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Abstract Antioxidants play a vital role in reproductive health and fertility. The
local cellular environment influences oocyte development, ovulation, successful
fertilization, and maintenance of early pregnancy. An offset of reactive oxygen spe-
cies (ROS)-induced cellular oxidative stress can adversely affect function of repro-
ductive organs and fertility. ROS and antioxidants have emerged as ubiquitous
participants in normal human reproductive processes. Imbalance in the oxidant/
antioxidant relationship has been implicated in numerous reproductive disorders
and complications, including endometriosis, polycystic ovarian syndrome, oocyte
aging, dysmenorrhea and premenstrual syndrome, spontaneous abortion, and infer-
tility. Studies have examined dietary antioxidant supplementation in hopes to pre-
vent and treat reproductive pathologies. Dietary antioxidants, including isoflavones,
antioxidant vitamins, and trace elements, which are cofactors of key antioxidant
enzymes, have been targeted as nutritional antioxidants for prevention and/or
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treatment of unexplained infertility and recurrent spontaneous abortions. However,
there is a vast knowledge deficit to fill, and targeted studies are needed to elucidate
the role of ROS in normal reproductive physiology and fertility, as well as in treat-
ment of reproductive pathologies. This chapter reviews the role played by antioxi-
dants in female reproductive health and fertility and antioxidant interventions for
the prevention and treatment of reproductive pathology in association with oxida-
tive stress.

Keywords Oxidative stress ¢ Reproductive disorders and complications e
Antioxidants « Female reproductive health  Fertility

5.1 Introduction

Intracellular homeostasis is maintained at least in part by a fine balance between
oxidants and antioxidants. Oxidative stress is a state associated with increased dam-
age to cellular structure and function induced by oxygen-derived oxidants com-
monly known as reactive oxygen species (ROS), which are by-products of aerobic
respiration and metabolism. ROS production is tightly controlled by interrelated
antioxidant systems that modulate intracellular ROS concentration and set the redox
status of the cell. The common ROS that have potential implications in mammalian
reproduction and developmental biology are superoxide radicals ("O,”), hydrogen
peroxide (H,0,), hydroxyl radicals ("OH), nitric oxide (NO"), and peroxynitrite
anion (ONOO"). ROS and antioxidants have emerged as ubiquitous participants in
normal human reproductive processes, and an imbalance in the oxidant/antioxidant
relationship has been implicated in numerous reproductive pathologies, including
endometriosis, polycystic ovarian syndrome and infertility (Agarwal et al. 2005;
Fujii et al. 2005), and prenatal development disorders and complications (Al-Gubory
et al. 2010).

Maternal undernutrition or poor nutrition can have long-lasting effects on repro-
ductive potential. Infertility due to ovulation disorders may be preventable by
healthy diet and lifestyle behaviors (Chavarro et al. 2007). Substantial evidence
suggests that low antioxidant status and oxidative stress may be associated with
infertility of both known and idiopathic origin (Ruder et al. 2008). Rats subjected to
caloric undernutrition (50% of a standard control diet) during pregnancy and lacta-
tion exhibited reduced primary and secondary follicle counts in their offspring
(Bernal et al. 2010). These offspring were found to have increased ovarian protein
carbonyl groups (biomarkers of oxidative stress), implying decreased antioxidant
defenses and increased oxidative damage. It is speculated that oxidative stress
accelerates reproductive maturity along with faster decline in ovarian reserve
(Bernal et al. 2010). Deficiency in vitamin C, a well-known antioxidant, has been
associated with increases in premature births and predisposing newborns to oxida-
tive stress (Negi et al. 2012).
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There is a wide array of plant antioxidants, which have a variety of functions but
have in common the ability to neutralize ROS in order to maintain homeostasis and
protect cells from undue oxidative damage. There is growing interest in the effects
of increased consumption of dietary phytoestrogens on the spectra of reproductive
processes, including the timing of menarche and menopause. Natural antioxidants
have been targeted as nutritional therapies for recurrent spontaneous abortions and
unexplained infertility (Sekhon et al. 2010), and some preliminary studies examin-
ing antioxidant supplementation in the periconception period have been encourag-
ing (Cetin et al. 2010; Mistry and Williams 2011; Twigt et al. 2012; Al-Gubory
2013). However, there is a vast knowledge deficit to fill, and targeted studies are
needed to elucidate the role of ROS in normal reproductive physiology and fertility,
as well as in reproductive pathologies. In this chapter, we review the major dietary
antioxidants implicated in female reproductive health and fertility. This chapter also
reviews the role played by antioxidants in female reproductive health and fertility
and antioxidant interventions for the prevention and treatment of reproductive
pathologies in association with oxidative stress.

5.2 Dietary Antioxidants

Dietary antioxidants, including isoflavones, tocopherol (vitamin E), provitamin A
carotenoids, and ascorbate (vitamin C), as well as dietary antioxidant cofactors,
mainly copper, zinc, manganese, and selenium, have been targeted as nutritional
antioxidants for prevention of recurrent spontaneous abortion and treatment of
unexplained infertility, and some preliminary studies examining antioxidant supple-
mentation during the periconception period have been encouraging (Ramakrishnan
et al. 2012; Gernand et al. 2016).

5.2.1 Isoflavones

Phytoestrogens are nonsteroidal compounds that mimic the conformation of estra-
diol and are able to bind to estrogen receptors and interact with estrogen signaling
pathways. They have a higher affinity for estrogen receptor-beta than for estrogen
receptor-alpha (Cederroth et al. 2012). Soy products are the predominant source of
dietary phytoestrogens in humans, the most studied subclass being the isoflavones
(i.e., genistein, daidzein, and glycitein—other subclasses include flavonols, cate-
chins, etc.). Whereas soy products had been rare in the Western diet with the excep-
tion of oils, more and more processed foods, including granola bars, cereals, hot
dogs, sausages, and infant formula, now contain soy products as fortifiers and meat
substitutes (Patisaul and Jefferson 2010; Cederroth et al. 2012). Dietary intake var-
ies widely between individuals (e.g., the “typical” Asian diet results in isoflavone
consumption as high as 50 mg/kg body weight/day, whereas 1-3 mg/day total is



116 R.L. Darché et al.

more common in the Western diet) (Mortensen et al. 2009). As a point of compari-
son, infants fed exclusively soy formula consume approximately 6-9 mg/kg body
weight/day in isoflavones (Cao et al. 2009), resulting in a mean plasma isoflavone
concentration of 980 pg/L (compared to 9.4 pg/L in breast-milk-fed infants and
4.7 pg/L in cow’s milk-based formula-fed infants) (Cederroth et al. 2012). Seasonal
variation also influences the phytoestrogen content of foods (e.g., the total isofla-
vone content of raw soybeans can range from 18 to 562 mg/100 g) (Mortensen et al.
2009).

Phytoestrogens from soy protein products are able to alter the synthesis, secre-
tion, metabolism, and transport of natural hormones in the body. As a result they can
affect such processes as sexual development and puberty, gamete production, preg-
nancy, and lactation (Patisaul and Jefferson 2010; Cederroth et al. 2012; Kim and
Park 2012). In fact, the endocrine-disrupting properties of soy isoflavones were first
discovered when a group of ewes grazing in a red clover patch developed infertility,
later attributed to a phytoestrogen compound in red clover called formononetin
(Cederroth et al. 2012). Isoflavones regulate plasma sex hormone-binding globulin
(sHBG) levels and aromatase and 5-a reductase and displace testosterone and 17-f
estradiol from sHBG sites (Patisaul and Jefferson 2010; Cederroth et al. 2012). As
powerful as soy compounds have the potential to be, the effects and impact of soy
compounds on reproductive health are not yet clear, as the differences in nomencla-
ture, formulations, dosages, routes, times, and durations of administration are not
standardized across studies and are therefore difficult to compare.

5.2.2 Antioxidant Vitamins

Vitamin E, vitamin C, and the carotenoids are among the major dietary antioxidants
(Rock et al. 1996; Johnson et al. 2003). Vitamin E is a group of eight fat-soluble
compounds that functions as a direct antioxidant. The discovery of vitamin E in
1922 and its essential role in rat reproduction is credited to Evans and Bishop
(1922). Since that time, countless studies have been undertaken to determine the
specific function of vitamin E and to test the potential benefits of vitamin E supple-
mentation, particularly in fertility, that to date have been inconclusive (Brigelius-
Flohe and Galli 2010). B-carotene, the main source of provitamin A, and vitamin C
(ascorbic acid) are both important ROS scavenging antioxidants (Burton and Ingold
1984; Weber et al. 1996).

5.3 Antioxidant Enzymes and Cofactors

The essential nutrients copper, zinc, manganese, and selenium are important factors
in maintaining health, reproduction, and fertility (Bedwal and Bahuguna 1994).
They are cofactors for copper, zinc-superoxide dismutase (Cu, Zn-SOD, or SOD1),
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manganese-SOD (Mn-SOD or SOD2), and selenium-glutathione peroxidases
(SeGPXs), respectively (Rahman 2007). These cofactors are present at the enzyme
catalytic site and their availability can determine the activity of such enzymes.
SODs act to convert two superoxide radicals into hydrogen peroxide (H,O,) and
oxygen. The family GPX catalyzes the reduction of H,O, to water or lipid hydroper-
oxides to alcohol. Like GPX, catalase (CAT) decomposes H,O, to water and oxy-
gen. Although selenium is not itself an antioxidant, inadequate selenium is thought
to adversely affect GPX activity (Fujii et al. 2005). Most of the GPX isoforms in
mammals contain selenium and are dependent upon selenium for their function
(Brigelius-Flohé and Maiorino 2013).

5.4 Antioxidants in Normal Reproductive Physiology

There is increasing evidence that antioxidants play a vital role in reproductive health
and fertility. The local cellular environment influences oocyte development, ovula-
tion, successful fertilization, and maintenance of early pregnancy. ROS and antioxi-
dants have emerged as ubiquitous participants in normal human reproductive
processes.

5.4.1 Puberty and Menarche

The age of puberty has decreased over the past 150 years creating much speculation
into the etiology of the change, which is likely multifactorial. The decline has
slowed or plateaued since the 1960s in the Western world; however, a decline is now
being seen in some developing countries (Pierce and Hardy 2012). One hypothesis
is that there has been a change in nutritional intake among today’s population. From
a pregnant woman’s intake affecting fetal development, through lactation and the
effects on breastfed infants, to the relatively recent expansion in soy-based infant
formulas, to the changes in childhood food consumption and the explosion of child-
hood overweight and obesity, there are literally endless points along the spectrum of
reproductive development that are subject to influence. Attention has gone into the
effects of soy and soy products on reproductive development, as soy and the isofla-
vones it contains have known estrogenic properties and are able to interfere with the
hypothalamic-pituitary axis.

Studies have reported conflicting results regarding phytoestrogen exposure and
timing of puberty. A recent prospective longitudinal study (Adgent et al. 2012)
found that soy-formula-fed infants experienced earlier menarche in comparison to
breast-fed or other types of formula-fed infants. In this study, white females with
term singletons were enrolled during pregnancy, and infants (n = 2124) fed soy
formula (approximately 6-9 mg/kg/day isoflavone intake, with plasma levels reach-
ing up to 1000 ng/mL (Patisaul and Jefferson 2010) at or before 4 months of age)
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experienced a median age at menarche of 12.4 years compared to 12.8 years in the
general study population (n = 2920) and the exclusively breast-fed population
(n =631) (Adgent et al. 2012). Another study (Zung et al. 2008) showed a signifi-
cantly higher prevalence of breast buds in the second year of life in children fed soy
formula, while a study by Bernbaum et al. showed re-estrogenized vaginal epithe-
lium at 6 months of age in soy formula-fed infants in comparison to human or cow’s
milk-fed counterparts, whose vaginal epithelium did not re-estrogenize (Bernbaum
et al. 2008). A Korean case-control study of approximately 200 girls (Kim et al.
2011), both with central precocious puberty (CPP) and age-matched controls,
reported a significantly higher prevalence of CPP in girls with total serum isofla-
vone levels >30 nmol/L than those with levels <30 nmol/L.

In contrast, phytoestrogen exposure later in life, from food rather than formula,
has been associated with delayed markers of puberty. A German longitudinal study
of over 200 healthy children (Cheng et al. 2010) reported that girls with the highest
levels of dietary isoflavones (423.4-19,178 pg/day) experienced onset of breast
development and reached peak height velocity approximately 7-8 months later than
those girls with the lowest intakes (4.1-21.9 pg/day). Adding evidence to dietary
isoflavones’ ability to delay breast development, a different German study (Cheng
etal. 2012) reported that girls with the highest tertile intake of isoflavones (>423 pg/
day) experienced onset of Tanner stage 2 breast development 0.7 years later than
girls with isoflavone intake in the lowest tertile (<22 pg/day).

Jefferson et al. studied the effects of genistin (the glycosylated form of genis-
tein and the substance that contributes >65% of the isoflavone content of soy
formulas) in the reproductive health of rats. They found that supplementation
with oral genistin (20, 40, and 60 mg/kg/day via genistein-equivalent doses,
6.25 mg/kg/day genistein = 10 mg/kg/day of genistin) resulted in altered ovar-
ian differentiation (multioocyte follicles), delayed vaginal opening, abnormal
estrous cycles, decreased fertility, and delayed parturition compared to control
rats who were not supplemented. There was a positive correlation between dose
and magnitude of effect. For comparison, infants fed soy formula are estimated
to consume 4-7 mg/kg/day of genistein (Jefferson et al. 2009). Although the
doses administered in the study are higher than those generally consumed by
infants on soy formula, the pharmacokinetics of genistein in infants are not
known, and further research is needed to determine health effects based on the
dose and timing of exposure.

Outside of studies involving soy products, other studies have focused on the
effects of vitamins and minerals on puberty, and there has been conflicting evi-
dence. Higher consumption of dietary vitamin A (in the form of both retinol and
beta-carotene) by 10-14-year-old girls has been associated with both a lower
(Maclure et al. 1991) and higher (Moisan et al. 1990) age at menarche. A study of
British girls (Rogers et al. 2010) found that those with higher intakes of magnesium
or zinc were associated with an earlier age at menarche, while those with higher
thiamin or iron intakes experienced later menarche (Kissinger and Sanchez 1987).
It is unknown whether these effects can be attributed specifically to the vitamins’
and minerals’ antioxidant properties.
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5.4.2 Menstrual Cycle

The normal female reproductive cycle is orchestrated by the interplay of various
hormones, mainly luteinizing hormone (LH), follicle-stimulating hormone (FSH),
estrogen, and progesterone, on the hormone-sensitive reproductive organs, ovaries,
and uterus. There have been few studies examining the natural fluctuations in anti-
oxidants across the normal menstrual cycle, and those that have been completed
may lack the power to show significant differences within individuals. One study
examining nine micronutrients, six lipids and lipid peroxidases, and antioxidant
enzymes including GPX, SOD, and paraoxonase failed to show significant differ-
ences within nine healthy women across the menstrual cycle; however, it did show
significant variation between individuals (Browne et al. 2008).

In contrast, Cornelli et al. did report variation in oxidative stress in individual
women across the menstrual cycle (Cornelli et al. 2013). They found that the level
of oxidative stress, as measured by the reactive oxygen metabolites test (d-ROMs),
which measures hydroperoxide plasma levels and is used as a representative mea-
sure of oxidative stress, increases a few days before the estrogen peak and lasts
through the progesterone phase, suggesting that a woman is in a state of relative
oxidative stress for two-thirds of the normal menstrual cycle. Similarly, Michos
et al. reported a steady increase in the total antioxidant capacity, alongside the
increase in estradiol concentration, from the time of menstruation to ovulation in
healthy, eumenorrheic Greek women (Michos et al. 2006). A Polish study of 12
women (Karowicz-Bilinska et al. 2008) also reported increased oxidative stress dur-
ing the luteal phase. In their study, urinary H,O,, which has been proposed as a
noninvasive marker for whole-body oxidative stress, was analyzed on each day of
the menstrual cycle. Despite variations between individuals, a consistent pattern
emerged within individuals: the level of H,O, was found to be significantly lower
across the entire follicular phase as compared to the luteal phase (Karowicz-Bilinska
et al. 2008), suggesting that whole-body oxidative stress is increased during the
luteal phase of the menstrual cycle.

5.4.3 Ovarian Function

Ovarian follicular development is dependent upon a number of mechanisms. The
finite pool of primordial follicles must mature into the primary, preantral, and antral
stage follicles and then finally reach the preovulatory stage and release during ovu-
lation. Decreased levels of antioxidant enzymes have been reported in the follicular
fluid of women with unexplained infertility, and ROS are known to be detrimental
to oocyte quality (Tamura et al. 2008). ROS are involved in the follicular fluid envi-
ronment, folliculogenesis, and steroidogenesis. Oocyte maturation is affected by
ROS and antioxidants such as SOD1, SOD2, and GPX, which has been illuminated
by immunohistochemical localization, mRNA expression studies, and thiobarbitu-
ric acid localization (Agarwal et al. 2000).
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Unlike most organs, the function of the ovary is significantly influenced by
ovarian and follicular development in utero. Bernal et al. reported that maternal
undernutrition could have long-lasting and profound effects on the reproductive
potential of offspring (Bernal et al. 2010). The process is unclear, though there is
some thought that leptin acts as a metabolic signal to the central reproductive axis,
acting as a permissive neuro-regulatory factor for the onset of puberty, and both
stimulating and inhibiting ovulatory processes and ovarian steroidogenesis. It
appears that maternal undernutrition may also increase oxidative stress in the
developing fetus and offspring. In a study of rats (Bernal et al. 2010), maternal
caloric undernutrition (rats fed 50% of a standard control diet) during pregnancy
and lactation was shown to significantly reduce the primary and secondary follicle
counts in their offspring. Antral follicle counts were reduced significantly in off-
spring of mothers undernourished during any stage of pregnancy and/or lactation.
These offspring were found to have increased ovarian protein carbonyls and
reduced levels of peroxiredoxin 3 hyperoxidation mRNA (a mitochondrial antioxi-
dant protein that breaks down endogenous hydroperoxides), implying decreased
antioxidant defenses and increased oxidative damage. It is speculated that oxida-
tive stress accelerates reproductive maturity along with faster decline in ovarian
reserve (Bernal et al. 2010).

Isoflavones have also been shown to modulate the normal reproductive cycle. A
recent meta-analysis of 47 studies (Hooper et al. 2009) revealed that in premeno-
pausal women, consumption of soy isoflavones in intervention groups reduced
circulating LH and FSH and increased menstrual cycle length as compared to con-
trols. However, subgroup analyses by isoflavone intake level (<25 mg/day, 25 to
<50 mg/day, 50 to <75 mg/day, 75 to <100 mg/day, >100 mg/day) showed no
significant effect. In a review of almost 50 studies on premenopausal women given
soy supplementation (Jefferson 2010), no effect was seen on estradiol, estrone, or
sHBG, but there was a decrease in both LH and FSH and increased cycle length in
those supplemented with soy. In contrast, a prospective cohort study of more than
250 healthy menstruating women (Filiberto et al. 2013) reported that isoflavone
intake was not found to be associated with estradiol, free estradiol, progesterone,
LH, or FSH concentrations, but isoflavone intake in the highest quartile (1.6—
78.8 mg/day) was significantly associated with a greater sHBG concentration, in
comparison with consumption in the lowest quartile (0.0-0.3 mg/day). Isoflavone
intake was not associated with sporadic anovulation in this cohort. This study sug-
gests that, though isoflavones may cause some endocrine effects, they may not
interfere with ovulation. Of note, most studies have shown that there are no signifi-
cant effects resulting from soy consumption at normal dietary levels (10-25 mg
soy isoflavones/day, and even up to 50 mg/day), but the effects of ovulatory hor-
mone (e.g., LH, FSH) disturbance are fairly consistent with higher levels (e.g.,
>100 mg soy isoflavones/day, a level that can be achieved through diets very high
in soy) (Jefferson 2010). In one of the only studies to show hormonal disruption
resulting from low doses of isoflavones (Faber and Hughes 1993), low doses of
genistein (10 pg subcutaneous genistein) were shown to increase GnRH-induced
LH release in rats, while high doses (100-1000 pg subcutaneous genistein)
decreased release of LH.
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5.4.4 Uterine Function

Cyclic changes in the endometrium are accompanied by cyclic variations in the expres-
sion of antioxidants. For instance, both SOD1 and SOD2 are highly expressed in the
epithelial and stromal cells in the endometrium, and SOD1 and SOD2 expression
increases consistently throughout the proliferative phase and into the mid-secretory
phase, where it is at similar levels to those found during early pregnancy. SOD1 and
SOD2 activity decrease, while lipid peroxide levels increase, just prior to menstruation.
The shift in favor of oxidative stress leads to production of PGF2,, which causes endo-
metrial shedding via vasoconstriction (Sugino 2007). Thioredoxin (TRX), another anti-
oxidant, is expressed in the early secretory phase, and it has been shown in mice that the
targeted disruption of TRX, results in lethal effects on an embryo (Agarwal et al. 2006).

Isoflavones have been a topic of interest with regard to their estrogenic effects on
the endometrium. One randomized controlled trial (Unfer et al. 2004a) demonstrated
a significant increase in the incidence of endometrial hyperplasia (3.8% vs 0%) in
179 women randomized to soy tablets (150 mg/day of isoflavones) for 5 years as
compared to placebo. This intake can be readily achieved through diet alone and is
about half the intake in a traditional Asian diet. One manifestation of focal endome-
trial overgrowth is in the formation of endometrial polyps, which consist of a vascu-
lar core surrounded by localized pedunculated overgrowths of endometrial stroma
and glands. Polyp formation is poorly understood and it is unknown why some
women form polyps while others do not. One study (Peji¢ et al. 2013) examining the
fluctuations in antioxidant enzyme levels within polyps in concert with fluctuations
in reproductive hormone levels found a negative correlation between LH and SOD
(SOD1 and SOD2), and between FSH/LH and glutathione peroxidase in polyp tis-
sue, while in the blood there was a positive correlation between estrogen and SOD
levels. Similar to prior studies, Pejic et al. found lower levels of lipid hydroperoxides
(LHP) in the blood during the luteal phase when compared to the follicular phase
(Pejic¢ et al. 2013).

Uterine leiomyomas, also called fibroids or myomas, are benign muscle tumors
of the uterus; they contain a large amount of extracellular matrix, feeding vessels,
and smooth muscle fibers, and are surrounded by a thin capsule of areolar tissue
(Santulli et al. 2013). Suggested they can cause heavy bleeding and pelvic pain and
are associated with infertility and adverse birth outcomes. The pathogenesis of
fibroids is largely unknown. A large prospective cohort study involving 19,972
women (D’Aloisio et al. 2010) suggested that women who self-reported being fed
soy formula in infancy had an increased risk of developing leiomyoma later in life
(RR =1.25;95% CI 0.97-1.61). A case-control study (Santulli et al. 2013) involv-
ing women undergoing surgery for leiomyoma and controls undergoing surgery for
various other pelvic pathologies, found a significantly higher level of serum protein
carbonyl groups and advanced oxidation protein products (AOPP) in the fibroid
group compared to controls, while serum thiol (an antioxidant) levels were lower.
Interestingly, the serum AOPP levels were positively correlated with the fibroid
weight, and serum AOPP and serum protein carbonyls were positively correlated
with the duration of infertility.
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5.4.5 Pregnancy

The corpus luteum is a transient organ whose function is to produce progesterone
when fertilization occurs in order to maintain the pregnancy. The deterioration of
the corpus luteum in the absence of pregnancy is thought to be due to ROS-mediated
events, while evidence suggests that antioxidant enzymes play a role in corpus
luteum rescue from apoptosis when pregnancy ensues (Al-Gubory et al. 2012).
Antioxidants likely play a vital role in the function of the corpus luteum (Arianmanesh
et al. 2011); however, the particular antioxidants involved in its maintenance have
not yet been established.

The pathway from fertilization through implantation and continued embryonic
and fetal development is dependent upon innumerable factors. The role of antioxi-
dants in various steps along the way has been studied with inconclusive results. In a
study of 99 New York state women attempting conception (Bloom et al. 2011),
blood metals were measured to determine whether there was a relation between
levels of arsenic, cadmium, lead, magnesium, nickel, selenium, and zinc and con-
ception. There were no statistically significant differences found. The authors
observed a 51.5% increase in the probability of conception for every 3.60 pg/L
increase in serum magnesium level (f=4.197,95% CL p —-0.216, 8.610, p = 0.062),
while there was a 27.7% decrease in the probability of conception for every
0.54 pg/L increase in zinc level (f = —2.234, 95% CL  —5.004, 0.536, p = 0.114).

Pregnancy is a physiologic state characterized by increased metabolic demands
and requirements for oxygen, which increases the rate of production of ROS. In
comparison to age-matched, nonpregnant women, women even with uncomplicated
pregnancies have elevated levels of oxidative stress and of circulating lipid perox-
ides (Aversa et al. 2012). At the same time, Aversa et al. report that levels of many
antioxidants such as vitamin E, erythrocyte thiols, ceruloplasmin, and iron-binding
capacity are increased, and levels of SOD and GPX have been shown to decrease in
pregnancy relative to nonpregnant levels. Fugii et al. hypothesized that SOD1 helps
to maintain pregnancy by preventing the accumulation of superoxide radicals,
thereby decreasing synthesis of PGF,,, which has been shown to increase at the end
of spontaneous abortion (Fujii et al. 2005). Although both oxidative stress and some
antioxidant levels increase throughout pregnancy, the overall balance appears to
sway in favor of elevated ROS (Aversa et al. 2012).

5.5 Antioxidants in Reproductive Disorders
and Complications

ROS-induced cellular oxidative stress can adversely affect function of reproductive
organs and fertility. Imbalance in the oxidant/antioxidant relationship has been
implicated in numerous reproductive disorders and complications, including endo-
metriosis, polycystic ovarian syndrome, oocyte aging, dysmenorrhea and premen-
strual syndrome, spontaneous abortion, and infertility (Fig. 5.1).
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Fig. 5.1 Reactive oxygen species (ROS)-induced cellular oxidative stress and reproductive disor-
ders and complications

5.5.1 Endometriosis

Endometriosis is characterized by implantation of endometrial tissue outside the
uterus and is a chronic inflammatory disease that affects 21-44% of infertile women
and 4-22% of fertile women (Tamura et al. 2009), (Fig. 5.2). This disease manifests
symptomatically with chronic pelvic pain, progressive dysmenorrhea, and dyspa-
reunia. Women with endometriosis have been shown to increase peritoneal fluid
production, along with increased peritoneal fluid macrophage production of ROS
(Tamura et al. 2009). This leads to a localized inflammatory reaction favoring oxi-
dative stress; it is unknown whether the relative state of oxidative stress leads to, or
is a result of, endometriosis.

A lower total antioxidant potential has been reported in the pelvic fluid and
serum of infertile women with endometriosis as compared to infertile women with-
out endometriosis. In a study on serum ROS markers in women undergoing pelvic
laparoscopy for a variety of indications (Jackson et al. 2005), those who were diag-
nosed with endometriosis at the time of laparoscopy had a weak association with
thiobarbituric acid-reducing substances (TBARS), a measure of lipid peroxidation.
In a cohort study (Prieto et al. 2012) of 91 women with infertility, four markers of
oxidative stress were studied in serum and follicular fluid samples obtained at the
time of egg retrieval. Women with infertility due to endometriosis (n = 23) were
shown to have lower levels of follicular fluid vitamin C, lower plasma SOD concen-
trations, and lower plasma vitamin E levels than women with infertility due to other
reasons, who served as the controls (n = 68). The end products of lipid peroxidation
are reactive aldehydes, such as malondialdehyde (MDA). There was a nonsignifi-
cant trend toward lower serum MDA levels in women with endometriosis. Jana
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Fig. 5.2 A model of disease for endometriosis based on data from both animal and human studies
(reprinted with permission from Flores et al. 2007)

et al. studied 135 women with infertility and similarly reported that those with
endometriosis had higher levels of ROS, lipid peroxidation, and advanced oxidation
protein products and lower levels of total antioxidant capacity, SOD, CAT, and glu-
tathione than the controls with tubal factor infertility (without endometriosis). This
study used proton nuclear magnetic resonance spectroscopy based on targeted
metabolite profiling (Jana et al. 2013).

Not only the overall concentrations of antioxidants but also the fluctuations
throughout the menstrual cycle have been studied in the context of endometriosis.
Women with endometriosis have been shown to have consistently elevated levels of
xanthine oxidase, SOD, CAT, and GPX expression throughout their cycles, whereas
women without endometriosis have cyclic variations in these enzyme levels (Gupta
et al. 2006). This may suggest that there is a consistently increased ROS burden in
the setting of endometriosis, with a concomitant rise in antioxidant production in an
attempt to combat oxidative damage. Once the importance of oxidative stress in the
pathophysiology of endometriosis was discovered, studies involving interventions
with antioxidant supplementation began to appear with some promising results, first
in laboratory studies and animal models and later in humans. One study of human



5 Antioxidants in Reproductive Health and Fertility 125

endometriotic and healthy endometrial cells both in vitro and implanted into mice
(Ngbd et al. 2009) showed increased ROS production, altered ROS detoxification
pathways, and decreased catalase levels in endometriotic cell lines. Addition of the
antioxidant, N-Acetyl-Cysteine (NAC), to the cultured cells in vitro and in mouse
models seemed to counterbalance the oxidative stress markers in the endometriotic
cell lines.

Resveratrol, a natural polyphenol synthesized by plants in response to ultraviolet
radiation and fungal infections, has been studied for its antioxidant properties in a
variety of conditions. In a mouse study, supplementation with resveratrol following
injection of human endometriotic implants was shown to decrease the number of
implants by 60% and the total volume by 80% compared to controls (Goud et al.
2008). The invasiveness of human endometrial stromal cells in culture was also
decreased significantly with the addition of resveratrol, by up to 78%, in a
concentration-dependent fashion compared to controls. In a similar study of resve-
ratrol in mice (Rudzitis-Auth et al. 2013), supplementation with resveratrol was
shown to inhibit angiogenesis in peritoneal and mesenteric endometrial implants
along with reducing growth and resulting in lower final size of implants in compari-
son to controls not given resveratrol. Resveratrol is a promising antioxidant therapy
for endometriosis and deserves further study.

As the long-term survival of endometriotic implants is dependent upon neo-
vascularization, it has been postulated that high concentrations of vascular endo-
thelial growth factor (VEGF) permit the growth of vasculature necessary for the
survival of these implants. High concentrations of VEGF have been found in the
peritoneal fluid of women with endometriosis (Chaudhury et al. 2013). Therefore,
recent studies have focused on anti-angiogenic strategies for treatment of endo-
metriosis. Nanoceria, or cerium oxide nanoparticles, have been studied in a vari-
ety of diseases for their antioxidant and anti-inflammatory properties. These
particles can mimic SOD and CAT. In a study of mice injected with mouse endo-
metrial implants (Chaudhury et al. 2013), those treated with nanoceria were
found to have decreased levels of oxidative stress and angiogenic factors, along
with decreased endometrial glands, in comparison to controls or those mice
treated with NAC. Mice treated with nanoceria also had a higher number and
quality of oocytes compared to control or NAC-treated mice. In another mouse
study (Jana et al. 2012), curcumin, a known antioxidant and anti-inflammatory
constituent of turmeric, was found to cause regression of endometriosis by inhib-
iting NF-kB translocation and matrix metalloprotein-3 (MMP-3) expression and
to accelerate apoptosis in endometrial implants by a cytochrome-c mediated
mitochondrial pathway. MMPs support the growth and invasion of endometrial
implants and are modulated by NF-kB. In this study, curcumin upregulated p53
expression by about tenfold on Western blot densitometry (signal intensity 0.8 as
compared to 0.1 in the control group) and the numbers of peritoneal endometrial
glands were found to be decreased about threefold on densitometry (signal inten-
sity of approximately 4 as compared to 12) by pretreatment with curcumin as
compared to controls.
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Vitamins C and E have been studied to improve endometriosis at both cellular
and clinical levels. In a randomized, placebo controlled trial of 59 women with
pelvic pain and a history of endometriosis and/or infertility (Kavtaradze et al.
2003), 43% of those in the intervention group (given 1200 IU of all-racemic vita-
min E and 1000 mg of vitamin C daily for 2 months), reported a significant
improvement in chronic daily pain as compared to the placebo group, who reported
no significant improvement. Though not statistically significant, there was clinical
improvement in dysmenorrhea and dyspareunia, with 37% reporting significant
improvement in dysmenorrhea and 24 % reporting significant improvement in dys-
pareunia compared to controls. Another study (Mier-Cabrera et al. 2008) random-
ized infertile women with endometriosis to 343 mg vitamin C and 84 mg
all-racemic vitamin E versus placebo for 6 months. They found that plasma and
peritoneal fluid levels of MDA and lipid hydroperoxidases were significantly
decreased by 6 months in the intervention group as compared to the placebo group.
Of note, the post-intervention pregnancy rates (19% in intervention group vs. 12%
in placebo group by 9 months post-study) were not statistically significantly
different.

5.5.2 Polycystic Ovarian Syndrome

Polycystic ovarian syndrome (PCOS) is the most common endocrine disorder of
reproductive-aged women and also a common cause of infertility. It is characterized
by anovulation, androgen excess, and insulin resistance (Fenkci et al. 2003). Like
other reproductive pathologies, PCOS is likely to be partially caused by, and cer-
tainly results in, imbalance of oxidants and antioxidants. In a case-control study of
30 women with PCOS and 31 healthy age-matched controls (Fenkci et al. 2003),
antioxidant status was measured in serum samples using 2,2'-azino-di-(3-
ethylbenzthiazoline sulfonate acid (ABTS)) radical cation assay. Total antioxidant
status was lower in women with PCOS than in controls. In another case-control
study of 33 women with PCOS and 28 healthy controls (Hilali et al. 2013), serum
prolidase, total oxidant status (TOS), as measured by the an automated method (Erel
2005), oxidative stress index (as measured by the percent ratio of TOS to total anti-
oxidant status), LH, prolactin, and testosterone levels were significantly higher in
women with PCOS as compared to controls, and total antioxidant status (TAS),
measured by another automated method (Erel 2004) was lower in women with
PCOS, however this difference was not statistically significant. In a Turkish study
(Coskun et al. 2013) examining serum levels of selenium in 36 women diagnosed
with PCOS and 33 age and body mass index-matched healthy controls, women with
PCOS were found to have significantly lower plasma selenium levels than controls.
There was also a statistically significant negative correlation noted between sele-
nium level and LH and total testosterone level in all women studied. PCOS, along
with other reproductive pathologies, is an area that would benefit greatly from fur-
ther antioxidant research.
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5.5.3 Oocyte Aging

Accumulating data suggest that ROS deteriorate oocyte quality and accelerate oocyte
aging (Tamura et al. 2012). In order to protect the fragile oocytes from oxidative dam-
age, antioxidants must be present in adequate concentrations. Oocyte senescence is
thought to be at least partially modulated by an increase in oxidative stress, as a reduc-
tion in glutathione and catalase activity and an increase in SOD have been found in older
women compared with younger women (Agarwal et al. 2006). It is unknown whether
antioxidant defenses within the ovary decrease with age or whether the ROS concentra-
tion increases such that significant damage is caused to remaining oocytes, resulting in
senescence. In a study of rat oocytes (Goud et al. 2008), young oocytes were resistant to
H,0, effects, while relatively “old” oocytes experienced accelerated aging when
exposed to H,O,. When exposed to low levels of hypochlorous acid, young oocytes
experienced accelerated aging, while lysis was seen in “old” oocytes. Furthermore, at
high concentrations, oocyte viability was compromised in both age groups. This sug-
gests that young oocytes have enhanced antioxidant defenses as compared to “old”
oocytes. In fact, antioxidants such as vitamin C and reduced glutathione have been
shown to be protective against postovulatory oocyte aging in vitro (Goud et al. 2008).

5.5.4 Dysmenorrhea and Premenstrual Syndrome

Antioxidant status has been studied in women with painful menses and premen-
strual syndrome. In a study of 20 healthy women (Duvan et al. 2011), with clinically
diagnosed premenstrual syndrome (PMS) and 21 controls, serum oxidant and anti-
oxidant status was evaluated by measurement of lipid hydroperoxides, MDA, pro-
tein carbonyl, total thiol (T-SH), and total antioxidant capacity (TAC), measured by
the ferric reducing ability of plasma (FRAP) assay via serum samples on day 3 and
day 21 of the menstrual cycle. The PMS group was found to have statistically
increased day 21 lipid hydroperoxides and decreased day 3 and day 21 TAC levels
in comparison to the control group, suggesting that those with PMS have an increase
in oxidative stress throughout the menstrual cycle.

Thiamin (vitamin B1) acts as an antioxidant (Lukienko et al. 2000) and has been
studied as an intervention for dysmenorrhea. In an Indian crossover study of 556 women
with dysmenorrhea (Gokhale 1996), 100 mg of thiamin daily for 3 months resulted in
improvement in dysmenorrhea in >90% of women, compared to <1% of controls taking
a placebo. There have been a few studies examining vitamin E supplementation for
dysmenorrhea and menorrhagia with promising results (Ziaei et al. 2001, 2005; Butler
and McKnight 1955). Although the mechanism of action is unclear, it is thought that
vitamin E might inhibit arachidonic acid release and thereby decrease prostaglandin
formation (Ziaei et al. 2005). Magnesium, vitamin B6, and omega-3 fatty acids have
also been studied for dysmenorrhea with mixed results (Dennehy 2006). These areas
would benefit from further study.
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5.5.5 Infertility

As has been shown with other reproductive functions, fertility can be affected by
changes in the oxidant/antioxidant balance. Much research has gone into determin-
ing the causes behind infertility, and oxidative stress has been a frequent topic of
both basic science and clinical studies (Ruder et al. 2008), (Fig. 5.3). Fairly consis-
tently across studies, women with unexplained infertility have decreased antioxi-
dant enzyme levels in their follicular fluid (Tamura et al. 2012). More specifically,
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follicular fluid from women with unexplained infertility was found to have decreased
selenium content than in those women with tubal infertility or a known male-related
cause (0.44 pmol/L vs. 0.51 pmol/L, p < 0.05) (Paszkowski et al. 1995). Women
with unexplained infertility or premature ovarian failure have also been shown to
have significantly higher serum levels of the autoantibody protein, selenium-binding
protein-1 (Edassery et al. 2010). Increased oxidative stress alters the fatty acid pro-
file due to peroxidative breakdown. As fatty acids are the precursors to prostaglan-
dins, which mediate various reproductive processes, it is postulated that altered fatty
acid profiles can have a direct effect on fertility. An Indian study (Mehendale et al.
2009) found significantly reduced fatty acid levels (eicosapentaenoic acid and
erythrocyte docosahexaenoic acid) and increased levels of MDA along with
decreased levels of vitamin E, in the serum of infertile women as compared to
controls.

Black cohosh, a plant with conflicting evidence for its estrogenic properties, and
other supplements have also been studied. Women with unexplained infertility under-
going ovulatory induction with clomiphene who were supplemented with black
cohosh (120 mg/day for cycle days 1-12) were found to have increased levels of LH,
progesterone, and estradiol, increased endometrial thickness, and increased pregnancy
rates compared to controls (Shahin et al. 2008). In another study (Unfer et al. 2004b),
women who were supplemented with luteal phase support using progesterone (50 mg
daily) and phytoestrogen tablets (1500 mg soy isoflavone tablet daily containing
40-45% by weight genistein, 40-45% by daidzein, 10-20% glycitein) had signifi-
cantly higher implantation, clinical pregnancy, and delivery rates compared to con-
trols. A randomized controlled trial of 150 women with luteal phase defects (Dennehy
2006) found that supplementation with 750 mg/day of vitamin C resulted in a signifi-
cantly higher fertility rate as compared to the placebo (25% vs. 11%); progesterone
levels were also significantly increased in the treatment group (52.6% vs 21.7%).

Although the mechanism by which ROS affect fertility is not yet clear, elevated
levels of ROS and inflammatory cytokines have been shown to reduce ciliary beat
frequency in fallopian tubes (Comhaire 2010). This will surely be an area of contin-
ued research, as minimally invasive interventions to improve fertility have the
potential to drastically reduce patient morbidity and cost to both patients and the
healthcare system.

5.5.6 Spontaneous Abortion

The etiology of spontaneous abortion is, more often than not, unknown. Although
many spontaneous abortions are due to chromosomal defects, environmental factors
also play a large role, and the oxidant/antioxidant balance is likely to be a factor in
the pathophysiology behind, or sequelae of, spontaneous abortions. Biochemical
markers of ROS-induced membrane damage, such as lipid peroxidation products,
reach very high levels immediately prior to spontaneous abortion (Gupta et al.
2007). While increased levels of antioxidants have been demonstrated in normal,
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healthy pregnancies, loss of antioxidant defenses has been seen in women with
recurrent abortion (Simgek et al. 1998).

Much research has focused on selenium status in women with spontaneous abor-
tion, and results have been conflicting. A statistically significant decrease in serum
or red blood cell selenium levels was found in women with a history of recurrent
pregnancy loss in two studies, as compared to healthy nonpregnant women with at
least one successful pregnancy and no history of spontaneous abortion (Kumar et al.
2002; Kogak et al. 1999). An observational study in the United Kingdom (Mistry
et al. 2012) reported significantly lower serum selenium concentrations in women
with first trimester spontaneous abortion in comparison to age-matched nonpreg-
nant or healthy gestation-matched women. A case-control study in Indonesia
(Abdulah et al. 2013) similarly reported significantly decreased serum selenium
concentrations in women who had undergone spontaneous abortion compared with
controls; glutathione peroxidase levels were similar in the two groups. However,
two other studies reported no differences in serum selenium between women with
recurrent spontaneous abortion and healthy women with no history of spontaneous
abortion (Al-Kunani et al. 2001; Nicoll et al. 1999). Aberrant placentation has also
been implicated in recurrent spontaneous abortion (Burton et al. 2003), and it is
thought that this leads to increased oxidative stress and syncytiotrophoblast dys-
function, a proposed cause of spontaneous abortion. Gupta et al. reported elevated
plasma levels of lipid peroxides and glutathione, as well as lower levels of vitamin
E and f-carotene in women with spontaneous abortion (Gupta et al. 2007).

Few studies have yet attempted interventions with antioxidants during the peri-
conception and early prenatal period. However, an Egyptian prospective study
(Amin et al. 2008) enrolled 166 women with a history of recurrent unexplained
pregnancy loss and treated one group with NAC (0.6 g) and folate (500 pg/day) and
a control group solely with folate (500 pg/day). The intervention group with NAC +
folate experienced a significantly higher rate of continuation of a living pregnancy
beyond 20 weeks (RR 2.9; 95% CI 1.5-5.6) and also take-home baby rate (RR 1.98;
95% CI 1.3-4.0). Although antioxidant supplementation may hold promise in terms
of increasing rates of conception and pregnancy retention (Al-Gubory 2013), the
difficulties in getting Human Subject Committee approval for intervention studies
concerning pregnant women will likely make progress in this area slow.

There is great interest in antioxidant supplementation for women with unex-
plained infertility. In a secondary data analysis of 437 women with unexplained
infertility participating in the Fast Track and Standard Treatment Trial (FASTT)
(Reindollar et al. 2010), women with body mass index >25 kg/m? who had an
increased intake of B-carotene from dietary supplements had a shorter time to preg-
nancy (HR 1.29, 95% CI 1.09-1.53 in continuous analyses adjusted for treatment,
age, and total energy intake) (Ruder et al. 2014). Intake of vitamin C dietary supple-
ments was also associated with a shorter time to pregnancy among women with
body mass index <25 kg/m? (HR 1.09, 95% CI 1.03—1.15) and women <35 years old
(HR 1.10, 95% CI 1.02-1.18). Vitamin E supplementation was associated with a
shorter time to pregnancy in women >35 years old (HR 1.07, 95% CI 1.01-1.13).
These data support the theory that age, body mass index, and antioxidant status
combined contribute to fertility and offer avenues for further study.
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5.6 Conclusions

Although there is a growing interest in the role of antioxidants in normal reproduc-
tive physiology and also their therapeutic role in various pathologies, there are many
methodological issues that make conclusive data difficult to produce. There are
numerous forms of most antioxidants, and the forms and dosages used in different
studies are so varied that it is difficult to compare results. While animal models are
an excellent place to start, more human studies are needed. However, as antioxi-
dants are present in a variety of foods and supplements, it becomes difficult to con-
trol for these exposures when analyzing human data in observational studies.
Therefore, randomized controlled trials are ideal but are rarely approved in the set-
ting of human conception and pregnancy, an area that would benefit greatly from
further study. The spectrum of normal oxidant and antioxidant levels, both in organs
and in serum, is still unknown, and it is difficult to draw conclusions without a solid
basis for comparison. Many more carefully conducted, controlled, and adequately
powered studies are needed in this field of research.

Normal human physiology is dependent upon a fine balance between oxidants
and antioxidants. The female reproductive system and fertility are complicated and
dynamic topics, of which much is still unknown. As studies continue to emerge, it
is becoming increasingly clear that there is a complex and multifaceted interplay
between ROS and antioxidants in the normal healthy state and that pathology
emerges when this balance is offset. Whether oxidative stress is causative to patho-
logic conditions or results from them is unknown; however, it is clear that condi-
tions ranging from spontaneous abortion to endometriosis favor oxidative stress and
interventions with antioxidants have the potential to slow, reverse, or prevent these
conditions. Unfortunately, studies examining antioxidant supplementation have
been inconclusive to date. There is a vast knowledge deficit to fill, and many more
studies are needed to elucidate the role of antioxidants and oxidative status in nor-
mal reproductive physiology and fertility, as well as in reproductive pathology.
Antioxidants in reproductive health and fertility are a subject in its infancy and will
continue to unfold as researchers and clinicians study this intriguing topic.
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