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Are sperm capacitation and apoptosis the opposite
ends of a continuum driven by oxidative stress?

Robert J Aitken, Mark A Baker, Brett Nixon

This chapter explores the possibility that capacitation and apoptosis are linked processes joined by their common dependence on
the continued generation of reactive oxygen species (ROS). According to this model capacitation is initiated in spematozoa following
their release into the female reproductive tract as a consequence of intracellular ROS generation, which stimulates intracellular
cAMP generation, inhibits tyrosine phosphatase activity and enhances the formation of oxysterols prior to their removal from the
sperm surface by albumin. The continued generation of ROS by capacitating populations of spermatozoa eventually overwhelms the
limited capacity of these cells to protect themselves from oxidative stress. As a result the over-capacitation of spermatozoa leads
to a state of senescence and the activation of a truncated intrinsic apoptotic cascade characterized by enhanced mitochondrial
ROS generation, lipid peroxidation, motility loss, caspase activation and phosphatidylserine externalization. The latter may be
particularly important in instructing phagocytic leukocytes that the removal of senescent, moribund spermatozoa should be a silent
process unaccompanied by the generation of proinflammatory cytokines. These observations reveal the central role played by redox
chemistry in defining the life and death of spermatozoa. A knowledge of these mechanisms may help us to engineer novel solutions

to both support and preserve the functionality of these highly specialized cells.
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INTRODUCTION

Despite its obvious biological importance, we still understand very little
of the molecular mechanisms responsible for the acquisition of sperm
function during the differentiation of these cells in the male and female
reproductive tracts. Similarly, we understand very little of the processes
by which these mechanisms are disrupted in cases of male infertility.
Studies in animal models such as the nematode worm, Caenorhabditis
elegans, have clearly implicated errors in posttranslational processes
such as phosphorylation, dephosphorylation and preoteolysis in the
aetiology of infertility in this species.! However, our understanding
of the molecular basis of infertility in our own species, or even
commercially important domestic species such as cattle or horses,
is still highly fragmented. This is strategically important because
impaired reproductive competence commonly involves some element
of functional deficiency on the part of the spermatozoa, to the extent
that defective sperm function has been heralded as the single most
important, defined cause of infertility in our species.? There is a
general appreciation that male infertility is an extremely complex
phenomenon, involving failures of sperm motility and/or defects in
the ability of spermatozoa to engage with the oocyte.’® Furthermore,
in the wake of studies revealing the important role that spermatozoa
play in the postfertilization induction of normal embryo development,
attention has recently focused on processes that extend beyond the
act of fertilization itself to influence the entire health trajectory of the
offspring.>® The molecular basis of these defects is still very poorly

understood, although there is a growing consensus that one of the
major factors contributing to impaired sperm function is oxidative
stress. Oxidative stress has been acknowledged as a cause of defective
sperm function since the pioneering studies of Tosic and Walton’
who demonstrated the toxic effect of endogenously generated H,O,
on bovine sperm metabolism and motility. While this observation
was made more than half a century ago we are still just beginning
to understand the causes and consequences of oxygen metabolite
generation in the male germ line. This review will summarize our
current understanding of this field and explore the possibility that
capacitation and the intrinsic apoptotic cascade represent opposite
ends of a metabolic spectrum driven by the generation of reactive
oxygen metabolites.

LIFE AND DEATH IN THE GERM LINE

Traditionally, studies in the area of sperm cell biology focus on the
molecular mechanisms that underpin the acquisition and expression
of functionality in viable cells. However, of equal importance are the
biochemical pathways that control the way in which spermatozoa
die in vivo. Spermatozoa are one of the two most important cells in
biology yet a great majority of these cells will never deliver on their
biological purpose of fertilizing the oocyte. For most of these cells, life
will end with a quiet death in the male and female reproductive tracts.
Spermatozoa are first generated by the germinal epithelium of the testes
long after immunological tolerance has been established and, as a result,
these cells are potentially capable of eliciting immunological responses
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that can affect semen quality® as well as male and female fertility.’
Within the testes, dead and moribund spermatozoa may be protected
from the immune system by a physical blood-testes barrier. However,
once these cells enter the rete testes and epididymis they are no longer
sequestered behind an anatomical barrier and are open to attack by
phagocytes. Indeed, there is a growing body of evidence (see chapters
in this Symposium volume by Sutovsky and Da Silva) for a quality
control system operating at the level of the epididymis, which allows
abnormal spermatozoa, immature germ cells and apoptotic epithelial
cells, to be recognized within the epididymal lumen and selectively
removed by phagocytosis.'”'* Even greater levels of phagocytic activity
occur in the female reproductive tract (cervix or uterus, depending on
the mode of insemination) following insemination.*'¢ In all species
studied, semen deposition elicits a massive leukocytic invasion,
followed by phagocytosis of spermatozoa, aided by the formation of
neutrophil extracellular traps.'” The purpose of this postinsemination
leukocytic infiltration is clearly to remove all of the dead and dying
spermatozoa, as well other contaminating cell types such as pathogenic
bacteria, from the female tract following insemination. In addition
to physically removing unwanted cells from the female tract, this
leukocytic infiltration also serves to program the uterus, inducing a
tolerogenic response to the presence semen and supporting embryonic
development and implantation.'®"

The immunological response to insemination is therefore centre
stage in the biology of conception. However, it is a process that has to be
controlled. While it is essential that phagocytes in the male and female
reproductive tract are capable of recognizing nonviable spermatozoa
and effecting their phagocytic removal, it is also essential that this
phagocytosis is silent, in the sense that it will not be accompanied
by a full blown oxidative burst and generation of pro-inflammatory
cytokines. If this did occur, it could have very profound consequences
for the integrity of the female reproductive tract, particularly in species
with multiple mating systems, such as the chimpanzee, where a female
in estrus may be mated multiple times by multiple males during the
period of maximal tumescence.?

There are several components to the mechanisms by which the
reproductive tract is protected from the immunological consequences
of insemination. Firstly male seminal fluid is a potent source of the Treg
cell-inducing agents, TGF and prostaglandin E.*' Prostaglandins (PG)
of the E series (PGE and, in humans, 19-hydroxy PGE) also raise
intracellular cAMP in leukocytes thereby suppressing lymphocyte
proliferation, natural killer (NK) cell activity and suppressing cytokine
release from antigen presenting cells.”> Seminal plasma also protects
cells from the ROS generated by activated leukocytes because it is
richly endowed with antioxidants capable of scavenging any free
radicals generated in the immediate vicinity of spermatozoa.>*
These antioxidants consist of enzymes such as superoxide dismutase,
glutathione peroxidase and catalase as well as small molecular
mass scavengers including tyrosine, melatonin and uric acid.*-*
Furthermore, seminal plasma contains factors that induce neutrophil
migration,” and modulate the local cytokine profile,” in such a manner
as to generate a tolerogenic state towards sperm antigens.”' Critically,
spermatozoa are also recognized by phagocytes as being a cell that
should be phagocytosed in the absence of an oxidative burst. Thus,
when human spermatozoa were coated with anti-sperm antibodies
and complement and co-incubated with neutrophils, phagocytosis
was observed but in the complete absence of an oxidative burst.*
Cytological examination of the cells revealed a limited generation
of ROS at the site of sperm-leukocyte contact but thereafter no
propagation of the response was observed.*? Clearly spermatozoa that
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are sufficiently moribund to warrant phagocytosis express surface
signals that suppress the generation of ROS by activated leukocytes.
What could these surface signals be?

Sperm apoptosis

In other cellular systems where ‘silent phagocytosis’ has been observed,
the trigger is the expression of surface markers indicating that the target
cells have experienced an apoptotic death. Thus when macrophages
consume neutrophils during the resolution of the inflammatory
response, the phagocytosis is silent and no pro-inflammatory cytokines
are released.” In this context, the phagocytosis of apoptotic neutrophils
by macrophages represents an active and highly regulated process
that not only serves to remove potentially damaging cells from the
inflammatory milieu, but also directs the phenotype of the phagocytic
cell to be anti-inflammatory.” The mechanism by which an apoptotic
cell communicates its state of innocence to marauding phagocytes
is complex and thought to involve the surface exposure of factors
signifying that an apoptotic death has occurred.’® While a variety of
such signals may exist, phosphatidylserine exposure on the cell surface
is universally recognized as a marker of apoptosis, and this is certainly
true of apoptotic spermatozoa.

Apoptosis in spermatozoa is a poorly understood process that
is significantly different from the phenomenon observed in somatic
cells. There are two distinguishing characteristics of sperm apoptosis
that should be considered, which include (i) the nature of the
process itself and (ii) the factors that trigger its induction. One of
the earliest events observed during the intrinsic apoptotic cascade in
spermatozoa is a sudden increase in the generation of mitochondrial
ROS and a concomitant loss of sperm motility.*® The mitochondrial
production of ROS, in turn, initiates a lipid peroxidation cascade
that results in the generation of cytotoxic lipid aldehydes such as
4-hydroxynonenal (4HNE) and acrolein as a result of free radical
attacks on the polyunsaturated fatty acids that abound in spermatozoa.*
These lipid peroxides are powerful electrophiles that bind to the
nucleophilic centres of proteins in the immediate vicinity.* Some of the
immediate protein targets are molecules associated the mitochondrial
electron transport chain, including succinic acid dehydrogenase.*
As a result of such protein adduction, electron transport within the
mitochondria is dysregulated, causing the leakage of electrons which
are consumed by the universal electron acceptor, oxygen, to generate
superoxide anion, which rapidly dismutates to H,O,, which then
triggers yet more lipid peroxidation. In this manner, the oxidative stress
initiated by the mitochondria becomes a self-propagating process that
forces these cells down the intrinsic apoptotic pathway.* The motility
loss associated with oxidative stress is probably a result of both ATP
depletion and the binding of aldehydes to key proteins in the sperm
axoneme such as dynein heavy chain.”

The next events observed during the intrinsic apoptotic cascade
are the activation of caspases in the sperm cytosol and the surface
expression of phosphatidylserine, as detected by annexin V binding.
Both of these features have been repeatedly observed in spermatozoa
undergoing apoptosis within several species including man,* rabbit,”
buffalo,* bull,* dog,** boar,* silver fox,* stallion* and ram.* In light
of observations in other cell types in seems reasonable to propose
that the phagocytosis of moribund spermatozoa is triggered by the
surface expression of phosphatidylserine in weakly motile, apoptotic
spermatozoa. This phagocytosis is presumably silent because the
phagocytes recognize phosphatidylserine on the sperm surface, as the
signature of an apoptotic, nonthreatening cell. It is at this early stage
of apoptosis that cells would be phagocytosed in vivo, long before



DNA damage in the sperm nucleus becomes evident.* At this stage
of apoptosis, the process deviates in spermatozoa and somatic cells.
In somatic cells endonucleases released from the mitochondria or
activated in the cytoplasm move into the cell nucleus to deliver the
coup de grace by cutting up the DNA into internucleosomal fragments
that generate the characteristic laddering pattern when the nuclei
of apoptotic cells are analysed by agarose gel electrophoresis. While
such laddering is typical of apoptotic somatic cells, it is never seen in
spermatozoa for two reasons. First, sperm chromatin contains very few
nucleosomes, most of these structures having been removed from germ
cell nuclei during spermiogenesis. Secondly, the nucleases activated
and released during apoptosis are unable to physically penetrate the
sperm nucleus because, uniquely in this cell type, the nuclear DNA
in the sperm head, is physically separated from the mitochondria and
most of the cytoplasm in the sperm midpiece. Indeed, the need to
protect sperm chromatin from nuclease attack may have been a major
factor determining the characteristic architecture of spermatozoa.
While the details of sperm morphology may vary massively between
vertebrate species, the physical separation of the sperm nucleus from
the mitochondria, is a consistent feature of these cells.

As a consequence of their structure, the only product of
apoptosis that can move from the sperm midpiece to the nucleus
in the sperm head is the H,O, generated following the dismutation
of mitochondrial superoxide anion. This is why most DNA damage
in spermatozoa is oxidatively induced and why the oxidative base
adduct, 8-hydroxy-2’-deoxyguanosine (80OHAG) is such a powerful
and effective biomarker of sperm quality (Figure 1)."

Occasionally papers have appeared describing the use of the
TUNEL assay for the diagnosis of apoptosis-like DNA fragmentation
in spermatozoa.*® On the surface of it this would seem to be evidence
for nuclease-mediated DNA cleavage since this is the property
measured by this assay. There are two problems with this interpretation:
(i) as indicated above, nucleases activated during apoptosis are physically
prevented from moving from the midpiece, where they are generated,
to the nucleus to effect DNA fragmentation, and (ii) the TUNEL assay
depends on the ability of terminal deoxynucleotidyl transferase to
catalyze the addition of labelled bases to the site of DNA nicks. The
activity of this enzyme depends on the detection of 3’hydroxy ends
at the site of DNA strand breaks. The creation of 3’hydroxy ends at
sites of DNA fragmentation is the responsibility of a nuclease, APE1,
which spermatozoa do not possess.* The only time that spermatozoa
become TUNEL positive is when they are in the perimortem and
DNA fragmentation is extensive.**® Thus, in a recent study, the
TUNEL assay could not detect oxidative DNA damage in spermatozoa
consequent to H,O, exposure, while in the same cells, intracellular and
extracellular SOHAG could be clearly identified in a manner that was
highly correlated with the outcome of the sperm chromatin structure
assay (SCSA).*

THE INDUCTION OF APOPTOSIS

If apoptosis is such an important process as far as spermatozoa are
concerning what factors are responsible for inducing this process? In
reality, this is probably the wrong question. Although apoptosis can be
induced in vitro, with wortmannin for example, this is the exception.
Most of the classical activators of apoptosis in somatic cells, such as
lipopolysaccharide or staurosporine, are not effective, or are only
weakly effective, with spermatozoa.”® A possible explanation is that
in vivo, apoptosis may never be actively induced in spermatozoa, rather,
it is their default position. All spermatozoa (bar the lucky few that get
to participate in fertilization) are destined to undergo an apoptotic
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death in the male or female reproductive tract - this is their fate. The
real question is therefore not what induces apoptosis in spermatozoa
but what prevents it from occurring. In this context, we have recently
demonstrated that the survival of mammalian spermatozoa depends
heavily on the activity of phosphoinositide 3- (PI3) kinase. This enzyme
generates the phosphoinositide, PtdIns (3,4,5) P3, which binds to
another kinase AKT1 effecting the transport of the latter to the plasma
membrane where it, in turn, becomes phosphorylated. Activated AKT1
is critical for the maintenance of sperm viability. As long as AKT1 is
phosphorylated, an array of pro-survival downstream targets such
as the apoptosis inducing factor, Bad, are also phosphorylated and
the spermatozoa survive. By contrast, as soon as AKT1 becomes
dephosphorylated, spermatozoa are immediately directed towards
the intrinsic apoptotic cascade. Thus the key to sperm survival is
maintaining the phosphorylation status of AKT1 and the key to that
objective is keeping PI3 kinase in a phosphorylated activated state.

In most cells the ability of PI3K to generate PtdIns (3,4,5)
P3 is in dynamic equilibrium with a phosphatase that negatively
regulates the bioavailability of the phosphoinositide by catalysing
its dephosphorylation to the corresponding bisphosphate,
PIP2 [PtdIns (4,5) P2]. This phosphatase is known as PTEN.
Immunocytochemical localization of PTEN revealed that the
phosphorylated, stabilized, form of this enzyme (pSer380) is localized
in the equatorial segment of the sperm head, distant from the PI3K
in the principal piece of the tail. This physical separation of PI3K and
phosphorylated PTEN is absolutely unique to spermatozoa and would
ensure that the former is free to generate PtdIns (3,4,5) P3 without any
interference from PTEN phosphatase activity.

If PTEN is not a key regulator of PtdIns (3,4,5) P3 availability in
spermatozoa, then the only other point of control for cell survival
would be the activation of PI3 kinase itself. We therefore propose
that in vivo the prolonged survival of spermatozoa in the male and
female reproductive tracts is mediated by pro-survival factors which
serve to maintain PI3 kinase in an activated phosphorylated state. It
is the absence of such factors that limits the lifespan of mammalian
spermatozoa in vitro to a matter of hours whereas in vivo they last for
days in both the epididymis and, postinsemination, in the isthmic
region of the Fallopian tubes. Identifying these prosurvival factors
is clearly the key to engineering in vitro storage media that will keep
spermatozoa in a viable functional state for prolonged periods of time.
Our search for such prosurvival factors was originally guided by a
proteomic analysis of spermatozoa, which highlighted the presence
of receptors in the sperm plasma membrane which are known to be
coupled to PI3 kinase and could therefore reasonably fulfil a prosurvival
role.” On this basis the prosurvival factors we have identified to date
are prolactin and insulin;*® we are certain there are others and there
may well be different prosurvival factors in different species. The
identification of these molecules will greatly facilitate our capacity to
design the sperm reservation media of the future without the need to
revert to low temperature strategies.

ROS CONTROL SPERM CAPACITATION AS WELL AS CELL
DEATH

Reactive oxygen metabolites are not only fundamental to the apoptotic
process that ends the life of sperm, they are also heavily involved
in the capacitation of these cells when they are in their functional
prime. The notion that there is a link between ROS, and sperm
capacitation has its origins in a series of studies dating back more
than 20 years indicating that the generation of ROS is fundamental
to the attainment of a capacitated state. Thus pioneering studies by
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Figure 1: Proposed pathways mediating the redox regulation of sperm capacitation and the initiation of apoptosis. (a) (1) In capacitating spermatozoa ROS generation is
possibly elevated because of an increase in NADPH oxidase activity subsequent to activation of the hexose monophosphate shunt activity and the enhanced availability
of NADPH.7® (2) The second source of O,* in mammalian spermatozoa are the mitochondria in the sperm midpiece which generate a low level of ROS during steady
state respiration. (3) The O,* generated from these sources is thought to combine with NO produced as a consequence of nitric oxide synthase activity to generate
the powerful oxidant, peroxynitrite (ONOO"), which mediates the oxidation of sterols that then exit the plasma membrane generating a dramatic increase in membrane
fluidity as a consequence. (4) The combined action of ONOO™ and H,0, (generated as a result of superoxide dismutase activity), leads to the inhibition of tyrosine
phosphatase activity, thereby facilitating tyrosine phosphorylation. (5) The combination of 0,*, HCO,  and Ca?*, activates soluble adenylyl cyclase stimulating cAMP
production and the activation of PKA. The latter both directly activates SRC kinases (pp60cSRC and cABL) and simultaneously suppresses an inhibitor of SRC,
C-terminal SRC kinase; as a result, SRC activity is significantly increased. (6) SRC then phosphorylates and inactivates a protein phosphatase permitting the dramatic
upregulation of tyrosine phosphorylation that characterizes the capacitated state.”’ (b) (7) When the oxidative stress associated with capacitation overwhelms the
limited antioxidant defences offered by spermatozoa the cells enter the intrinsic apoptotic cascade, one of the early features of which is an increase in mitochondrial
ROS. (8) Mitochondrial ROS generation induces the formation of small molecular mass aldehydes such as 4HNE which bind to the mitochondrial electron transport
chain and stimulate yet more ROS generation in a self-perpetuating cascade. This further enhances the oxidative damage to the cell impairing motility and activating
caspases. (9) During the advanced stages of apoptosis, phosphatidylserine appears on the exofacial surface of the spermatozoa and acts as a signal promoting the
silent phagocytosis of these cells by dendritic cells, macrophages and neutrophils following insemination. ROS: reactive oxygen species; PKA: protein kinase A.
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Claude Gagnon’s group in McGill University, Canada, demonstrated
that complex biological fluids (an ultrafiltrate of fetal chord serum)
could induce biological features of capacitation, such as hyperactivated
movement, via mechanisms that could be effectively reversed by the
presence of antioxidant enzymes such as superoxide dismutase.*
In a separate series of studies we demonstrated that the tyrosine
phosphorylation events associated with human sperm capacitation
were also stimulated by ROS via mechanisms that could be reversed
with various antioxidants of including catalase.”* ROS are thought to
exert a positive influence on tyrosine phosphorylation in capacitating
spermatozoa through their ability to enhance intracellular levels of
cAMP and inhibit tyrosine phosphatase activity.” Indeed the case for
ROS involvement in cAMP generation and tyrosine phosphorylation
has now been made for human,*’ rat,’® mouse,* bull,* stallion, and
boar® spermatozoa (Figure 1).

In terms of the specific reactive oxygen metabolites responsible for
the induction of sperm capacitation, a pivotal role for H,O, generation
has been suggested by experiments demonstrating that direct
addition of this oxidant to suspensions of human, hamster or bovine
spermatozoa, leads to the stimulation of tyrosine phosphorylation
and capacitation.®>®-6> Similarly, the artificial creation of oxidizing
conditions by exposing spermatozoa to extracellularly-generated ROS
using the glucose oxidase or xanthine oxidase systems, has been shown
to stimulate capacitation and tyrosine phosphorylation in several
species (man, hamster, bull and horse) via mechanisms that can be
reversed by the addition of catalase.”® The biological importance of
H,0, has been further emphasized by the ability of catalase to inhibit
the spontaneous induction of tyrosine phosphorylation in capacitating
mammalian spermatozoa.*® and to suppress sperm functions such
as hyperactivation, the acrosome reaction and sperm-oocyte fusion
that are all ultimately dependent on the attainment of a capacitated
State.54,56,63,66

In addition to H,O,, evidence has been presented suggesting that a
variety of alternative ROS can stimulate sperm capacitation including
0,-+, NO and ONOO"“" In vivo there will probably be so much
interconversion of these oxygen metabolites during sperm capacitation
that it would be possible for all of these ROS to participate in this
process. If it is the oxidizing power of these molecules which is critical
for their biological impact on capacitation, then we can be predict that
the ultimate drivers of this process will be H,0,and ONOO". The latter,
in particular, is known to elicit many of the features of capacitating
spermatozoa including the inhibition of tyrosine phosphatase activity”
and the activation of tyrosine kinases of the Src family.” In addition,
ONOO" and other ROS may be involved in the capacitation dependent
oxidation of sterols,”* which serves to facilitate the loss of these
stabilizing molecules from the sperm plasma membrane (Figure 1).©

CONCLUSION

Since both capacitation and apoptosis are redox-regulated, it is tempting
to speculate that they are part of a continuous process. ROS generation
is clearly critical for capacitation to occur however it represents a
relatively risky strategy for this cell type because spermatozoa are
uniquely susceptible to oxidative stress due to their relative lack of
antioxidant protection and manifest abundance of oxidizable substrates
in the form of polyunstaturated fatty acids, proteins and DNA. Thus,
a tipping point is likely to arise during capacitation when the intrinsic
generation of ROS overwhelms the spermatozoa’s capacity to defend
themselves against oxidative attack. When this occurs, the spermatozoa
become oxidatively stressed and start to generate cytotoxic aldehydes
like 4HNE which accelerate the generation of mitochondrial ROS and
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disrupt motility by forming adducts with proteins that are essential
for flagellar movement such as dynein (Figure 1). Motility loss is
then followed by the surface expression of phosphatidylserine, which
serves as a trigger for silent phagocytosis by leukocytes entering the
female reproductive tract following insemination. In this context,
spermatozoa that have been through the process of capacitation and
have entered a postcapacitation state, are known to be particularly
vulnerable to phagocytosis.”” Oxidative DNA damage occurs around
this time and results in the creation of abasic sites as a consequence
of the involvement of OGGL1 (8-oxoguanine DNA glycosylase) the
first enzyme in the base excision repair pathway. Such abasic sites
can influence the stability of the DNA leading to single strand breaks.
Finally as the cells begin to lose their vitality there is a marked increase
in DNA fragmentation associated with the generation of positive signals
in the TUNEL assay. This cascade of changes following the activation
of ROS generation by spermatozoa, highlight the exquisite sensitivity
of these cells to changes in their redox status; the cellular generation
of ROS is essential for the functionality of these cells but ultimately
seals their apoptotic fate.
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