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Abstract
Background—Reproductive failure is a significant public health concern. Although relatively little
is known about factors affecting fertility and early pregnancy loss, a growing body of literature
suggests that environmental and lifestyle factors play an important role. There is sufficient evidence
to hypothesize that diet, particularly its constituent antioxidants, and oxidative stress (OS) may
influence the timing and maintenance of a viable pregnancy. We hypothesize that conditions leading
to OS in the female affect time-to-pregnancy and early pregnancy loss.

Methods—We review the epidemiology of female infertility related to antioxidant defenses and
oxidation and examine potential sources of OS from the ovarian germ cell through the stages of
human pregnancy and pregnancy complications related to infertility. Articles were identified through
a search of the PubMed database.

Results—Female OS is a likely mediator of conception and threshold levels for OS exist, dependent
on anatomic location and stage of preconception.

Conclusions—Prospective pregnancy studies with dietary assessment and collection of biological
samples prior to conception with endpoints of time-to-pregnancy and early pregnancy loss are
needed.
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Introduction
Reproductive failure is a significant public health concern. Infertility, defined as the failure to
conceive a recognized pregnancy after 12 months of unprotected intercourse, carries significant
personal, societal and financial consequences (Goldman et al., 2000). Human reproduction is
inefficient with only one-fourth to one-third of fertilized human embryos likely to survive to
produce a term delivery (Witschi, 1968; Baird et al., 1986). The great majority of the failures
occur in the early weeks after ovulation, with relatively little loss after clinical detection (Fig.
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1). Women who experience a delay before achieving a recognized conception also have
elevated rates of early unrecognized pregnancy loss (Hakim et al., 1998) and clinical
spontaneous abortion (Gray and Becker, 2000). A review by Gray and Becker (2000) suggests
that the delayed conception and the early pregnancy loss may share a common etiology,
possibly through events or exposures prior to or during implantation and embryogenesis.

Although relatively little is known about factors affecting fertility and early pregnancy loss,
there is sufficient evidence to hypothesize that dietary antioxidants and oxidative stress (OS)
may influence the timing and maintenance of a viable pregnancy (Fig. 2). Evidence from studies
of men indicates that diet appears to be crucial in preventing oxidative damage to sperm DNA
(Woodall and Ames, 1997). Sperm-related dysfunctions associated with reactive oxygen
species (ROS) are decreased sperm number and motility, and inhibition of sperm-oocyte fusion
(Sharma and Agarwal, 1996). The female ovary is the source of oocytes and regulating
hormones, and OS in the gynecologic environment is likely to be an important mediator of
conception. Evaluation of the impact of OS on women's fertility and early pregnancy loss
represents a significant gap in our knowledge about reproduction and suggests new research
in this area is warranted.

Materials and Methods
We searched PubMed database for all articles published in English from January 1966 though
October 2006 with evidence relating to OS, antioxidant status and female fertility. Search terms
included conception, conception delay, ROS, early pregnancy loss, antioxidant, OS, ovarian
aging and infertility. We reviewed the abstract of the identified articles to determine if the
article met the scope of our review. The reference lists of articles included in our review were
also examined for additional potential articles.

ROS and OS
In living cells, ROS are formed continuously as a consequence of both biochemical reactions,
e.g. within the mitochondrial respiratory chain and external factors (Fig. 3). OS induces lipid
peroxidation, structurally and functionally alters protein and DNA, promotes apoptosis, and
contributes to the risk of chronic diseases like cancer and heart disease via effects on redox
status and/or redox-sensitive signaling pathways and gene expression (Ames et al., 1993).
Evidence from in vitro, animal model and clinical studies suggests that OS plays a role in the
etiology of adverse reproductive events in both women and men (Sharma and Agarwal,
1996;Jozwik et al., 1999;Duru et al., 2000;Shen and Ong, 2000;Vural et al., 2000;Walsh et
al., 2000;Acevedo et al., 2001;Sikka, 2001). OS occurs when the generation of ROS and other
radical species exceeds scavenging by antioxidants as a result of excessive production of ROS
and/or inadequate intakes or increased utilization antioxidants. Antioxidants (such as vitamins
C and E) and antioxidant cofactors (such as selenium, zinc and copper) are compounds that
are capable of disposing, scavenging or suppressing the formation of ROS. In vitro and animal
studies point to several possible avenues through which OS may affect fertility and early
pregnancy loss, however, no study has directly addressed the effects of OS on fertility in
women, although a recent review has addressed folate, zinc and antioxidants in the
pathogenesis of subfertility (Ebisch et al., 2007).

It is interesting to note that some, but not all, antioxidants have increased Dietary Reference
Intakes during pregnancy, as issued by the Food and Nutrition Board, Institute of Medicine
(2003). For example, the maternal requirement for vitamin C is increased during pregnancy
due to hemodilution and active transfer to the fetus. Certain populations, such as cigarette
smokers and heavy users of alcohol, may have further increased vitamin C requirements during
pregnancy due to increased lipid peroxidation. In contrast, sufficient scientific evidence is not
available to support a change in the requirement of vitamin E during pregnancy.
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Pregnancy itself may produce OS as a result of increased metabolic activity. Increased plasma
thiols in pregnant women (Wisdom et al., 1991) and increased placental lipid peroxides and
decreased expression of antioxidants have been reported (Wisdom et al., 1991; Myatt and Cui,
2004). Substantial increases in OS have been hypothesized to lead to acute pregnancy
complications (Wang et al., 1997) or spontaneous abortion (Sane et al., 1991; Vural et al.,
2000). Successful initiation of pregnancy requires the ovulation of a mature oocyte, production
of competent sperm, proximity of sperm and oocyte in the reproductive tract, fertilization of
the oocyte, transport of the conceptus into the uterus, and implantation of the embryo into a
properly prepared, healthy endometrium. A dysfunction in any one of these complex biological
steps can cause infertility (Goldman et al., 2000). In this paper, we hypothesize that conditions
leading to OS in the female, including low intake of dietary antioxidants, affect time-to-
pregnancy and early pregnancy loss. We review the epidemiology of female infertility related
to oxidation and consider potential factors for the production of OS, including diet and body
weight status. Cigarette and alcohol use are known to correlate with diet and are also reviewed
for completeness of the diet-lifestyle paradigm. Presently, the depth of evidence from animal
models provides a strong biological rationale for a growing number of studies involving human
subjects. Both animal and human studies are reviewed from the ovarian germ cell through the
stages of human pregnancy and pregnancy complications related to infertility.

Epidemiology of dietary and diet-related exposures to oxidation and fertility
Indirect evidence of the importance of OS and its control with antioxidant intake is provided
by studies that have shown that preconceptional multivitamin supplementation may enhance
fertility, perhaps by increasing menstrual cycle regularity (Czeizel et al., 1994; Dudas et al.,
1995) or via prevention of ovulatory disorders (Chavarro et al., 2007). Caffeinated beverages
are also associated with decreased fertility (Wilcox et al., 1988; Christianson et al., 1989),
possibly mediated by tubal disease or endometriosis, which are characterized by ROS in the
hydrosalpingeal fluid (HSF) and peritoneal fluid, respectively (Grodstein et al., 1993; Bedaiwy
et al., 2002b; Allaire, 2006).

The effects of body weight and weight change on OS have only recently been investigated.
More studies on this topic are needed, since both inadequate and excessive energy intakes have
been associated with reduced fertility among women. Research in this area has focused on the
effects of energy intake on hormonal patterns and menstrual cycles. Irregular menstrual cycles,
ovulatory dysfunction and later age at menarche (Komura et al., 1992) have been associated
with both low and high body mass index (BMI, calculated as kg/m2) (Grodstein et al.,
1994a; Frisch, 1997), energy intake (Williams, 2003) and high levels of physical activity
(Cumming et al., 1994; De Souza and Williams, 2004). Physical activity, in turn, is associated
with an increase in ROS (Davies et al., 1982), but appears only to be damaging to tissues when
the exercise is exhaustive (Gomez-Cabrera et al., 2003). Kurzer and Calloway (1986)
demonstrated that even short-term energy deprivation affected the menstrual cycles and sex
hormone levels of normal weight women (n = 6) and had an effect on hypothalamic–pituitary
function. Trevisan et al. (2001) suggested that BMI is modestly but positively correlated with
OS in women (n = 903, r = 0.09, P < 0.05). These investigators noted that the relationship was
strongest among premenopausal women, but did not provide supporting data. Research needs
in this area include prospective studies on the influence of other factors related to energy
balance and fertility (e.g. body fat distribution, recurrent weight fluctuations) on OS, delayed
time-to-pregnancy and early pregnancy loss. The association between OS, delayed onset of
menses and irregular menstrual cycles also needs to be explored.

Smoking and alcohol are both known to decrease fertility in women (Howe et al., 1985; Hakim
et al., 1998), likely through an increase in OS. Cigarette smoke contains a number of ROS
(Pryor et al., 1983) and ethanol metabolism generates ROS through the electron transport chain.
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Both cigarette smoking and alcohol consumption may lead to lipid peroxidation, protein
oxidation and DNA damage. However, dietary intakes of smokers are different from non-
smokers, confounding this relationship (Subar and Harlan, 1993). Among individuals
undergoing in vitro fertilization (IVF), smokers (n = 117) were found to have diminished
follicular fluid (FF) activity of the antioxidant enzyme glutathione peroxidase (GSHPx)
(Paszkowski et al., 1995). The mean GSHPx activity in follicles yielding oocytes that were
subsequently fertilized was greater than that of the follicles with non-fertilized oocytes.
Overall, smokers have been reported to have higher ROS in FF and have a lower IVF success
rate (Paszkowski et al., 2002). Lower concentrations of FF beta-carotene and decreased IVF
success have been found in smokers (n = 17) compared with non-smokers (n = 43) (Tiboni et
al., 2004). This finding is consistent with a smaller study of 5 smokers and 11 non-smokers
(Palan et al., 1995). Tiboni et al. (2004) found no smoking-related differences in FF or plasma
concentrations of vitamin E or lycopene, suggesting that follicular loss of beta-carotene occurs
in response to OS brought on with smoking. Beta-carotene has previously been reported to be
one of the micronutrients whose concentration is most strongly influenced by smoking (Alberg,
2002).

Bolumar et al. (2000) reported associations between tobacco use, BMI and time-to-pregnancy
from the European Study of Infertility and Subfecundity. Using information collected at ≥20
weeks gestation on 4035 women, they found that conception was delayed among female
smokers with BMI > 30 (Odds Ratio (OR) = 11.5; 95% Confidence Interval (CI) 3.7–36.2) or
BMI < 20 (OR = 1.70; 95% CI 1.1–2.8), compared to normal weight smokers (BMI = 20.0–
24.9). Analysis of non-smokers in the cohort showed no association between BMI and time-
to-pregnancy, however women who did not become pregnant, regardless of smoking status,
were not studied.

A study of healthy post-menopausal women (n = 53) who consumed a controlled diet plus each
of three treatments (15 or 30 g of alcohol per day or a no-alcohol placebo beverage), during
three 8-week periods in random order indicated that consuming 30 g of alcohol per day
(equivalent to two drinks per day) was associated with a 4.6% decrease in α-tocopherol, the
principal circulating form of vitamin E (P = 0.02) and a 4.9% increase in OS measured by
serum isoprostane concentration (P = 0.07) (Hartman et al., 2005). This report indicates that
even moderate alcohol consumption can affect OS in certain female populations. It is worth
noting that the essentiality of vitamin E for fertility in rodents resulted in its dietary compounds
being named ‘tocopherol,’ the Greek word for ‘childbirth’ (tocos) and ‘to bring forth’ (pheros)
(Evans, 1963; Gray, 1996).

Female partners of couples (n = 430) planning a first pregnancy who consumed alcohol while
they were trying to conceive were found to have reduced odds of conceiving over a period of
six menstrual cycles compared to women who voluntarily abstained from alcohol (Jensen et
al., 1998). After multivariate adjustment, compared with women who abstained from alcohol,
women who consumed 1–5 drinks/week had an OR of becoming pregnant = 0.61 (95% CI
0.40–0.93), whereas women who consumed 6–10 drinks/week had an OR = 0.55 (95% CI
0.36–0.85), and women who reported 11–15 drinks/week had an OR = 0.34 (95% CI 0.22–
0.52), (P = 0.03). No relationship with alcohol intake was observed among male partners
(Jensen et al., 1998). Self-reported alcohol intake among a cohort of 39 612 pregnant women
showed no marked reduction in waiting time to pregnancy with alcohol consumption; however,
women who failed to conceive were not available for analysis since women entered the cohort
once they were pregnant (Juhl et al., 2001). A positive dose–response relationship between
alcohol consumption and ovulatory factor infertility has also been reported in a case–control
study in the USA (Grodstein et al., 1994b). Compared with non-drinkers, the OR for ovulatory
infertility was 1.3 (95% CI 1.0–1.7) for moderate drinkers (consuming <100 g alcohol or <7
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drinks alcohol/week) and 1.6 (95% CI 1.1–2.3) for heavy drinkers (consuming >100 g alcohol/
week).

An 18-year prospective examination of Swedish women (n = 7393) revealed an increased risk
for proxy measures of infertility among high consumers of alcohol (defined as those responding
‘often’ to the question: ‘Do you drink alcohol’ and responding ‘sometimes’ or ‘often’ to the
question: ‘Do you drink at least a half bottle of spirits or a couple bottles of wine per week?’
in a baseline questionnaire) (Eggert et al., 2004). Compared with moderate consumers of
alcohol, high consumers were 58% more likely to have undergone an infertility examination
and low consumers of alcohol were 36% less likely to have undergone an infertility examination
(95% CI 1.07–2.34 and 0.46–0.90, respectively). Both low and high consumers of alcohol had
fewer first and second registered births compared with moderate drinkers (RR = 0.87, 95% CI
0.81–0.94 and RR = 0.78, 95% CI 0.69–0.88 for low and high alcohol consumers, respectively).

In addition to alcohol and tobacco use, other exogenous agents such as environmental pollutants
acting as endocrine disruptors or in an otherwise antagonistic manner may interfere with
ovarian development, folliculogenesis and steroidogenesis (Uzumcu and Zachow, 2007).
Although many of these contaminants have pro-oxidant capabilities, oxidation is not the likely
mechanism of action causing the endocrine disruption. Pesticides (e.g.
dichlorodiphenyltrichloroethane, DDT; methoxychlor, MXC; vinclozolin; and atrazine),
detergents and surfactants (e.g. octyphenol, nonylphenol and bisphenol-A) plastics (e.g.
phthalates), and industrial compounds (e.g. polychlorinated biphenyl, PCB) have potential
estrogenic, anti-estrogenic, and/or anti-androgenic effects thus potentiating the ability to mimic
endogenous hormone mediated mechanisms and interfere with normal female fertility
(Uzumcu and Zachow, 2007). Moreover, fetal exposure to certain environmental pollutants
may alter DNA methylation (Li et al., 1997; Anway et al., 2005), leading to the expression of
hormone–responsive genes in adult-life, but also transmission of altered genes to the next
generation (Li et al., 1997; Newbold et al., 1998, 2000). In vitro animal work suggests that the
exposure to mercury and cadmium decreases the quantity of ATP in the ovary and uterus via
a reduction in the ATP-hydrolyzing enzyme and may affect mammalian fertility (Milosevic
et al., 2005), however self-reported time-to-pregnancy was not associated with hair mercury
concentration among 193 Japanese women (Arakawa et al., 2006).

ROS, antioxidants and reproductive processes in women
Oocytes: ovarian germ cells to secondary oocytes—Liu et al. (2006) investigated
the antioxidant effects of daidzen, an isoflavone found principally in soybeans, on germ cell
proliferation in ovarian cells extracted from 18-day-old chicken embryos. Exposure to daidzen
increased germ cell proliferation (P < 0.05) and helped restore overall antioxidant levels
following a challenge by the ROS-producing hypoxanthine/xanthine oxidase (HX/XO) system.

Following hormonal influence at puberty, a number of primary oocytes begin to grow each
month. One primary oocyte outgrows the others and resumes meiosis I (MI). Interestingly,
resumption of MI is induced by an increase in ROS and inhibited by antioxidants (Takami et
al., 1999, 2000; Kodaman and Behrman, 2001), indicating that regulated generation of ROS
by the pre-ovulatory follicle is an important promoter of the ovulatory sequence. However, it
has been suggested that cyclical ROS production may, over time, contribute to oophoritis
associated with autoimmune premature ovarian failure (Behrman et al., 2001) and exacerbated
by diminished antioxidant status.

Oocyte maturation occurs with the second meiotic division (MII), which arises in response to
an increase in pre-ovulatory luteinizing hormone (LH) (Thibault et al., 1987). The process is
suspended in metaphase and does not resume unless fertilization occurs following ovulation
of the mature oocyte. In both the human and rat, granulosa and luteal cells respond negatively
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to ROS and adversely affect MII progression, leading to diminished gonadotrophin and anti-
steroidogenic actions, DNA damage, and inhibited protein ATP production (Behrman et al.,
2001). Glutathione (GSH), a non-protein sulphydryl tripeptide and key cellular antioxidant,
has also been identified as critical for oocyte maturation, particularly in the cytoplasmic
maturation required for pre-implantation development and formation of the male sperm
pronucleus (Yoshida et al., 1993; Eppig, 1996). In bovine models, beta-carotene has been
recognized for its ability to enhance cytoplasmic maturation, further supporting reports in other
species (Ikeda et al., 2005). The contrasting relationship of antioxidants, detrimental for the
progression of MI, but beneficial for MII, suggests a complex role for antioxidants and ROS
in the ovarian environment. Such findings, along with others discussed below suggesting a
threshold for ROS beneficence where embryo formation is compromised by ROS concentration
during IVF treatment, requires an appreciation of ROS as multifunctional agents in which their
effects may vary over the continuum of concentration and developmental stages.

Folliculogenesis
Generation of ROS: Attendant to the increase in steroid hormone production of developing
follicles is an increase in the activity of cytochrome P450, which in turn generates ROS such
as hydrogen peroxide (H2O2) (Ortega-Camarillo et al., 1999). An investigation of ROS
regulation by the preovulatory follicle in response to LH indicated that a gonadotrophin-
simulated, protein kinase C-activated, NADPH/NADH oxidase-type superoxide generator in
the preovulatory follicle exists and may be a regulating factor in ROS production during
ovulation (Kodaman and Behrman, 2001). Behl and Pandey (2002) sought to investigate
whether changes in the antioxidant enzyme catalase (which converts H2O2 to H2O and O2)
and estradiol (E2) activity of ovarian follicular cells in various stages of development fluctuated
with follicle-stimulating hormone (FSH). Concurrent catalase and E2 fluctuation may signal a
developmental role of catalase in folliculogenesis. Granulosa cells isolated from dissected goat
ovarian follicles indicated that large follicles (>6 mm) exhibited greater catalase activity than
granulosa cells from small (<3 mm) or medium (3–6 mm) sized follicles. After a uniform dose
of FSH (200 ng/ml), both catalase activity and E2 release were greater in large follicles than
in medium or small follicles. Since the dominant follicle will be the follicle with the highest
estrogen concentration, the concomitant increases in catalase and E2 in response to FSH suggest
a role for catalase in follicular selection and prevention of apoptosis (Behl and Pandey,
2002).

In addition to its primary role as an iron transport protein, transferrin is produced
extrahepatically and can prevent the formation of hydroxyl radicals via the Fenton reaction in
the ovaries and other tissues by binding ferrous ion (Fe2+). Although the exact role of transferrin
in folliculogenesis has not been elucidated, Briggs et al. (1999) reported that transferrin and
transferrin receptors are distributed heterogeneously throughout human granulosa cells, with
greater expression in mature follicles. Reverse transcription–polymerase chain reaction
indicated transferrin mRNA in the ovary but not in the oocyte; suggesting that local production
of transferrin by the ovary is likely. FF concentrations of transferrin were found to be similar
to serum concentrations.

Hypoxia of the granulosa cells is a normal event during the growth of ovarian follicles (Tropea
et al., 2006). Oxygen limitation is known to stimulate follicular angiogenesis, which is
important for follicular growth and development. Impairment of angiogenesis within ovarian
follicles contributes to follicular atresia (Greenwald and Terranova, 1988). ROS may act as
signal transducers (Schroedl et al., 2002) or intracellular messengers (Pearlstein et al., 2002)
of the angiogenic response. Basini et al. (2004) investigated whether hypoxia modulates ROS
production in granulosa cells isolated from swine follicles. Cells were held in normoxic,
hypoxic and anoxic environments followed by measurement of ROS (O2 and H2O2) and
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scavenging enzymes (superoxide dismutase (SOD), catalase, peroxidase). Hypoxic and anoxic
conditions reduced ROS (P < 0.05). SOD and peroxidase activities were increased (P < 0.05)
by hypoxic and anoxic conditions, but the difference in activity between the two conditions
was not statistically significant. Catalase activity was unaffected by hypoxic or anoxic
conditions. Lack of change in catalase may be due to localization of catalase in the peroxisomes
(Kinnula et al., 1995), whereas SOD and peroxidase are found in the mitochondria (Fridovich
and Freeman, 1986). Mitochondria are the major consumers of cellular oxygen, thereby
providing support to the hypothesis that ROS are involved in intracellular signaling between
tissue hypoxia and angiogenic response (Basini et al., 2004).

Antioxidants: OS and apoptosis are the consequences of folliculogenesis, follicular atresia
and luteal regression. However, the ROS increase can be countered (be it desirable or
undesirable) by antioxidant status. Antioxidant properties of E2 were investigated in pig luteal
and follicular tissue exposed to in vitro H2O2. High doses of E2 (≥40 pg/ml) protected against
apoptosis, but other non-aromatizable steroid hormones (progesterone, testosterone,
dihydrotestosterone or cortisol) offered no protection, suggesting that ovarian E2 functions as
a ROS scavenger during pregnancy-mediated luteal rescue and folliculogenesis (Murdoch,
1998). Follicular ROS initiate apoptosis whereas follicular GSH, in addition to FSH, protect
against apoptosis in cultured preovulatory rat follicles (Tsai-Turton and Luderer, 2006). Oocyte
GSH synthesis is believed to be stimulated by low-molecular weight thiol compounds including
cysteine, cysteamine and β-mercaptoethanol (de Matos and Furnus, 2000; Luberda, 2005).
Supplementation of cysteamine during in vitro maturation (IVM) of sheep oocytes indicated
that a single cysteamine supplement of 200 μmol increased morula and blastocyst development
(P < 0.05), but no such effect was found with IVM β-mercaptoethanol supplementation.
However, both cysteamine and β-mercaptoethanol supplementation were found to decrease
intracellular peroxidase content, most likely via increased GSH synthesis (de Matos et al.,
2002). Interestingly, increased serum GSH reductase (GSHR) was significantly associated with
decreased time-to-pregnancy in 83 female participants in a prospective pregnancy study with
preconception enrollment recruited from the New York Angler Cohort. No statistically
significant associations were found with GSHPx, SOD, catalase or thiobarbituric acid (Jackson
et al., 2005a).

Das and Chowdhury (1999) investigated the effect of a vitamin E deficient diet on uterine
estrogen inducing enzymes and gonadal–pituitary axis and ovarian histological changes among
pre-pubertal female rats. Animals, which were 30-days old at initiation of the experiment, were
assigned to one of four diet regimens for a 70-day experiment period: Group 1 received normal
(control) chow diet for the entire period, Group 2 received vitamin E deficient chow for the
entire period, Group 3 received normal chow for the first 45 days and deficient chow for the
next 25 days and Group 4 received deficient chow for the first 45 days and normal diet for the
last 25 days. Interestingly, the mean body weight of animals in Group 4 did not significantly
differ from that of control animals at the end of the 70-day experiment. In contrast, animals
fed 70-days deficient (Group 2) or 45-days normal chow followed by 25-days vitamin E
deficient chow (Group 3) weighed significantly less than control animals at the study's
conclusion. Uterine weight was also reduced in Groups 2 and 3 compared with the control
group (P < 0.01). Uterine peroxidase and uterine alkaline phosphatase are estrogen-inducible
enzymes associated with uterine growth (Manning et al., 1969; Lyttle and DeSombre, 1977).
Activity of uterine peroxidase was significantly lower in the three groups that experienced
deficiency compared with the control group, indicating that although having the last 25 days
as control diet was effective in restoring body weight, it was not effective in restoring
peroxidase concentration to control levels. Activity of alkaline phosphatase was reduced in
Group 2 (P < 0.01) and Group 3 (P < 0.01), but no difference was found between control and
Group 4. These findings suggest that vitamin E deficiency inhibits uterine growth. Among
measured hormone levels, plasma LH was significantly lower than the control group in Groups
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2 and 4. FSH was not significantly different from the control in any of the groups, but serum
estrogen was significantly lower in Groups 2 and 3, but not Group 4, again indicating that 25
days of a vitamin E adequate diet has restorative properties. Histological analysis indicated
that the ovaries of animals on the 70-day vitamin E deficient diet showed degenerated follicles,
follicles with increased diameter and hypertrophy of the granulosa cells; whereas the control
animals exhibited healthy, large follicles. In addition to vitamin E, other antioxidants such as
manganese (a cofactor for SOD) are known to influence LH secretion in female rats (Pine et
al., 2005; Lee et al., 2007) and ascorbic acid has been shown to stimulate gonadotrophin release
in male animals (Karanth et al., 2001), thus suggesting that antioxidants stimulate the release
of gonadotrophins from the adenohypophysis.

Basini et al. (2004) reported that ROS under moderate concentrations plays a role in signal
transduction processes involved in growth and protection from apoptosis. Duleba et al.
(2004) investigated in vitro effects of antioxidants and OS on proliferation of rat thecal-
interstitial (T-I) cells. T-I cells develop in the secondary follicle stage and control follicle
growth and atresia, regulate ovarian steroidogenesis, and may provide mechanical support for
ovarian follicles (Erickson et al., 1985; Spaczynski et al., 1999). ROS were found to induce a
biphasic effect with lower (P < 0.01) and higher concentrations inhibiting proliferation (P <
0.01), suggesting that controlled levels of ROS may be needed to maintain DNA synthesis, T-
I cell proliferation, and growth of ovarian mesenchyme. However, caution is always warranted
in extrapolating the results of in vitro studies to the in vivo milieu.

Ovulation and secondary oocyte quality: Chao et al. (2005) investigated murine oocyte
competence, ovarian mitochondrial DNA (mtDNA) mutation and oxidative damage after
repeated ovarian stimulation by exogenous gonadotrophin. An increase in degenerative oocytes
and ovulated immature oocytes was seen with repeated stimulation, indicating a decrease in
oocyte quality. Oxidative damage to the ovaries increased with cycles of stimulation, with a
statistically significant increase in lipid peroxides between the first and fifth and first and sixth
cycles, and an increase in 8-hydroxydeoxyguanine (8-OH-dG), a biomarker of oxidative DNA
damage, between the first and sixth cycles (P < 0.05). In addition, an increase in mtDNA large
scale deletions was noted with increased ovarian stimulation. Related work by Tarin et al.
(1998a, 2002) suggests that the timing of antioxidant administration may have an effect on the
number and quality of ovulated oocytes as assessed by morphological appearance and
chromosome distribution in female mice. Mice were given a mixture of vitamins C and E,
either after weaning (early administration) or beginning at 32 weeks of age (late administration)
and continuing through sacrifice at 40–42, 50–52 or 57–62 weeks after exogenous stimulation
(Tarin et al., 2002). To evaluate the overall quality of ovulated oocytes, the number of retrieved
oocytes from both antioxidant supplementation groups at all three times points of sacrifice and
total percentage of ovaries exhibiting morphological traits indicative of apoptosis were
summed and compared with the control. Animals receiving antioxidant supplements showed
an increased number of normal MII oocytes compared with the control group (46.7±1.9 versus
41.7±2.1%, P = 0.039), and decreased percentage of apoptotic oocytes (35.9±2.1 versus 43.3
±2.5%, P = 0.041, in the antioxidant and control groups, respectively). In general, when
supplemental vitamins C and E were given to older mice, the age-associated reduction in
ovulation was partially prevented, but the preventive effects of supplementation were greatest
when supplementation began after weaning and continued to time of sacrifice.

GSH in mature oocytes is thought to be a highly relevant biochemical marker for the viability
of mammalian oocytes (Zuelke et al., 2003; Luberda, 2005). Samples collected during hamster
IVM indicate ovulated oocytes suspended in metaphase of MII have approximately twice the
concentration of GSH as immature germinal vesicle stage oocytes (Zuelke et al., 2003). GSH
was found through the preimplantation stage in bovine oocytes (Furnus et al., 1998; de Matos
and Furnus, 2000).
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Corpus lutea function: The corpus luteum (CL) has a high concentration of antioxidants,
particularly beta-carotene, which gives the CL its bright yellow color (Rodgers et al., 1995).
Other carotenoids and vitamins C and E are also present in relatively high concentrations in
the CL where they may play an important role in scavenging ROS (Aten et al., 1992, 1994;
Matzuk et al., 1998; Behrman et al., 2001). In addition to its antioxidant function, ascorbic
acid is a required cofactor in the synthesis of collagen in the luteal extracellular matrix (Luck
and Zhao, 1993). ROS are produced during luteal regression (Behrman et al., 2001), in part
though cytochrome P450 enzymes which are necessary for the first step of steroidogenesis
(Rodgers et al., 1995).

Steroidogenesis: Over-exposure of the ovary to H2O2 causes the LH receptor to uncouple
from adenylate cyclase, thereby impairing protein synthesis and cholesterol utilization by
mitochondrial P450 side-chain cleavage (P450scc), most likely through impaired production
of steroidogenic acute regulatory protein (StAR) (Behrman et al., 2001). StAR is responsible
for moving cholesterol to the inner mitochondrial membrane where P450scc converts
cholesterol to pregnenolone (Behrman and Aten, 1991; Stocco et al., 1993; Musicki et al.,
1994; Behrman et al., 2001). Lecithin–cholesterol acyltransferase (LCAT) plays an important
role in reverse cholesterol transport and follicular synthesis of estrogen. Cigliano et al.
(2002) investigated the estrogen:progesterone ratio (which decreases near the time of
ovulation) and LCAT activity following titration of ascorbate and α-tocopherol in human pre-
ovulatory FF. High FF LCAT activity was positively associated with ascorbate and α-
tocopherol accumulation, and lower LCAT activity was associated with their consumption, so
the mature follicle appears to accumulate these vitamins in the FF to protect LCAT from
oxidative damage and promote steroidogenesis.

Fertilization: As noted above, GSH concentrations in mature, metaphase hamster and mouse
oocytes are higher than those found in most other tissues, and mature oocytes have a higher
concentration than immature or fertilized oocytes (Zuelke et al., 1997). High GSH
concentrations may also aid in meiotic spindle formation (Oliver et al., 1976), male pronucleus
development and fertilization (Yoshida et al., 1993). Zuelke et al. (1997) exposed MII hamster
oocytes to diamide, an oxidant relatively specific to GSH. High-performance liquid
chromatography analyses were conducted to measure oxidation of GSH to GSH disulfide
(GSSG), recovery of GSH from GSSG after the removal of diamide, and the overall effect of
diamide on MII completion and zygote formation following IVF. Diamide oxidized GSH in a
time- and concentration-dependent manner. Diamide exposure resulted in disruption of spindle
morphology, chromosome clumping and altered oocyte cortex microtubules. Recovery from
these aberrations was possible if the diamide exposure was followed by either a 1.5- or 3-h
washout period, depending on the combination of exposure concentration, length of exposure
and length of washout. Diamide exposure did not affect fertilization or development of the
male pronuclei, but oocytes exposed to 50 mm (but not 25 mm) before IVF exhibited abnormal
female pronuclei. Thus, exposure to OS before fertilization appears to disrupt the meiotic
spindle and increase risk of abnormal zygote formation. The activity of ROS generated during
gamete fusion is inhibited, due to increased production of antioxidants, particularly SOD. As
a result, it is unlikely that  affects gamete fusion when adequate antioxidant defenses are
available (Miesel et al., 1993).

Implantation: Nitric oxide (NO), a free radical produced by NO synthases (NOS), functions
as an important vasodilator, neurotransmitter, regulator of embryonic development and
implantation (Guerin et al., 2001), and may also contribute as an anti-platelet agent during
implantation (Schmidt et al., 1992; Cameron and Campbell, 1998). Schmidt et al. (1992)
investigated the distribution of NOS in a number of rat organ tissues. NOS type I (NOS-I) and
NADPH-diaphorase (NADPH-d) were found to be highly concentrated in endometrial
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epithelial cells. The function of NO in endometrial epithelial cells is not established, but may
include regulation of cyclic GMP, which may mediate the estrogen-stimulated rapid uterine
secretory response at the implantation site. Reports on the origin of these enzymes in rat
endometrium are inconsistent (Shew et al., 1993), perhaps due to limitations regarding the
specificity of antibodies used to identify NOS isoforms (Cameron and Campbell, 1998). No
relationship was found between nitrite/nitrate (stable oxidation products of NO) and ovarian
response in an analysis of FF of 70 patients undergoing IVF, indicating that although NO may
be involved in folliculogenesis and implantation, it is not a useful measure of ovarian response
to gonadotrophin stimulation (Manau et al., 2000). SOD in human endometrial stromal cells
increases with decidualization and is thought to be an important component of implantation
(Sugino et al., 1996, 2000). In addition, both ROS and SOD may act as second messengers to
regulate endometrial function (Sugino, 2007). Furthermore, uterine expression of the gene for
a-tocopherol transfer protein, a major determinant of serum a-tocopherol status, increases after
implantation, suggesting a protective action of α-tocopherol during embryogenesis (Jishage et
al., 2001).

In vitro fertilization: During IVF, the FF removed from the ovary has no therapeutic use and
has become a ‘biological window’ (Wiener-Megnazi et al., 2004) for understanding the
environment of the mature oocyte in infertility. A prospective study by Oyawoye et al.
(2003) evaluated total antioxidant capacity (TAC) with the Ferric Reducing Antioxidant Power
(FRAP) assay, using FF collected from 63 women undergoing oocyte retrieval for IVF after
controlled ovarian stimulation. Of the 303 samples, 71.9% (218) contained oocytes, but
baseline TAC did not differ with oocyte presence. A total of 77.5% (169/218) of the oocytes
were fertilized, of which 79.3% (134/169) survived to the day of transfer. Baseline TAC was
significantly higher in FF samples of oocytes that achieved successful fertilization, suggesting
that higher TAC may predict increased fertilization potential. However, significantly lower
baseline TAC was observed in the FF where the resultant embryo survived to the day of transfer.
The observation that higher FF TAC is associated with successful fertilization is consistent
with the findings of Paszkowski et al. (1995), who observed higher mean GSHPx activity in
follicles yielding oocytes that were successfully fertilized compared to follicles with non-
fertilized oocytes (Paszkowski et al., 1995). However, the latter finding of lower baseline TAC
among embryos surviving to transfer conflicts with those of Paszkowski and Clarke (1996),
Paszkowski et al. (2002) and Yang et al. (1998). Oyawoye et al. suggest that the discrepancy
may be due to the effects of ROS being dependent on the stage of embryo development. The
percent of TAC loss 72-h post-harvest did not differ significantly between follicles containing
oocytes and those that did not, nor did it differ by fertilization status or embryo survival to time
of transfer. These results suggest that antioxidant consumption in FF may have little value in
predicting successful fertilization and embryo viability up to the time of transfer. However,
the variation in outcomes may also reflect differential impact on OS by the various causes of
infertility and confounding by indication for IVF.

ROS and TAC were measured by chemiluminescence in the FF of 53 women undergoing IVF
by Attaran et al. (2000). Individuals who became pregnant had significantly higher FF ROS
levels than those who did not, although TAC did not differ by pregnancy status. However, lack
of a reference value for healthy women with unstimulated cycles precludes the comparison of
the study population with a healthy fertile population. Nonetheless, this study suggests FF
ROS, at physiologic concentrations, may be indicative of a metabolically active system and a
potential marker of IVF success.

Wiener-Megnazi et al. (2004) used a thermochemiluminescence (TCL) assay to measure OS
in FF samples from 189 women undergoing IVF. After controlling for age, OS was found to
be positively correlated with the number of retrieved mature oocytes (P < 0.0001). All
pregnancies occurred when the FF TCL amplitude at 50 sec was within the range of 347–569
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cps. With 385 and 569 cps as limits for the occurrence of conception, the negative predictive
value beyond this range was 96% and the positive predictive value was 32% (P < 0.004). These
results suggest a beneficial threshold level for OS. The existence of an acceptable threshold
level was also suggested in the evaluation of 208 FF samples from 78 women undergoing
controlled ovarian stimulation (Das et al., 2006). Similar to the findings of Pasqualotto et al.
(2004) who failed to find an association with lipid peroxidation and TAC, oocyte maturation
was not associated with ROS in either Grade II or Grade III oocytes. However, the Das et al.
(2006) study found an overall negative correlation between ROS in FF and embryo quality,
similar to the association of lower TAC with decreased fertilization potential shown earlier
(Oyawoye et al., 2003). The unique finding of the Das et al. investigation was evidence of a
favorable effect of ROS on percent embryo formation up to ∼100 cps in both Grade II and
Grade III oocytes, after which embryo formation declined. Pasqualotto et al. (2004) reported
both lipid peroxidation and TAC to be positively correlated with pregnancy rate, but not
fertilization rate. However, the categorical nature of the correlation precludes the ability to
detect differences over the continuum of values.

Many thiols are capable of scavenging free radicals. However, homocysteine (Hcy) is a sulfur-
containing amino acid produced primarily in vivo during demethylation of methionine during
DNA/RNA methylation and appears to possess some pro-oxidant activity (Garry and Vellas,
1996; Tyagi et al., 2005). Plasma Hcy is negatively associated with fruit and vegetable
consumption and endurance exercise and positively associated with alcohol intake, caffeine
intake and tobacco use (Chrysohoou et al., 2004). Elevated Hcy induces endothelial
dysfunction and promotes disease of the vasculature, in part by reducing the availability of NO
and activation of protease activated receptors (PARs) to generate ROS (Tyagi et al., 2005).
Ebisch et al. (2006) measured concentration of Hcy, GSH, cysteine and cysteinyl-glycine in
FF of 156 women undergoing infertility treatment. Hcy was found to be higher in the FF of
women with endometriosis compared to women with idiopathic subfertility (P = 0.04). No
difference in the FF concentration of Hcy was detected among etiologic subfertility
classifications or among the other substances under investigation. In regression analyses, Hcy
was negatively associated with embryo quality on culture day three (OR = 0.58, 95% CI 0.35–
0.97), suggesting that Hcy is inversely related to fertility outcome.

Impact of ROS on the aging oocyte
Free radical activity of human FF increases with age (Wiener-Megnazi et al., 2004), as does
apoptosis of human granulosa and cumulus cells (Sadraie et al., 2000; Moffatt et al., 2002).
Takahashi et al. (2003) hypothesized that prolonged exposure of aged oocytes to ROS
negatively affects calcium homeostasis and impairs Ca2+ oscillation-dependent signaling, and
causing a decline in oocyte developmental ability. At the time of sperm penetration, drastic
changes occur in intracellular oocyte free calcium concentration ([Ca2+]i). Occurring first is a
single long-lasting increase in [Ca2+]i, followed by short, repetitive transient [Ca2+]i, which
last for several hours (Takahashi et al., 2003). These changes in [Ca2+]i stimulate the
resumption of meiosis and trigger the release of the cortical granule thereby preventing
penetration of the ovum by additional sperm (Kline and Kline, 1992; Takahashi et al., 2003).
Treatment of fresh and aged mouse oocytes with 100 μM H2O2 for 10 min confirmed increased
frequency of Ca2+ oscillation in aged oocytes compared to untreated fresh oocytes (P < 0.001).
In addition, the fresh oocytes had lowered individual Ca2+ transients (P < 0.001). Both aged
oocytes and H2O2 treated fresh oocytes exhibited a lower fertilization rate and decreased
blastocyst development compared with fresh untreated oocytes.

Follicular fluid aspirates from 12 young women (aged 27–32 years) and 12 older women (aged
39–45 years) undergoing IVF treatment were analysed for the activity and protein expression
of catalase, SOD, GSHPx, GSH transferase (GST) and GSHR (Carbone et al., 2003). The
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specific activity of catalase was ∼60% lower (P < 0.0005) in the older women compared with
the younger women. GST was also higher in the younger women (P < 0.05). However, SOD
activity was ∼25% higher (P < 0.01) in the older women compared to the younger group. No
difference in activity between the two groups was observed for GSHPx or GSHR. The age-
related changes caused a reduction in the catalase/SOD ratio and a slight reduction in the
GSHPx/SOD ratio, suggesting an overall decrease in ROS scavenging ability with aging. No
difference in protein expression of catalase or SOD was observed between the two groups,
indicating that the age-associated change is due to a post-translational process. A potential
weakness of the study was the failure to describe the reason the women were seeking IVF
treatment, because the etiology of the infertility may have influenced FF antioxidant and ROS
activity.

Whole ovaries were removed and homogenized from reproductive aging rats (aged 8–9
months) and control animals (26-day old) following CL induction and prostaglandin F2a
(PGF2a) administration in the mid-luteal phase to induce luteal regression (Yeh et al., 2005).
Analysis of homogenized ovaries at baseline (from animals given a 0.9% NaCl vehicle
solution) and 2- and 24-h post-PGF2α administration indicated alterations in antioxidant
defense with age. It is hypothesized that diminished antioxidant status may induce apoptosis
during luteal regression and lead to decreased progesterone synthesis. The aged ovaries had
elevated vitamin E content at 0, 2 and 24 h (P < 0.05), and lower GSHR levels at 2- and 24-h
post-PGF2α administration (P < 0.01) compared with control ovaries. No significant
differences in GSHPx, catalase or thiobarbituric acid-reacting substances (TBARS), an index
of lipid peroxidation, were detected. Thus, a shift toward a higher concentration of vitamin E
may occur to help protect the aging ovary during luteolysis and compensate for the decline in
the luteal cell ability to quench ROS, as evidenced by lower GSHR.

ROS and fertility-related disease states
Hydrosalpinx—Hydrosalpinx is caused by blockage of the Fallopian tube with serous fluid,
typically secondary to Fallopian viral infection, which is known to augment OS. Recent
evidence suggests a role for ROS in HSF as a contributor to embryotoxicity. Bedaiwy et al.
(2002b) aspirated HSF from 11 infertile women with confirmed hydrosalpinges. ROS and
enzymatic TAC (both measured by chemiluminescence), and lipid peroxidation (measured by
TBARS) were quantified and 2-cell mouse embryos were incubated with 25, 50 or 75% HSF
and observed for blastocyst development. Blastocyst development was inversely correlated
with concentration of HSF among embryos cultured in 75% HSF compared to control embryos
(P < 0.0001, OR = 0.28, 95% CI 0.17–0.49). Lipid peroxidation was not significantly related
to blastocyst development, and TAC was detectable in only 2/11 samples, although TAC was
at a level unlikely to affect blastocyst development. Blastocyst development was positively
correlated with ROS concentration (P < 0.02), but overall low ROS concentration is suggestive
of healthy endosalpinx rather than a concentration potentially deleterious to the developing
embryos. Several possible mechanisms for the embryotoxic properties of the HSF exist,
including presence of microorganisms, endotoxins, cytokines, OS and lack of nutrients
(Strandell and Lindhard, 2002). Alternatively, HSF without ROS may indicate extensive
endosalpingeal damage or, as seen in the positive correlation of successful IVF pregnancy with
ROS (Attaran et al., 2000), the finding may be indicative of healthy and metabolically active
cells.

Endometriosis—Advanced endometriosis may cause tubal occlusion or otherwise interfere
with the mechanics of ovulation (Wang et al., 1997), but the reason for infertility in women
with mild to moderate endometriosis without mechanical impairment is unclear (Allaire,
2006). It has been hypothesized that endometriosis increases the presence of ROS in the
peritoneal and tubal fluid, adversely affecting sperm motility and function (Curtis et al.,
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1993) and increasing the growth and adhesion of endometrial cells in the peritoneal cavity
(Portz et al., 1991; Murphy et al., 1998). Aspirated peritoneal fluid from women with
endometriosis in the follicular phase of their menstrual cycle (n = 15), idiopathic infertility
(n = 11) or controls undergoing tubal ligation (n = 13) indicated the presence of ROS (measured
by chemiluminescence) in the peritoneal fluid of all three groups, but similar concentrations
of ROS in the endometriosis and control groups. The idiopathic infertility group was found to
exhibit a higher concentration of ROS than the control group. Leukocyte distribution also failed
to vary by group. Furthermore, no correlation between ROS and increasing stage of severity
of endometriosis was detected in either the unprocessed or processed (cell-free) peritoneal
fluid. Patients with endometriosis did exhibit increased peritoneal fluid volume compared to
controls (P < 0.01). Sperm motility has been negatively correlated with peritoneal fluid volume
(van Furth et al., 1979; Wang et al., 1997), suggesting the possibility that increased fluid
volume may be a causative factor in endometriosis-associated infertility. Antioxidant status
was not measured, but low concentrations of antioxidant nutrients or low antioxidant enzyme
activity could contribute to the level of ROS in each group (Wang et al., 1997). Ho et al.
(1997) examined peritoneal fluid total antioxidant status (TAS, a kit assay using 2,2′-azina-di-
(3-ethylbenzthiazoline sulfonate)) and products of NO metabolism during the early follicular
phase of women with endometriosis (early stage n = 12, late stage n = 12) and fertile controls
without endometriosis (n = 10). Similar to the findings of Wang et al. (1997), who found no
difference in ROS, Ho and colleagues found no difference among the groups in TAS or NO
production. However, compared to the control group, the group with advanced endometriosis
exhibited significantly increased peritoneal fluid volume (P = 0.007). Only progesterone
peritoneal fluid concentrations were increased in early stage endometriosis compared to
controls (P = 0.013) (Ho et al., 1997). In another study, peritoneal fluid was prospectively
collected from 130 women undergoing laproscopy for pain, infertility, tubal ligation or
sterilization reversal during the proliferative and luteal phases of the menstrual cycle (Bedaiwy
et al., 2002a). Concentrations of six cytokines and tumor necrosis factor-α (markers of
inflammation positively associated with OS) in serum and peritoneal fluid and ROS in
peritoneal fluid (determined by chemiluminescense) were measured and used to compare
women categorized by their post-surgery diagnosis. Patients diagnosed with endometriosis
exhibited higher median serum interleukin-6 and peritoneal fluid tumor necrosis factor-α. Both
of these variables had a high degree of predictive sensitivity and specificity for endometriosis.
A number of other studies have also failed to find a difference in ROS or antioxidant
concentration in peritoneal fluid of patients with endometriosis and fertile controls or
individuals with other causes of infertility (Arumugam and Dip, 1995; Polak et al., 2001; do
Amaral et al., 2005). In contrast, Zeller et al. (1987) observed a significant increase in ROS
production by resting peritoneal macrophages in peritoneal fluid samples collected during mid-
luteal phase of menstruation in women with endometriosis compared with fertile controls.
Differences in menstrual cycle phase at time of peritoneal fluid collection could contribute to
the divergent findings. OS was measured in 32 women with endometriosis and 52 controls.
After controlling for covariates, each 0.5 nmol/ml increase in serum TBARS was weakly but
positively associated with the presence of endometriosis, although other measures of
antioxidant status and ROS, including serum beta-carotene, vitamin E and 8-F2α-isoprostane
were not (Jackson et al., 2005b). However, the control subjects were not free of infertility
concerns (30 had idiopathic infertility while the remaining 22 were undergoing tubual ligation),
which could influence the results if infertility is associated with increased OS. In addition,
blood collection was not standardized within the menstrual cycle, which is known to affect
antioxidant concentration (Forman et al., 1998; Lanza et al., 1998).

Polycystic ovary syndrome—Polycystic ovary syndrome (PCOS) is characterized by
chronic anovulation, oligomenorrhea, obesity, enlarged cystic ovaries, elevated LH,
hyperandrogenism, infertility and often, insulin resistance. Women with PCOS have increased
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difficulty becoming pregnant, and experience higher rates of spontaneous abortion and
pregnancy complications. Healthy controls (n = 30) and women with PCOS (n = 31) were
examined for differences in OS and cardiovascular disease risk factors (Fenkci et al., 2003).
No significant differences were found between the groups for BMI, waist/hip ratio, fasting
serum glucose, lipid fractions, serum total testosterone or free testosterone concentrations. The
PCOS group had significantly lower serum TAS (P < 0.05) and increased protein carbonyls
(P < 0.05), biomarkers of protein oxidation, higher serum fasting insulin, homeostasis model
assessment (HOMA, an estimate of insulin resistance), C-reactive protein (a biomarker of
inflammation), LH levels, and LH/FSH ratios. In addition, fasting insulin was negatively
associated with antioxidant status and positively associated with protein carbonyls.

Dincer et al. (2005) examined DNA damage and H2O2-induced DNA damage in women with
PCOS. Results indicted that DNA damage (strand breakage) and H2O2-induced DNA damage
were much higher in the PCOS subjects compared to controls (P < 0.01 and < 0.05,
respectively). In addition, GSH in whole blood was higher in the healthy controls (P < 0.05).
Thus, the susceptibility of DNA to OS may explain the association between PCOS and ovarian
cancer, but this finding also offers another possible explanation for PCOS and the association
with early pregnancy loss.

Higher levels of anti-endometrial antibodies (P < 0.01), suggesting an autoimmune response,
as well as OS indicated by higher protein–malondialdehyde (P < 0.001) were found in sera
from ten women with PCOS compared with 21 women with partners experiencing male factor
infertility (Palacio et al., 2006). An autoimmune response may inhibit successful implantation
among PCOS patients who do achieve fertilization of an ovulated egg. Gonzalez et al.
(2006) studied the effects of hyperglycemia following an oral glucose tolerance test on
generation of ROS from mononuclear cells (MNC) in patients with PCOS compared to control
subjects. Generation of ROS by MNC was increased in patients with PCOS, independent of
obesity. Blood glucose at baseline was not reported, but an earlier study from the same cohort
indicated that women with PCOS had higher mean fasting serum insulin compared with
controls (P < 0.003) (Gonzalez et al., 1999). Thus, OS may contribute to the insulin resistance
observed in PCOS. Future investigations in this area should include measurements of OS in
relation to time-to-pregnancy among women with PCOS.

Idiopathic infertility—Idiopathic (unexplained) infertility is diagnosed by exclusion and is
defined as the inability to conceive after 12 months of timed, unprotected intercourse where
tests have been performed on both partners to rule out known causes of infertility, including
but not limited to anovulation and sperm defects (Goldman et al., 2000). TAS was found to be
lower in peritoneal fluid of women with idiopathic infertility (n = 23) compared to fertile
controls (n = 13, P = 0.02) and individuals with tubal infertility (n = 12, P = 0.001) (Polak et
al., 2001). This observation offers a possible explanation for the elevated levels of ROS
observed in the peritoneal fluid of women with idiopathic infertility reported by Wang et al.
(1997) and Polak et al. (2001). Polak et al. (2001) hypothesized that peritoneal fluid diffuses
into the Fallopian tubes where it may cause damage to sperm, which are known to be sensitive
to OS (Storey, 1997). Peritoneal fluid of women with idiopathic infertility (n = 7) was found
to have a higher concentration of ROS compared with fertile controls (n = 27, P = 0.02), but
was not different from women with endometriosis (n = 56) (Bedaiwy et al., 2002a). However,
these results are based on small numbers and need to be investigated with a larger sample.

Conclusion
The role of OS in female fertility and subfertility is an area deserving of continued research.
The available evidence suggests gynecologic OS is an important mediator of conception.
However, it appears that threshold levels for the benefit or harm of OS exist, and these
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thresholds are dependent on anatomic location and stage of preconception. For example,
resumption of MI is induced by an increase in ROS and inhibited by a high antioxidant status
and low FF ROS are associated with successful IVF procedures, perhaps as an indication of a
healthy, metabolically active follicle. In addition, care must be given to acknowledge potential
undesirable effects of excessive vitamin supplementation (Tarin et al., 1998b).

Human research investigating OS and dietary antioxidants can be especially challenging. It is
not possible to retrospectively collect data on very early pregnancy loss since many women
may have been unaware that they were pregnant. Furthermore, in the event a woman was aware
that she was pregnant, retrospective dietary data may be biased by the knowledge of a
pregnancy loss (Bunin et al., 2001). In vitro studies of humans and other mammals offer
promising insight, but the nature of these experiments can introduce additional OS not found
in vivo. In addition, most studies of FF composition are conducted in women undergoing IVF
where follicle maturation is stimulated with exogenous hormones, creating a milieu which
differs from the FF of women not under ovarian stimulation. Prospective pregnancy studies
with dietary assessment and collection of biological samples prior to conception that investigate
time-to-pregnancy and early pregnancy loss will provide the highest quality scientific evidence.
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Figure 1.
Timeline of reproductive failure. (Baird et al., 1986; reprinted by permission of Oxford
University Press).
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Figure 2.
Selected studies on the association of antioxidants, oxidative stress and conception.
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Figure 3.
Role of oxidative stress in fertility.
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