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ABSTRACT

Cells living under aerobic conditions constantly face the oxygen paradox i.e. oxygen is
indispensable for supporting life; however, its metabolites such as reactive oxygen
species (ROS) can modify cell function. Oxidative stress (OS) arises as a consequence
of excessive ROS production andfor impaired antioxidant defence mechanisms.
Environmental and physiclogical factors have been implicated in poor sperm function.
Excessive ROS generation results in oxidative damage and consequently decreased
sperm function. The objectives of this study are threefold: (i) To measure the

production of O, by sperm by means of flow cytometry. (i) To determine effects of

O,™ on sperm motility and viability in the presence or absence of commercially

available scavengers and RPO. (jii) To determine effects of O,™ on selective apoptotic

markers in ejaculated sperm in the presence of absence of commercially available
scavengers and RPO.

In the first part of the study, suitable solvents were investigated in order to introduce
RPO (because of its hydrophobic nature) as a possible scavenger of ROS in human

spermatozoa. Secondly, the O, donor; 2, 3-dimetoxy-1-naphthoquinone (DMNQ)

(2.5uM-100uM, 60 min.) was added to normozoospermic post swim-up samples in the
absence or presence of Mn(ll1JTMPyP (50uM) or SOD (50IU) or RPO at 0.1% and
0.5%. CASA was used to analyse motility parameters, while FACS was used to

determine viability (Pl, 1mM, 15 min.) and O, levels (DHE, 30pM, 15min.). In the last .

part of the study, three apoptotic markers (Annexin-V, Caspase-3 and DNA
fragmentation) were used to investigate sperm apoptosis. Paired Student’s t-test and
ANOVA were used to analyse resuilts. '

This study showed that high concentration of supérdkide is deleterious to sperm
motility, viability and sperm function. The addition of Mn{lI)TMPyP (50uM) offered
some form of protection with regards to sperm motility parameters. Mn(HI)TMPyP,
however, had shown contradicting results on sperm viability. The addition of SOD had
shown contradictive effects as it exhibited anti-oxidant as well as pro-oxidant
characteristics on sperm motility and viability depending on the concentrations of
 superoxide present. The effect of RPO on sperm motility, viability and possible
protection against superoxide is ambiguous as under certain conditions it contributes to
serve negative cutcomes.



The higher percentage of live cells found was due to the swim-up procedure, a
technique that eliminates non-viable and apoptotic spermatozoa. There were higher
percentages of necrotic spermatozoa at any concentration of DMNQ compared to
those of apoptotic spermatozoa in all groups - (DMNQ, DMNQ+RPO,
DMNQ+Mn(lil)TMPyP and DMNQ+SOD). This implies that the death of sperm cells
during in vitro incubation (at 37°C) occurs by necrosis rather than by apoptosis.
Because of certain limitations (amount of DMNQ, small sample size and short
incubation duration) in this study, it might be possible that the amount of superoxide
administered was not enough to trigger apoptosis significantly.

The use of dihydroethidium (DHE) as a probe for detecting the generation of
superoxide anion by human spermatozoa and the examination of the scavenging
effects of Mn(lil)TMPyP, SOD and RPO showed that the amount of DHE fluorescence
produced by human spermatozoa was minimal. Finally, Mn(lIlTMPyP, SOD and RPO
respectiVely showed good, partial and no superoxide scavenging effects.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

Cells living under aerobic conditions constantly face the oxygen paradox i.e. oxygen
is indispensable for supporting life; however, its metabolites such as reactive oxygen
species (ROS) can modify cell function. Oxidative stress (OS) arises as a
consequence of excessive ROS production and/or impaired antioxidant defence
mechanisms (Agarwal et al, 2003). ROS are highly reactive oxidizing agents
belonging to the class of free-radicals. A free radical is any compound (not
necessarily derived from oxygen) which contains one or more unpaired electrons.

The most common ROS that have potential implications in reproductive biology
include superoxide (O,) anion, hydrogen peroxide (H,O,), peroxyl (RNOO)
radicals, and the very reactive hydroxyl (OH") radicals (Sikka, 1996; Ford, 2004;
Henkel et af., 2005a) (Figure 1.1). "Abortive apoptosis” as described by Sakkas et
al. (2002), improper deoxyribonucleic acid (DNA) packaging during
i spérmatogenesié (Barroso et al., 2000; Sakkas et al., 2002; Oehninger et al., 2003)
and excessive production of ROS associated with peroxidative damage to sperm
plasma and DNA result in poor sperm quality and male factor infertility (Aitken,
1999; Aitken and Krausz, 2001). Previous studies have demonstrated an increase in
free radical production during the in vitro preparation of spermatozoa for use in
assisted reproductive technologies (Agarwal et al., 1994).

As early as 1943 it was observed that spermatozoa lose their motility more rapidly
when incubated with oxygen (MacLeod, 1943). Due to a high content of
polyunsaturated fatty acids, the sperm membranes are prone to oxidation (Cerolini
et al., 2000; Sanocka and Kurpisz, 2004). Biologically, free radicals are formed from
many sources. However, one source common to all eukaryotic cells is the electron
transport chain in the mitochondria. In the process of reducing O, to H,0, the first

step involves the addition of one electron to Oz'to form superoxide, 0, Usually,

superoxide is reduced to water via addition of more electrons and hydrogen.
However, there is a slow and basal level of leakage of superoxide anions, and this
“contributes to the level of free radicals biologically present (Lee, 1996).



Figure 1.1 Derivation of reactive oxide species from oxygen (Reproduced from Ford, 2004)

1.2 Sources of free radicals in sperm

In sperm cells, the sources of ROS are broadly dispersed between external and
internal sources. External production of ROS, particularly O.- » and H.O. can be the
resuif of leukocyte contamination within the semen. This generation of ROS has
- been associated with sub-fertility or even infertility in patients (Aitken et al., 1996;
Griveau and Le Lannou, 1997; Henkel et al., 2005a). Another important source of
RQOS is immature and morbho!ogicaliy abnormal spermatozoa (Agarwal et al., 2003).
Regarding ROS generated by the sperrhatozoa per se, recently, two mechanisms
involved in ROS generation have been characterized in rat epididymal spermatozoa
(Vernet et al., 2001). One mechanism depends on the mitochondrial respiratory
chain while the other mechanism relies on an enzymatic system related to the
reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase family
found bound to the sperm plasma membrane (Vemet et al., 2001). The
mitochondrial electron transport chain is known to produce ROS during
physiological, but also during pathological conditions. This production of ROS is
comrelated with physical activity. Recently, the topology of superoxide production has
been determined in the different complexes of the respiratory chain. Interestingly,
complexes 1, Il and Il were found to produce hydrogen peroxide albeit at very low
levels (Saint-Pierre et al., 2002). |



The production of ROS is also increased by lifestyle factors such as smoking and
pollution. Smoking increases ROS production, causing sperm DNA damage, and
suppresses antioxidants in both semen and serum (Fraga et al., 1996; Mello et al.,
2001).

- 1.3 Leukocytes as source of free radicals in semen

The exact site of origin of these leukocytes in semen, their mode of action, and the
role that bacteria, viruses and subsequent genitourinary-inflammation might have on

sperm function are not clear. Experimentally, ROS production by human

spermatozoa and contaminating leukocytes can be stimulated by phorbol esters and
certain formyl peptides with deleterious effects on sperm motility and fertilisation

(Krausz et al., 1994; Henkel et al., 2005a). The presence of leukocytes in semen did
not diminish the in vitro fertilizing capacity of spermatozoa while the introduction of
leukocytes into washed sperm preparations had been shown to reduce sperm
- function by the production of ROS (Aitken ef al., 1994, Henkel et al., 2005a).

1.4 Mode of action of ROS and their potential scavengers

Lipid peroxidation (LPQO) of the sperm membrane is considered to be the key
mechanism of this ROS-induced sperm damage leading to infertility. Spermatozoa,
. unlike other cells, are unique in structure, function, and susceptibility to damage by
PO (Lee, 1996; Garg et al, 2000). A variety of defence mechanisms
encompassing antioxidant enzymes {(SOD, catalase, glutathione peroxidase and
reductase), vitamins (E, C and carotenoids), and biomolecules (glutathione and
ubiquinol) are involved in biological systems (Liu and Lee, 1998; Hamilton et al.,
2000). The presence of ROS in the immediate environment of a sperm cell
represents a balance between the cellular production of these molecules and their
destruction by scavengers. These scavengers are localized within spermatozoa and
in seminal plasma. ' ' '

Some of these compounds are molecules with intrinsic radical-scavenging activity
such as d—tocopherol, ascorbic acid, uric acid, glutathione (Sikka 1996; Halliwell and
Gutteridge, 1989; Bilodeau et al, 2001), pyiwate (de Lamirande and Gagnon,
1992; Upreti et al,1998), taurine, hypotaurine and albumin (Alvarez and Storey,
1983; Eckert and Niemann, 1996; Jaakma et al, 1997; Fukui et al, 2000),
superoxide dismutase (SOD) and the glutathione-peroxidase—reductase system
(Alvarez et al, 1987; Alvarez and Storey, 1989; Taylor, 2001). Although the
presence of these enzymatic protectants is extensive intracellularly, their protective

3



(Alvarez et al, 1987; Alvarez and Storey, 1989; Taylor, 2001). Although the
presence of these enzymatic protectants is extensive intracellularly, their protective
roles extracellularly are limited as their levels are low in extracellular compartments.
Instead, small molecule scavengers like vitamin C {(ascorbate) and vitamin E
{tocopherols) seem to play a more important role in the extracellular milieu.

The supplementa! intake of vitamins A, vitamin E and/or vitamin C improved
reproductive function in laboratory and farm animals (Hurley and Deane, 1987; Luck
et al., 1995; Baldi et al., 2000; Tan et al., 2003). It was also shown to improve sperm -
quality in heavy smokers (Dawson et al., 1992; Mello et al., 2001) and in male factor
infertility patients (Lenzi et al.,, 1993; Dalvit et al., 1998).' However, there is also
some uncertainty as to whether oral administration of vitamin E increases its
concentration in seminal plasma (Dalvit et al., 1998; Ford and Whittington, 1998).

Because of the limitations of enzymatic antioxidants in infertile men (Lewis et al.,
1995), it is more practical (from a nutritional perspective) to consider studies aimed
at the beneficial effects of dietary-derived éntioxidants on spermatozoa function
(Lee, 1996). RPO is the only vegetable oil with a balanced composition of saturated
and unsaturated fatty acids both in processed and unprocessed forms (Pryor et al,,
1987). RPO contains carotenoids, phosphatides, sterols, tocopherols and trace
“metals (Krinsky, 1993; Sundram et al., 2003). These agents are natural antioxidants
and act as scavengers of oxygen free radicals (Rossell et al, 1985; Guo et al,
1999). Triglycerides constitute the major component of palm oil whereas
carotenoids, tocopherols, tocotﬁenols, sterols, phospholipids and aliphatic
hydrocarbons constitute the minor components of palm oil (Pryor et al., 1987,
Krinsky 1993; Nagendran et al., 2000). The tocotriencls have been reported to be
natural inhibitors of cholesterol synthesis and protect the heart from
_ischemialreperfusion injury (Qureshi ef al., 1991; Pearce et al., 1992, Ong and Gog,
2002; Esterhuyse ef al., 2005 & 2006, Engelbrecht et al., 2006). The tocopherols
and tocotrienols promote an antithrombotic state by reducing platelet aggregation
and modulating prostanoid synthesis (Qureshi ef al., 1991; Pearce et al., 1992).
They have also been highlighted in the prevention and therapy of certain forms of
cancers (Qureshi ef al., 1991; Murakoshi et al, 1992; Nesaretnam et al, 1995;
Guthrie ef al., 1997). Sundram and co-workers (1989) have shown that crude palm
oil was effective in increasing the tumour latency period in 7, 12 dimethylbenz (a)
anthracene (DMBA) treated rats. This was attributed to the presence of tocotrienols
and carotenocids in the crude oil. When the vitamin E content in palm oil was

4



removed, significantly more tumours became apparent (Nesaretnam et al., 1992). In
vitro studies on human breast cancer cells have shown that palm tocotrienols have
greater inhibitory effects on these cells and at much lower concentrations (180ug/ml)

. (Nesaretnam et al., 1995 & 1998; Guthrie et al., 1997).

1.5 Biological and pathological roles of reactive oxygen species and nitrogen
species '

Free radicals may have beneficial or detrimental effects on sperm functions,
depending on their nature and concentration {Baker et al, 2003). At low
concentrations, ROS have biopositive effects and act selectively. They are
metabolic intermediates in the metabolism of prostanoids (Lands, 1985; Constantino
ef al., 2003; Manabe et al., 2004), in the regulation of vasotonus (Ignarro, 1990), in
gene regulation (Scheck et al., 1992; Allen and Tresini, 2000), in the regulation of
cellular growth, and the function of extracellular as well as intercellular signal
transduction (Saran and Bors, 1989; Demple et al., 1991; Joseph and Cutler, 1994).
Furthermore, they are involved in antimicrobial defence and immunological
surveillance (Test and Weiss, 1986; Klebanoff, 1992). At high concentrations, ROS
react non-specifically and exert bionegative effects and damage all major classes of
biomolecules such as unsaturated lipids in membranes (Kappus, 1986), proteins
(Pacifici a.nd Davies, 1990), nucleic acids (Ames, 1989; Gandini et al., 2000; Irvine
-et al., 2000; Sakkas et al., 2000; Zini et al., 2000; Allamaneni et al., 2004; Henkel, et
al., 2004) and carbohydrates (Gracy et al., 1999).

Nitric oxide radical (NO=) and reactive nitrogen species (RNS) have been found to
have biological roles in inflammation and in mediating many cytotoxic and
pathological events (Darley-Usmar et al,, 1995; Fujisawa et al., 2001). Synthesis of
NO-+ in response to infection and inflammation could contribute to poor spemm
motility and function which may lead to infertility (Rosselli et al., 1995). RNS (e.g.,
NO-) like ROS, may nommally be useful for maintaining sperm motility but can be
toxic in excess (Hellstrom et al., 1994). Other RNS such as nitrogen dioxide (NO5*}
radical and peroxynitrite (ONOQO") anion are considered to be damaging to sperm
cells. The primary mechanism of nitric oxide induced sperm damage is likely to be
the inhibition of mitochondrial respiration and DNA synthesis (Hibbs et al., 1987).
Nitric oxide-induced toxicity is also mediated indirectly through its interaction with
superoxide anions and formation of peroxynitrite anion, which when protonated,
decomposes to form OH™ and NO;, both of which are cytotoxic agents (Beckman et
al., 1990). | - |



apoptosis, resulting in the death of spermatozoa. ROS initiates a chain of reactions
by activating caspases that ultimately lead to apoptosis (Said et al., 2004; Agarwal
et al., 2007). When ROS levels are raised pathologically, the process of apoptosis is
also initiated in mature spermatozoa. The process of apoptosis is accelerated by
ROS-induced DNA damage, which ultimately leads to a decline in the sperm count
(Figure 1.2). Oxidative stress due to excessive generation of ROS is presumed to
cause spermatozoa DNA damage and has correlated positively with apoptosis
(Wang et al., 2003a). According to Host and co-workers (2002) apoptosis correlated
negatively with the fertilisation rate.
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Figure 1.2.: ROS induced apoptosis. ROS (apoptotic stimulus) trigger mitochondria to
release cytochrome C initiating caspase cascade. Interaction between Fas and Fas ligand is
also necessary in apoptotic mechanism. DNA fragmentation occurs as result of activation of
effector caspases (caspases 3 and 6) eventually causing apoptosis (Reproduced from
Agarwal et al., 2007)



1.6 Apoptosis

Although apoptosis shares certain common mechanisms with necrosis, necrosis is
referred to as an “accidental”, non-physiological or passive type of cell death that
occurs when cells die from severe and sudden injury, such as ischemia, sustained
hyperthermia and physical or chemical trauma (Cohen, 1993; Samali et al., 1996).
On the other hand apoptosis is a genetically controlled active cell death process
implicated as being a critical physiclogical mechanism involved in development and
tissue homeostasis (Wilson, 1998; Joza et al, 2002). Apoptosis is a protective
mechanism in multicellular organisms whereby infected, excessive, potentially
dangerous or seriously damaged cells are eliminated or removed (Turke et al.,
2002). A cell will undergo apoptosis as a result of information received from its
environment interpreted in the context of internal information, such as its cell type,
state of maturity and developmental history (Hale et al., 1996).

Two distinct pathways exist in the initiation of apoptosis (Figure 1.3). In the extrinsic
or receptor-linked apoptotic pathway, the induction of apoptosis occurs via death
receptors (cell surface receptors) that transmit apoptotic signals initiated by specific
tigands (Turke et al, 2002; Sinha et al., 2003; LaCasse et al., 2004; Fadee! and
Orrenius, 2005; Jin and EL-Deiry, 2005). The intrinsic pathway is triggered by stress
stimuli, including growth factor deprivation and DNA damage (Schuler and Green,
2001). This pathway involves the release of an extrinsic protein, cytochrome ¢ on
the outer surface of the inner mitochondrial membrane from the mitochondria during
apoptosis (Sinha ef al., 2003; LaCasse ef al., 2004; Fadeel and Orrenius, 2005; Jin
and EL-Deiry, 2005). The activation of the apoptosis-signalling pathway occurs in
response to regulatory factors such as bcl-2 (Joza et al., 2002; Burlacu, 2003) and
p53 (Chang, 2002).

The induction of apoptosis via the intrinsic or extrinsic apoptotic pathways result in
the activation of an initiator caspase, which activates a cascade of events leading to
the activation of effector caspases, responsible for the cleavage of key cellular
proteins that lead to the typical morphological changes observed in cells undergoing
apoptosis. Caspase-8 and caspase-10 are inhibitor caspases in death receptor-
mediated apoptosis, while caspase-9 is the initiator caspase in mitochondrion-
dependent apoptosis (Chen and Wang, 2002). These pathways differ in one
fundamental aspect: one is “external” as it is promoted by a series of specific
external ligands operating through defined transmembrane receptors; the other is an

internal system where activation of the effector enzymes is induced by intracellutar



changes, involving the mitochondria (Garland, 2000; Joza et af., 2002; Turke et al.,
2002). Despite the difference in the manner of initiation, the extrinsic and intrinsic
pathways merge at the level of caspases-3 and 7 and once activated, they cleave

intracellular targets, ultimately leading to the manifestation of apoptosis (Figure 1.3).

Shrinkage in total cell volume, an increase in cell density, compaction of some
cytoplasmic organelles and dilatation of the endoplasmic reticulum accompany
morphological changes during apoptosis (Ramachandra and Studzinski, 1995;
Gewies, 2003). Chromatin condensation and nuclear envelope breakdown occur
during apoptosis however, the exact mechanisms are unclear (Hale ef al., 1996).
During apoptosis lamin disassembly occurs by proteclysis, which may promote the
formation of fragments of DNA by allowing the release of matrix attachment regions
to give access to the endonucleases. The nucleus shrinks and its chromatin
becomes very dense, collapsing into patches, then into crescents in tight apposition
to the nuclear envelope, and finally in many cells into one or several dense spheres
(Ormerod, 1998; Gewies, 2003). Concomitant with these early nuclear changes, the
cytoplasm shows signs of condensation, microvilli (if present) disappear and blunt
protuberances form on the cell surface (Ker and Harmon, 1991). There are
numbers of biochemical changes, which occur in the plasma membrane of apoptotic
cells. One of these changes is an alteration of carbohydrates on the plasma
membrane of the apoptotic cell, which could play a role in the preferential binding of
macrophages to apoptotic cells (Samali et al., 1996; Bowen ef al., 1998).

In the early stages of apoptosis, changes occur at the cell surface and one of these
changes is the translocation of phosphatidylserine {PS) from the inner surface of the
plasma membrane to the outside. Annexin is a calcium dependant phospholipid
binding protein with high affinity for PS offering the possibility of detecting cells in the
early phase of apoptosis before the loss of cell membrane integrity and permits the
discrimination between live, necrotic and apoptotic cell populations. A key protease,
caspase-3, activated during the early stages of apoptosis is present in cells
undergoing apoptosis, which iﬁ turn cleaves and activates other caspases triggering
a cascade of proteolytic cleavage events (Green and Kroemer, 1998; Stennicke and
Salvesen, 1998; Porter and Janicke, 1999; Slee et al, 1999). Antibodies against
caspase-3 in cells, which have undergone apoptosis serves to differentiate and
quantify cell populations into apoptotic and non-apoptotic cells (Weil ef al., 1998). A

characteristic feature of apoptosis is DNA fragmentation, one of the later steps of



apoptosis, which results from the activation of endonucleases during the apoptotic
process (Gandini et al., 2000; Nagata, 2000).
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Figure 1.3: Intrinsic and extrinsic apoptotic pathways in the mammalian cell. Intracellular
stress results in the activation of the mitochondrial, or intrinsic pathway which leads to
cytochrome ¢ release, apoptosome formation, and caspase activation. Extracellular ligand
binding to death receptors triggers the extrinsic pathways that can either directly result in the
activation of the caspases, or require further amplification through the mitochondrial pathway
dependant on the cell type. Both apoptofic signalling pathways converge at the level of
effector caspases, such as caspases- 3 and - 7 (Reproduced from LaCasse et al.,, 2004)

1.7 Sperm motility and viability

ROS have been shown to have a spectrum of variable effects on spermatozoa
depending on the extent of oxidative stress (Allamaneni et al., 2004). Aitken and co-
workers (1993) reported that a low concentration of hydrogen peroxide did not have
any effect on sperm motility, but did suppress sperm-egg fusion. This may also

explain why patients with normal semen parameters can still experience infertility. in



such patients, the ROS levels are not high enough to impair basic semen analysis
parameters, but can cause defects in other processes that are required for
fertilisation, such as sperm-oocyte interaction. Excessive ROS levels are related to
an increase in lipid peroxidation of the sperm plasma membrane. it had previously
been shown that a correlation exists between ROS and sperm concentration,
motility, and morphclogy (Sikka 1996; Alvarez et al., 1987; Agarwal et al., 2006b).
Garner and co-workers (1997) argued that the mitochondrial activity, viability and
acrosomal integrity of sperm cells correlate positively with fertility. However, Caisson
et al., (1999), wamned that trying to correlate the proportion of live spermatozoa with
motility and/or fertilisation rates present a potential source of bias. The category of
live spermatozoa may not only involve live spermatozoa which are motile, but also
those which have their ATP content already exhausted (Caisson et al., 1999} and

therefore are immotile.

1.8 Sperm functional tests
In this literature review, only two sperm functional tests will be briefly discussed,

namely; capacitation and acrosome reaction.

1.8.1 Capacitation

Capacitation confers upon the spermatozoon an ability to gain hyperactive motility,
interact with oocyte zone pellucida (ZP), undergo acrosome reaction and initiate
oocyte plasma membrane fusion (Yanagimachi, 1994). Capacitation of a sperm cell
is required before fertilisation. In every mammalian species studied, the molecular
mechanisms and signal transduction pathways involved in this process are not
clearly understood (Naz and Rajesh, 2004). Capacitation involves an increase in
membrane fluidity, cholestercl efflux, ion fluxes resulting in alteration of sperm
membrane potential, increased tyrosine phosphorylation of proteins, induction of
hyperactivation and the acrosome reaction (de Lamirande and Gagnon, 1993a; Naz
and Rajesh, 2004). Low concentration of hydrogen peroxide stimulates sperm
capacitation (de Lamirande and Gagnon, 1993a). According to Zini and co-warkers,

(1995) superoxide and nitric oxide also take part in these processes.

Free radicals are also involved in the fusion of spermatozoa with the oocyte (de
Lamirande and Gagnon, 1993a; Flesch and Gadella, 2000; Gadella et al., 2001).
Nitric oxide plays a role in the sperm’s ability to fuse with the cocyte, but it has no
action in zona pellucida binding (Francavilla et al, 2000). Low concentrations of

hydrogen peroxide cause tyrosine phosphorylation, which in turn results in the
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binding of the spermatozoal membrane proteins with ZP-3 proteins on the zona
pellucida and ultimately, spermatozoa-oocyte fusion {Aitken et al., 1993).

1.8.2 Acrosome reaction (AR)

The acrosome reaction is an exocytotic process which involves multiple fusions of
the plasma membrane and outer acrosomal structures of the acrosome, resulting in
release of the acrosomal content and exposure of the inner acrosomal membrane
(Zaneveld et al., 1991). It is a prerequisite for penetration of spermatozoa through
the zona pellucida for fertilisation of the oocyte (Kohn et al, 1997; Flesch and
Gadella 2000; Gadella ef al, 2001). The acrosome reaction is defective in
spermatozoa with a high concentration of ROS. Griveau and Le Lannou (1997)
reported that the acrosome reaction in human spermatozoa appeared susceptible to
ROS and that hydrogen peroxide inactivates several enzymes, including glutathione
peroxidase, superoxide dismutase, and glucose-6-phosphate. Studies have shown
that O, « serves an extremely important regulatory role in the spermatozoon,
facilitating both hyperactivated movement and the induction of the acrosome
reaction {de Lamirande and Gagnon, 1993b; Griveau et al., 1995b; Flesch and
Gadella 2000; Gadella et al., 2001).

1.9 Objectives of this study

Oxygen toxicity is an inherent challenge to cells which live under aerobic conditions
including spermatozoa. The increase in oxidative damage to the sperm membrane,
proteins and DNA is associated with defective sperm function. A variety of defensive
mechanisms encompassing antioxidant enzymes are involved in biclogical syétems.
A balance between the benefits and risks of free radicals and antioxidants appears
to be necessary for the survival and functioning of spermatozoa.

The objectives of this study are threefold:

(i} To measure the production of 02'- by sperm by means of flow cytometry.

(i) To determine effects of O, on sperm motility and viability in the presence or
absence of commercially available scavengers and RPO.

(i} To determine effects of 02'- on selective apoptotic markers in ejaculated sperm

in the presence of absence of commercially available scavengers and RPO.
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1.10 Plan of study

This study was undertaken in two parts. Firstly, the effect of tetrakis (1-methyi-4-
pyridyl) porphyrin (Mn(ill)TMPyP), superoxide dismutase (SOD) and RPO on sperm
function (motility and viability) was determined and also O« was measured.

Secondly, the effect of Mn(lIlTMPyP, SOD and RPO on sperm apoptosis was
evaluated.

12



CHAPTER 2

MATERIALS AND METHODS

2.1 Introduction
This chapter will describe the detailed protocols and methods that were employed
during this study. A brief outline of the experimental procedure is given in Figure 2.1.

Sperm liquefication

v
Wash

L 4
Swim-up

L

Scavengers / RPO % Free radicals (superoxide)

h h 4 h 4 h 4

Sperm motility Sperm viability Apoptosis Superoxide
measurement
A A
CASA FACS FACS FACS
Motility Propidium Annexin V DHE
Parameters lodide Capase 3
DNA
fragmentation

Figure 2.1 Flow chart showing the generalized experimental protocol

2.2 Preparation of Ham’s culture medium

1. Measure 1000 mi of millipore water (temperature between) 15-20° C in a
volumetric flask.

2. Dissolve Ham nutrient mixture F-10 (Ham’s, Sigma Chemical Co. St. Louis, MO,
USA), in 90 % of the water in a beaker.

3. While gently stirring the water, add the powdered medium. Stir until dissolved. Do
NOT heat.

4. Rinse original package with small amount of water to remove all traces of powder.
Add to solution in step 3.
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5. To the solution in step 4, add 1.2 g sodium bicarbonate for each litre of final
volume of medium being prepared. Stir until dissolved.

6. While stirring, adjust the pH of the medium to 0.1-0.3 pH units below the desired
pH (7.4) since it may rise during the filtration. The use of 1N HCl or 1N NaOH is
recommended.

7. Add additional millipore water to bring the solution to final volume.

8. Sterilze immediately by filtration using 2 membrane with a porosity of 0.22
microns (Coming Incorporated, N.Y., USA).

9. Aseptically dispense medium into sterile containers.

10. Store at4°C,

11. Warm to 37° C before use.

Add 0.03 g of Bovine Serum Albumin (BSA, Sigma Chemical Co. St. Louis, MO,
USA) in 10 ml of Ham's for the swim-up.

2.3 Spemm collection

Semen samples were obtained from 24 nomrmozoospermic healthy volunteer donors
studying at the Tygerberg Campus, University of Stellenbosch, aged between 19-23
years. All semen samples were collected by masturbation after 2-3 days of sexual
abstinence according to the World Health Organization criteia (WHO, 1999).
Semen samples were collected in sterile wide mouthed containers after which the
semen was allowed to liquefy for 30 minutes {30') at 37°C. Ethical approval from our
institution was obtained and donors have provided consent to partake in this study.

2.4 Semen preparation

Fresh semen was placed in @ 5 mi tube and an equal amount of Ham's culture
medium was added. The tube was centrifuged for 5 minutes at 400xg. The
supematant was discarded leaving a pellet at the bottom which was resuspended in
fresh Ham’s culture medium and centrifuged again for 5 minutes at 400xg. The
supermnatant was carefully removed by aspiration without disturbing the pellet and
1.2 ml of Ham's culture medium mixed with 3% bovine serum albumin (BSA) was
layered on top of the pellet. The tube was placed in a rack inclined at 45 degrees
and incubated (37°C, 5% CO,, 60 minutes) to allow motile sperm to swim up into the
BSA media. After 1 hour the upper media containing a homogenous motile sperm
population was collected.
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2.5 Computer aided sperm analysis (CASA)

Sperm miotility was determined with the Hamiiton-Thorne IVOS analyzer (Hamilton-
Thorme Research, Beverly, MA). The settings of the analyzer were as follows: 30
frames/60 Hz; minimum contrast, 80; minimum cell size, 2; minimum static contrast,
30; low average path velocity (VAP) cut-off, 5 pmi/s; low straight-line velocity (VSL)
cut-off, 11 pm/s; head size, non-motile, 3; head intensity, non-motile, 160; static
head size, 1.01-2.91; static head intensity, 0.60-1.40; slow cells not motile;
magpnification, 2.01, and temperature, 37°C. Sperm motility is assessed by several
parameters when analysed using computer aided sperm analysis (CASA) as
illustrated in Figure 2.2.

VCL

Curvilinear path / \

Average
path

Straight line path

Figure 2.2: An illustration of different sperm motility parameters measured using
CASA (Reproduced from WHO, 1999)

Motility parameters analysed by means of CASA include the following:

(i Motility: the percentage of motile spermatozoa. -

(i) Progressive motility: the percentage of progressively motile cells.

(iii) Curvilinear velocity (VCL) (um/s). time average velocity of sperm head along
its actual curvilinear path, as perceived in two dimensions in the microscope.

(iv)  Straight line velocity (VSL) (pm/s): time-average velocity of 2 sperm head
along the straight line between its first detected position and its last.

(V) Average path velocity (VAP) (um/s): time-average velocity of a sperm head
along its average path.

(vi)  Amplitude of lateral head displacement (ALH) (um): magnitude of lateral
displacement of sperm head about its average path.
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(vii)  Linearty (LIN): the linearity of a curvilinear path VSL/VCL.

(viii)  Straightness (STRY): linearity of the average path, VSL/VVCL.

(ix) Beat-cross frequency (BCF) (Hz): the average rate at which the sperm’s
curvilinear path crosses its average path.

x) Rapid cells: the percentage of rapidly moving cells.

{xi) Static cells: a percentage of static/motion-less cells.

2.6 Flow cytometry

Flow cytometry is a single cell technique by which individual cells are analyzed as
they pass through the laser in single file. In a few minutes, the flow cytometer can
acquire data on all subpopulations within a sample, making it idea! for assessment
of homogenous populations, such as spermatozoa. The adaptation of flow cytometry
to sperm assessment began when it was used for measuring their DNA content
(Evenson et al., 1980) and its application to semen analysis has gradually increased
over the last 10-15 years. Flow cytometry is now applied to semen evaluation to
determine parameters such as cell viability, acrosomal integrity, mitochondrial
function, capacitation status, membrane fluidity and DNA status. New fluorescent
stains and techniques are continuously being developed that have potential
application to the flow cytometric evaluation of spermatozoa. Flow cytometry permits
the observation of physical characteristics, such as cell size, shape and internal
complexity, and any component or function of the spermatozoon that can be
detected by a fluorochrome or fluorescently labelled compound. The analysis is
objective, has a high level of experimental repeatability and has the advantage of
being able to work with small sample sizes. Flow cytometry also has the capacity to
detect labelling by multiple fluorochromes associated with individual spermatozoa,
meaning more than one sperm attribute can be assessed simultaneously (Almid,
and Johnson, 1988; Hamrison, and Vickers, 1990; Gillan ef al., 2003).

2.6.1. Assessment of cell viability using propidium iodide (PI)

Sperm cell viability was measured by flow cytometric analysis (FACS: fluorescence-
activated cell sorter). A Becton Dickinson FACSCalibur™ analyser (BD, San Jose,
CA, USA) was used to quantify fluorescence at the single-cell level and data was
analysed using CeliQuest™ version 3.3 (Becton Dickinson, San Jose, CA, USA)
software. In each sample, the mean fluorescence intensity of the analysed cells was
determined after gating the cell population by forward and side light scatter signals
as recorded on a dot plot (Figure 2.3). In total, 100,000 events were acquired, but
non-sperm particles and debris (located at the bottom left comer of the dot plot)
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were excluded by prior gating, thereby limiting undesired effects on overall
fluorescence. Final gated populations usually contained 12,000-15,000 sperm cells.
Fluorescence signals were recorded on a frequency histogram (Figure 2.4) using
logarithmic amplification. Fluorescence data are expressed as mean fluorescence
(percentage of control, control adjusted to 100%). In all experiments, light was
avoided by working in the dark to prevent the light sensitivity of the fluorescence
used.

104
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Figure 2.3: A representative dot plot of sperm cells showing the spread of the total recorded
“events.” Gated population (fop right): sperm cells and bottom left: non-sperm particles, and
debris
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Figure 2.4: A frequency histogram of Pl fluorescence with two peaks. Cells possessing a
damaged membrane will permit Pl to enter into the cell and bind to DNA causing the cells to
fluoresce red. The peak to the left is depicting viable cells which are able to exclude Pl while
that to the right is non-viable cells which had absorbed Pl
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2.6.2 Assessment of superoxide production using dihydroethidium (DHE)

De luliis and co-workers (2006) validated the use of dihydroethidium (DHE) as a
probe for detecting the generation of O,— by human spermatozoa and examined
the relationship between this activity and defective sperm function (Figure 2.5). In
this study 2.3-dimetoxy-1-naphtoquinone (DMNQ) has been used to generate O,
(Navarro-Antolin et al, 2001; Redondo-Horcajo and Lamas, 2005). The DHE
fluorescence was then measured using flow cytometry (Becton Dickinson, San Jose,
CA, USA) equipped with Cell Quest version 3.3 software. A minimum of 10,000
spermatozoa were examined for each assay at a flow rate of <100 celis/second. The
sperm population was gated using 90° and forward-angle light scatter to exclude
debris and aggregates. Argon laser excitation at 488 nm was coupled with emission
measurements using 530/30 band pass and 585/42 band pass filters for FL1 and
FL2, respectively. As more superoxide is produced by the cells, DHE fluorescence
will increase as explained by Figure 2.6.

O-Chlaranil D]hydroeth|d|um Menadione
l——» Non-specific Superoxide
Oxidation anion
Ethidium (Et") 2-hydroxyethidium (20HEt")
DNA

Red nuclear fluorescence

Figure 2.5: Diagrammatic representation of the chemistry underlying the use of DHE as a
probe for ROS generation. DHE may either undergo a non-specific two-electron oxidation to

generate Et_ or react with O,™ fo generate the specific reaction product, 20HEt_. Both of

these fluorochromes will interact with DNA in the sperm nucleus to generate a red
flucrescence (Reproduced from de luliis ef al., 2006)
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Figure 2.6 A representative frequency histogram showing baseline fluorescence (log) of
DHE on x-axis (l); a shift to right depicting an increase in fluorescence intensity ()

2.6.3 Assessment of apoptosis using Annexin-V

In apoptotic cells, the membrane phospholipid, phosphaltidylserine (PS) is
translocated from the inner to outer leaflet of the plasma membrane, thereby
exposing PS to the external environment (Barroso ef al., 2000; Oosterhuis et al.,
2000; Anzar et al, 2002). Annexin-V is a Ca® dependant phospholipid-binding
protein that has a high affinity for PS and binds to cells with exposed PS.

Apoptotic cells become Annexin—V positive after nuclear condensation has started,
but before the cell becomes permeable to Pl indicative of the loss of plasma
integrity. Staining for Annexin-V was performed using an apoptosis detection kit
(Roche Diagnostics, Mannheim, Germany). Annexin-V conjugated with fluorescein
isothiocinate (FITC) and simultaneously stained with Pl (Sigma-Aldrich Co., UK)
allows the discrimination between apoptotic, necrotic and live cell populations. The
samples were analysed using a FACSCalibur™ (Becton Dickinson, San Jose, CA,
USA) equipped with standard optics. An argon-ion laser (INNOVA 90, Coherent,
Santa Clara, CA, USA) tuned at 488 nm and running at 200 mW was used as light
source. For each sample 10000 events were counted. Forward light scatter (FSC),
side scatter (SSC), A-FITC fluorescence (FL1), and Pl fluorescence (FL3) were
evaluated using CellQuest™ version 3.3 (Becton Dickinson, San Jose, CA, USA). A
gate was applied in the FSC/SSC dot-plot to restrict the analysis to spermatozoa.
For the gated cells, the percentages of Annexin-V negative or positive (A_ or Ap),
and Pl negative or positive (Pl_ or Plp), as well as double positive cells were
evaluated, based on guadrants determined from single-stained and unstained

control samples (Figure 2.7).
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Figure 2.7: The Annexin-V/PI assay identified four different categories of spermatozoa. Cells
in the lower left quadrant were not fluorescent (A_/PI_} and were recorded as live celis, e.g.
without membrane dysfunction. Apoptotic, but viable spermatozoa (Ab/Pl_) were labelled
with Annexin-V but not with Pl and fell in the lower right quadrant. Early necrotic
spermatozoa (Ab/Pip) that bound both Annexin-V and Pl (upper right quadrant) are assumed
to maintain some degree of membrane integrity although having damaged permeable
membranes and thus still bind Annexin-V. Late necrotic spermatozoa (A_/PIpb) however were
labelled by Pl buf not Annexin-V (upper left quadrant). It is assumed that these latter
spermatozea have completely lost sperm membrane integrity and are thus unable to bind
Annexin-V

2.6.4 Assessment of apoptosis using Apo-direct

A characteristic feature of apoptosis is DNA fragmentation, one of the later steps of
apoptosis, which result from the activation of endonucleases during the apoptotic
process (Gandini ef al., 2000; Nagata, 2000). The detection of fragmented DNA, has
been quantified using the APO-DIRECT™ (BD Biosciences, Phamingen, USA)
assay which is a single step method for labelling DNA breaks with FITC- dUTP,
followed by fiow cytometric analysis (fluorescence-activated cell sorting, Becton
Dickinson, San Jose, CA) equipped with software Cell Quest version 3.3. A
minimum of 10,000 spermatozoa were examined for each assay at a flow rate of
<100 cells/second. The sperm population was gated using 90° and forward-angle
light scatter to exclude debris and aggregates. An argon laser at 15 mW was used,
and green fluorescence (480-530 nm) was measured in the FHL1 channel (Figure
2.8). Two dyes are used; Pl stained total DNA and fluorescence about 623 nm.

FITC-dUTP stained apoptotic cells and fluorescence at 520 nm.
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Figure 2.8: Frequency histogram showing DNA fragmentation using Apo-direct assay. The
percentage of cell with fragmented DNA is indicated with marker M1

o

2.6.5 Assessment of apoptosis using Caspase-3

Antibodies against caspase-3 in cells which are undergoing apoptosis serve to
differentiate and quantify cell populations into apoptotic and non-apoptotic cells as
measured by flow cytometry (fluorescence-activated cell sorting, Becton Dickinson,
San Jose, CA) equipped with software Cell Quest version 3.3. A minimum of 10,000
spermatozoa were examined for each assay at a flow rate of <100 cells/second. The
sperm population was gated using 90° and forward-angle light scatter to exclude
debris and aggregates. An argon laser at 15 mW was used, and green fluorescence
(480-530 nm) was measured in the FHL1 channel (Figure 2.9).

Counts

Figure 2.9: A frequency histogram show cells expressing caspase-3 which is indicated by
the marker M1
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2.7 Preliminary studies

RPO like many ather oils is water insoluble and is difficult to be introduced into an
aqueous medium. Therefore, it needs to be dissolved in an appropriate solvent
which is not toxic to the sperm cells. Virgin red paim oil was obtained from the
Malaysian Palm Qil Board. In the first part of the study suitable solvents were
investigated in order to introduce RPO to the spemn media. Thereafter, the
appropriate administration concentrations of RPO for sperm were determined.

2.7.1 RPO and vehicles: solubility and toxicity of dimethylsulphoxide (DMSO),
Ethanol, and Propanol Glycol (PGly)

o Solubility of RPO into dimethylsulphoxide (DMSO), Ethanol, and
Propanol Glycol (PGly)
DMSO (Merck, South Africa), ethanol (Burdick & Jackson, USA) and PGly (Merck,
South Africa) are commercizally available solvents and commonly used to dissolve
lipids. In this study, different volumes of DMSO, ethanol and PGly were used to try
to dissolve RPO (87.5%; 75%; 50%).

o [Investigating the toxicity of DMSO, Ethanol and PGly to sperm cells
After collection through swim-up, sperm cells were counted and the concentration
determined by means of CASA. Celis were subsequently divided into aliquots and
incubated either with DMSO or ethanol or PGly (also known as polyethylene glycol)
at concentrations of 0% (1000l cells), 0.05% (999,5pl cells +0.5 ul solvent), 0.1%
(9994l cells +1 pl solvent), 0.5% (995ul cells +5 pl solvent), 1% (990ul cells +10 i
solvent), 2.5% (975pl cells +25 pl solvent), 5% (950 pl cells +50 pi solvent) and 10%
{900yl cells +100 pl solvent) at 37°C for 30 minutes after which samples were
analysed by means of CASA for motility (Figure 2.10).

Swim-up
DMSO ETHANOL PGly
(0 % - 10 %) (0% -10%) - (0% - 10 %)
30 minutes; 37°C 30 minutes; 37°C 30 minutes: 37°C
h 4 h, A
CASA
(Motility)

Figure 2.10: Protocol to investigate the toxicity of DMSO, ethanol and PGly
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2.7.2 Determining the appropriate administration concentrations of RPO/PGly
for sperm motility

After collection through swim-up, sperm cells were counted and their concentration
determined by means of CASA. Cells were subsequently divided into aliquots at a
concentration of 2x10%/ml each. As shown in Figure 2.11, cells were incubated with
PG only at 0.1% (999l cells + 1yl PG), 0.5% (995ul cells + 5pl PG) and 2.5%
(975l cells + 25ul PG). Furthermore, cells were incubated with RPO/PGly at a ratio
of 1:1 and included 0.1% (998 pl cells + 2ul RPO/PGly), 0.5% (990 pl cells + 10ul
RPO/PGly) and 2.5% (950ul cells + 50ul RPO/PGly) for 30 minutes at 37°C.
Samples were immediately analysed by means of CASA for motility.

30 f e % Ea |
Wash x 2 + RPO/PGly Motility
400g, 5'

Figure 2.11: Protocol to determine the appropriate concentrations of RPO/PGly for sperm
motility

2.7.3 Dihydroethidium (DHE)-specificity for superoxide studies in the absence
or presence of Mn(lll)TMPyP, SOD and RPO

After collection through swim-up, sperm cells were counted and their concentration
determined by means of CASA. Cells were subsequently divided into aliquots at a
concentration of 2x10%ml each. As shown in Figure 2.12, cells were incubated
without or with Mn(lil)TMPyP (50uM; Chemical Co., St Louis, MO, USA) or SOD (50
IU; Chemical Co., St Louis, MO, USA) or RPO at 0.1%; 0.5%; 2.5% for 30 minutes
at 37°C. After 30 minutes DMNQ (Calbiochem, San Diego, USA) was added at
concentrations of OuM; 2.5uM; 5uM; 10uM; 25uM; 50pM; 100uM and incubated for
a further 60 minutes at 37°C. Samples were immediately analysed by means of
CASA for motility parameters (Figure 2.12). DHE (30uM) (Sigma Chemicals Co., St.
Louis, MO) was added to cells and then incubated at 37°C for 15 minutes before
assessment by means of FACS analysis (Figure 2.12).

30’ " 60’ I 30’

Wash x 2 + Mn(lll)TMPyP + DMNQ
400g, 5’ +S0D
+RPO

Figure 2.12: Protocol to determine the scavenging effects of Mn(lIl)TMPyP, SOD and RPO
on superoxide by monitoring DHE fluorescence
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2.8 The effects of superoxide on sperm motility parameters in the absence or
presence of Mn(lll)TMPyP, SOD and RPO

Mn(ll)TMPyP ,SOD and RPO are used as superoxide scavengers, therefore, they
needed to be added to the aliquots prior the addition of DMNQ in order to provide
protection to the sperm cells. In previous studies (Faulkner et al., 1994; Gardner et
al., 1996; Navarro-Antolin et al., 2001), Mn(lll)TMPyP (2.5 pM to 25uM and 50uM in
mammalian cells and in E.coli), had been used to scavenge superoxide. It has also
been reported previously in the literature (Zini et al., 1993; Griveau et al., 1995a)
that the mean values of SOD used on human spermatozoa ranged between 42-46
IU/10° and 65 1U/10° of SOD. Therefore, the concentrations for the scavengers used
(Mn(lIH)TMPyP and SOD) were based on these findings. On the other hand, the
preliminary studies provided us with the concentrations of RPO to be used.

After collection through swim-up, sperm cells were counted and their concentration
determined by means of CASA. Cells were subsequently divided into aliquots at a
concentration of 2x10%ml each. As shown in Figure 2.13, cells were incubated
without or with Mn(lll)TMPyP (50puM; Chemical Co., St Louis, MO, USA) or SOD (50
IU/ml; Navarro-Antolin et al.,, 2001; Chen et al., 2003 ) or RPO at 0.1%; 0.5%; 2.5%
for 30 minutes at 37°C. After 30 minutes DMNQ (Calbiochem, San Diego, USA)
was added at concentrations of OuM; 2.5uM; 5uM; 10uM; 25uM; 50uM; 100uM and
incubated for a further 60 minutes at 37°C. Samples were immediately analysed by
means of CASA for motility parameters (Figure 2.13). The motility parameters of
interest were total motility, progressive motility, VAP, VSL, VCL, ALH, BCF, STR,
LIN, rapid cells, and static cells of which motile cells, progressive motility; rapid cells
and static cells seemed to be the more important motility parameters.

e T T
30 I 60’ I 30 ' 60’

Washx2 = Mn(lll)TMPyP + DMNQ
400g,5 =SOD
+ RPO

Figure 2.13: Protocol to determine the effects of superoxide on sperm motility parameters in
the absence or presence of Mn(lll)TMPyP, SOD and RPO
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2.9 The effects of superoxide on Pl fluorescence in the absence or presence of
Mn(ll)TMPyP, SOD and RPO

Following the description under 2.8 (after incubation in DMNQ for 60 minutes at
37°C), cells were incubated with Pl, (Sigma, St. Louis, MO, USA) (1pM, 15 min)
(Pena et al., 1998), a fluorescent marker of non-viable cells, and analysed using
FACS (Figure 2.14). For this analysis, viable sperm are defined as cells that
possess an intact plasma membrane. This attribute is evaluated by staining with PI,
a fluorescent probe that binds to DNA. Cells having an intact plasma membrane will
prevent Pl from entering into the cell and staining the nucleus (Gillan ef al., 2005).

B S0 | rcose | cwae [ P
30° I 60° I 30° I 60° 15’
Washx2  =Mn(ll)TMPyP  =DMNQ
400g,5  =SOD
+ RPO

Figure 2.14: Protocol to determine the effects of superoxide on Pl fluorescence in the
absence or presence of Mn(lIl)TMPyP, SOD and RPO

2.10 The effects of superoxide on sperm apoptosis parameters in the absence
or presence of Mn(ill)TMPyP, SOD and RPO

For the effect of RPO on apoptosis and DHE fluorescence 0.1% of RPO was used
because it is less detrimental to the cells. Three apoptotic markers (Annexin-V,

Caspase-3 and DNA fragmentation) were used to investigate sperm apoptosis.

2.10.1 Annexin-V Assay

After incubation of aliquots containing 2x10° sperm/ml with DMNQ (refer to section
2.8), sperm suspensions were centrifuged at 4000 rpm for 5 minutes. These cells
were washed twice in phosphate buffered saline (PBS) and the pellets were
resuspended in 100pl of labelling solution [20ul Annexin-V-Fluos labelling reagent
in 1000p! Hepes (Sigma, USA) buffer and 20ul PI] for 15 minutes at room
temperature. The preparation of the labelling solution was followed according to the
manufacturer's instructions (Roche Diagnostics, Mannheim, Germany). 0.5 mi of
Hepes buffer was added to each sample and analysed by flow cytometry as
mentioned under the heading 2.6.3 .The protocol is outlined in Figure 2.15.
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30’ ' 60’ I 30 ' 60’
Washx2 =Mn(lil)TMPyP +DMNQ
400g, 5' + SOD
+ RPO

Figure 2.15: Protocol to investigate the effects of superoxide on sperm apoptosis in the
absence or presence of Mn(lll)TMPyP, SOD and RPO using Annexin-V

2.10.2 Apo-direct assay
After incubation of aliguots with DMNQ (refer to section 2.8), sperm cells were fixed

in 1% paraformaldehyde (Sigma Aldrich Co., UK) in PBS solution and this was
followed by incubation on ice for 30-60 minutes. The cells were washed twice in
PBS and centrifugation between the washing steps was carried out for 5 minutes at
4500 rpm. The sperm cells were re-suspended in 70% ice-cold ethanol and stored
on ice for 30 minutes. For the staining procedure according to the manufacturer's
protocol, sperm cells were incubated in the staining solution (Reaction buffer, Tdt
enzyme, FITC-dUTP suspended in distilled water) for 60 minutes at 37°C. Following
the staining procedure, the sperm cells were rinsed twice in rinsing buffer with
centrifugation (4500 rpm for 5 minutes) between washing steps. The cell pellets
were re-suspended in a propidium iodide/RNase (PI/RNase) staining buffer and
incubated in the dark for 30 minutes at room temperature. The sperm cells were
analysed within 3 hours of staining by flow cytometry for the detection of labelled
DNA strand breaks to detect apoptotic sperm cells in the ejaculate sperm samples.
Positive and negative control cells (purchased components of the Apo-direct kit; BD
Biosciences, Pharmingen, USA) were stained in the same manner according to the
manufacturer's protocol and samples were analysed by flow cytometry as
mentioned under 2.6.4. The protocol is outlined in Figure 2.16.

30’ 60’ 30’ 60’

Wash x 2 = Mn(lITMPyP + DMNQ
400g, 5’ +S0D
+RPO

Figure 2.16: Protocol to investigate the effects of superoxide on sperm apoptosis in the
absence or presence of Mn(lll)TMPyP, SOD and RPO using Apo-direct

2.10.3 Caspase-3 Assay
After incubation of aliquots with DMNQ (refer to section 2.8), spermatozoa were

fixed in a 4% paraformaldeldehyde solution (Sigma Aldrich Co., UK) at 37°C for 30
minutes. The pellet was obtained following centrifugation at 4000 rpm and then a

26



double wash was performed with PBS solution at room temperature and centrifuge
speed was 4000 rpm. The final pellet was resuspended in 1ml of blocking buffer
[10% fetal calf serum (Gibco, UK), 0.4% Triton-X-100 (Sigma Chemicals, USA) in
PBS] at room temperature for 1 hour. Following centrifugation at 4000 rpm, the
pellet was re-suspended in an incubation buffer [2% fetal calf serum (Gibco, UK),
0.4% Triton-X-100 (Sigma Chemicals, USA) in PBS] with 20pl of FITC-conjugated
polyclonal rabbit active anti-caspase-3 antibodies (Phamingen, USA) for 1 hour.
These spermatozoa were washed three times with 0.1% Tween- 20 in PBS ( Merck,
Schuchardt, Germany), re-suspended in PBS and filtered though a nylon filter to
reduce any clumping of cells, thus ensuring a single cell suspension. In all the
analyses, spermatozoa unlabelled with FITC caspase-3 antibody served as the
negative control. Samples were analysed by flow cytomety as mentioned under
2.6.5. Furthermore, the protocol is outlined in Figure 2.17.

Wash x2 =Mn(lI)TMPyP +DMNQ
400g,5 +SOD
= RPO

Figure 2.17: Protocol to investigate the effects of superoxide on sperm apoptosis in the
absence or presence of Mn(lli)TMPyP, SOD and RPO using Caspase-3

2.11 Statistical analyses

GaphPad™ PRISM 4 was used for all statistical evaluations and graphical
representations. Some data are expressed as percentages of the control (mean =
S.E.M), and control values were adjusted to 100%. For comparative studies,
Student ttest (unpaired) or one-way analysis of variance (ANOVA) test (with
Bonferroni post test if P < 0.05) were used for statistical analyses. Differences were
regarded statistically significant if P < 0.05 and highly significant if P < 0.001.

27



CHAPTER 3

RESULTS

3.1 Preliminary studies
This initial study evaluated DMSO, ethanol and PGly in the attempt to determine the

appropriate solvent capable of dissolving RPC with the least toxic effects on sperm

cells.

3.1.1 Solubility and toxicity of dimethylsulphoxide (DMSO), Ethanol, and

Propanol Glycol (PGly)
RPO started to dissolve in a solution of 87.5% of DMSQO. However, a significant

decrease in motility was observed if spermatozoa were incubated in concentrations
equal to or higher than 0.1% DMSO (Figure 3.1).

*P < (.05 vs control

% of motile celis
- (%] [N o
o 3 B 8 & 3 3

0 01 05 1 25 5 10
DMSO (%)

Figure 3.1: Solubility of RPO in DMSO and the toxic effect of DMSO on sperm motility (n=5)

RPO dissolved in solution of 75% of ethanol. From Figure 3.2 it can be seen that
ethanol concentrations of 0.05% and higher significantly decreased sperm motility

when compared to control.
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Figure 3.2: Solubility of RPO in ethanal and the toxic effect of ethano! on sperm motility
(n=6)

RPO already dissolved in a solution of 50% of PGly. However, PGly only decreased

sperm motility at concentrations equal or higher to 0. 5%.

S0~
80~
7o4B
60~
50§

*P < 0.001vs control

% motile cells

404 ¢
304}
20+

104

0 005 014 05 1 25 5
PGly (%)

Figure 3.3: Sclubility of RPO in PGly and the toxic effect of PGly on sperm motility (n=6)

It was subsequently decided to use PGly as the vehicle of preference to administer
RPO because it is less detrimental to sperm motility (0.5%) and already dissolves
RPO at low concentration (50%).

3.1.2 Determining the appropriate administration concentrations of RPO/PGly
for sperm motility

Figure 3.4 shows that 2.5% RPO+PGly (51.44+526%) and 2.5% PGly (28.78
16.3%) significantly decreased the number of motile cells when compared to control
(69.00£3.09%). Furthermore, it can be seen that at concentrations of 2.5% the
addition of RPO significantly increased the number of motile cells when compared to

PGly alone.
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B PGly alone
EERPO + PGly in ratio 1:1

* P < 0.001 vs control

®RP <005

motile cells (%)

0.1 0.5 25
[PGly] or [RPO/PGly] (%)

Figure 3.4: Effect of PGly or RPO + PGly on sperm motility (n=13)

Due to these findings, the administration of RPO+PGly shall be limited to the
concentrations of 0.1% and 0.5% because these have less toxic effect on the cells.
Furthermore, RPO+PGly shall be simply referred as to RPO.

3.1.3. Dihydroethidium (DHE)-specificity for superoxide studies in the absence
or presence of Mn(lll)TMPyP, SOD and RPO

3.1.3.1 Effect of exogenous superoxide on dihydroethidium (DHE)
fluorescence in sperm

From Figures 3.5, 3.6 and 3.7 it can be observed that the addition of DMNQ (up to
100uM) did not statistically affect DHE fluorescence.

3.1.3.2 The effects of superoxide on dihydroethidium (DHE) fluorescence in
the absence or presence of Mn(lll)TMPyP in sperm

From Figure 3.5 it is evident that the treatment with Mn(lIl)TMPyP significantly
reduced DHE fluorescence in samples containing no DMNQ up to 50uM DMNQ.
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Figure 3.5: The scavenging effect of Mn(lll)TMPyP on superoxide praduction of sperm (n=6)

3.1.3.3 The effecis of superoxide on dihydroethidium (DHE) fluorescence in

the absence or presence of SOD in sperm
Figure 3.6 shows that the addition of SOD significantly decreased DHE fluorescence

in samples to which 25uM to 100pM DMNQ was added.
E- soD B3+ soD

1] 1

100+

g

DHE fluorescence
(% of control)

0 25 5 10 25 50 100
[DMNQK(uM) #P<0.05

Figure 3.6: The scavenging effect of SOD on superoxide production of sperm (n=6)

3.1.3.4 The effects of superoxide on dihydroethidium (DHE) fluorescence in

the absence or presence of RPO in sperm
From Figure 3.7 it can be seen that RPQO did not lead to any significant differences

in DHE fluorescence (P > 0.05) for any of the DMNQ concentrations.
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Figure 3.7: The scavenging effect of 0.1% RPO on superoxide (n=6)

3.2 The effects of superoxide on sperm motility parameters in the absence or
presence of Mn(lll)TMPyP, SOD and RPO

3.2.1 The effects of exogenous superoxide on sperm motility parameters

From Tables 3.1, 3.2 and 3.3 it can be seen that the addition of exogenous
superoxide in the form of DMNQ significantly decreased the percentage of motile
cells, progressive motility, rapid cells, VAP, VSL and VCL, at concentration of
100uM DMNQ. STR and LIN were significantly decreased at concentrations of
50uM and 100pM DMNQ. On the other hand static cells significantly increased
already from 5uM DMNQ compared to control (OuM DMNQ). No significant
differences were detected in ALH and BCF at any of the DMNQ concentrations
tested.

3.2.2 The effects of superoxide on sperm motility parameters in the absence
or presence of Mn(lll)TMPyP

Table 3.1 shows that the addition of Mn(lll)TMPyP did not significantly attenuate the
effect of superoxide on percentages of progressive motility, rapid cells, VAP, VSL
and VCL at 100pM DMNQ when compared to control (OuM DMNQ). However,
Mn(ll)TMPyP attenuated the negative effect of superoxide on static cells at 5uM
and 10pM DMNQ. Meanwhile, Mn(ll)TMPyP significantly decreased the
percentages of motility and static cells at 100uM DMNQ (27.91 £ 3.09 vs. 16.36 +
2.06 and 82.70 + 3.17 vs. 57.82 + 5.54 respectively; P< 0.05). Furthermore, the
addition of Mn(lll)TMPyP decreased the number of static cells already at DMNQ
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concentration of 25uM and 50uM (48.20 + 4.32 vs. 30.91 + 2.83 and 61.20 + 5.08
vs. 35.91 + 5.44 respectively; P< 0.05) compared to samples treated with only
DMNQ. No significant differences were detected in ALH and BCF at all DMNQ
concentrations.

3.2.3 The effects of superoxide on sperm motility parameters in the absence
or presence of SOD

Table 3.2 shows that the addition of SOD intensified the harmful effects of
superoxide from 10uM DMNQ on the percentages of progressive motility and from
25uM on rapid cells. It can also be seen that SOD intensified the effects of
superoxide on motility, VAP, VSL and VCL at 50pM DMNQ. Furthermore, SOD
decreased ALH and BCF (at 100pM DMNQ) and increased static cells (at 2.5uM
DMNQ) when compared to control (OuM DMNQ). However, SOD reversed the
negative effect of superoxide on STR (50uM DMNQ) and static cells (10pM DMNQ).
Samples treated with DMNQ in combination with SOD showed significantly less
rapid cells at concentration from 2.5uM to 100uyM DMNQ when compared to those
treated with DMNQ alone. This was also observed with the percentage of
progressive motility (from 10uM DMNQ) and motile cells {from 50uM DMNQ).

3.2.4 The effects of superoxide on sperm motility parameters in the absence
or presence of RPO

The addition of 0.1% or 0.5% RPO (Table 3.3) intensified the negative effects of
superoxide on motility, progressive motility and rapid cells at 50pM DMNQ.
Similarly, RPO intensified the effects of superoxide on VAP, VSL and VCL at 5uM
and 50uM DMNQ. However, RPO attenuated the effect of superoxide on static cells
from 5uM to 25uM DMNQ. Maoreover, it reversed the effect of superoxide on STR
and LIN at 50uM. No significant differences were detected in ALH and BCF at all
DMNQ concentrations. In the control group 0.1% and 0.5% RPO significantly
increased the percentage of motility compared to the superoxide control (OpM
DMNQ). In addition 0.5% RPO increased rapid cells, VAP and LIN. No significant
difference was detected in the 2.5uM DMNQ group. In the SuM DMNQ group, 0.1%
and 0.5% RPO significantly reduced VAP, VSL, VCL and percentage of static cells.
0.1% and 0.5% RPO significantly decreased the percentage of static cells at 5pM
DMNQ. Mareover, 0.1% RPO decreased VCL at 5uM DMNQ. In the 50uM DMNQ
group, 0.1% and 0.5% RPO significantly reduced motility, progressive motility and
VCL. 0.1% and 0.5% RPO significantly decreased percentages of matility and
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progressive motility at 100uM DMNQ. In addition 0.1% RPO reduced BCF while
0.5% RPO reduced static cells at 100uM DMNQ.



Table 3.1: The effects of superoxide on sperm motility parameters in the presence or absence of Mn(lIl)TMPyP (50pM) (n=12)

Parameters Treatment OpM DMNQ 2.5uM DMNQ | 5uM DMNQ | 10pM DMNQ | 25uM DMNQ | 50uM DMNQ | 100pM DMNQ
MOTILE 54.64+6.20 | 58.18 +4.11 55.09+412 | 59.45+598 | 5536+ 558 52.91+3.10 27.91 £+ 3.09*
(%) +Mn{ll)TMPyP | 5882+ 3268 |53.27+ 5.06 4964+ 394 | 5473+3.08 | 5427+250 46.82£3.74 16.36 £2.06**
PROGRESSIVE 3400+4.30 |[31.18+3.686 2600+242 | 36641406 | 3491+ 578 2527 +2.26 05.36 + 1.03*
MOTILITY (%) +Mn{lITMPyP | 35821255 |3164+4.26 2527 +£3.23 1 32.00+£3.25 | 3036+£2.20 2336+ 1.68 03.36 + 0.52*
RAPID 4491+ 564 | 4655+ 4.60 42361391 [ 5055+£539 |43.82+5.02 40,73 £2.84 13.00 + 1.8%*
CELLS (%) +Mn{lJTMPyP | 4945+ 321 | 43.73+545 38182375 [ 43.73x3.78 |43.73+290 33.18+3.17 09.27 + 1.74*
VAP 53.33+2.85 | 5093+334 47881282 | 54981298 |51.17x2.71 43.25+2.72 31.87 £ 1.91*
(pmis) +Mn(ll)TMPyP | 5545+2.16 | 56.38+3.71 5051 +241 | 56.62+3.64 |5522+3.57 48.85 £1.86 29.96 £ 1.49*
VSL 4665+2.91 | 43.38+3.06 39861249 (47911310 |43.72+2.81 35831245 25.59 + 1.84*
{um/s) +Mn{ll)TMPyP | 47.62+2.13 | 4866+ 3.26 42.18+ 230 | 48.831+3.20 | 46.8813.04 40.97 £ 1.76 2274+ 1.12*
VCL 80.24+ 287 | 79.44 £ 3.91 73.20+2.35 | 83274313 | 7718+ 3.03 73.27£2.21 53.08 £ 2.74*
{um/s) +Mn{H)TMPyP | 7065+ 319 | 79.55+6.25 75991292 | 80.88+4.80 |81431+4.84 74.12+2.42 5191+ 219"
ALH 03.82+0.20 | 04.11+0.20 04331015 | 04.06+0.19 | 04.25+0.13 04.34 £ 0.12 04.04 ¢+ 0.16
{(Pm/s) +Mn(I)TMPyP | 03.84+0.19 | 0411+ 0.16 04.28+ 0.13 | 0392+0.18 | 0422 +0.13 04.15+0.11 0342+ 0.24
BCF 23.74+ 081 |23.22%1.00 2209+ 096 | 23.29+1.08 | 2322+1.72 23301072 2499+ 1.30
(Hz) +Mn(IIDTMPyP | 23681068 |234910.70 2268+ 026 | 24.31+066 |2262+0.70 2258 + 0.46 24.51+ 0.99
STR 8220111 | 78.30+1.25 74801055 | 7990+ 060 | 79.20%1.14 7270+ 359" | 7330 1.30*
(%) +Mn({lINTMPyP | 8345+ 1.03 | 83.64 +0.62 B0.45+0.69 | 83.27+0.83 |82.18+0.55 B0.91+ 0.47* | 7665+ 1.51*
LIN 5660162 |50.10+1.14 4990+ 082 | 52.80+£ 069 | 51.00 £1.26 4720+ 1.05* | 4520+ 3.34*
(%) +Mn(IINTMPyP | 58.36 £ 1.37 | 56.73+0.92 55731099 | 57.82+1.33 | 55.60+1.01 5291+ 0.68* | 45091 1.25*
STATIC 24601329 |33.90+455 42,901+ 3.01* | 4467 £ 4.13* | 48.20+4.32* | 61.20+5.08% | 8270 3.17*
CELLS (%) +Mn(I)TMPYP | 24.09+3.36 | 31.09+5.16 31.36+3.53 | 28.27+333 |3091+283% |3591t544° 57.82% 5.54*°

Note: Values are represented as means £ S.E.M. Differences were regarded statistically significant if P < 0.05 and highly significant if P < 0.001.
* P < 0.001 vs. control (OpM DMNQ and no Mn(lITMPyP), P <0.05vs parameter of same [DPMNQ]
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Table 3.2: The effects of superoxide on sperm motility parameters in the presence or absence of SOD (n=12)

Parameters Treatment | OyM DMNQ | 2.5p MDMNQ | 5uM DMNQ [ 10yM DMNQ | 25uM DMNQ | 504M DMNQ | 100uM DMNQ
MOTILE 5464+ 6.20 | 58.18+4.11 |5500+412 |5945+598 |5536+558 |5291+310 |27.91%3.00
(%) +S0OD 56.10+3.99 |49.90+3.97 |46601362 |42.30+3.01 |386043.13 |20.80+4.22** | 03.70+ 0.96*°
PROGRESSIVE 3400+4.30 [31.18:£366 |[26.00+242 |3664+406 |34.91+578 [2527+226 | 05.36+1.03*
MOTILITY (%) | +SOD 30.30£273 |23.90£1.82 |[22.70+2.70 ;21.40+£2.16* | 18.20+2.02*% | 7.00+ 1.80** | 01.00% 0.42*°
RAPID 4491+564 |4655:460 |4236+3.91 |5055+539 |43.82+502 |[40.73+2.84 | 13.00+1.81*
CELLS (%) +SOD 42401364 | 31.70+1.64% | 3250+ 1.77° | 3310+ 1.56° | 30.70+2.96** | 14.50+3.61*° | 02.60+ 0.77**
VAP 5333+285 | 5093334 (47881282 [5498+£298 |51.17x271 |43.25+272 |31.87+1.91
(Umis) +SOD 5400211 |46.06+1.77 |46.03+263 |49.05+3.66 |49.70+£222 |4040+185* | 30.62+2.56*
VSL 4665+291 |43.38+3.06 [3986+249 |47.91+£310 |43721281 |3583+245 |2559z%1.84"
(Hmis) +SOD 4434 +164 |3661+1.72 | 37.13:£1.30 |4211£215 |4025+2.13 |31.38+182* |22.15+218*
VCL 8024+287 [7944:£391 [7320+235 |8327+313 |77.18+3.03 |7327+221 |53.08274*
(pmis) +S0D 81.71+381 |[7479+3.35 |79.16+384 |78.85+4.61 |78.07%327 |64.75+250* |51.3643.07
ALH 03.89+020 | 0411£0.20 [04.33+015 |[0406x2019 [04.25+013 |04.34£012 [04.040.16
(Bm/s} +S0D 0421+015 | 04361014 | 04232018 |0460£0.19 | 04451019 |03.99+0.12 |02.200.54
BCF 23741081 [2322+1.00 [2200+0986 |[2329+108 [2322+172 [2330+0.72 |24.99+1.30
(Hz) +S0D 2203+£075 |21.77¢£ 059 | 2240110 |2198£077 |21.7820.51 |21.06% 0.84 | 15.6512.06*
STR 8220 1.11 |7830£1.25 |7480+055 |[7990+060 |79.20+1.14 |7270%3.59* | 73.30x 1.30*
(%) +S0D 79.90+075 |7740+084 |7560+177 [8050+092 |7830+101 |76.00£1.73 |72.50+267*
LIN 56.6011.62 |5010+1.14 |49.90+0.82 |5280+£069 |51.00+126 |47.20+1.05* | 4520 3.34*
(%) +S0D 53.50£1.302 | 48.40+1.35 |47.13+091 |5230+£1.23 |50.10+1.47 |46.40+1.815* | 44.60 £1.93"
STATIC 2460+329 [3390+4.55 |4290+3.01* | 44671413 [4820+4.32* | 61.20+5.08* | 82.70+ 3.17*
CELLS (%) +SOD 31201 466 | 44,90+ 3.55* | 46.90 +4.87* | 41.10+ 3.75 | 44.90+3.37* | 60.10+ 5.80* | 90.5641.82*

Note: Values are represented as means + S.E.M. Differences were regarded statistically significant if P < 0.05 and highly significant if P < 0.001.
* P < 0.001 vs. control (O4M DMNQ and no SCD); SP<005vs parameter of the same [DMNQ]
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Table 3.3: The effects of superoxide on sperm motility parameters in the absence or presence of different concentrations of RPO (n=12)

. Parameters Treatment OuMDMNGQ | 25uMDMNQ  SuMDMNQ | 10uM DMNQ 25uM DMNQ | S0UM DMNQ | 100uMDMNQ |
MOTILE 54.64 + 620 58.18 £ 4.11 55.09 + 4.12 59.45 + 5.98 55.36 + 5.58 52.91 % 3.10 27.91+ 3.09¢
(%) 0.1% RPO 6089 +532° 48.56 + 6.66 4329+ 6.48 48.22 + 5.91 44 56 £ 5.97 2567 +6.11*% | 00.33+3.62*°

0.5% RPO 60.62 + 3.70°F 49,46 + 428 49.80 + 2.81 56.31+4.18 48.23+ 348 33.23+7.71*% | 13.4642.63*%
PROGRESSIVE 34.00 + 4.30 31.18 £ 3.66 26.00 £2.42 36.64 + 4.06 34.91+5.78 2527 +2.26 05.36 +1.03*
MOTILITY (%) 0.1% RPO 43.00 £ 6.01 29.00 + 7.65 26.50 + 6.23 27.33 + 5.42 27.67 + 5.81 12.33 £ 4.40** | 02.50£1.14*¢
0.5% RPO 40.46 + 3.79 29.27 + 3.87 25.88 + 2 81 32,38+ 322 30.50 £ 3.71 14.15+3.90** | 02.53+0.63*%
RAPID CELLS 44.90 + 5.64 46.55 + 4.60 42.36 + 3.91 50.55 + 5.39 43.82 + 5.02 40.73 £ 2.84 13.00 + 1.81*
(%) 0.1% RPO 51.89+540 40.11 £ 6.56 3478+ 3.62 38.56 + 6.04 35.11 £ 6.00 18.22 t 4.70* 05.22 + 2.58*
0.5% RPQ 52.08+393° 37.46 £ 3,88 33,33+ 3.35 46.00+4.03 35151 3.85 24.77 + 6.68"* 06.84+ 163"
VAP 53.33+2.85 50.93 + 3.34 4788 +2.82 54.98 + 2.98 5117 £ 2.71 43.25+2.72 31.87 £ 1.91*
{um/s) 0.1% RPO 51.82+5.75 4559 + 3.89 36.461+3.24*% | 45431469 44,11 + 4.04 36.92 + 2.46* 31.22 + 3.29*
0.5% RPO 62.321+208° 4910+ 273 3852+213*% |5518+2.33 46.16+ 2,84 39.22 +2.44* 2043+ 3.36*
VSL 46.65 + 2.91 4338+ 3.06 39.86 + 2.49 47.91+3.10 43.72 £ 2.81 3583 +2.45 25.50 + 1.84*
{um/s) 0.1% RPO 42.78 1 6.00 36.53 + 3.94 28241+ 3.13*% | 36.3114.74 35.26 + 4.08 27.67 + 2.68" 22.90 + 2.73"
0.5% RPO 54.62 1+ 2.00 41.09+2.61 3079+ 1.86*° |47.15+2.16 38.65 + 2,57 31.64 1+ 2.02* 22,814+ 247"
VCL 80.24 + 2.87 79.44 1 3.91 7320+ 2.35 8327 +£3.13 77.18 + 3.03 7327+2.21 53.08 +2.74*
(umis) 0.1% RPO 74.88 + 6.34 68.86 + 4.94 57.83+396*% |6032+532° 66.68 £ 4.93 58.60 £ 3.09*% | 49.14 +4.63*
0.5% RPO 86.24 + 235 74.13+3.12 6243+278*% | 7995+295 69.60 + 3.63 63.08+3.18** | 51,02+ 552*
03.89 + 0.20. 04.11 ¢ 0.20 04.33 +0.15 04.06 £ 0.19 04.25 + 0.13 04.34 £ 0.12 04.04 £ 0.16
ALH (um/s) 0.1% RPO 03.90+0.10 03.82 +0.22 03.70+0.25 03.95+0.18 03.76 £ 0.22 03.71x0.18 02.76 + 0.81
0.5% RPO 03.97 + 0.08 04.19+0.11 04.17.%£0.10 04.10.+0.13 04.03 +0.18 04.03+0.18 03,40+ 0.48
BCF 23.74 + 0.81 23.22 + 1.00 22.09 1+ 0.96 23.29+1.08 23221172 23.30+0.72 24.99 £ 1.30
(Hz) 0.1% RPO 20.38+0.85 20.47 £ 0.38 22.8811.46 20.76 + 0.94 20.67 + 0.91 20.86 + 1.38 1911+ 1.57°%
0.5% RPOQ 23.12 + 0.45 2261+ 0.98 2358 + 1.26 22.44 + 0.41 24,12 + 0.93 21.82+ 1.25 23.03 + 2.77
STR (%) 82.20+ 1.11 78.30 + 1.25 7480+ 0.55 79.90 1+ 0.60 79.20 £ 1.14 72.70 £ 3.59* 73.30 £ 1.30*
0.1% RPO 7867 £2.72 76.56 £ 2.10 76.33+1.93 76.33 + 2.01 76.78 + 2.14 74.38 + 2.58 76.44 £ 3.70
0.5% RPO B4.69 + 0.71 81.15+£0.79 78.85 1 0.97 82,62+ 0.72 81.54. + 1.09 79.23 +0.89 72.00% 6.1
LIN (%) 56.60 + 1.62 50.10 £+ 1.14 49.90 + 0.82 52.80 £ 0.69 51.00 £ 1.26 47.20 + 1.05* 4520 + 3.34*
0.1% RPO 5422 +3.37 51.22 + 2.49 47.78+1.73 49.78 £ 2.42 50.67 + 2.42 46.44 +1.77 50.56 + 3.97
0.5% RPO 60.92+0.99° 53.15+ 1.36 51.98 + 1.04 52.62 +1.19 53.92 +2.13 49 46 + 1.04 41.46 + 3.50*
STATIC 24.60 + 3.29 33.90 + 4.55 42.90 + 3.01% 4467+ 4.13* 48.20 + 4.32* 61.20  5.08* 82.70+ 3.17*
CELL (%) 0.1% RPO 20.89 + 3.95 36.22 + 6.24 3589+ 7. 28 33,22 16.30° 3150+ 5.10°% 53.13 + 8.73* 79.11 1 7.31*
0.5% RPO 23.82+3.24 29.08+ 3.96 34.15+ 4.68° 26.23+356° 28.08 + 3.38° 49.77+ 7.79* 63.6916.64**

Note: Values are represented as means + S.E M. Differences were regarded statistically significant if P < 0.05 and highly significant if P < 0.001

* P < 0.001 vs control (OuM DMNQ and no RPO); ¥ P < 0.001 vs parameter of the same [DMNQ] and no RPO.
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3.3 The effects of superoxide on Pl fluorescence in the absence or presence of
Mn(lll)TMPyP, SOD and RPO

Non-viable cells can be determined using membrane-impermeable nucleic acid
stains which positively identify dead spermatozoa by penetrating cells with damaged
membranes. An intact plasma membrane will prevent these products from entering
the spermatozoa and thereby staining the nucleus. Commonly used examples

include phenanthridines, for example propidium iodide (Gillan et al., 2005).

3.3.1 The effects of superoxide on Pl fluorescence
Figures 3.8, 3.9 and 3.10 show that superoxide had no effect on PI fluorescence for

any concentration of O,™ equal to or less than 50pM DMNQ. The addition of 100puM

DMNQ led to a significant increase (P < 0.05) in Pl fluorescence.

3.3.2 The effects of superoxide on Pl fluorescence in the absence or presence
of Mn(lll)TMPyP

Figure 3.8 shows that Mn(lll)TMPyP treatment prior to DMNQ addition significantly
changed Pl fluorescence when compared to samples not treated with
Mn(llI)TMPyP. PI fluorescence significantly increased in samples stimulated with
50 and 100pM DMNQ in the presence of Mn(ll)TMPyP (206.80 = 34.45 vs.118.3 +
12.63 and 306.70 + 61.67 vs. 194.6 + 31.36; P < 0.001) while samples treated with
lower concentrations of DMNQ (2.5uM, 5uM and 10puM), Mn(lIHTMPyP addition
significantly reduced PI fluorescence (110.9 + 9.28 vs. 79.32 + 12.62; 100.6 + 9.15
vs. 72.40 + 9.24; 148.00 + 23.90 vs. 89.88 = 15.55; P < 0.001).

B -Mn(11)TMPyP BB +Mn(l11) TMPyP

* P <0.001 vs own control

;

#P<0.05

Pl fluorescence
(% of contral)

;

10 25
[DMNQ](uM)

Figure 3.8: The effect of superoxide on Pl fluorescence in absence or presence of
Mn(lI) TMPyYP (n=12)
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3.3.3 The effects of superoxide on Pl fluorescence in the absence or presence
of SOD
Figure 3.9 showed that SOD had no effect on Pl fluorescence at any given

concentration of DMNQ.

*

R -SOD B +S0D

150+

* P< 0.001 versus own control

Pl fluorescence
(% of control)

0 25 5 10 25 50 100
[DMNQ] (uM)

Figure 3.9: The effect of superoxide on Pl fluorescence in absence or presence of SOD
(n=11)

3.3.4 The effects of superoxide on Pl fluorescence in the absence or presence
of RPO

Figure 3.10 showed that RPO treatment prior to DMNQ addition of up to 25uM had
no effect on Pl fluorescence. However, RPO treatment combined with higher
dosage of DMNQ significantly increased Pl fluorescence: 0.1% RPO plus 100uM
(181.5 + 15.60 vs. 2.49.1 + 70.28; P < 0.05), 0.5% RPO plus 50uM DMNQ (122.7 +
11.76 vs. 227.00 = 101.1; P < 0.05) and 0.5% RPO plus 100uM DMNQ (181.5 =
15.60 vs. 252.1 + 115.8; P < 0.05).
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Figure 3.10: The effect of superoxide on Pl fluorescence in absence or presence of RPO
(n=6)

3.4 The effects of superoxide on sperm apoptosis parameters in the absence
or presence of Mn(lll)TMPyP, SOD and RPO

For the apoptosis studies, the concentrations of DMNQ were limited to 50uM and
0.1% RPO was used because it was less detrimental to sperm (Refer to 3.1.2. and
Table 3.3).

5.4.1 Annexin -V Assay

Figures 3.11, 3.12, .13 and Table 3.4 show three parameters (% of live cells, % of
apoptotic cells, and % of necrotic cells) as determined by the Annexin-V assay. No
statistically significant differences (P > 0.05) were observed on addition of
increasing concentrations of DMNQ (up to 50uM) in the absence or presence of
Mn(II)TMPyP, or SOD or RPO for any of the three cell populations.



EEDMNQ EEE DMNQ+Mn(ll) TMPyP E=DMNQ+SOD  EEEDMNQ+0.1%RPO

% of live cells

25 5 10
[DMNQ] (uM)

Figure 3.11: Annexin-V Assay: Percentage of live cells (n=6)

BN DVNQ EEEE DMNQ+Mn (I TMPYP EEEDMNQ+SOD EESIDMNQ+0.1%RPO

25+

g 9

% of apoptotic cells
R

AN |

25 5 10 25 50
[DMNQ] (uM)

Figure 3.12: Annexin-V Assay percentage of apoptatic cells (n=6)
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SR DMNQ B DMNQ+Mn(lITMPYP EESIDMNQ+SOD  EESSDMNQ+0.1%RPO

ek

% of necrotic cells
-t

25 5 10
[DMNQ] (uM)

Figure 3.13: Annexin —V Assay percentage of necrotic cells (n=6)

3.4.2 Apo-direct Assay

Figure 3.13 and Table 3.5 show that no statistically significant differences in DNA
fragmentation (P > 0.05) were observed after addition of increasing concentrations
of DMNQ (up to 50uM) in the absence or presence of Mn(lll)TMPyP, SOD or RPO.

BN DMNQ  EEE DMNQ+Mn(ll)TMPyP B3 DMNQ+SOD EEER DMNQ+0.1%RPO
25+

Bl

% of fragmented DNA
o

s AR 1)

5 10
[DMNQ]

Figure 3.14: Apo-direct Assay illustrating the percentage of fragmented DNA (n=6)

3.4.3 Caspase-3 Assay
Figure 3.15 and Table 3.6 shows that no siatistically significant differences in
percentage of caspase protease (P > 0.05) were observed after addition of
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increasing concentrations of DMNQ (up to 50uM) in the absence or presence of
Mn(li)TMPyP, SOD or RPO.

EEEDMNQ EEEDMNQ+Mn(ITMPYP EESIDMNQ+SOD EEEDMNQ+0.1%RPO
25+

g

% of caspase protease
T

T

5 10 25
[DMNQ] (uM)

Figure 3.15: Caspase-3 Assay illustrating the percentage of caspase protease cells (n=6)



Table 3.4: Effects of superoxide, Mn(llI)TMPyP, SOD and RPO on sperm apoptosis parameters using the Annexin-V Assay

parameters Oy DMNQ 2.5 1 DMNQ 5p DMNQ 10y DMNQ 250 DMNQ  50p DMNQ
DMNQ % LIVE 76.85+£3.37 74980+230 60.51+10.21 68.1+4575 69.12+3.64 65191528
% APOPTOTIC | 07.07+ 215 07.81%219 11.21x2.10 1068 +2.50 0831£210 08.33+234
% NECROTIC 13.3+ 1.40 1410+ 0.56 16.5912.24 1717 +£1.91 16.3+0.98 17.98 12 37
RPO % LIVE 77.33+2.71 7833+376 76.93+3.04 66.33+553 63531400 67.2714.00
(0.1%) % APOPTOTIC [ 06.34+231 0466+1.22 0694+242 08.51+2.78 08.27+2.02 08.05+293
% NECROTIC 1586+218 14841243 1419%£1.06 1495+1.98 1570+£1.78 17411257
Mn % LIVE 75.81+1.36 76.831+265 71981280 7074+ 4.79 72501284 67.38x1.16
(50uM) % APOPTOTIC (05621138 05281140 07.00+166 0761+232 0553+1.33 06631179
% NECROTIC 16.21+1.00 1492+142 17372177 1647 +1656 16341116 17511159
SOoD % LIVE 7378B+£3.06 74084+ 11.44 68.58 £4.21 65.25+£513 6652+441 63891523
(501U) % APOPTOTIC | 07.21£242 05171133 08741190 1027+ 268 07.59+165 0930+3.22
% NECROTIC 1587+ 139 1509+131 19.11+ 2.60 19.31+2.86 1945+210 1827155

Note: Values are represented as means + S.E.M. Differences were regarded statistically significant if P < 0.05 and highly significant if P < 0.001
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Table 3.5: Effects of superoxide, Mn(lI}TMPyP, SOD and RPO on sperm apoptosis using the Apo-direct assay

Apo-direct
DMNQ
RPO

Mn

SOD

OuDMNQ 2.51 DMNQ 54 DMNQ 10p DMNQ 25 DMNQ 504 DMNQ

05.55 + 1.38 0587 + 0.92 06.34 + 1.26 06.16+ 1,83 07.65+£2.03 07.35+2.78
04.8140.62 06.20 + 1.01 06.79 £1.50 07.71 2177 06.53 £1.93 07.50+2.05
05.25 £1.35 06.43 + 1.45 05.71 £1.03 07.45+1.55 07.96+2.14 09.5 0% 3.21
06.82 £2.06 07.69 +2.04 06.91 +£1.43 06.37 £ 1.03 06.80 £ 2.06 08.28 + 1.82

Note: Values are represented as means + S.E.M. Differences were regarded statistically significant if P < 0.05 and highly significant if P < 0.001

Table 3.6: Effects of superoxide Mn(lllTMPyP, SOD and RPO on sperm apoptosis using the Caspase-3 assay

Caspase-3
DMNQ
RPO

Mn

SOD

O DMNQ 2.5 DMNQ 54 DMNQ 10u DMNQ 254 DMNQ 504 DMNQ
05.30 11.29 08.06 £1.60 07.34 + 1.10 09.11x 262 09.78+ 273 09.82 £1.28
05.41+1.28 06.14 £1.59 06.86+2.18 07.08+1.95 10.22 £ 1.59 11.51+ 3.14
04.40 £1.55 06.09 £1.49 09.15 £ 4.43 09.61 + 2.51 07.19+2.10 11.51£1.85
06.65 +1.85 06.63 £1.31 06.13+1.28 06.71 + 0.351 1021+ 1.98 08.40 +2.09

Note: Values are represented as means + S.E.M. Differences were regarded statistically significant if P < 0.05 and highly significant if P < 0.001
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CHAPTER 4

DISCUSSION

4.1 Preliminary studies

4.1.1 Solubility and toxicity of dimethylsulphoxide {DMSO), Ethanol, and
Propanol Glycol (PGly)

This study is the first to our knowledge to investigate the use of RPO as a possible
scavenger of ROS in human spermatozoa. Due to the hydrophobic nature of RPO it
was imperative to find a suitable solvent in order to act as a vehicle for RPO
administration to sperm solutions. From the results, it is evident that PGly was able
to dissolve RPO at much lower concentrations than both ethanol and DMSO.
Furthermore, when the effects of these three solvents were tested on sperm motility,
it was observed that PGly had the least detrimental effects. it was thus decided to
use PGly as the solvent for RPO at concentrations of 0.1%, 0.5% and 2.5%.

4.1.2 Determining the appropriate administration concentrations of RPO for
sperm motility

From our results, it was evident that concentrations of PGly and PGly in combination
with RPO higher than 0.5% significantly reduced sperm motility. It was therefore
decided to use concentrations of 0.1% and 0.5% RPQ in this study. Furthermore, it
was observed that RPO had the ability to attenuate the deleterious effect of PGly on
sperm motility. It can be postulated that this might be due to the hydrophobic nature
of RPO and to its chemical composition.

4.1.3. Dihydroethidium (DHE)-specificity for superoxide studies in the absence
or presence of Ma(lll)TMPyP, SOD and RPO

In this part of the study used DHE as a probe for detecting the generation of the
superoxide anion by DMNQ and to examine the scavenging effects of
Mn(lITMPyP, SOD and RPO on superoxide and thus DHE fluorescence.
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4.1.3.1 The effects of superoxide on dihydroethidium (DHE) fluorescence in
sperm

From our results, it can be seen that the increase in DMNQ did not affect the
intensity in DHE fluorescence produced. It can therefore be speculated that the
amount of DHE used might be too minimal and might have been depleted, thereby
not leading to an increase in DHE fluorescence.

4.1.3.2 The effects of superoxide on dihydroethidium (DHE) fluorescence in
the absence or presence Mn(lll)TMPyP in sperm

Mn has some undefined antioxidant properties, in contrast with iron, which is clearly
a pro-oxidant in vivo. Lin and ¢o workers (2005) proposed that manganese might
directly scavenge radicals and/or up-regulate several key antioxidant enzyme
defences including manganese containing SODs to exert its action. Studies have
shown that manganese homeostasis results in elevated Mn levels that suppress
superoxide generator (Antebi and Fink, 1992, Lapinskas et al., 1995). Our data have
shown that Mn{lI)TMPyP could not only scavenge endogenously produced
superoxide, but also exogenously added superoxide with concentrations up to 50uM
DMNQ. It can be argued that no scavenging effects were observed at 100uM
DMNQ due to the Mn{iihTMPyP concentration being {oo low, had been depleted
and could therefore not perform significant scavenging shown by a reduction in DHE
fluorescence at all concentrations of DMNQ except 100uM.

4.1.3.3 The effects of superoxide on dihydroethidium (DHE) fluorescence in
the absence or presence of SOD in sperm

Our results showed that when SOD was added the samples stimulated with 25pM
to100uM DMNQ, DHE fluorescence was reduced. This shows that SOD was able to
act as scavenger and it could significantly reduce superoxide concentrations in
those samples. It likely that those concentrations {25pM to 100uM DMNQ) up-
regulated the SOD scavenging pathway. Our results confirmed the findings of
Dimmeler et al. (1999) who showed that Cu/ZnSOD up-regulation inhibited the
activation of the caspase cascade by shear stress in an increased superoxide

medium.
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4.1.3.4 The effects of superoxide on DHE fluorescence in the absence or
presence of RPO in sperm

Crude red palm oil is a rich source of antioxidant vitamin A precursors (a- and B-
carotene) and vitamin E [tocopherols, and tocotrienols] (Sundram et al., 2003).
Supplementation of culture media with antioxidants such as vitamin E neutralized
loss of motility caused by ROS generation. The addition of vitamin E is known to
remove ROS-producing cells by density gradient sperm preparation methods or to
remove leukocytes by antibodies against the common leukocyte antigen; (Alvarez
and Storey, 1989; de Lamirande and Gagnon, 1992; .Aitken et al., 1996). However,
our data showed that RPO had no superoxide scavenging effects as it did not
decrease DHE fluorescence.

4.2 The effects of superoxide on spenmn motility parameters in the absence or
presence of Mn(lIhTMPyP, SOD and RPO

Because of the damaging potential of ROS, cells depend on defence mechanisms to
effectively neutralise or metabolise these toxic effects to prevent significant free
radical injury. In this study, two commercially available superoxide scavengers
(Mn(INTMPyP and SOD) as well as RPO had been used to investigate their
possible protective effect against superoxide toxic effects in spermatozoa. In this
study, a decrease in percentage of motile cells, progressive motility and rapid cells,
as well as an increase in the percentage of static cells were regarded as negative or
a decrease in sperm function as these parameters are indicative of the ability of
spermatozoa to progress towards the oocyte in vitro.

4.2.1 The effects of superoxide on sperm motility parameters

In this study it was found that the addition of exogenous superoxide in the form of
DMNQ at 100pM significantly reduced the percentage of motile cells, progressive
motility, and rapid cells. It also decreased the values of the following motility
parameters: VAP, VSL, STR and LIN. Similarly, exogenous superoxide significantly
increased static cells from concentrations as little as SpM DMNQ. It is therefore
clear that superoxide is deleterious to sperm motility and sperm function at higher
concentrations. These results are in agreement wifh de luliis and co-workers (2006)
who demonstrated that human spermatozoa are capable of generating O, » and that
the production of this oxygen radical is inversely comrelated with defective sperm
function. Gil-Guzman and co-workers (2001) showed that levels of ROS production
were negatively correlated with teratozoospermia and spermatozoa developmental

stages. ROS production was found to be highest in the immature fraction of
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ejaculated sperm, which also contained sperm with abnormal head morphology and
cytoplasmic retention. It has been suggested that ROS induces membrane lipid
peroxidation in sperm and that the toxicity of generated fatty acid peroxides are
important causes of decreased sperm function (Armstrong et al., 1999, Agarwal et
al., 2006a). Baker and co-workers {(2003) argued that spermatozoa were the first
cell type suggested to generate highly reactive oxygen derived free radicals and
ROS. In their investigation they found that elevated ROS levels indicated a
combination of either semen contamination by leukocytes (especially granufocytes)
or the occurrence of defective and/or immature spermatozeoa. It has been shown
that spermatozoa are only a minor source of ROS production with leukocytes
contributing to the major ROS production (Aitken ef al., 1994; Henkel et al., 2005b).

4.2.2 The effects of superoxide on sperm motility parameters in the absence
or presence of Mn{ll)TMPyP

Manganese (Mn) is an essential ultra trace element similar to chromium,
molybdenum, and cobalt. It is needed for a wide variety of physiological processes
ranging from the regulation of reproduction to normal brain function (Lin ef af.,
2005). Mn can exist in various oxidation states ranging from -3 to +7, with +2
oxidation state being the most predominant in biological systems (Lin et al., 2005).
While redox active metals such as Fe(ll) can accelerate lipid peroxidation, ionic
manganese (10-100 pM) has been shown to inhibit lipid peroxidation in rat liver
microsomes {Coassin et al, 1992). Also, several known manganese complexes
including the manganese salen and manganese bis(cyclochexylpyridine)-substituted
macro cyclic ligand have shown promise as a possible SOD mimic (Beyer, and
Fridovich 1990; Doctrow et al., 1997; Salvemini et a/, 1999). Studies have shown
that these complexes are as effective as SOD enzymes in detoxifying superoxide
under some experimental conditions (Melov et al., 2001).

The addition of Mn{iiTMPyP (50uM) atienuated the effects of superoxide on the
number of static cells (5pM and 10puM DMNQ). Therefore, it offered some form of
protection to spermatozoa against the harmful effects of superoxide. However,
Mn(Il)TMPyP decreased the percentages of motile and static cells. This finding is
interesting or rather contradictive to the protective properties ascribed to
Mn(liIDTMPyP. However, this finding is in agreement with Lin et al., 2005 who found
that manganese exhibits pro- and anti —oxidant characteristics in their study done on
worms. Despite several reports suggesting the beneficial effects of manganese in
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unicellular organisms, it is well known that chronic exposure to high atmospheric
levels of manganese is toxic (Lin et al., 2005). Studies have shown that an overload
of manganese causes the disease “manganism,” which has Parkinson's-like
symptoms (Roth and Garrick, 2003; Wang and Zhu, 2003b).

4.2.3 The effects of superoxide on sperm motility parameters in the absence
or presence of SOD

The addition of SOD (50IU) exacerbated the harmmful effect of superoxide by
significantly reducing motility, progressive motility, rapid cells and LIN at
concentrations equal or higher to 25uM DMNQ. Similarly, SOD amplified the
reduction of VAP, VSL and VCL at higher DMNQ concentrations {=50uM). Moreover
samples treated with SOD in combination with superoxide had shown significant
differences in rapid cells (= 2.5pyM DMNQ), progressive motility (= 10uM DMNQ) and
static cells (at 100uM DMNQ). Nevertheless, the addition of SOD attenuated the
harmful effects of superoxide by reducing the percentages of STR (50uM DMNQ)
and static cells (10uM DMNQ). Therefore, it offered some form of protection.
Contradictory reports exists regarding the effect of antioxidant supplementation on
sperm motility in both fresh liquefied and frozen-thawed semen from various
species, including human (Askari et af., 1994; Maxwell and Stojanov, 1996; Sinha et
al., 1996; Aurich et al., 1997; Upreti et al., 1997, Donnelly et al., 1999}, the effect
being dependent of the antioxidant employed and the dose used (Pefa et al, 2003).
Johnson and Giulivi (2005) argued that the conversion of superoxide anion to
hydrogen peroxide by SOD may have anti-oxidant and pro-oxidant consequences.
On one hand, the dismutation of superoxide anion to H,O, and oxygen facilitates
both the distribution of ROS, i.e. diluting their effects via diffusion between cellular
compartments, and the removal of H,O, by H,O,;-consuming enzymes (anti-oxidant).
On the other hand, if the actions of SOD and H,O,-consuming enzymes are not in
concert, an increased production of H;O, is expected from SOD activity. Sikka
(1998) has shown that a relationship exists between an increase in ROS induced
oxidative stress, lipid peroxidation, decreased level of SOD and motility in
spermatozoa. De Lamirande and Gagnon (1992) argued that motility is impaired
because of adenosine triphosphate depletion during lipid peroxidation of the sperm
plasma membrane. Peroxidation increased in proportion to a decrease in SOD
effects (Alvarez et al, 1987). Therefore, the time of complete maotility loss is
determined by the rate of peroxidation (Alvarez et al, 1987) and so would correlate
with SOD activity (Alvarez and Storey, 1892). On the other hand the dismutation of
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O, by SOD converts it into a powerful oxidant, H,O,, that can readily penetrate
sperm cells, lower their motility and cause irreparable damage to both DNA and
membranes (Alvarez ef al., 1987). All these arguments might explain our findings.

4.2.4 The effects of superoxide on sperm motility parameters in the absence
or presence of RPO

Crude palm oil is known to be the richest natural plant source of carotencids in
terms of provitamin A equivalents, such as a-carotene and B-carotene (Sundram et
al., 2003; Yoshida et al., 2003). The dietary intake of foods rich in carotenoids was
associated with a reduced risk of some types of cancer (Portakel et al, 2000;
Cameron et af,, 2003) and cardiovascular diseases (Ferdinandy and Schuiz, 2003),
presumably affording antioxidant properties to reduce oxidative stress when tested
in both endothelial and non-endothelial cells. Palm oil containing these antioxidants
was shown to be effective against oxidative stress in vitro and in vivo (Serbinova et
al., 1992). Vitamin E and related compounds are also abundant in red palm oil.

Chow and Hong (2002) reported that dietary vitamin E is capable of reducing the
production and / or availability of not only O, but also NO and ONOO" . However,

it is not clear if the action of vitamin E to reduce the generation of O, and other

ROS is independent of its antioxidant function. Our results showed that cells treated
with RPO in the absence of DMNQ had beneficial effects, as the number of motile
cells as well as the percentage of motile cells increased. When RPO was
administered in combination with superoxide it exacerbated the negative effects of
superoxide on motility, progressive motility, rapid cells, VAP, VSL and VCL.
However, RPO was found to effectively reverse the effects of superoxide on STR
and LIN (50uM DMNQ) and attenuate the percentage of static cells (5uM to 25uM
DMNQ). The effect of RPO on sperm motility and possibfe_ protection against
superoxide is therefore rather ambiguous as under certain conditions it contributes
to serve negative outcomes. It was therefore speculated that this might be due to its
chemical composition.

4.3 The effects of superoxide on Pl fluorescence in the absence or presence of
Mn(lIITMPyP, SOD and RPO

Pl is a fluorescent probe that binds to DNA. Cells having an intact plasma
membrane will prevent Pl from entering into the cell and staining the nucleus (Gillan
et al., 2005). However, cells possessing a damaged plasma membrane will permit
Pl to enter into the cell and bind to the DNA causing the cells to flucresce red. Pl
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can therefore be used as a viability marker and an increase in Pl fluorescence can

be interpreted as an increase in non- viable cells.

4.3.1 The effects of superoxide on Pl fluorescence

Viability data showed a similar trend when compared to that observed during motility
experiments. The addition of 100uM DMNQ led to an increase in non- viable cells.
At 100puM DMNQ, a more likely metabolic fate would be to undergo dismutation in
order to form H,0,. The H,O, generated as a consequence of this reaction appears
to be the cause of the susceptible increase in Pl flucrescence. It has been speculate
that high concentrations of superoxide might be responsible for the decrease in cell
viability. Our data confirmed the relationship between increased RQOS, oxidative
stress, LPO and decreased motility and viability of sperm cells as previously
reported by Sikka (19986).

4.3.2 The effects of superoxide on PI fluorescence in the absence or presence
of Mn(IlyTMPyP

When Mn(llTMPyP was added to cells exposed to low concentrations of
superoxide (10uM DMNQ) it led to a decrease in Pl fluorescence. This can be
interpreted that Mn{lll)TMPyP was able to scavenge some of the endogenously
produced as well as the exogenously added superoxide and therefore, could protect
these cells against the harmful effects of superoxide and cell death caused thereby.
However, when Mn(ll)TMPyP was added to cells exposed to higher concentration
of superoxide (= 50uM DMNQ), it led to a significant increase in non- viable cells.
Therefore, it seems that Mn{IlTMPyP exacerbated the deleterious effecis of
superoxide in instances where superoxide concentrations are too high to be
scavenged by the available amount of Mn(lI)TMPyP. Qur data confirmed the finding
of previous studies (Lin et al, 2005) who found that, depending on the species of
worms and the dosages of manganese used, it can be beneficial or toxic for their
development and reproduction. Moreover, Gardner and co-workers (1996) had

shown that Mn{ll)JTMPyP appears to be an effective O{‘ scavenger in the
cytoplasm of mammalian cells. However, Mn(lI)TMPyP or other metalloporphyrins
may be useful as therapeutic agents for catalytically increasing O, /H,0;

production of natural or synthetic redox-active compounds like menadione. It has
been therefore speculate that Mn(li)TMPyP might have pro- or anti-oxidant
properties depending on the concentration and the availability of superoxide in the
medium.
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4.3.3 The effects of superoxide on Pl fluorescence in the absence or presence
of SOD

The SOD content (50 1U/ml) in this study was very minimal compared to the mean
values of 42-46 1U/10° spermatozoa reported by Zini et al.,, (1993) and 65 |U/10°
spermatozoa as reported by Griveau et al., (1995a). The administration of SOD did
not statistically alter the effects of superoxide. Our data confirmed previous findings
(Symonyan and Nalbandyan 1972; Nordberg and Arn'er 2001; Johnson and Giulivi,
2005) where SOD lost its protective character due to its low concentration. it has
been therefore speculate that all the SOD administered had performed its
scavenging activities and been depleted while the remaining superoxide that had not
been scavenged had been converted to H,O, possibly leading to the decrease in
viability.

4.3.4 The effects of superoxide on PI fluorescence in the absence or presence
of RPO

Isong and co-workers (1997) had shown that RPO exerted effects on reproductive
capacity by improving the efficiency of protein biosynthesis or utilization in such a
way that was favourable to sex hormone function in rats fed with RPO. It is also
likely that RPO provided vitamin A which is known to play a part in reproduction
through the synthesis of sexual steroids (Alais and Linden 1991), embryogenesis
and spermatogenesis (McArdle and Ashworth, 1992). Our in vitro investigation
contrasts their finding and shows that both 0.1% and 0.5% RPQO when combined
with 100uM DMNQ increased the number of non-viable cells thereby showing that in
vitro administration of RPO might be harmful to spermatozoa.

4.4 The effects of superoxide on sperm apoptosis in the absence or presence
of Mn(lll)TMPyP, SOD and RPO N

Apoptosis is @ mechanism that enables metazoans to control cell number in tissues
and to eliminate individual cells that threaten the animal's survival. Apoptosis also
plays an essential role in the processes of gamete maturation and embryogenesis,
contributing to the appropriate formation of various organs and structures (Weng et
al., 2002). Spermatogenesis is a dynamic process of germ cell proliferation and
differentiation from stem spermatogonia to mature spermatozoa. In the mammalian
testes, germ cells expand clonally through many rounds of mitosis before
undergoing the differentiation steps that result in mature spermatozoa (Sakkas et
al., 1989a). Mature sperm cells have been reported to present distinct signs of
apoptosisrelated cell damage (Sun et al,, 1997; Sakkas et al., 1999b; Barroso et al.,
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2000; Gandini ef al., 2000; Irvine ef al., 2000; Muratori ef al., 2000; Oosterhuis et af.,
2000; Shen et al., 2002), although they lack transcriptional activity and have a very
small amount of cytoplasm (Weil ef al, 1998). It is not clear whether the apoptotic
markers detected in spermatozoa are residues of an abortive apoptotic process
started before ejaculation (Sakkas et al., 1999a & b; Tesarik et al., 2002) or whether
they result from apoptosis initiated in the post-ejaculation period. In this study, three
apoptotic marker assays were conducted to investigate the presence of these
specific markers on sperm in presence of selected scavengers and RPQ.

4.4.1 Annexin-V Assay

The higher percentage of live cells in our results is due to the swim-up procedure
that has been employed. This is in agreement with previous studies demonstrating a
high efficiency of this technique in terms of elimination of non-viable and apoptotic
spermatozoa (Sakkas ef al,, 2000; Zini ef al., 2000; Younglai ef al., 2001). Several
authors have described the presence of apoptotic markers (phosphatidylserine
externalization) in spermatozoea from men with nomal and abnommal
spermatogenesis (Sakkas et al, 1999a; Gandini ef al., 2000; Oosterhuis et al,
2000; Tesarik et al, 2002; Ricci et al, 2002). However, it is not clear whether
ejaculated spermatozoa still retain the ability to activate the apoptotic signalling
cascade or whether the apoptotic markers detected in ejaculated spermatozoa are
the reflection of an abortive apoptotic process started before ejaculation (Sakkas et
al., 1998a). The outcome of the apoptotic process may be related to a premature
release of spermatids at early stages of apoptosis from Sertoli cells which normally
should actively participate in the elimination of such cells (Lachaud et af, 2004).
From our results, there were no significant differences for the Annexin-V parameters
and across all of the different DMNQ, M(II)TMPyP, SOD and RPQO concentrations.
The percentage of necrotic spermatozoa in any same concentration of DMNQ, is
higher than that of apoptotic in all groups (DMNQ, DMNQ+RPO,
DMNQ+M(IITMPYP and DMNQ+SOD). Thus, it is likely that the death of sperm
cells during in vitro incubation (at 37°C) occurs by necrosis rather than by apoptosis.
Since our investigation has been limited to 50uM DMNQ, it might be possible that
the amount of superoxide produced was not encugh to trigger significant apoptosis.
However, it has been shown that Hams-F10 culture medium possesses antioxidant
properties which may act by metal chelation and/or free radical scavenging (Faure
et al., 2004). Other attributing factors could be the small sample size (n=6) as well
as the short incubation duration and therefore no significant differences were
detected.
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4.4.2 Apo-direct Assay

DNA fragmentation is one of the later steps of apoptosis. The detection of
fragmented DNA has been quantified by using the Apo-direct assay which is a
single step method for labelling DNA breaks with FITC- dUTP, followed by flow
cytometric analysis. Although, no significant differences were found, (regarding the
different assays used) a trend of increased DNA fragmentation was observed when
DMNQ concentrations were increased. Henkel and co-workers (2005a) reported that
an increase in DNA damage in sperm is possibly due to an increase of ROS
production, produced by the sperm cells themselves or by the leukocytes. Henkel et
al. (2003) found that spermatozoa are only a minor source of ROS production in the
gjaculate. However, the impact of these celis and the production of ROS on male
fertility potential are still poorly understood. Lopes and co-workers (1998) have
established that poor-quality semen samples have a greater percentage of
spermatozoa with DNA fragmentation than normal‘ fertile samples (Sun et al., 1997;
Lopes et al, 1998). In addition, these authors have demonstrated a negative
comrelation between the percentage of spermatozoa with fragmented DNA and
fertilisation rates in in vitro fertilisation (IVF} (Sun ef al, 1997) and in
intracytoplasmic sperm injection (ICSl} (Lopes et a/, 1998). They had shown that

free radicals, such as O,, H,0, and OH™ can cause DNA damage in human

spermatozoa when exposed for time periods consistent with clinical sperm

preparation techniques for ICSI or IVF.

4.4.3 Caspase-3 Assay

Caspases are expressed as inactive proenzymes that participate in a cascade
triggered in response to pro-apoptotic signals resulting in death of the cell. Caspase-
3 is the main executor within this apoptotic cascade. lrrespective of the assays
used, the percentage of apoptotic cells did not show signiﬁcant differences.
However, there was a trend of an increase in the caspase-3 marker, with increasing
DMNQ concentrations in the absence of presence of M(IINTMPyP, SOD and RPO.
Since the swim-up did eliminate the non-viable cells, this finding is in accordance
with the association of apoptotic markers and the death of human spermatozoa,
ohserved by different authors {(Sakkas et al., 1999a & b; Blanc-Layrac et al., 2000;
Ramos and Wetzels, 2001).
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Summary

In this study, RPO has been used due to its biochemical composition as a possible
scavenger of superoxide expecting that it will reverse the damage caused by
superoxide on spermatozoa. Because of the hydrophobic nature of RPO it was
imperative to find a suitable solvent to act as vehicle for RPO administration to
sperm solutions. PGly was found to be most appropriate solvent, but with some
limitations regarding its detrimental effects at concentration higher than 0.5% on
sperm motility. However, it was observed that RPO had the ability to attenuate the
deleterious effect of PGly on sperm motility.

This study showed that high concentrations of superoxide are deleterious to sperm
motility, viability and sperm function. The addition of Mn{lIlTMPyP (50uM) offered
protection to some of sperm motilty parameters. However, Mn(IIhTMPyP had
shown contradicting characteristics on sperm cell viability. The addition of SOD also
showed contradictory effects as it exhibited both pro-oxidant and anti-oxidant
characteristics on sperm motility and viabilty depending on superoxide
concentrations. The effect of RPO on sperm motility, viability and possible protection
against superoxide is ambiguous as under certain conditions it contributes to serve

negative outcomes.

ROS causes lipid peroxidation of sperm plasma membranes, resulting in alteration
of sperm function and DNA fragmentation in ejaculated spermatozoa. In this study
three apoptotic markers (Annexin-V, Caspase-3 and DNA fragmentation) were used
to investigate the presence of apoptotic markers on sperm. The higher percentage
of live cells found was due to the swim-up procedure, a technique that eliminates
non-viable and apoptotic spermatozoa. There were higher percentages of necrotic
spermatozoa at any concentration of DMNQ compared to those of apoptotic
spermatozoa in all groups (DMNQ, DMNQ+RPO, DMNQ+Mn(INDTMPyP and
DMNQ+S0D). This implies that the death of sperm cells during in vitro incubation
(at 37°C) occurred by necrosis rather than by apoptosis. Because of certain
limitations (amount of DMNQ, small sample size and short incubation duration) in
this study, it might be possible that the amount of superoxide administered was not
enough to trigger significant apoptosis.
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Dihydroethidium (DHE) was found not to be a highly specific probe for superoxide
as increased levels of DMNQ did not give rise to any increase in DHE fluorescence.
Finally, Mn(lll)TMPyP, SOD and RPO respectively showed good, partial and neo

superoxide scavenging effects.
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CONCLUSION

Reactive oxygen species (ROS) are free radicals implicated in many human
diseases. Superoxide (O,™*) anion, hydrogen peroxide (H;O;), and hydroxyl (OH)
radicals are the most common types of ROS. Even though ROS are toxic to human
cells, they are normally produced in the body as by-products during oxygen
metabolism. In addition, some cells may have inherent mechanisms that produce
ROS for physiological purposes such as leukocytes and spermatozoa. Several
systemnic diseases, such as cancer, cardiovascular problems, infections and
diabetes mellitus are known to increase the production of ROS. Environmental
stressors such as radiation and pollution, as well as cigarette smoking also increase
the production of ROS. When the balance between ROS and antioxidants is tipped
towards an overabundance of ROS, oxidative stress (OS) occurs. Therefore, there
is increased interest to examine possible therapeutic treatments to combat the
deleterious role of ROS in male reproduction.

Antioxidants are the main defence against OS induced by free radicals. These can
be preventive antioxidants, such as metal chelators and metal binding proteins that
block the formation of new ROS, whereas scavenger antioxidants, such as vitamin E
and C, B-carotene and other dietary supplements, glutathione and enzymes, remove
ROS already generated by cellular oxidation.

Once oxidative stress is diagnosed and implicated as the cause of male infertility,
treatment plans must focus on identifying and eliminating the source of ROS. This
could be done in one of two ways (a) avoiding factors promoting in vivo ROS
generation (b) in vitro scavenging of ROS during artificial rebroduction technologies
(ART) from the male gametes.

In this study, it has been shown that high concentrations of superoxide on its own
{one of the family members of ROS) proved to be harmful to spermatozoa in vitro.
The study further focussed on possible in vitro treatment regimes to decrease these

deleterious effects of superoxide on spermatozoa.

QOur results showed that Mn(ll)TMPyP and SOD have superoxide scavenging
effects in vitro. However, more studies determining the correct dosages of these two
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scavengers in combination with metal chelators need to be done to ensure greater
success during ART. With regards to RPO, our in vitro study did not show any
positive results. It can be suggested that, due to its hydrophabic nature, RPO cannct
be effectively introduced to ART media containing spermatozoa and should rather
be supplemented daily to the diet of those patients in order to perform its preventive
anti-oxidant properties. Animal studies are planned, in which these animals receive
RPO in their diet in order to shed light on RPO’s effects on spermatogenesis and its
capacity to protect the male reproductive system from ROS damage.

It was thus shown that DHE is not a superoxide probe per se. However, it can be
used to monitor the level of ROS during sperm preparation techniques necessary to
enhance and maintain sperm quality and function after ejaculation and before the
semen specimen is used for ART. Monitoring superoxide levels can also help to
select a suitable sperm preparation technique that separate mature motile
spermatozoa and thus minimise the interaction between ROS producing cells in
semen (such leukocytes and immature abnormal spermatozoa) and normal
spermatozoa. It would be advisable to obtain an appropriate and very specific
superoxide probe.

As excessive levels of ROS can lead to apoptosis an attempt was made to
determine if superoxide on its own could also evoke the same cellular response.
With regards to our apoptotic studies, no significant results were obtained and it is
recommend that concentrations of the superoxide donor, scavengers and exposure
times should be varied more. It is also recommend that future studies should include
the oral administration of different concentrations of RPO to animals for a period
long enough to target complete spermatogenesis and epididymal maturation. This
could give a much better assessment of the possible protective effects RPO might
lend to ejaculated sperm regarding these apoptotic markers.
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