms in mammals (Reiter et al.,
2009), but emerging evidence also suggests that melatonin possesses protective effects
against free radicals and apoptosis. This also seems to be the case for its metabolites
(Hardeland et al., 2009). Results clearly indicate that the urinary metabolite of melatonin, 6-
sulfatoxymelatonin is highly positively correlated with sperm quality, determined as sperm
concentration, morphology, and sperm motility (Ortiz et al., 2010), while negatively
correlated with round cells present in the ejaculate. The action of the indoleamine after the
induction of apoptosis in human sperm using H>O, and progesterone has been analyzed,
reaching the conclusion that the use of melatonin inhibits the production of ROS and
reverses various characteristics of apoptosis such as caspase activation or
phosphatidylserine externalization (Espino et al.,, 2010). Antioxidant and detoxifying
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properties of melatonin have stimulated studies showing a reduction in molecular damage.
In relation to this, the protective role of melatonin against oxidative damage and apoptosis
in ejaculated human spermatozoa, as a result of its free radical scavenger action, has been
recently reported (Espino et al., 2010).

This anti-apoptotic effect of melatonin is directly related to its known antioxidant capacity.
Anti-apoptotic effects of melatonin are dose dependent, and depend on the activation of
membrane receptor MT1. Moreover, the protective actions of melatonin on apoptosis
induced by oxidative stress with H,O; or [Ca2*]; overload evoked by progesterone appears
to be dependent on protein kinases ERK, which are related to cell survival (Espino et al.,
2011). In addition, a recent study showed that melatonin and TAC nocturnal levels are
positively correlated with several seminal parameters, including sperm concentration,
motility and morphology, and negatively correlated with number of round cells present in
seminal samples (Ortiz el al., 2011). An improvement in the in vitro sperm motility when
spermatozoa are incubated for short periods of time with pharmacological concentrations of
melatonin has been shown (Ortiz et al., 2011). The influence that the neurotransmitter
serotonin (melatonin precursor) may have on seminal parameters, has been also determined
through its urinary metabolite, 5-hydroxyindoleacetic acid in men with working rotating
shifts, confirming that a mismatch in levels of serotonin may negatively affect the
reproductive capacity of patients (Ortiz et al., 2010). Taken together, these results may
contribute to a better understanding of the physiology and genesis of the pathological
processes that affect human sperm, for example in asthenozoospermia or oligozoospermia,
facilitating the establishment of guidelines and/or therapies for conditions related to human
sperm, and by extension for the male reproductive physiology.

6. Conclusion

Although the relevance of understanding the mechanisms that control germ cell death is
evident, male infertility treatment requires further investigation. Apoptosis is a well-
characterized mechanism for removing redundant cells. The characterization of several
apoptotic events as critical signals in damaged cells symbolizes a key advance in the
knowledge of molecular aspects of male infertility. Detection of ROS overproduction is a
faithful indicator of impaired spermatozoa. Seminal parameters including motility,
morphology, velocity, concentration, and presence of rounds cells are closely related to
oxidative status of germ cells. In fact, ROS damage DNA directly and indirectly triggering
apoptosis, which subsequently leads to degradation of cellular substrates. Since imbalanced
presence of ROS is common in many infertility-related disorders, antioxidant treatments are
becoming relevant in protecting male germ cells from intracellular damage, increasing
fertilization success rates. Additionally, sperm showing normal parameters experience an
increase in ROS levels after manipulation, which decreases its quality. As discussed herein,
antioxidants protect from damage caused when sperm is manipulated. On the other hand,
Fas is present in plasma membrane of undesirable cells. Its expression may therefore help to
localize immature spermatocytes or damaged germ cells. However, current fertilization
techniques do not test this condition in spermatozoa. Cytometry sorting could help to rule
out spermatozoa that show a positive profile for both Fas and ROS generation. In vitro
fertilization techniques should take into account these hazardous signals to discard
damaged spermatozoa that in normal conditions would have been eliminated. Knowledge
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on the effect of fertilization carried out with undesirable spermatozoa in embryo
development still remains vague and controversial. Studies focused not only on
seminogram parameters but also on the relationship between physiological status or
apoptotic events and sperm quality are needed. Melatonin is an innocuous and antioxidant
molecule that improves semen quality. Its supplementation may be potentially used to
obtain successful results when assisted reproductive techniques are used. Further studies
are required to clarify molecular mechanisms responsible for the beneficial effects of
melatonin and to test whether the supplementation with the indoleamine is feasible to
increase success rates in assisted reproductive technology.
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