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ABSTRACT

Infertility affects about 15% of couples and in many cases the aetiology is easily
identified. Aetiological diagnosis is more difficult in about 15% of females, when
infertility is related to less clearly identifiable factors such as luteal phase deficiency
and endometriosis. It has been suggested that oxidative stress may interfere with
female fertility, analogous to the situation in males, and may play a role in some
cases of unexplained fertility. This study was designed to evaluate the role of
follicular fluid oxidative stress in female reproduction. Follicular fluid total
antioxidant capacity (TAC) and TAC loss, indirect measures of oxidative stress, were
related to early reproductive outcome, specifically oocyte recovery, fertilisation, and

subsequent embryo viability after 3 days in culture.

Follicular TAC was assayed in a pilot study using two methods - the trolox
equivalent antioxidant capacity (TEAC) assay and the ferric reducing/antioxidant
power (FRAP) assay - to determine the optimum assay for TAC. Good correlation
was observed between the assays. The FRAP assay methodology was robust, easier,
cheaper and quicker to perform, and was therefore used to determine follicular fluid

TAC in the rest of the study.

Follicular fluid TAC was unrelated to the presence of an oocyte in the source follicle.
Oocytes from follicles with lower TAC tended to fail to fertilise, whereas oocytes
from follicles that exhibited mid-range and higher TAC were fertilisation competent.
Furthermore, high follicular TAC at oocyte retrieval was associated with embryo
non-viability, whereas mid-range follicular TAC values were associated with embryo

viability after 3 days. Outside of the IVF setting, in women undergoing natural



menstrual cycles (i.e. no exposure to hormonal preparations), follicular TAC was

similar in sub-fertile women and in fertile controls.

Follicular fluid proteins were estimated by Bradford assay because of the
contribution of their sulphydryl group to antioxidant activity. Follicular fluid
sulphydryl content was also correlated with TAC. The total follicular protein
concentration was relatively consistent (37.5 + 6.1 mg/ml). Sulphydryl content of
follicular fluid corresponded to about 40% of TAC values. No correlation existed
between protein and TAC, indicating that variations in TAC values were not just due
to changes in protein. Follicular total protein concentration had no influence on

reproductive outcome.

Follicular fluid cell density varied widely between patients and between different
follicles from the same patient. There was no correlation between follicular fluid cell

density and TAC.

These results suggest that the role of oxygen free radicals and antioxidants in female
reproduction are complex. A lesser ability to defend against free radicals within the
follicle is detrimental to oocyte fertilisation, at least in the IVF setting. It is possible
such oocytes suffer free radical damage during their development, which
compromises fertilisation competence. Excessive TAC however impairs subsequent
embryo viability, suggesting that free radicals are also required for some oocyte
maturation processes which influence subsequent developmental competence, which
if excessively quenched impair viability. The use of exogenous antioxidants to

improve fertility in women cannot yet be justified.
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Outline

The role of oxygen free radicals and reactive oxygen species (ROS) in human female
reproduction has not been conclusively established. In this thesis, human follicular
fluid total antioxidant capacity (TAC) was investigated as an indirect measure of the
activity of oxygen free radicals and ROS in the follicle. TAC parameters were then
related to early reproductive outcome after in vitro fertilisation (IVF). The first
section of this introductory chapter summarises the physiology of human female
reproduction and reviews the problem of infertility. The second section provides an
extensive review of the chemistry of oxygen free radicals and ROS in body tissues, as

well as their roles in physiological and pathological processes.

1.1 The Physiology of Human Female Reproduction

1.1.1 The Ovary

The ovaries are ovoid structures, measuring approximately 3 x 1.5 x 1 cm, composed
of dense fibrous tissue in which primary and developing follicles are embedded. The
ovary usually lies with its long axis oblique and its tubal extremity uppermost and
medial, attached to the upper angle of the uterus by the ovarian ligament.
Macroscopically, the ovary consists of a capsule, a cortex and a medullary region.
The capsule consists of an outer germinal epithelium (a single layer of cuboidal or
squamous cells) and the fibrous tunica albuginea lies below. The central medullary
region contains connective tissue and the main blood vessels. The peripheral portion
surrounding the medulla, the cortex, contains ovarian follicles embedded in

connective tissue.

The ovaries serve the functions of sex hormone production and gametogenesis in

female mammalian reproduction. Ovarian follicles contain an oocyte, surrounded by
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a layer of granulosa epithelial cells on a basement membrane, coated with an outer
layer of theca cells. The theca cells express luteinising hormone (LH) receptors, and
produce androgens in response to LH. The androgens cross the basement membrane
to reach the granulosa cells, which express aromatase activity and therefore convert
androgens to oestrogens, predominantly oestradiol, which is the primary female sex
hormone. Aromatase is a follicle stimulating hormone (FSH) induced enzyme and
granulosa cells express FSH receptors. Gonadotrophin release is also influenced by
the central nervous system and by hormones such as oestrogen, progesterone, inhibin

and activin (Figure 1.1).

Figure 1.1: The Hypothalamic-Pituitary-Ovarian axis showing interactions with

activin and inhibin

*pulsatile release
*stimulated by high levels
of oestrogen
Progesterone
Oestroge Activin| Inhibin
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The gonadotrophins, FSH and LH act synergistically to promote follicular growth
and development, and the regulated synthesis of gonadal steroid hormones seen in the
human menstrual cycle. Both FSH and LH are glycoproteins secreted in a pulsatile
fashion from the anterior pituitary, in response to hypothalamus-derived

gonadotrophin releasing hormone (GnRH).

1.1.2 The menstrual cycle and ovulation

The menstrual cycle (Figure 1.2) results in periodic ovulation to produce the oocyte,
the female gamete, and preparation of the female body to allow oocyte fertilisation
and zygote implantation, and to support the resulting pregnancy. The ovaries, uterus
and cervix undergo substantial changes during the cycle. The menstrual cycle is
regulated at the endocrine level by the cyclical release of FSH, LH and prolactin from
the anterior pituitary. FSH and LH govern the ovarian biosynthesis of steroid

hormones, primarily oestradiol and progesterone.

Menstrual cycle length may vary from 21 to 35 days without associated pathology,
but is normally approximately one month. The cycle is divided in two periods of
unequal length. The follicular phase precedes ovulation while the luteal phase
follows ovﬁlation. The length of the follicular phase depends on the rate of growth of
the ovarian féllicles and is thus variable from one woman to another, while the length
of the luteal phase depends on the life span of the corpus luteum, and is less variable.
Menstruation, i.e. the shedding of the uterine lining via vaginal bleeding if pregnancy
does not occur, commonly lasts 5 — 7 days and occurs at the start of the follicular

phase.

17



Figure 1.2: The Menstrual Cycle

4
pituitary [
homone levels i
3t
A
il
™
homaone levels o
in plasma ‘J ll
! 1
| 1
) 1
luteinizing hommone |- —— —— ——— __ Ml Bal il ot e o
follicle-stimulating homone |- = == == = ==~ __ S el et b i el
| 14 2
days into cycle
mensturation egg released
(period) {owalation)
Lo

Hommone //
level
—/ o . oestrogen

progesterone

http://www.chadevans.co.uk/gesbiology/images/hi-resm2/mcycle(normal).tif

1.1.3 Follicular development

Ovarian primordial follicles form in the 7™ month of female embryonic development
and consist of a primary oocyte surrounded by a layer of flattened follicular epithelial
cells. By birth these primordial follicles have developed into primary follicles — the
primary oocyte enlarges while the follicular cells proliferate and differentiate into
stratified granulosa epithelial cells within a basement membrane. A thecal cell layer

forms the outside of the primary follicle (Figure 1.3). Follicular development then
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remains static until puberty, after which 5 - 20 follicles mature with each menstrual

cycle.

The drop in serum oestradiol and progesterone at the end of the menstrual cycle (due
to the demise of the corpus luteum) decreases negative feed-back control of pituitary
FSH production, resulting in increased FSH in the blood in the late luteal phase. This
increase recruits a cohort of quiescent primary follicles that have become sensitive to
FSH, probably due to oestradiol stimulation of granulosa cell FSH receptor
expression earlier in the luteal phase. These follicles start to mature and enlarge,
through granulosa cell proliferation and differentiation, to become secondary follicles

when their granulosa cell layer is 2 or more cells thick (Eppig, 2001).

Figure 1.3: Development of the mammalian ovarian follicle (A) and
scanning electron micrograph of a mature follicle (B)

Follicular Classification

Primordia Primary Secondary Early Antral Mid Antral

Granulosa Granulosa

PRIMORDIAL
FOLLICLE

Graafian Follicle

(A) after Carlson, 1981; (B) courtesy of P. Bagavandoss
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Over several subsequent menstrual cycles, oestradiol stimulates granulosa FSH
receptor expression, while FSH promotes oestrogen receptor expression and
sensitivity, both leading to further proliferation. This dual FSH-oestrogen positive
feedback interaction within the granulosa cells results in rapid follicular growth,
development and maturation. LH and oestradiol also stimulate thecal cell
proliferation. The optimal development of pre-antral follicles requires FSH and LH,
but intraovarian factors, such as inhibin, activin, interleukin-1 and tumour necrosis
factor o and B are also required, acting via autocrine and paracrine pathways to
modulate follicular development, as discussed in Section 1.1.4. (Fortune and Eppig,

1979; Cortvrindt et al, 1997; Hillier, 2001).

As the follicle grows, it acquires a fluid-filled cavity (the antrum) containing an
eccentrically located oocyte and is then referred to as an antral follicle. At this stage
in follicular development, the zona granulosa is a layer of granulosa cells that forms
the exterior wall of the antrum and the corona radiata are granulosa cells immediately
surrounding the oocyte. These cells are encased in a thick outer thecal cell coat.
Well-developed antral follicles are referred to as Graafian follicles (Figure 1.3).
Generally, only one follicle from the cohort in each cycle (the dominant follicle) will
develop to form a mature Graafian follicle. The dominant follicle has the highest
number of FSH receptors, the greatest aromatase activity and produces the highest
concentration of oestradiol. It therefore develops and matures at a more rapid rate

than the other follicles in the cohort.

The Graafian follicle is 12 — 20 mm in diameter and bulges from the ovarian surface
from around day 8 of the cycle. The maturing oocyte is within the antrum, covered by

the corona radiata and surrounded by follicular fluid. The antrum is lined by a deep
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granulosa cell layer, delimited by the basement membrane, and surrounded by the
internal and external theca cell layers. By this developmental stage, the oocyte within
the Graafian follicle, which had been stalled at the prophase (diplotene) stage of its
first meiotic division since foetal life, will have reinitiated and progressed through the

first meiotic division, giving rise to a secondary oocyte and the first polar body.

In the cycle in which the dominant follicle reaches maturity, FSH and LH act to
stimulate granulosa and theca cell proliferation and follicle maturation throughout the
follicular phase. Oestradiol synthesis increases during this time and serum oestradiol
levels reach a peak about 24 hr before ovulation (Hackeloer et al, 1979). Oestradiol
exerts a complex pattern of feedback control on pituitary LH and FSH secretion. The
normal response to oestradiol is a negative feedback effect, but when serum
oestradiol is greater than 735 pmol/L for over 60 hours, a positive feedback on LH
occurs (Shoupe and Lobo, 1997). LH secretion therefore increases in response to
rising plasma oestradiol levels, stimulating greater progesterone production by the
dominant follicle from between 12 and 24 hours before ovulation. These changes

lead to a rapid and marked surge in LH secretion and an accompanying midcycle

FSH peak (March et al, 1979).

The preovulatory LH surge primes the Graafian follicle for ovulation. The Graafian
follicle becomes fully mature measuring about 20 mm in diameter and containing a
fully-grown oocyte, about 1 million granulosa cells, a theca interna and a band of
smooth muscle cells. The oocyte it contains resumes its second meiotic division and
ovulation occurs when the oocyte has progressed to prophase II. Oocyte meiosis then
arrests at metaphase II and further maturation occurs only if the oocyte is fertilised,

otherwise it dies within 24 hours. The LH surge also stimulates the production of
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enzymes which degrade extracellular matrix so as to promote ovulatory rupture of the
follicle. Furthermore, the LH surge initiates the differentiation of the follicle from
one supporting oocyte development and oestrogen synthesis, to one which
synthesizes progesterone to maintain the female body in a state permissive for
conception, implantation and pregnancy, i.e. the corpus luteum. Rupture of the
follicle and extrusion of the oocyte surrounded by the cumulus of granulosa cells
(ovulation) occur roughly 16 hours after the crest of the LH peak or 32 to 35 hours

after the start of the midcycle LH surge.

After ovulation, the empty Graafian follicle completes differentiation into the
progesterone secreting corpus luteum, while the rest of the follicular cohort becomes
atretic as a result of apoptosis (p}'ogrammed cell death). The mechanisms triggering
the initiation of follicular growth are not completely understood and are currently
subject to intense research efforts. The involvement of growth factors and their
receptors as well as protooncogenes in the transition of resting follicles to growing

follicles is also receiving research consideration.

1.14 Control of follicular development

It is thought that a variety of growth factors and cytokines have different roles to play
in follicular development. Activin and inhibin produced by granulosa cells have
important modulator actions on thecal androgen synthesis. Inhibin is an FSH-
inducible protein that is likely to play an endocrine role by inhibiting pituitary FSH
and LH release. Granulosa cell-derived activin has also been shown to enhance the
FSH-supported induction of granulosa cell LH receptors. Also, while activin is
inhibitory, inhibin stimulates androgen synthesis (Hillier, 2001). Physiologically, the

combination of inhibin B and oestradiol signals to the hypothalamus/pituitary to
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suppress FSH secretion, giving an advantage to the dominant follicle over the rest of
the cohort follicles. Inhibin B secretion by preantral and small antral follicles is
stimulated by FSH, and further enhanced by FSH and IGF-1, during the follicular

phase (Fraser et al, 1999; Welt and Schneyer, 2001)

Insulin-like growth factor 1 (IGF-1) receptors present on granulosa and theca cells
have a modulating role in human and primate ovarian follicular growth (Lucy, 2000).
The IGFs stimulate ovarian function by acting synergistically with gonadotrophins to
promote growth and steroidogenesis of ovarian cells (Lucy, 2000). Intrafollicular
IGF-I and IGF-II augment LH-stimulated human theca cell androgen production in
vitro, and these effects are enhanced by inhibin. Androgen produced by theca cells is

required as an oestrogen precursor by granulosa cells (Hillier, 1997).

Interleukin-1 is a cytokine produced by activated macrophages and at physiological
concentrations appears to have anti-gonadotrophic activity (Van Voorhis, 1999).
Other substances that may modulate follicular development include epidermal growth
factor, transforming growth factor, nitric oxide and follistatin. These substances

therefore affect oocyte growth, fertilisation potential and embryo quality.

There have been many studies investigating the physiological and pathological roles
of oxygen free radicals and ROS in the human, but only a few were related to the
ovary, oocyte or female reproduction. There are suggestions that these reactive
molecules generally have an adverse influence on female fertility, analogous to that
reported in the male, but the situation is unclear and requires further investigation

(Section 2 of this chapter). The studies in this thesis are focussed on the role of
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oxygen radicals in female reproduction with particular reference to antioxidant

activity in follicular fluid.

1.1.5 Fertilisation

The oocyte released at ovulation is picked up by the fimbria and fertilisation occurs
in the ampullary portion of the fallopian tube. Sperm penetration into the oocyte
triggers the resumption of meiosis II. The male and female pronuclei fuse in the
process called ‘syngamy’ and pairing of sister chromatids occurs, producing the
zygote. The zygote undergoes a series of cleavage divisions to form a blastocyst,
consisting of an outer epithelium, the trophectoderm, which later gives rise to
placental tissues, and the inner cell mass, from which the foetus forms. The
blastocyst stage is observed from about 120 hours after fertilisation (Edwards, 1980).
The blastocyst arrives in the uterus 4 - 5 days after ovulation, implantation occurring 2

- 3 days later.

1.2 Infertility

The term infertility is used to describe the situation where a couple of reproductive
age does not achieve a spontaneous pregnancy in spite of ‘exposure to the risk of
pregnancy’ over a given period of 12 months (WHO, 2000) or 24 months (NICE
Guideline-Fertility, 2004). Simply put, ‘the incapability of producing offsprings’
(Oxford English Dictionary, 2002). Using the WHO definition, it is estimated that
infertility affects between 8 and 15 % of the reproductive population or one in seven
couples in the UK (Templeton et al, 1990; Sciarra, 1994; Reproductive Health

Outlook, 2002).
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In the United Kingdom, Hull et al (1985) studied 708 couples of whom 515 were
attending a major gynaecological infertility clinic during 1982 and 1983. A further
172 couples were attending a gynaecological endocrinological clinic, and 21 were
referred directly to specialists in male infertility. After excluding couples referred
from outside the Bristol area, the average number of couples resident in the Bristol
and Weston health district attending specialist infertility clinics in 1982 and 1983 was
found to be 472 each year, the calculated incidence of infertility in the district was
17%. In a multicentre survey conducted over 1 year (July 1988 - June 1989) in three
regions of France (Thonneau et al, 1991), 1686 couples were investigated for
infertility indicating a prevalence of 14.1%. In the US, surveys conducted by the
National Centre for Health Statistics in 1988 estimated that 8.4% of women aged 15 -

44 years had infertility problems (Jones and Toner, 1993).

To put the problem of infertility in perspective regarding its incidence relative to
other diseases, a cross-sectional survey of the epidemiology of hypertension in
England, which investigated a representative sample of 11529 English adults living
in non-institutional households, found 37% of adults to be hypertensive according to
the new diagnostic criteria (systolic > 140 mm Hg or diastolic > 90 mm Hg)
(Primatesta et al, 2001). The prevalence of diabetes in the UK has approximately
doubled in the past 20 years to 2.46% (Harvey et al, 2002), though the prevalence of
diabetes among some black and minority ethnic groups in the UK may be as much as
3 - 5 times higher (especially type 2 diabetes) than in Caucasians (Diabetes UK,
2001). Likewise, Ayus-Mateos et al (2001) reported the overall prevalence of
depressive disorders in Europe as 8.6%, with the highest rates in urban Ireland and
UK. These disorders generally have a lower prevalence rates than that of infertility,

which is by no means a less significant health issue considering its associated social,
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emotional and health implications, yet they attract considerably more research and

clinical investment.

Couples with infertility problems therefore comprise one of the largest groups
suffering health problems in our society, deserving of increased medical and research
investigation. Though modern technology can provide offspring in about 90 - 95% of
cases through couple and donor gamete schemes, relatively few couples can afford
these treatments. Thus infertility has become an important socio-economic and
political issue (Fishel and Dowell, 2000). Despite the increased opportunities to have
children made possible by new technology in assisted conception, the results of a
world-wide study of fecundity indicate that in industrialised countries, 3 - 8% of
couples have not had a child at the end of their reproductive life, although they

desired one (Spira, 1986; Chandra and Stephen, 1998).

1.2.1 Psychological Aspect of Infertility

Infertility places intense emotional stress on the male and female partners in a
relationship because, for many couples, the ability to bear children is paramount
within their relationship. The inability to conceive or give birth threatens gender
identity, places one’s values and motivations for parenthood, even life, in question,
and forces a couple to re-evaluate the meaning of their relationship (Mahlstedt,
1985). Often, an infertility problem may be the first major life crisis met by many
couples, who may find that they are unable to cope with its impact. Self-esteem and
self-confidence are eroded and the relationship can suffer from blame, guilt,

frustration and disappointment (Wright et al, 1991).

26



1.2.2 Aetiology of Infertility

Infertility may result from an abnormality in the female (10 - 30%), the male (25%),
or more commonly in both partners. These percentages differ widely depending on
the population and facilities available for investigating the aetiology of infertility in

each partner.

Male problems are now recognised as a major factor in the aetiology of infertility.
These may be in the form of low sperm count, poor motility, abnormal sperm
morphology, biochemical dysfunction, antisperm antibodies, obstructive azoospermia
and spermatogenic failure. Female factors include ovulation dysfunction and failure,
endocrine  dysfunction, tubal disease/absence, endometriosis, anatomical
abnormalities, poor oocyte quality, chromosome dysfunction and recurrent
implantation failure. According to Hull (1996), the main causes of infertility in the
Bristol area are ovulatory failure and oligo-amenorrhea (20%), tubal or pelvic
infective diseases (20%), endometriosis (10%) and male factor (25%), leaving 25%
of cases as ‘unexplained’. Spira (1986) compiled the results of seven epidemiological
studies carried out in industrialised countries between 1962 and 1983, involving a
total of 3956 couples. They found that infertility was due to abnormalities in the
women in 60% of couples, the man in 25% of cases and in both partners in the

remainder.

1.2.3 Unexplained Infertility

Infertility is said to be idiopathic or unexplained when a couple does not conceive
and no definite cause of infertility can be diagnosed after a complete evaluation.
Despite improved diagnostic techniques, the average incidence of unexplained

infertility still ranges from 5% to 28% (Spira, 1986; Wright et al, 1991; Jones and
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Toner, 1993; Templeton, 1995; Hull, 1996; Adamson and Baker, 2003). This wide
variation may be attributed to selection bias in studies from referral-based infertility
units or may reflect other differences between study populations. The incidence of
infertility will also be affected by the duration of “risk of exposure to pregnancy”
required to make a diagnosis, since using only one year rather than 2 years will result
in the inclusion of some subfertile couples, who in fact conceive in the second year.
Another important factor is that there is no consensus on which diagnostic tests are

essential before reaching a diagnosis of unexplained infertility.

1.24 Other causes of Infertility

Although some of the causes of female infertility, such as anovulation and tubal
blockage are well characterised, others such as cervical factors, luteal-phase
deficiency, and immunological factors, require further research (Baird and Wilcox,

1985).

Cigarette smoking has been reported as a possible, though subtler, cause of infertility
(Baird and Wilcox, 1985; Phipps et al, 1987; Paszkowski et al, 2002). Phipps et al
(1987) compared smoking histories in 901 infertile women and 1264 women
admitted for delivery, and found a significant association between cigarette smoking
and primary infertility in women. Similarly, in studies by Hull et al (2000), delayed
conception was associated with both active and passive smoking in women, even
after statistical adjustment for confounding factors. The mechanism by which

smoking impacts on fertility in the female is however unclear.

Endometriosis is seen more frequently among women being investigated for

infertility (21%) than among those undergoing sterilisation (6%) (RCOG guidelines,
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2000). The mechanism of endometriosis-associated infertility is still not fully
understood. Moderate or severe endometriosis may cause infertility due to
mechanical disruption of ovulation and gamete transport, but the influence of
minimal or mild endometriosis on fertility remains controversial. Though there is no
difference in the number and quality of oocytes retrieved during IVF, or on
fertilisation rates, between women with tubal infertility, endometriosis and
unexplained infertility (Lessey, 2000), several studies indicate that endometriosis
independently contributes to infertility, decreasing the implantation rate, possibly
secondary to endometrial dysfunction or embryotoxic effect of endometriosis related
secreted products (Arici et al, 1996; Lessey, 2000). This would suggest that the
effects of endometriosis on fertility are not mediated at the level of the oocyte or
fertilisation but occur further along in pregnancy. A meta-analysis of published non-
randomised control trials suggested that surgical treatment of endometriosis
associated with infertility, resulted in higher pregnancy rates than medical treatment
or expectant management alone (RCOG guidelines 2000), confirming the results of a

previous randomised controlled trial by Marcoux et al (1997).

Genital infections with Chlamydia trachomatis, Ureaplasma urealyticum and
Mycoplasma hominis are more common in infertile couples. Chlamydial infections
are associated with at least 50% of cases of acute pelvic inflammatory disease in
developed countries and are asymptomatic in 50 - 80% of affected women (Thomas
et al, 2000). C. trachomatis is an immunogen that stimulates both humoral and cell-
mediated immunity, the latter resulting in tissue injury leading to fibrosis, scarring
and tubal damage (Land and Evers, 2002). Seroepidemiological studies have
confirmed a strong link between chlamydial infections and tubal pathology (Land and

Evers, 2002). Genital C. trachomatis is found in 2.4% of asymptomatic subfertile
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couples (Eggert-Kruse et al, 2003). Heavy Uroplasma urealyticum infection causes
sperm deformity and reduced motility in men (Nunez-Calonge et al, 1998) but the

role of this organism in women is less clear (Witkin et al, 1995).

This study hypothesised that in women, some of the effects of confounding factors on
the aetiology of sub-fertility may be mediated through alterations in the activity of
oxygen free radicals and reactive oxygen species (ROS) in the preovulatory oocyte

environment, as described in the following section.

1.3 Oxygen Free Radicals and Reactive Oxygen Species

Quantum chemistry theory suggests that two electrons are required to form a covalent
bond within a molecular orbital. Paired electrons are more stable and the vast
majority of biological molecules contain such covalent bonds. When electron pairs
split however, the previously covalently bonded molecules or atoms each contain an
unpaired electron, and are described as free radicals. These unpaired electrons are
highly reactive (thermodynamically unstable) and ‘seek out’ other electrons with
which to pair. Since most electrons exist in a paired state within covalent bonds, free
radicals often react with paired electrons and, in so doing, cause covalent bond
fission, one of the electrons pairing with the (former) free radical to produce a new
covalent bond, while the "odd electron” becomes another free radical. Only when a
free radical pairs with another free radical is free radical activity terminated. Apart
from the formation of free radicals by the addition of an electron to a neutral atom,
free radicals may also be generated by homolysis of covalent bonds, and by the loss
of an electron from a neutral atom. ROS, such as hydrogen peroxide (H;O,) are not
free radicals themselves but are capable of generating free radicals in tissue reactions

(Equation 1.1).
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Reactive oxygen species are formed by several different mechanisms:

« the interaction of ionising radiation with biological molecules

e as an unavoidable by-product of cellular respiration. Some electrons passing
"down" the respiratory chain leak away from the main path (especially as they
pass through ubiquinone), directly reducing oxygen molecules to the superoxide
anion

o synthesized by enzymes in phagocytic cells including neutrophils and
macrophages

- NADPH oxidase (in both type of phagocytes)

- myeloperoxidase (in neutrophils only)

Oxygen is required to support life but when inappropriately metabolised, potentially
toxic oxygen free radicals are produced, capable of modifying cell function and
endangering cell survival. Oxygen free radicals are usually generated within cells as
by-products of normal cellular metabolic processes such as in the mitochondrial
respiratory chain, phagocytosis and redox based enzyme systems. Eukaryotic cells

continuously produce ROS and free radicals, including H,O, and the superoxide
(0;") and hydroxyl (OH") radicals, as side-products of electron transfer. The
hydroxyl free radical is particularly dangerous since it can oxidise and fragment
organic molecules. It arises as a product of the reaction between 0,” and H,0, in a

reaction (Fenton’s reaction) catalysed by Fe?* (Equation 1.1).

F e2+ /F e3+

0; +H,0, > OH +OH +0, [Equation 1.1]
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Fenton (1894) reported this free radical reaction after noting that the addition of
ferrous sulphate solution, followed by hydrogen peroxide, to a solution of tartaric
acid, produced a violet colour on addition of caustic alkali. Gerschman (1954)
reported the formation of oxygen free radicals in mice exposed to hyperbaric oxygen,
and associated the formation of excess amount of oxygen free radicals with decreased
life span. Because female mice survived longer, the author suggested that oestrogens
might have a protective effect which made them less sensitive to the detrimental

effects of oxygen free radicals.

In the early 1950s, the toxic effects of treatment with increased oxygen tension led to
an estimated 10,000 cases of blindness in newborns due to retrolental fibroplasia
(Southom and Powis, 1988). The role of ROS and oxygen free radicals in this process
was suggested after the products of lipid auto-oxidation were found (Southom and
Powis, 1988). The interactions between free radicals, lipid hydroperoxides and

antioxidants have been extensively reviewed (Halliwell and Gutteridge, 1999).

1.3.1 Formation and Biochemistry of ROS and Oxygen Free Radicals

Cellular respiration is the process whereby the energy stored in glucose is transferred
to adenosiné triphosphate (ATP), the main source of metabolic energy at the cellular
level. The complete breakdown of glucose to carbon dioxide and water requires the
combined metabolic processes of glycolysis, the tricarboxylic acid (TCA) cycle and
mitochondrial oxidative phosphorylation (aerobic respiration). Glucose is oxidized
and oxygen is reduced to form water, the carbon atoms being released as carbon
dioxide (CO,) (Equation 1.2). Glycolysis produces two moles of ATP per mole of
glucose; another 34 moles of ATP are produced by aerobic the TCA cycle and

oxidative phosphorylation if oxygen is present.
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Ce¢H206 + 60, —p 6CO, + 6H,0 [Equation 1.2]

& Ny

36ADP + 36 P(i) 36 ATP

Metabolic energy production requires that food materials be converted to glucose
intermediates on the glycolytic pathway or TCA cycle, which are oxidized to CO,,
releasing electrons that are accepted by electron carriers such as nicotinamide
adenine dinucleotide (NAD") and flavin adenine dinucleotide (FAD"). Reduced
nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide
(FADH;) are re-oxidized by O, in mitochondria in the process of oxidative
phosphorylation, producing large amounts of ATP.

Transfer of electrons to oxygen is catalysed in a stepwise fashion via the mitochodrial

electron transport chain within the inner mitochondrial membrane (Figure 1.4).

Figure 1.4:

Flow of Electrons During Oxidative Phosphorylation
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Electrons enter the electron transport chain primarily from NADH to complex I, but
can be supplied by FADH, (produced by succinate dehydrogenase and the glycerol
phosphate shuttle), to complex II. The part of the chain that reduces oxygen to water
is the terminal complex IV, cytochrome ¢ oxidase, which removes an electron from
each of 4 reduced (Fe**- haem) cytochrome ¢ molecules, oxidising them to ferric
cytochrome c. Electrons flow through ubiquinone and the cytochrome proteins of
complexes I — IV, such that the energy of their redox potential is slowly released as
they pass down the redox gradient to oxygen, but the release is coupled to the transfer
of protons out through the inner mitochondrial membrane (Figure 1.4). The
electrochemical gradient produced across the inner mitochondrial membrane is used

to power ATP synthesis from ADP + phosphate by ATP synthase.

Normally, mitochondria reduce O, completely to H,O in a four-electron reaction
catalysed by cytochrome ¢ oxidase. When O, accepts fewer than four electrons,

oxygen free radicals or ROS are generated (Equations 1.3a - d).

O, +¢ — 0, (Superoxide) [Equation 1.3a]
0, +2¢ + 2H+ > H,0; (Hydrogen Peroxide) [Equation 1.3b]
0, +H,0, +H —» 0,+H,0+0H’ (Hydroxyl Radical) [Equation 1.3c]

0; + 4 +4H" — 2 H,0 [Equation 1.3d]

While most ROS produced may subsequently be reduced to water in the electron

transport chain, some "escape" and can react, detrimentally, with various cell

components. Leakage of O, ~ during the mitochondrial transfer of electrons to oxygen
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(Equation 1.3a; single electron reduction of O;) represents a major source of ROS
and oxygen free radicals within cells. This occurs in at least two locations within the
respiratory chain; Complex I NADH/Q oxidoreductase and Complex III ubiquinone-

cytochrome ¢ oxidoreductase (Figure 1.4).

Superoxide is also formed by enzymatic reactions catalysed by flavin oxidases,
xanthine oxidase and monoamine oxidase, as well as by the non-catalytic oxidation
of oxyhaemoglobin (containing Fe’*), of which about 3% is converted to
methaemoglobin containing Fe** (Knight, 1998). H,0; is produced by normal non-
mitochondrial metabolism especially in peroxisome. The formation of hydroxyl

radicals usually occurs via non-enzymatic reduction of H,O; (e.g. by superoxide).

Inflammatory stimuli and chemotactic agonists are capable of stimulating the
production of superoxide and related radicals by a tightly regulated, membrane-bound
NADPH oxidase in phagocytes. This production of free radicals is associated with an
abrupt but transient rise in oxygen consumption, the ‘respiratory burst’. The powerful
free radical oxidising agents are injected into the phagocytic vacuole, and they allow
the phagocytes to kill internalised bacteria. The respiratory burst is characterised by
increased glycogenolysis and glucose oxidation, accompanied by a rapid activation of
leukocyte NADPH oxidase, which oxidises NADPH and generates superoxide

(Equation 1.4):

20, + NADPH [APPHOxdxe = 90, + NADP* + H' [Equation 1.4]
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02" is converted by spontaneous dismutation into H,O,, which reacts with CI” to

form HOCI', catalysed in the neutrophil lysosome by myeloperoxidase. HOCI' is a

powerful antimicrobial agent that kills bacteria by halogenation, and lipid

peroxidation.
Hy0, + CI”  Myeloperoxidase | HOCI” + OH” [Equation 1.5]

Activated macrophages and endothelial cells also produce nitric oxide. Though a
weak free radical, nitric oxide reacts rapidly with 02.' to form the extremely reactive

peroxynitrite species (ONOO?).

Several biological molecules, such as FADH,, ascorbic acid, adrenalin, and the
sulphydryl (thiols) compounds can donate an electron to O, to produce O, ~. Most of
these auto-oxidation reactions are catalysed by transition metal ions, e.g. iron and
copper. It is difficult to produce solutions free from contaminating metal ions, thus it
is possible that ‘auto-oxidation’ reactions are metal ion-catalysed in vitro (Halliwell
and Gutteridge, 1999). Since iron ions and oxygen are freely available in vivo, such
reactions may occur to produce O, in physiological and pathological situations. It is

also probable’that body fluids continue to produce free radicals in vitro.

1.3.2 Biological Oxygen Free Radical Reactions

Though the generation of highly reactive oxygen free radicals is a feature of normal
cellular metabolism, their production may be amplified in pathological
circumstances, either by cellular or acellular mechanisms. This is exemplified by the

reaction between H,O, and CI” discussed above in the neutrophil lysosome.
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The hydroxyl free radical (OH") is a strong oxidant, which can initiate free radical
chain reactions in unsaturated organic molecules, notably polyunsaturated fatty acids
(PUFA) in cell membrane lipids, in the process of lipid peroxidation (Figure 1.5).
PUFA have carbon-carbon double bonds that are susceptible to OH’-mediated
abstraction of H atoms, thus initiating lipid peroxidation reactions. Cell membranes
are attacked by oxygen free radicals generating fatty acid peroxides, malonaldehyde
and other degradation products (Jones et al, 1979). Lipid peroxidation is stimulated

by transition metal ions, such as Fe2+/Fe3+, since they boost the generation of OH’

from O, ~ and H,0, (Hall, 1997).

Propagation reactions continue the chain reaction - the lipid peroxyl radical
abstracting an H atom from an adjacent PUFA, resulting in a lipid hydroperoxide
(LOOH) and a second lipid radical (Figure 1.5). The hydroperoxy derivatives can
undergo degradation, producing another free radical thus initiating further lipid
peroxidation. The termination of these events occurs when the free radicals react with
another free radical, protein, or compound that acts as a free radical trap, forming a

stable non-radical end product (Figure 1.5) (Davies, 1996). OH is the most efficient
biologically relevant oxygen free radical to attack PUFA, whereas 0, is

insufficiently reactive.
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1. Initiation: OH" abstracts an H (hydrogen atom) from one of the carbon atoms in the
fatty acid chain forming a molecule of water and leaving the carbon atom with an

unpaired electron (in red). The free radical formed reacts with O, to form peroxyl

radical (Equation 1.6);

SCH+OH —% 3¢ +HO [Equation 1.6]
Figure 1.5: Series of reactions in lipid peroxidation
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2. Propagation: This might then steal an H from a nearby side chain making it now a

radical, propagating a chain reaction;

> +0, —» % —0 -0 [Equation 1.7]
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3. Termination: occurs when two radicals meet and each contributes its unpaired

electron to form a covalent bond, producing non-radical products.

The free radical formation is terminated but with the result that the fatty acid side
chains of membrane lipids may have been deformed as to damage the membrane.
Lipid peroxidation is autocatalytic and consequently can amplify the damage

produced by free radicals.

Oxygen free radicals may also react with nucleic acids, proteins, and carbohydrates
though these biomolecules are less susceptible to attack than fatty acids. For
example, due to their high electrophilicity and reactivity, and production near DNA,
oxygen free radicals can add to DNA bases and abstract H atoms (Pryor, 1988).
Sugar and base lesions are seen, the most common being 8-hydroxyguaninine, as
well as strand breaks and cross-links (Wiseman and Halliwell, 1996). Interaction
between these changes and the mechanisms of DNA synthesis and repair can result in
structural alterations including base pair mutations, rearrangements, deletions and
sequence amplifications, as well as gross chromosomal alterations, resulting in cell
mutagenesis, carcinogenesis and cell death (Wiseman and Halliwell, 1996; Dizdar et
al, 2003). DNA-protein cross-links can also occur which interfere with gene
expression and DNA repair (Dizdar et al, 2003). In proteins, free radicals may
oxidise aromatic amino acids and disulphide bonds (S-S), with serious implications
for the integrity and function of various extracellular proteins including
immunoglobulins, albumin and collagen. It is not surprising that oxygen free radicals
and ROS have been shown to possess many characteristics of carcinogens (Wiseman

and Halliwell, 1996; Figure 1.6).
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Figure 1.6: Potential carcinogenic characteristics of ROS
(Wiseman and Halliwell, 1996)
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1.4 Defences against Free Radical Damage

Many antioxidants in biological systems are thought to lower the risk of disease and

delay the process of ageing. Antioxidant defence mechanisms include the inhibition

of free radical production, scavenging of ROS/oxygen free radicals by antioxidants,

enzyme-catalysed degradation, and processes which repair or remove damaged cell

components such as lipid peroxides. Damage by ROS and free radicals is usually

limited by endogenous antioxidants such as such as vitamins C, E and A, uric acid

(Knapen et al, 1999) and free radical and ROS scavengers enzymes including
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Table 1.1: Natural Antioxidant Defences

Antioxidant Enzymes

Catalase
Glutathione peroxidase (GPx)
Glutathione reductase

Superoxide dismutase (SOD)

Metal Binding Proteins

Ceruloplasmin
Ferritin
Haemoglobin
Transferrin

Myoglobin

Antioxidants (free radical scavengers)

Vitamins A, C and E

Uric acid
Albumin
Bilirubin
Thiols
Cystein

Carotenoids

Intracellular antioxidant activity is mainly attributable to enzymatic systems, but the
antioxidant activity in plasma and follicular fluid is mostly derived from low
molecular weight antioxidants, mainly uric acid, vitamins E and C and carotenoids
(Ghiselli et al, 2000). An inverse relationship exists between TAC and oxygen free
radical/ROS concentrations in biological samples, where the predominant antioxidant

activity is non-enzymatic.
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Both mitochondria and cytosol contain abundant enzymes that catalyse the

breakdown of O, ~ into H,O, and O,, and the detoxification of H,O,.

SOD
20, + 2H' > H,0,+ 0, [Equation 1.8a]

H,0, is decomposed enzymatically by catalase and GPx:

Catalase
2H,0, » 2H,O0+ 0, [Equation 1.8b]

GPx, a selenium-containing enzyme, destroys peroxides before they can damage cell
membranes, and is more efficient in dealing with low concentrations of H,O, than

catalase.

H,0, +2GSH — P 2H,0 + GSSG [Equation 1.9]

Haemoglobin, transferrin and myoglobin are antioxidants by virtue of their ability to
bind metal ions, thus preventing their catalytic effects on free radical production.
Antioxidant enzymes such as SOD, catalase and GPx also eliminate species (02._ and
H,O,) capable of initiating free radical chain reactions, while small molecule
antioxidants such as vitamins C and E, urate and glutathione, are chain-breaking

antioxidants able to ‘repair’ oxidizing radicals directly.

Vitamin E (a-tocopherol) is the major antioxidant in membranes while vitamin C
(ascorbic acid) functions in aqueous compartments. Vitamin E is capable of
interrupting chain reactions occurring in lipid peroxidation, breaking the covalent
links that ROS have formed between fatty acid side chains in membrane lipids. It also

scavenges free radicals generated by incomplete reduction of O; and by the normal
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activity of some oxidative enzymes (Ehrenkranz, 1980; Buettner, 1993; Hamilton et
al 2000). Vitamin E is particularly effective in preventing the attack of peroxides on
unsaturated fatty acids in membrane lipids, being considerably more lipophilic than
vitamin C (Van Acker, 1993). Vitamin C acts as an aqueous chain reaction-breaking
antioxidant, scavenging a wide range of ROS, including O, and H,0, (Beyer,
1994). It protects against peroxide-mediated oxidation of plasma low-density
lipoprotein. Because of the high reducing potential of its carbon-carbon double bond,
vitamin C readily donates one or two hydrogens and electrons to a variety of

oxidants, including oxygen free radicals, peroxides, and O, (Buettner, 1993).

Vitamins E and C function together in a cyclic-type of reaction, where vitamin E is
converted to a radical by donating a labile H' to a lipid or lipid peroxyl radical (van
Acker, 1993; Beyer, 1994; Hamilton et al, 2000). The oxidized vitamin E radical is
relatively unreactive, and can be reduced to its original form by vitamin C at the

surface of the cell membrane where both vitamins meet (van Acker, 1993) (Equation

1.9).

AscH +TO" ——> Asc™ +TOH [Equation 1.9]

AscH — vitamin C ; TO — vitamin E

Antioxidants have reduction potentials that place them in the middle of the ‘pecking
order’ (Table 1.2). The location in this order provides them with enough reducing

power to react with ROS (Buettner GR, 1993).
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Table 1.2: The Pecking Order
Redox Couple E”/mV
Depending on their
reduction potential, HO', H'/H,0 +2310
antioxidants can RO’, H'/ROH (aliphatic alkoxyl radical)  +1600
recycle each other. ROO’, H/ROOH (alkyl peroxyl radical) +1000
GS’/GS™ (glutathione) +920
. bis .
For example, ascorbate PUFA’, H/PUFA-H (**-allylic-H) +600
with a reduction TO', H'/TOH +480
+ O
potential of +282 mV H0,, H'/H,0, HO +320
Asc™, H/AscH™ +282
can recycle tocopherol
. CoQ™, 2H'/CoQH +200
(TO'; +480 mV) and °Q oQH,
. Fe(III) EDTA/Fe(II) EDTA +120
te ~ (+590 mV). .
urate - (+590 mV) CoQ/CoQ" 36
0,/0," -160
Buettner, 1993 RSSR/RSSR™ (GSSG) 1500
H,O0/e” -2870
1.5 Biological Consequences of Oxygen Free Radical Reactions

Accumulated oxidative stress damage to lipids, proteins and mitochondrial and

genomic DNA may lead to mutation, loss or inactivation of DNA, synthesis of

abnormal proteins and changes in membrane lipid composition. Damage to DNA

may involve direct oxidative process (e.g. by hydroxyl radicals), indirect damage by
inappropriate binding of the end-products of lipid peroxidation, failure to repair DNA
because of oxidative protein damage to polymerases and repair enzymes, and DNA

cleavage by nucleases activated by rises in intracellular free Ca®* (Halliwell and

Gutteridge, 1999).
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Membranes altered by peroxidation have modified fatty acid composition, disruption
of permeability, decrease in electrical resistance and contain inactivated, cross-linked
proteins (Richter, 1987). Lipid peroxidation and the products thereof are detrimental
to cell viability and the collective effects of these cellular processes have been
implicated in numerous pathological conditions (Davies, 1996), as discussed below.
Free radicals are therefore implicated in a wide range of pathological processes,

though often it has been difficult to demonstrate direct involvement.

1.5.1 Role of ROS in Human Disorders

Oxidative stress is mutagenic and potentially carcinogenic, and has also been linked
with aging, diabetes mellitus, atherosclerosis and inflammatory disease (Halliwell
and Gutteridge, 1999). Increased serum levels of lipid peroxides are associated with
the angiopathy seen in diabetes mellitus (Sato et al, 1979) and atherosclerosis
(Platcha et al, 1992). Numerous studies have concluded a pivotal role for ROS in
degenerative and inflammatory conditions, post-radiation effects and aging (Halliwell
and Gutteridge, 1999). Lewis et al (1995) found lower antioxidant levels in semen of
infertile men with poor motility, and lower levels of molecular antioxidants in the
presence of ROS. Furthermore, Besler and Comoglu (2003) found a marked decrease
in plasma TAC in association with increased markers of lipid peroxidation during
acute attacks 6f multiple sclerosis. These studies lend support to the concept that an
inverse relationship exists between non-enzymatic antioxidants and ROS/oxygen free

radicals.

Hyperphysiologic levels of oxygen are associated with clinical conditions such as
neonatal bronchopulmonary dysplasia, and adult respiratory distress syndrome,

suggesting an adverse influence of oxygen free radicals on airway epithelia (Southom
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and Powis, 1988; Knight, 1998). Neonatal hyperoxia is widely linked to retinopathy
of premature infants (Todd et al, 1998; Askie and Henderson-Smart, 2000). More
careful controlled use of oxygen in the preterm newborn and administration of the
lipid-soluble antioxidant vitamin E, have decreased the incidence of eye

complications in the neonate (Raju et al, 1997).

Morris et al (1998) found no evidence of elevated circulating markers of oxidative
stress in the plasma of preeclamptic women compared to women with clinically
normal pregnancies. In their study, they compared plasma levels of 8 epi-
prostaglandin F,,, lipid hydroperoxides, malondialdehyde and vitamin E among
pregnant preeclamptic and non-preeclamptic women, as well as in non-pregnant
women. Though these markers of oxidative stress were raised in normal and
preeclamptic pregnant women (compared to non-pregnant individuals), there was no
difference between the pregnant groups. This suggests that human pregnancy is
accompanied by increased oxidative stress, which is not the cause of preeclampsia. In
contrast, a placebo-controlled study (Chappell et al, 1999) on the effect of a
combination of vitamins C and E supplementation (started between 16 and 22 weeks
of pregnancy) on preeclampsia, found greater than 50% reduction in the incidence of
preeclampsia in a high-risk population, defined by either a history of preeclampsia in
previous pregnahcy that required preterm delivery or abnormal doppler flow velocity
(resistance index > 95™ percentile for gestation or the presence of an early diastolic

notch) at 20 weeks gestation.

In a further study authors Chappell et al (1999) looked at the effect of vitamins C and
E supplementation on indices of oxidative stress in women at risk of preeclampsia,

characterised as in previous study. They compared ‘at risk’ women taking antioxidant
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supplements (vitamins C and E) with those taking placebo and a third group
classified as ‘low risk® which received no supplementation. They found that
antioxidant supplementation in women ‘at risk’ resulted in improvement of
biochemical indices of preeclampsia. These studies investigated plasma levels of
markers of increased oxidative stress, whereas it is believed that the pathogenesis of
preeclampsia is placenta-related, as suggested by the rapid resolution of preeclamptic
symptoms after delivery. Looking at local placental levels of these indices may reveal
evidence of placental oxidative stress. Also, in the latter study, women with a history
of preeclampsia were classified as ‘at risk’, which may not necessarily be the case
since this condition is more common in first pregnancies. Furthermore, it would be
interesting to determine the effect of antioxidant supplementation in the ‘low risk’

group in the study of Chappell et al (2002) on the development of preeclampsia.

The role of enhanced placental O, generation leading to oxidative stress is

increasingly recognised (Hubel, 1999). The onset of maternal blood flow in the
placenta at 10 — 12 weeks of normal pregnancy, results in a local increase of oxygen
tension and a parallel increase in placental expression and activity of antioxidant
enzymesi (Jauniaux et al, 2003). These authors postulated that a defective response to
this oxidaﬁt stimulus could lead to trophoblast degeneration and impairment of the

second wave of trophoblast invasion, which is associated with preeclampsia.

1.5.2 Role of ROS in Male Fertility
Although the generation of ROS and oxygen free radicals is normally associated with
phagocytic leucocytes, mammalian spermatozoa were the first cell type in which this

activity was described (Halliwell and Gutteridge, 1999). Under physiological
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conditions oxygen radicals are produced by sperm through the leakage of electrons
onto molecular oxygen from the mitochondrial electron transfer chain (Alvarez et al,
1987). In men, subfertility has been ascribed to excess production of free radicals in
the semen that overwhelms available antioxidants. Mammalian spermatozoa are rich
in PUFA which makes them susceptible to lipid peroxidation resulting in reduced
motility, presumably because of a rapid loss of intracellular ATP through damaged

cell membranes, causing axonemal damage (de Lamirande and Gagnon, 1995).

Many studies have implicated oxygen free radicals and ROS in both oligo- and
astheno-zoospermia (Riley and Behrman, 1991; Zini et al, 1993; Aitken, 1995;
Padron et al, 1997). Padron and colleagues (1997) compared ROS production
between 24 men with spinal cord injury and 19 healthy control subjects. High levels
of oxygen free radicals (up to 2,000 times) were found in sperm suspensions from
men with spinal injuries relative to controls. Spinal injury patients had elevated
seminal white blood cells counts compared with controls, and these were likely to be
the source of the free radicals. Though the total sperm count did not differ between
the two groups, the percentage of morphologically normal spermatozoa was lower in
men with spinal injury. Furthermore, sperm motility in men with spinal injury was
inversely related to the level of free radicals. Indeed the ratio of dead-to-live
immotile spermv in men with spinal cord injury is twice that in normal men (Brackett
et al, 1998). Suleiman et al (1996) also reported higher levels of lipid peroxides in
sperm from infertile men with low sperm motility; indeed lipid peroxide levels were
inversely related to sperm motility. The authors also found that vitamin E
supplementation improved sperm motility and reduced malondialdehyde (MDA)

concentrations in spermatozoa. Spermatozoa from infertile men also show nuclear
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alterations in terms of abnormal chromatin, microdeletions, aneuploidy and DNA

breaks (Gerardo et al, 2000).

Vitamins C and E and selenium are often used to treat male factor subfertility even
though antioxidant levels do not appear to be reduced in otherwise normal sub-fertile
men. The effectiveness of these treatments remains controversial (Kessopoulou et al,
1995; Tarin et al, 1994; Suleiman et al, 1996; Donnelly et al, 1999). Tarin et al
(1994) randomly allocated and cultured human oocytes, spermatozoa and embryos
from 83 couples to a group of 39 with 62.5 uM ascorbate supplementation in the
culture medium and another group without supplementation. Ascorbate had no

beneficial effect on fertilisation or embryo viability.

There are repoits of beneficial effects of ROS on sperm function. Aitken et al (1989)
reported increased sperm-zona interaction following induction of limited
peroxidation in human sperm. Furthermore, Bize et al (1991) found that increased
generation of H;O, in hamster sperm preparations, by the addition of glucose
oxidase, accelerated the onset of the acrosome reaction and capacitation. It therefore
appears that a delicate pro-oxidant/antioxidant balance is required for optimal

function of spermatozoa.

The association between oxygen free radicals/ROS and male infertility raises the
possibility that these substances might also play a role in female reproduction. An
imbalance in the pro-oxidant/antioxidant milieu existing in pre-ovulatory follicular
fluid and elsewhere along the female genital tract, might be the final pathway by

which some known and unknown aetiological factors influence fertility in women.
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However, the roles of ROS and oxygen free radicals in female reproduction have

been sparsely investigated compared to men.

153 Role of ROS in Female Fertility

It is possible that follicular fluid oxygen free radicals and ROS might have important
roles in female reproduction, especially in couples with ‘unexplained’ infertility, as
has been described in men. Studies on the effects of ROS, oxygen free radicals and
antioxidants on female reproduction have tended to concentrate on evaluation of
specific antioxidants, such as superoxide dismutase (SOD), vitamin C and GPx, as

indirect measures of ROS activity (Miyazaki et al, 1991).

Miyazaki et al (1991) found ovulation in vitro to be markedly reduced when SOD
was added to culture medium containing rabbit ovary explants, implying that O, is

required for ovulation. In whole animal studies, Ho et al (1998) produced female
mice lacking copper-zinc SOD by genetic manipulation. Female homozygous SOD
knock-out mice showed markedly reduced fertility compared with wild-type and
heterozygous SOD knock-out mice. Although the mice ovulated and conceived
normally, they had a marked increase in embryo lethality (post-implantation embryo
deaths). A similar experiment by Marzuk et al (1998) concurred with these results
since it reported that the heterozygote SOD knock-out mice produced an average of
1.0 litter/month with 8.6 offspring/litter, whereas homozygote SOD knock-out mice

produced an average of 0.23 litter/month with an average of 2.7 offspring/litter.
These results imply that O, and other free radicals are detrimental to embryonic

development at least when present at abnormally high concentration due to SOD

disruption. This assertion is perhaps supported by studies on human embryos cultured
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in microdroplets of medium containing either 20% or 5% O, concentration
(Dumoulin et al, 1999). Culture under 5% O; resulted in a higher mean incidence of
blastocyst formation per IVF cycle than in the 20% O, group, due to an abnormally
low cell number in blastocysts from the latter group. Improved embryo development
under conditions of reduced O, tension has been reported in mouse, sheep and cattle

(Bavister, 1995).

It appears that successful interaction between the oocytes and spermatozoa requires
optimal levels of ROS in human (Blondin et al, 1997), and that oxidative stress is a
possible cause of defective embryo development (Agarwal et al, 2003). Jauniaux et al
(2003) reported an association between early pregnancy loss and exposure of the
embryo to high concentrations of oxygen, through early establishment of placental
intervillous blood flow. This effect is more prevalent in the central regions of the
placenta than the periphery. They also confirmed oxidative damage in samples of

placenta obtained after miscarriage.

The studies in this thesis are different from many of the studies described above, in
that TAC and antioxidant consumption in follicular fluid were related to the
subsequent fate of the oocyte from the follicle, during in vitro fertilization (IVF)
procedures. Thié essentially investigated the influences of follicular antioxidants and
oxygen free radicals on oocyte preovulatory development and its subsequent

competence.

Attaran et al (2000) determined follicular fluid free radical/ROS activity and total
antioxidant capacity (TAC) in 53 women undergoing IVF, using a

chemiluminescence technique described in Section 2.4.2. TAC levels were similar in
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