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I N T R O D U C T I O N

Aerobic metabolism is associated with the generation of pro-
oxidant molecules called free radicals or reactive oxygen species
(ROS) that include the hydroxyl radicals, superoxide anion,
hydrogen peroxide, and nitric oxide. There is a complex inter-
action of the pro-oxidants and antioxidants, resulting in the
maintenance of the intracellular homeostasis. Whenever there
is an imbalance between the pro-oxidants and antioxidants,
a state of oxidative stress (OS) is initiated.

O V E R V I E W O F O S A N D R O S

Under normal conditions, paired electrons create stable bonds
in biomolecules. However, if the bond is weak, it might break,
leading to the formation of free radicals. Free radicals are de-
fined as any species with one or more unpaired electrons in the
outer orbit that include ROS such as superoxide, hydrogen
peroxide, hydroxyl, and singlet oxygen radicals. They are gen-
erally very small molecules and are highly reactive due to the
presence of unpaired valence shell electrons, initiating a cascade
of reactions of more free radicals leading to uncontrolled chain
reactions (1). Free radicals such as the superoxide radical are
formed when high-energy electrons leak from the electron
transport chain. The dismutation of superoxide results in the
formation of hydrogen peroxide. The hydroxyl ion is a major
type of ROS that is highly reactive, having the ability to modify
purine and pyrimidines and cause damaging DNA strand
breaks (2,3).

ROS are formed endogenously as a natural byproduct of
aerobic metabolism and through the activity of various meta-
bolic pathways and enzymes of oocytes and embryos. ROS may
originate directly from the embryos or their surroundings. Ex-
ogenous factors such as oxygen consumption, metallic cations,
visible light, amine oxidase, and spermatozoa can inflate the
amount of ROS produced by embryos (3,4). Phagocytes, leu-
kocytes, parenchymal steroidogenic cells, and endothelial cells
are potential sources of ROS. Enzymes known to generate ROS
include plasma membrane NADPH oxidase in phagocytes; oxi-
dases of mitochondrial, microsomal, and peroxisomal origin;
and cytosolic xanthine oxidase in the endothelial cells (5).

While controlled production of ROS is necessary for certain
physiological functions, higher levels of ROS may overwhelm

antioxidant capacity and cause OS to occur (6). Oxygen-free
radicals may be produced normally, as a part of cellular me-
tabolism, or as a part of the body�s defense mechanisms. There
is a complex interplay of cytokines, hormones, and other stres-
sors that affects cellular generation of free radicals. Free radicals
then further act through the modulation of gene expression
and transcription factors. ROS have important roles in medi-
ating tissue remodeling, hormone signaling, oocyte maturation,
folliculogenesis, tubal function, ovarian steroidogenesis, cyclical
endometrial changes, and germ cell function (2,3,7). However,
during times of environmental stress, ROS levels can increase
dramatically, leading to significant damage to cell structures.
There is an assortment of antioxidants that hinder ROS pro-
duction, scavenge ROS, and repair the cell damage they inflict
(8,9). Nonenzymatic antioxidants consist of vitamin C, taurine,
hypotaurine, cysteamine, and glutathione. Enzymatic antioxi-
dants include superoxide dismutase, catalase, glutathione per-
oxidase, and glutaredoxin (6). Intracellular homeostasis is
maintained as a result of the complex interaction between
pro-oxidants and antioxidants.

OS is caused by the relentless formation of free radicals
within an environment lacking proper antioxidant balance,
resulting in pathological changes in cells. OS is thought to have
cytotoxic effects by instigating the peroxidation of membrane
phospholipids and altering most types of cellular molecules
such as lipids, proteins, and nucleic acids. Subsequently, these
changes could lead to an increase in membrane permeability,
loss of membrane integrity, enzyme inactivation, structural
damage to DNA, mitochondrial alterations, adenosine triphos-
phate depletion, and apoptosis (4,6,10). Free radicals can in-
fluence the oocyte, sperm, and embryos in their follicular fluid,
tubal fluid, and peritoneal fluid microenvironments, thus
influencing reproductive outcome (3).

P H Y S I O L O G I C A L R O L E O F R O S I N
F E M A L E R E P R O D U C T I O N

Various biomarkers of OS have been studied in the female re-
productive tract. ROS and the transcripts of the various anti-
oxidant enzymes have been localized and different studies have
confirmed their presence in the female reproductive tract. ROS
may act as important mediators in hormone signaling, oocyte
maturation, ovarian steroidogenesis, ovulation, luteolysis, luteal
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maintenance in pregnancy, implantation, compaction, blastocyst
development, germ cell function, and corpus luteum formation
(2,6).

ROS and Folliculogenesis

ROS are thought to play a regulatory role in oocyte maturation,
folliculogenesis, ovarian steroidogenesis, and luteolysis. Folli-
culogenesis refers to the maturation of the ovarian follicle,
a densely packed shell of somatic cells that contains an
immature oocyte. The developmental process entails the pro-
gression of a number of small primordial follicles into large
preovulatory follicles. Follicular fluid ROS levels may represent
the physiological ranges of ROS required for the normal de-
velopment of the oocyte and the subsequent embryo (5). Con-
trolled OS is thought to play a pivotal role in ovulation.
Inflammatory-like modifications first occur in the theca interna
and granulose layers of follicles in response to hCG during
luteinization. The final stages of oocyte maturation before fol-
licle rupture are orchestrated with the production of various
cytokines, kinins, prostaglandins, proteolytic enzymes, nitric
oxide, and steroids. These events have been demonstrated to
influence blood flow in the ovaries during the periovulatory
period (11).

The follicular fluid environment surrounding the oocytes
may play a critical role in fertilization and embryo develop-
ment, influencing IVF outcome parameters such as fertiliza-
tion, embryo cleavage, and pregnancy rates (6). In addition
to granulosa cells, growth factors, and steroid hormones, the
follicular fluid environment contains leukocytes, macrophages,
and cytokines, which can all produce ROS (5). Ovarian folli-
culogenesis also involves local autocrine and paracrine factors,
such as the nitric oxide (NO) radical. Follicular NO is thought
to be produced by either endothelial NO synthase or inducible
NO synthase. NO exerts its effects through the activation of
various iron-containing enzymes (12). Some studies have
shown a relationship between NO concentrations and follicular
growth and programmed follicular cell death, implicating the
involvement of the free radical in both of these processes
(13,14). Low concentrations of NO may prevent apoptosis,
whereas at higher concentrations the effects of NO may be
pathological, promoting cell death by peroxynitrite generation.
Cells involved in steroidogenesis such as theca cells, granulose
lutein cells, and hilus cells show stronger oxidative enzyme
activity, suggesting an association between OS and ovarian
steroidogenesis.

The expression of various markers of OS has been demon-
strated in normally cycling ovaries (15,16). The concentrations
of various OS markers have been demonstrated to be lower in
the follicular fluid than in the serum, suggesting that follicular
fluid contains high concentrations of antioxidant systems,
which help protect an oocyte from oxidative damage (17). Pri-
mordial, primary, preantral, nondominant antral follicles in
follicular phase, dominant follicles, and atretic follicles have
been studied for superoxide dismutase (SOD) expression as
a representative of enzymatic antioxidant (18) SOD is
a metal-containing antioxidant enzyme that catalyzes the de-
composition of superoxide into hydrogen peroxide and oxy-
gen, protecting the cells from harmful free radicals of oxygen.
SOD was found to be present in the ovary, particularly in the
theca interna cells in the antral follicles (18). Therefore, theca
interna cells may act as important protectors of the oocyte from

OS during oocyte maturation. The preovulatory follicle has a po-
tent antioxidant defense, which can be exhausted by intense per-
oxidation (19). Transferrin, a blood plasma glycoprotein that
binds iron, is known to suppress ROS generation and has been
proven an important factor for the successful development of
follicles (20). The antioxidant factor, ascorbic acid can be de-
pleted both by oxidant scavenging and impaired cellular recy-
cling of vitamin C. Ascorbic acid deficiency characteristically
results in ovarian atrophy, extensive follicular atresia, and the
premature resumption of meiosis, illustrating the importance
of its protective role against OS. Other antioxidant enzymes, such
as catalase and other nonenzymatic antioxidants such as vitamin
E, the peroxidase cofactor–reduced glutathione, and the carot-
enoid lutein have been suggested to protect the oocyte and the
embryo from OS by detoxifying and neutralizing ROS produc-
tion (5).

ROS and the Endometrial Cycle

OS is involved in the modulation of cyclical changes in the
endometrium. Fluctuations in the expression of SOD in the
endometrium have been investigated. Altered SOD and ROS
levels have been demonstrated in the endometrium during the
late-secretory phase, just before menstruation (21). An elevated
lipid peroxide concentration and decreased SOD concentra-
tions have been reported in human endometrium in the late-
secretory phase, and these changes may be responsible for the
breakdown of the endometrium, implicating the involvement
of OS in the process of menstruation (21). The expression of
endothelial NO synthase (NOS) and inducible NOS have been
demonstrated in the human endometrium and the endometrial
vessels (12,22). Endothelial NOS is distributed in glandular
surface epithelial cells in the human endometrium (23). NO
is thought to regulate the microvasculature of the endome-
trium. Expression of endothelial NOS mRNA has been detected
in the midsecretory phase and late-secretory phase, indicating
its involvement in the decidualization of the endometrium and
menstruation. Endothelial NOS is also thought to bring about
changes that prepare the endometrium for implantation. Re-
cent studies exploring the underlying mechanisms of endome-
trial shedding have established that estrogen and progesterone
withdrawal in endometrial cells cultured in vitro leads to a de-
crease in SOD activity, thereby increasing ROS concentrations.
In turn, ROS may activate nuclear factor kappa B, which stim-
ulates increased cyclooxygenase-2 mRNA expression and pros-
taglandin F2a synthesis, facilitating the physiological changes
required for endometrial shedding and/or implantation to oc-
cur (21).

VEGF and Ang-2 are key regulators of endometrial angio-
genesis. VEGF and Ang-2 are induced by hypoxia and ROS (24)
and have been observed to be upregulated in the endometria of
patients taking long-term progestin-only contraceptives. The
changes in VEGF and Ang-2 expression are thought to play
an integral role in producing the abnormally distended, fragile
vessels that are the cause of abnormal uterine bleeding
associated with long-term progestin-only contraceptives use.
The later induces the abnormal angiogenesis by decreasing en-
dometrial blood flow, inducing hypoxia (25). In vitro, hypoxia
was demonstrated to increase OS by inducing the expression
of nitrotyrosine, a marker of peroxinitrite anion generation
in cultured endometrial microvascular endothelial cells.
OS is thus implicated in the genesis of endometrial
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pathophysiology seen in long-term progestin-only contracep-
tives users (25).

R O L E O F O S I N F E M A L E I N F E R T I L I T Y

OS induces infertility in women through a variety of mecha-
nisms. We have discussed how ovarian follicles experiencing
OS can lead to direct damage to oocytes. Oocytes and sperma-
tozoa can also experience direct damage, which can lead to
impaired fertilization due to an environment of OS in the peri-
toneal cavity. Even when fertilization occurs, apoptosis leading
to embryo fragmentation, implantation failure, abortion, or
congenital abnormalities in offspring can occur. OS in the fal-
lopian tubes can cause direct adverse effects on the embryo.
Defects in the endometrium, which normally supports the em-
bryo and its development, can arise when there is an ROS-
antioxidant imbalance in the female reproductive tract (26).
ROS-antioxidant imbalance is also implicated in luteal regres-
sion and insufficient luteal hormonal support for the continu-
ation of a pregnancy (8). OS has been implicated in many other
causes of infertility, such as endometriosis, hydrosalpinx, poly-
cystic ovarian disease, unexplained infertility, and recurrent
pregnancy loss (27).

OS and Endometriosis

The association between endometriosis and infertility remains
a highly controversial topic of debate. Severe cases of infertility
associated with endometriosis are thought to possibly result
from mechanical blockage of the sperm-egg union by endome-
triomata, adhesions, and pelvic anatomy malformations. How-
ever, the pathogenesis of infertility experienced by patients with
mild to moderate endometriosis and with no anatomical dis-
tortions is poorly understood.

Women with endometriosis have been reported to have an
increased volume of peritoneal fluid, containing increased con-
centrations of peritoneal macrophages, cytokines, and prosta-
glandins. Activated peritoneal macrophages have been
implicated in the pathology of endometriosis as they may be
responsible for increased production of ROS (28). It has been
suggested that ROS may increase growth and adhesion of en-
dometrial cells in the peritoneal cavity, promoting endometri-
osis adhesions and infertility (29).

There are several hypotheses as to why OS may occur in
relation to endometriosis. There is considerable evidence that
suggests that menstrual reflux transplants cell debris into the
peritoneal cavity and is associated with the development of
endometriosis. Erythrocytes release hemoglobin and hem,
which act as proinflammatory factors. Hem contains the re-
dox-generating iron molecule (30). The presence of iron, (31),
macrophages (32), and/or environmental contaminants such
as polychlorinated biphenyls (33) in the peritoneal fluid
may disturb the balance between ROS and antioxidants, result-
ing in endometriosis and tissue growth. Circulating levels of
OS from other sources may also contribute to the pathogenesis
of disease. A definitive conclusion about the association be-
tween OS and endometriosis is difficult to reach as most of
the research studies investigating this relationship differ
greatly in many regards including the selection of the con-
trol population, eligibility criteria, markers of OS and antiox-
idant status, and the biological medium in which OS was
measured (1).

An increase in ROS production by peritoneal fluid macro-
phages, with increased lipid peroxidation, has been demonstrated
in endometriosis patients (34), whereas other researchers have
reported contrary findings (10). Epitopes produced as a result
of lipid peroxidation have been demonstrated in macrophage-
enriched areas of both the endometrium and endometriosis
implants. Jackson et al. reported a weak association between
the thiobarbituric acid reactive substances, a measure of overall
OS and endometriosis, after adjusting for confounding factors
such as age, BMI, gravidity, serum vitamin E, and serum lipid
levels (35). Women with idiopathic infertility and endometri-
osis have been seen to have higher peritoneal fluid concentra-
tions of ROS than tubal ligation control patients (10).
However, this effect has not been observed to correlate with
the severity of endometriosis and was not observed to be sig-
nificant, suggesting that in patients with the disease, peritoneal
fluid ROS may not directly cause infertility. OS may contribute
to angiogenesis in ectopic endometrial implants and aids the
progression of endometriosis by increasing VEGF production
(24). This effect is partly mediated by glycodelin, a glycoprotein
whose expression is increased by OS. Glycodelin may act as an
autocrine factor within ectopic endometrial tissue by augment-
ing VEGF expression (24).

Greater amounts of NO and NOS have been detectable in
the endometrium of women with endometriosis (1). Increased
expression of inducible NOS and increased levels of endothelial
NOS in the glandular endometrium have been reported in
patients with endometriosis. Variations in the expression of
the endothelial NOS gene may be involved in endometrial an-
giogenesis, thus modulating the process of endometriosis.
These changes in NOS expression could also alter endometrial
receptivity and impair embryo implantation. Some studies have
found the peritoneal fluid from patients with endometriosis to
contain increased concentrations of NO. Elevated concentra-
tions of NO, such as those produced by activated macrophages,
can hinder infertility in a myriad of ways, including changing
the composition of the peritoneal fluid environment that hosts
the processes of ovulation, gamete transport, sperm-oocyte in-
teraction, fertilization, and early embryonic development (1).

Endometriosis patients have exhibited increased lipid-
protein complex modification in the endometrium. Lipid per-
oxide concentrations have been demonstrated to be the highest
among patients with endometriosis. The peritoneal fluid of
women with endometriosis has been observed to have insuffi-
cient antioxidant defense, having a lower total antioxidant ca-
pacity (TAC) and significantly reduced levels of the individual
antioxidant enzymes such as SOD (36,37). The concentrations
of SOD have been demonstrated at statistically significant lower
concentrations in infertile women with endometriosis com-
pared with fertile controls.

Various studies have failed to demonstrate a difference in
ROS, NO, lipid peroxide, and antioxidant levels in the perito-
neal fluid of women with endometriosis compared to fertile
women (38,10). This might be explained by the fact that only
persistent markers of OS, such as enzymes or stable byproducts
of oxidative reactions, may still be detected at the time endo-
metriosis is diagnosed. Another possible reason might be that
OS occurs only locally and therefore would not result in an
increase in total peritoneal fluid ROS concentrations.

OS may contribute to the pathogenesis of endometriosis via
molecular genetic pathways. Investigation of endometriotic tis-
sue has yielded results showing gene deletion of mitochondrial
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DNA resulting in its rearrangement. Differences in gene expres-
sion levels in ectopic and eutopic endometria have been eluci-
dated, including 904 differentially expressed genes and the
differential expression of the glutathione-S-transferase gene fam-
ily, which are implicated in the metabolism of the potent anti-
oxidant glutathione. The cellular responses to OS, which include
cell proliferation and angiogenesis, may also be determined by
differential gene expression (39).

An imbalance between ROS and antioxidant levels may
play an important role in the pathogenesis of endometriosis-
associated infertility. Increased concentrations of ROS in the
oviductal fluid could have adverse effects on oocyte and sper-
matozoa viability and the process of fertilization and embryo
transport in the oviduct. Also, the associated presence of acti-
vated neutrophils and macrophages and proinflammatory fac-
tors in the oviductal fluid could significantly amplify ROS
production by foci of endometriosis (29). A significant increase
in ROS production could result in oxidative damage to the
sperm plasma and acrosomal membranes, leading to a loss of
motility and the ability of spermatozoa to bind and penetrate
the oocyte, respectively. OS resulting in DNA damage may lead
to failed fertilization, reduced embryo quality, pregnancy fail-
ure, and spontaneous abortion.

Therapies for autoimmune diseases, which share many sim-
ilarities with endometriosis, may be useful in treating endo-
metriosis. Pathological levels of tumor necrosis factor alpha
(TNF-a) may be present in the female reproductive tract in
women with endometriosis. In the female endometrium,
TNF-a plays a role in the normal physiology of endometrial
proliferation and shedding and also in the pathogenesis of en-
dometriosis (40). Abnormally high levels of TNF-a have been
demonstrated in the peritoneal fluid of women with endome-
triosis, and an increase in its levels appears to be positively
correlated with the stage of endometriosis (40,41).

It has been shown in an in vitro experiment that sperma-
tozoa quality declined following incubation with TNF-a in a
dose-dependent and time-dependent manner (42). This may
offer some explanation for the endometriosis-associated infer-
tility. In the same experiment, sperm motility and membrane
and chromatin integrities were higher in the samples incubated
with TNF-a plus infliximab (a monoclonal antibody that binds
both soluble and membrane forms of TNF-a, neutralizing its
toxic effects) than in the samples treated with TNF-a only. It
has been suggested that infliximab could potentially be used to
help treat female infertility caused by endometriosis in those
with elevated levels of TNF-a in their peritoneal fluid.

Another drug being investigated for its potential use in the
treatment of endometriosis-associated infertility is pentoxifyl-
line, a 3#,5#-nucleotide phosphodiesterase inhibitor. Pentoxi-
fylline has potent immunomodulatory properties and has been
shown to significantly reduce the embryotoxic effects of hydro-
gen peroxide (43).

OS and Hydrosalpinx

Although IVF is considered to be the best fertility treatment for
hydrosalpinx, some investigations have shown the presence of
a hydrosalpinx to decrease the success rates of IVF. Fluid within
the hydrosalpinx appears to reduce embryo implantation rates
and increase the risk of miscarriage, motivating some physi-
cians to advise removing the tube or separating it from the
uterus prior to undergoing IVF. The adverse effect of hydro-

salpinges has been shown to be reversible by salpingectomy
prior to IVF (44).

The exact mechanism by which hydrosalpingeal fluid
(HSF) induces its embryotoxic effect is unknown, but it is hy-
pothesized that an OS-mediated mechanism may be involved
in this phenomenon. Lab studies have demonstrated the pres-
ence of ROS, antioxidants, and lipid peroxidation products in
hydrosalpingeal fluid. At low levels, ROS in the tubal fluid has
been shown to be positively correlated with blastocyst develop-
ment. Low levels of ROS, beneath a threshold for being
deleterious to embryos, may represent normal ROS generation
by a functional endosalpinx, whereas extensive endosalpingeal
damage may yield nondetectable levels of ROS in the HSF.
Therefore, detection of ROS at low concentrations might
serve as a marker of normal tubal secretory function. Levels
of IL-6 in the HSF were found to be positively correlated with
blastocyst development rates, suggesting its contribution in
preventing some tubal fluid samples from becoming embry-
toxic (Bedaiwy et al., 2005). IL-1b, which is known to inhibit
ovarian follicular cell apoptosis, was also found in all tubal fluid
samples tested and may be a marker of normal tubal secretory
function (45).

Fluid leaking from Fallopian tubes enlarged with hydrosal-
pinx has been shown to exert a concentration-dependent
embryotoxic effect (46). The presence of toxic substances, at
high concentrations, in HSF is thought to mediate its negative
effects. HSF has also been shown to reduce endometrial integ-
rins, which may facilitate implantation. HSF flow into the en-
dometrial cavity may lead to mechanical flushing of the
embryos from the uterus. Excision of hydrosalpinges is sugges-
ted to restore integrins to normal and improve implantation
rates. The tubal epithelium may secrete cytokines, leukotrienes,
or prostaglandins into the sequestered fluid that could directly
alter endometrial function. Cytokines, associated with inflam-
matory processes and involved in embryotoxic effects, have
been implicated in the poor outcome of IVF-ET in women
with distally occluded fallopian tubes. Bedaiwy et al. (2005)
studied the biochemical nature of HSF and found TNF-a in
100 percent of all HSF samples. TNF-a is a cytotoxic, angio-
genic cytokine, produced by macrophages and many other
types of cells.

OS and Unexplained Infertility

It is hypothesized that elevated levels of ROS disturb the
pro-oxidant/antioxidant balance in peritoneal fluid and may
be the cause of infertility in women who do not have any other
obvious cause. Elevated levels can damage the ovum after its
release from the ovary, the zygote/embryo, and the spermato-
zoa, which are very sensitive to OS (8). Studies comparing ROS
levels in peritoneal fluid between women undergoing laparos-
copy for infertility evaluation and fertile women undergoing
tubal ligation have shown levels of peritoneal fluid ROS to be
significantly higher in patients with unexplained infertil-
ity compared with the fertile women (10). Elevated ROS levels
in patients with unexplained infertility imply reduced levels
of antioxidants such as vitamin E and glutathione, resulting
in a reduced ability to scavenge ROS and neutralize its toxic
effects (10). This was demonstrated in a study where concen-
trations of antioxidants in patients with unexplained in-
fertility have been shown to be significantly lower than in
fertile patients, suggesting a potential use for antioxidant

6 3 2 n S A J A L G U P T A , L U C K Y S E K H O N , N A B I L A Z I Z , A S H O K A G A R W A L n



supplementation to treat the high levels of ROS in patients with
idiopathic infertility.

A G E - R E L A T E D F E R T I L I T Y D E C L I N E ,
M E N O P A U S E , A N D R O S

The fertility potential of the average woman begins to decline
appreciably at the age of thirty-five years and begins to decline
dramatically beyond the age of forty years. ROS may play a role
in age-related decrease in estrogen production. SOD and glu-
tathione peroxidase expression decreases in the ovary from the
premenopausal to menopausal period (47). SOD and glutathi-
one peroxidase levels are significantly and positively correlated
with aromatase enzyme activity.

Higher levels of OS have been demonstrated in women of
advanced reproductive age undergoing IVF (48). Ovarian se-
nescence is thought to result from increased OS in the follicular
fluid. Free radical–induced damage may be implicated, at least
partly, for the age-related decline in quantity and quality of
follicle reserves (49). This process may involve oxidative dam-
age to mitochondrial DNA, proteins, and lipids. ROS are
known to significantly perturb the intracellular calcium (Ca)
homeostasis in the oocytes and cause aging of the oocytes (50).
IVF patients of advanced reproductive age may exhibit a re-
duced expression of genes mainly involved in the neutralization
of ROS (48) such as decrease in the expression of SOD1, SOD2,
and catalase mRNA content, representing the first evidence that
reproductive aging can downregulate the gene expression of
granulosa cells (51). This downregulation of genes involved
in the front-line defense against ROS was associated with the
accumulation of oxidative damage mainly affecting mitochon-
dria. Age-related changes that have adverse consequences in
granulosa cells may be one of the mechanisms by which ad-
vanced reproductive aging causes a reduction in the develop-
mental competence of oocytes. These changes may lead to
effects often seen in pregnancies in older women, which
include damaged cytoskeleton fibers, causing degeneration or
apoptosis. In addition, impaired fertilization and poor-
quality embryos, most of which are aneuploid, result from the
aging process.

O S A N D M A L E G A M E T E S

The paternal genome is of paramount importance in normal
embryo and fetal development. ROS-induced sperm damage
during sperm transport through the seminiferous tubules and
epididymis is one of the most important mechanisms leading
to sperm DNA damage (52–57). These result in single- and
double-stranded DNA fragmentation (primary damage) and
the generation of secondary DNA damage of the 8-OH-2#-
deoxyguanosine type. Fertilization of the oocyte by a spermato-
zoon with unrepaired primary or secondary DNA damage may
result in implantation failure, embryo development arrest,
pregnancy loss, or birth defects (58–61). In addition, recent
studies suggest that sperm DNA fragmentation may be associ-
ated with an increase in sperm aneuploidy (61,62). Sperm an-
euploidy is mainly the result of meiotic alterations during
spermatogenesis (63). ROS- and/or caspase or endonuclease-
induced DNA fragmentation may be increased in aneuploid
sperm during passage through the epididymis (57). Therefore,
couples diagnosed with recurrent pregnancy loss may benefit
from testing of sperm DNA fragmentation.

O S A N D I T S I M P A C T O N A R T

OS has an important role in ovulation process. We discussed
above how follicular fluid microenvironment has a crucial role
in determining the quality of the oocyte. The oocyte quality in
turn impacts the fertilization rate and the embryo quality. OS
markers have been localized in the follicular fluid in patients
undergoing IVF/embryo transfer (5,64–66).

Low intrafollicular oxygenation has been associated with
decreased oocyte developmental potential as reflected by in-
creasing frequency of oocyte cytoplasmic defects, impaired
cleavage, and abnormal chromosomal segregation in oocytes
from poorly vascularized follicles (67). ROS may be responsible
for causing increased embryo fragmentation, resulting from in-
creasing apoptosis (68) (refer Figure 64.1). Thus, increasing
ROS levels are not conducive to embryo growth and result in
impaired development. Current studies are focusing on the abil-
ity of growth factors to protect embryos cultured in vitro from
the detrimental effects of ROS such as apoptosis. These growth
factors are normally found in the fallopian tubes and endome-
trium. The factors being investigated are insulin growth factor,
and epidermal growth factor in mouse embryos, which in many
respects are similar to human embryos (69).

The effects of follicular OS on oocyte maturation, fertiliza-
tion, and pregnancy have also been studied (66). Follicular
fluid ROS and lipid peroxidation levels may be markers for
success with IVF. Patients who became pregnant following
IVF or ICSI had higher lipid peroxidation levels and TAC in
follicular fluid. However, both markers were unable to predict
embryo quality. Pregnancy rates and levels of lipid peroxida-
tion and TAC demonstrated a positive correlation. Levels of
follicular fluid ROS were reported to be significantly lower in
patients who did not become pregnant compared with those
who became pregnant (5). Thus, intrafollicular ROS levels may
be viewed as a potential marker for predicting success with IVF.
OS in follicular fluid from women undergoing IVF was in-
versely correlated with the women�s age (48). Using a thermo-
chemiluminescence assay, the slope was found to positively
correlate with maximal serum estradiol levels, number of ma-
ture oocytes, and number of cleaved embryos and inversely
with the number of gonadotrophin ampoules used. The preg-
nancy rate achieved was 28 percent, and all pregnancies oc-
curred when the thermochemiluminescence amplitude was
small. This is in agreement with another study that reported
minimal levels of OS were necessary for achieving pregnancy
(66). A recent large study in 156 couples undergoing ART
demonstrated high follicular fluid levels of homocysteine and
their inverse association with embryo quality in women with
endometriosis (70). Elevated homocysteine levels are caused
by heightened OS and lead to poor oocyte and embryo quality
in women with endometriosis. However, the view that low lev-
els of ROS in follicular fluid have beneficial effects on IVF out-
comes (4) is not universally held. Recent studies have reported
that high levels of ROS in follicular fluid lead to decreased
fertilization potential of the oocytes in ART cycles (71).

Other OS markers such as thiobarbituric acid–reactive sub-
stances, conjugated dienes, and lipid hydroperoxides have been
studied in the preovulatory follicular fluid (17). No correlation
was seen between these markers and IVF outcome (fertilization
rates or biochemical pregnancies) (17).

8-Hydroxy-2-deoxyguanosine is a reliable indicator of DNA
damage caused by OS. This compound is an indicator of OS in
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various other disease processes such as renal carcinogenesis and
diabetes mellitus. Higher levels of 8-hydroxy 2-deoxyguanosine
were associated with lower fertilization rates and poor embryo
quality (72). High levels of 8-hydroxy 2-deoxyguanosine are
also found in granulosa cells of patients with endometriosis,
and this may impair the quality of oocytes.

Bedaiwy et al. in a study from our group reported that slow
early embryo development (seven cells on day 3), high fragmen-
tation (10 percent), and reduced formation of morphologically
normal blastocysts may be associated with increased levels of ROS
in the culture media on day 1. Moreover, high day 1 ROS levels in
culture media had no relationship with the fertilization rate (FR)
in conventional IVF cycles but were significantly related to higher
FRs and blastocyst development rates with ICSI cycles (46).

Literature reports have shown that women who became
pregnant after IVF therapy had a tendency toward higher levels
of TAC in their follicular fluid compared to those who did not
achieve pregnancy (66). The mean TAC in fluid from follicles
that yielded oocytes that were successfully fertilized was signifi-
cantly greater than the mean TAC from follicular fluid associated
with oocytes that were not. Similarly, mean glutathione peroxi-
dase levels were increased, in follicles yielding oocytes that were
subsequently fertilized (73). Conversely, the mean TAC of fluid
from follicles whose oocyte gave rise to an embryo that survived
till time of transfer was reported to be significantly lower than the
mean TAC in follicular fluid associated with oocytes that gave
rise to nonviable embryos (64). TAC levels in day 1 culture media
appear to be an additional biochemical marker reflecting the OS
status during early embryonic growth. Day 1 TAC levels signif-

icantly correlated with the clinical pregnancy rates in ICSI cycles
(74). On a different front, high TAC level has been reported as
a marker for poor response to ovulation induction in women
with polycystic ovarian syndrome (75).

Levels of selenium in follicular fluid of women with unex-
plained infertility were found to be lower than those in women
with tubal factor or male factor infertility (73). Higher levels of
SOD activity were present in fluid from follicles whose oocytes
did not fertilize compared with those that did (76). These dis-
crepancies may be due to the fact that the studies measured
different parameters.

Smoking has been associated with prolonged and dose-
dependent adverse effects on ovarian function (77). According
to a meta-analysis, the overall value of the odds ratio for the risk
of infertility associated with smoking was 1.60 [95 percent con-
fidence interval (CI) 1.34–1.91]. ARTs, including IVF, are fur-
ther shedding light on the effects smoking has on follicular
health. Intrafollicular exposure to cotinine increases lipid per-
oxidation in the follicle.

Further large studies need to determine the correlation
between ROS activity levels and TAC levels in the follicular
fluid on ovulation process, oocyte quality, developmental com-
petence, and fertilization potential of oocytes, as ROS may be
having differing effects at different stages of ART.

R E D O X A N D E M B R Y O D E V E L O P M E N T

Physiological levels of redox may be important for embryogen-
esis (refer Figure 64.2). Overproduction of ROS is detrimental

Figure 64.1. Impact of OS in different ART settings.
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for the embryo, resulting from impaired intracellular milieu
and disturbed metabolism (78,79). OS can be generated in
the sperms and leucocytes and on sperm-mediated oocyte ac-
tivation and on the activation of the embryonic genome. Ox-
idative phosphorylation, NADPH oxidase, and xanthine
oxidase are predominant sources of ROS generation in oocytes
and embryos. Oxidative phosphorylation is a process necessary
for the generation of ATP in order to meet embryo energy
requirements, and it results in ROS production. Electrons leak
from the electron transport chain at the inner mitochondrial
membranes. These electrons are transferred to the oxygen mol-
ecule, resulting in an unpaired electron in the orbit. This leads
to the generation of the superoxide molecule. The other points
of generation of ROS are the cytoplasmic NADPH oxidase,
cytochrome p450 enzymes, and the xanthine oxidoreductase
enzymes. Excessive OS can have deleterious effects on the cel-
lular milieu and can result in impaired cellular growth in the
embryo or apoptosis resulting in embryo fragmentation. Thus,
OS-mediated damage of macromolecules plays a role in fetal
embryopathies. Thioredoxins are a widely distributed group of
small proteins with strong reducing activities, and their expres-
sion was found to be essential for early differentiation and
morphogenesis of the mouse embryo (80).

Deficient folate levels in the mother result in elevated
homocysteine levels. The homocysteine-induced OS has been
proposed as a potential factor for causing apoptosis and dis-
rupting palate development and causing cleft palate (81). OS-
mediated damage of the macromolecules has been proposed as
a mechanism of thalidomide-induced embryopathy (82,83).
Hyperglycemia/diabetes-induced downregulation of cycloxyge-
nase-2 gene expression in the embryo results in low PGE2 levels
and diabetic embryopathy (84).

Preimplantation embryos are not a static entity as demon-
strated by sequential culture. Embryos pass through many
hurdles during their developmental process and have ever-
changing needs. Preimplantation embryonic development is
associated with a change in preference of energy metabolism
pathways. Embryos possess inherent energy requirements that
are met by ATP generation from oxidative phosphorylation
and glycolysis. Blastocyst development is accompanied by a shift
in pathway of ATP generation from oxidative phosphorylation
to an increasing dependence on ATP generation from glycoly-
sis. Increased glucose uptake in the postcompaction stage meets
the increased energy demands of an embryo. Blastocyst devel-
opment from the two-cell-stage embryo is modulated by the
ratio of pyruvate to lactate in the culture medium as this in turn

Figure 64.2. Redox and embryo development.
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affects the intracellular pyruvate to lactate ratio. Excessive gen-
eration of ROS occurs at certain critical points accompanied by
increased energy demands such as embryonic genome activa-
tion, embryonic compaction, and hatching (85). Minimal levels
of ROS may play a role during the critical points of embryo-
genesis. Excessive levels of ROS have adverse impacts on em-
bryo quality and competence (6,78,86). The literature reports
that a reduction in OS levels leads to better ART outcomes
(87,88).

In the ART setting, a majority of retrieved mature oocytes
fertilize, but of these only up to 70 percent undergo the first
three cleavage divisions during the first three days in culture
(89). Less than 50 percent of the cleaved embryos undergo
cavitation and proceed to blastocyst formation by day 5 in
culture (90,91). Similarly, only approximately 30 percent of
day 3 embryos will progress to develop into morphologically
normal blastocysts. OS has been implicated as a causative factor
associated with the poor fertility outcomes in ART.

During the first trimester, an embryo grows best under low
oxygen concentrations as documented in maternofetal oxygen
diffusion studies (92). In human embryos, elevated blastulation
rates have been reported by decreasing the oxygen tension (5
percent O2) and maintaining low illumination levels throughout
the embryo manipulation period (93). High O2 concentrations
during in vitro cultures lead to an increase in hydrogen peroxide
(H2O2) levels, DNA fragmentation, and reduction in embryo
development competency. ROS such as H2O2 are responsible for
programmed cell death, also known as apoptosis, and may cause
the failure of blastocyst development and preimplantation em-
bryo death. An animal study has emphasized the protective role
of the enzyme G6PD (glucose 6-phosphate dehydrogenase)
against OS. The protection of the embryos against OS prevented
the embryopathies (94).

Early embryo development in mammals, from fertilization
through differentiation of principal organ systems, occurs in
a low-oxygen environment (83). A marginal improvement in
preimplantation embryonic viability has been reported under
low oxygen concentrations in patients undergoing IVF and ICSI
(95). Lower concentrations of oxygen in in vitro culture of
porcine embryos decreased the H2O2 content and resulted in
reduced DNA fragmentation, which thereby improved devel-
opmental ability (96). The higher oxygen concentrations of
20 percent have been associated with lower developmental
competence. Accelerated development was seen under low (5
percent) oxygen concentrations.

O S A N D G A M E T E C R Y O P R E S E R V A T I O N

ROS are generated from the semen cells during the cooling pro-
cess (97). Cryopreservation enhances lipid peroxidation, as
ROS-induced membrane lipid damage, DNA damage, and ap-
optosis have been demonstrated in frozen spermatozoa (97).
Reduction of antioxidant defenses also adversely affects cryo-
preserved spermatozoa. Supplementation of the thawing media
with antioxidants such as glutathione helps improve spermato-
zoa function and in vitro fertilizing capabilities (98). Cryopre-
served oocytes because of oxidative toxicity were reported to
show DNA damage on comet assay (99).

Ovarian transplantation and oocyte cryopreservation con-
tinue to have poor outcomes, which have been proposed to be
caused by ischemia and resultant OS. Ischemia time strongly
correlates with the ovarian tissue damage, and treatment with

the antioxidant vitamin C reduces the stromal tissue apoptosis
and damage (100).

S T R A T E G I E S T O O V E R C O M E O S I N A S S I S T E D
R E P R O D U C T I O N

ROS may originate from the male or female gamete or the em-
bryo or indirectly from the surroundings, which includes the
cumulus cells, leucocytes, and culture media (refer Figure
64.1). In human IVF/ICSI procedures, the clinical pregnancy
rates have remained unchanged at 30–40 percent (101). It is
hypothesized that the altered redox state in in vitro conditions
may play a role in poor ART outcomes, and controlling OS may
improve ART outcomes (68,78). Fertilization and embryo de-
velopment in vivo occur in an environment of low oxygen ten-
sion (83). It has been noted that blastocyst development in vitro
always lags behind blastocyst development in vivo as there is
a variation in the ability of IVF media and its components to
scavenge ROS and prevent DNA damage and apoptosis (102).

During ART procedures, it is important to emulate in vivo
conditions by avoiding conditions that promote ROS genera-
tion. Achieving that has been shown to lead to a reduction in
blastocyst degeneration, increased blastocyst development rates,
increased hatching of blastocysts, and reduction in embryo ap-
optosis, and other degenerative pro-oxidant influence has been
reported (78). The available strategies include the following.

1. Ensuring in vitro culture under low–oxygen tension condi-
tions: During culture, low–oxygen tension conditions im-
prove the implantation and pregnancy rate better than
high oxygen tension (103).

2. Metal ion culture media supplementation: It has been shown
that metal ions may enhance the production of oxidants. As
a result, it was suggested that it may be useful to add metal
ion–chelating agents to culture media to decrease the pro-
duction of oxidants (103).

3. Enzymatic and nonenzymatic antioxidant culture media sup-
plementation: Higher implantation and clinical pregnancy
rates are reported when antioxidant-supplemented media is
used rather than standard media without antioxidants. Vari-
ous nonenzymatic antioxidants including beta-mercaptoetha-
nol (104), protein (102), vitamin E (96), vitamin C (105,106),
cysteamine (107,108), cysteine (109), taurine and hypotaurine
(110), and thiols (111) added to the culture media with the
purpose of improving the developmental ability of the em-
bryos by reducing the effects of ROS.

Also, the addition of the enzymatic antioxidant, for ex-
ample, SOD to the culture media prevented the deleterious
effects of OS on sperm viability and on the embryo devel-
opment both in vivo and in vitro (112). This was demon-
strated by increased development of the two-cell-stage
embryos to the expanded blastocyst stage in the SOD-
supplemented media. Mechanical removal of ROS in IVF/ET
has been studied as a method to improve IVF outcome (113).
The rinsing of cumulus oophorus has been shown to overcome
the deleterious effects of ROS in patients with ovarian endo-
metriosis (113).

4. Control of sperm ROS production and sperm chromatin
damage: Spermatozoa are particularly susceptible to ROS-
induced damage because their plasma membranes contain
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large quantities of polyunsaturated fatty acids and their cy-
toplasm contains low concentrations of the scavenging
enzymes (114). The seminal plasma is rich in antioxidants
and protects the spermatozoa from DNA damage and lipid
peroxidation (115). Sperm preparation techniques such as
density gradient centrifugation and glass wool separation re-
duce the ROS formation by removing the leucocytes, cellular
debris, and immotile spermatozoa. It has been shown that
sperm preparation methods affect ART outcomes. Sperm
preparation by centrifugation may be associated with gener-
ation of ROS. Taurine, an essential amino acid, is an antiox-
idant that has been shown to improve spermatozoa motility,
capacitation, and fertilization and support early embryonic
development (116). Also many antioxidant (vitamins C and
E, glutathione and beta-carotene, pentoxifylline, etc.) supple-
mentation of sperm preparation media have been shown to
improve sperm motility and acrosome reaction (117,118).
Supplementation of IVF media with N-tert-butyl hydroxyl-
amine and SOD/catalase mimetics was reported to block the
breakdown of sperm chromatin (119). Standard sperm prep-
aration media are supplemented with human serum albumin,
polyvinylpyrrolidine, and HEPES, which are DNA protectors
(120). Adding ascorbate during cryopreservation reduces the
levels of hydrogen peroxide and thus the OS in mammalian
embryos (89). As a consequence, embryo development im-
proved with enhanced blastocyst development rates.

5. Reducing sperm-oocyte coincubation time: Reports suggest
that a prolonged sperm-oocyte coincubation time (sixteen to
twenty hours) increases the generation of ROS. Two pro-
spective randomized controlled studies have advocated using
a shorter sperm-oocyte coincubation time (121,122). Coin-
cubation times of one to two hours resulted in better quality
embryos and significantly improved fertilization and im-
plantation rates (123).

T R O P H O B L A S T I C O S A N D P R E G N A N C Y : R O L E
I N A B O R T I O N S , H Y D A T I D I F O R M M O L E , A N D
P R E E C L A M P S I A

Although oxygen is essential for sustaining life in cells, it under-
goes extensive metabolism that can result in the production of
toxic derivatives. This metabolism is mainly confined to the
electron transport chain in the mitochondria that ultimately
results in the generation of ATP, which supports cell metabo-
lism. The end products of oxygen metabolism may include
molecules in an activated electronic state that have unpaired
electrons and are highly reactive with molecules found in bi-
ological systems. Collectively, these activated molecular species
derived from oxygen metabolism are designated as ROS (124).
ROS extensively damage cellular organelles including the mi-
tochondria, nuclear and mitochondrial DNA, and cell mem-
brane, ultimately leading to cellular demise (125–127).

Normal human placentation is determined for the most
part by the proper invasion of the uterine spiral arteries by
a genomically normal trophoblast. This invasion governs the
changes in the anatomy of the placental vasculature to ensure
optimum perfusion by the maternal vessels. Definite metabolic
changes occur in embryos during the transition from first to
second trimester. It is evident that during the period of embry-
onic organogenesis, the prevailing oxygen tension is low and
metabolism is largely anaerobic (128). Thus, the production of

ROS is reduced perhaps to prevent DNA damage induced by
oxidants. This is also supported by animal research that shows
increased blastocyst rate at low oxygen tension (129). At the
end of the first trimester, there occurs a definite rise in oxygen
tension in the intervillous space from less than 20 mmHg to
more than 50 mmHg (130,131), leading to a burst in OS. Stud-
ies show that lower oxygen tension in the first trimester stim-
ulates the invasive capacity of the trophoblast (132). This is
probably due to increased activity of integrins that help tro-
phoblast cells to proliferate. Persistent low oxygen tension also
diminishes placental proliferation and invasion, and hence in-
creased oxygen tension enables persistence of cytotrophoblast
proliferation (133). It is suggested that impaired placental de-
velopment or degeneration of syncytiotrophoblast in early
pregnancy may be an effect of placental OS that may lead to
complications such as recurrent abortions, preeclampsia, and
congenital anomalies in diabetes (83). Several biomarkers have
been associated with preeclampsia and increased OS, and some
of the primary culprits are NOS-1, an isoform of NADPH ox-
idase, and endothelin 1 (134). It is possible that some of these
factors may play an inhibitory role in cell proliferation and
maturation and trigger OS in the human placenta by altering
the balance between oxidant (increased MDA levels) and anti-
oxidants (decreased GSH, GSSG, and AA). This can result in
cell apoptosis leading to derangements in placental invasion
and early abortion. In one study, the placental circulation
was investigated using immunohistochemical analysis for heat
shock protein (HSP 70i), a marker for cellular stress such as
nitrotyrosine residues, and hydroxynonenal, as markers of pro-
tein and lipid oxidative damage, respectively (135). In this case-
control study in normal pregnancies, intervillous blood flow
increased with gestational age, being detected in nine of twenty-
five cases at eight to nine weeks but in eighteen of twenty at
twelve to thirteen weeks.

O S A N D I T S R E L A T I O N S H I P T O I V M O F
O O C Y T E S

Follicle development and maturation of the oocyte is a dynamic
process with high levels of metabolic activity. In vitro matura-
tion of oocytes constitutes the in vitro advancement from dip-
lotene stage of prophase I to metaphase II oocyte, along with
cytoplasmic maturation, which is essential for the fertilization
and early development of the embryo. The free radicals gener-
ated during this phase are numerous. Whenever the balance
between the pro- and antioxidants in the cell is disturbed, OS
results. Preserving fertility and treatment of infertility has
merged in the recent years, thus introducing the concepts of
in vitro maturation of immature oocytes that otherwise would
have been lost in the physiological process. There are many
scientific reports in the literature that analyze the potential
correlation between the various markers of OS and the antiox-
idant protection with oocyte quality, developmental compe-
tence, fertilization capability, and blastocyst development.
Various challenges hinder the selection of in vitro maturation
of oocyte as an established mode of assisted reproduction in
spite of the advantages of absent hyperstimulation syndrome
and low cost. It is evident that the quality of in vitro mature
oocytes are suboptimal since embryos derived from them have
increased cleavage blocks. A well-documented fact that may be
responsible for varied effects on cells is the generation of OS
within cell culture media. It is evident that increased OS
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generated in the in vitro media may have varied effects on ART
outcomes (78). The generation of ROS being an invariable
phenomenon in external culture may also influence follicular
and oocyte development in vitro. The oxidative insult on de-
veloping oocytes might be a responsible factor for low out-
comes in IVM or may be responsible for aneuploidy in the
fertilized oocytes (136). This phenomenon has led researchers
to find methods to prevent such cell damage due to OS, but the
final consensus for supplementing media with antioxidants in
order to enhance oocyte development and quality is yet to be
achieved though empirical usage seems to be feasible.

R O L E O F T H E R A P E U T I C A N T I O X I D A N T
S U P P L E M E N T A T I O N

Antioxidant supplementation of sperm preparation and gam-
ete culture media was discussed in detail above. In this section,
the preconceptional therapeutic use of antioxidants is dis-
cussed. It has been shown that OS results in luteolysis and that
oral antioxidant supplementation, for example, vitamin C and
vitamin E, have beneficial effects in preventing luteal phase de-
ficiency and resulting in higher pregnancy rate (137,138). Other
studies failed to demonstrate this favorable effect of antioxidant
supplementation (139). A meta-analysis investigating the effect
of vitamin C supplementation on pregnancy outcome was in-
conclusive (140). Another meta-analysis that used the fixed
effects� model for women taking any of the vitamin supple-
ments starting prior to twenty weeks gestation revealed no re-
duction in total fetal losses or in early and late miscarriage
(141). Improved pregnancy rates were also reported with com-
bination oral therapy with the antioxidants pentoxifylline and
vitamin E supplementation for six months in patients with thin
endometrium, undergoing IVF with oocyte donation because
of history of radiotherapy (142).

Since OS can induce sperm dysfunction, many recent liter-
ature reports have emphasized the importance of the beneficial
antioxidant effects of folate and zinc in male subfertility. Nu-
tritional factors such as folate, zinc, and thiols may lead to
fertility enhancement through their antiapoptotic effect and
by prevention of DNA damage (143). Although many advances
are being made in the field of antioxidants therapy, the data are
still debatable and need further controlled evaluations in larger
population.

C O N C L U S I O N S

ROS plays an essential role in the pathogenesis of many repro-
ductive processes. In male factor infertility, OS attacks the flu-
idity of the sperm plasma membrane and the integrity of DNA
in the sperm nucleus. ROS-induced DNA damage may accel-
erate the process of germ cell apoptosis, leading to the decline
in sperm counts associated with male infertility. OS modulates
a range of physiological functions and plays a role in patholog-
ical processes affecting female reproductive life span and even
thereafter, that is, menopause. ROS-mediated female fertility
disorders share many pathogenic similarities with the ones on
the male side. The role of OS is becoming increasingly impor-
tant as there is newer evidence of its role in conditions such as
polycystic ovarian disease, abortions, preeclampsia, hydatidi-
form mole, fetal embryopathies, preterm labor, and intrauter-
ine growth retardation. It is important to further elucidate the
role of OS in unexplained infertility and recurrent early preg-

nancy losses and therefore devise strategies to overcome its
adverse effects. There are, for example, ongoing trials with an-
tioxidant supplementation, which will provide evidence on the
safety and effectiveness of antioxidants and if they could im-
prove the maternal and fetal outcomes. High follicular fluid
ROS levels are associated with negative IVF outcomes, partic-
ularly in smokers. Successful management of infertility in the
ART scenario depends on overcoming OS in the in vitro
conditions.

K E Y P O I N T S

n OS has been implicated in different reproductive scenarios
such as endometriosis, folliculogenesis, oocyte maturation,
and sperm DNA damage and is detrimental to both natural
and assisted fertility.

n Many extrinsic and intrinsic conditions exist in ART setting
that can be modified to reduce the toxic effects of ROS.

n ART laboratory personnel should avoid procedures that are
known to be deleterious, especially when safer procedures
preventing OS can be used.

n Although nutritional factors folate, zinc, and thiols may
lead to fertility enhancement, the data are debatable and
need evaluation in controlled studies on large population.

R E F E R E N C E S

1. Gupta S, Agarwal A, Krajcir N, Alvarez JG. Role of oxidative stress
in endometriosis. Reprod Biomed Online 2006;13(1):126–34.

2. Agarwal A, Gupta S, Sharma R. Oxidative stress and its impli-
cations in female infertility — a clinician�s perspective. Reprod
Biomed Online 2005;11(5):641–50.

3. Agarwal A, Gupta S, Sharma RK. Role of oxidative stress in
female reproduction. Reprod Biol Endocrinol 2005;3:28.

4. Wang X, Falcone T, Attaran M, Goldberg JM, Agarwal A,
Sharma RK. Vitamin C and vitamin E supplementation reduce
oxidative stress-induced embryo toxicity and improve the blas-
tocyst development rate. Fertil Steril 2002;78(6):1272–7.

5. Attaran M, Pasqualotto E, Falcone T, et al. The effect of follicular
fluid reactive oxygen species on the outcome of in vitro fertil-
ization. Int J Fertil Womens Med 2000;45(5):314–20.

6. Agarwal A, Saleh RA, Bedaiwy MA. Role of reactive oxygen spe-
cies in the pathophysiology of human reproduction. Fertil Steril
2003;79(4):829–43.

7. Sharma A. Role of reactive oxygen species in gynecologic disea-
ses. Reprod Med Biol 2004;3:177–99.

8. Agarwal A, Allamaneni SS. Role of free radicals in female repro-
ductive diseases and assisted reproduction. Reprod Biomed
Online 2004;9(3):338–47.

9. Agarwal A, Gupta S, Sikka S. The role of free radicals and anti-
oxidants in reproduction. Curr Opin Obstet Gynecol 2006;18(3):
325–32.

10. Wang Y, Sharma RK, Falcone T, Goldberg J, Agarwal A. Impor-
tance of reactive oxygen species in the peritoneal fluid of women
with endometriosis or idiopathic infertility. Fertil Steril 1997;
68(5):826–30.

11. Du B, Takahashi K, Ishida GM, Nakahara K, Saito H, Kurachi H.
Usefulness of intraovarian artery pulsatility and resistance indi-
ces measurement on the day of follicle aspiration for the assess-
ment of oocyte quality. Fertil Steril 2006;85(2):366–70.

12. Rosselli M, Keller PJ, Dubey RK. Role of nitric oxide in the bi-
ology, physiology and pathophysiology of reproduction. Hum
Reprod Update 1998;4(1):3–24.

6 3 8 n S A J A L G U P T A , L U C K Y S E K H O N , N A B I L A Z I Z , A S H O K A G A R W A L n



13. Lee TH, Wu MY, Chen MJ, Chao KH, Ho HN, Yang YS. Nitric
oxide is associated with poor embryo quality and pregnancy out-
come in in vitro fertilization cycles. Fertil Steril 2004;82(1):126–31.

14. Manau D, Balasch J, Jimenez W, et al. Follicular fluid concen-
trations of adrenomedullin, vascular endothelial growth factor
and nitric oxide in IVF cycles: relationship to ovarian response.
Hum Reprod 2000;15(6):1295–9.

15. Suzuki T, Sugino N, Fukaya T, et al. Superoxide dismutase in
normal cycling human ovaries: immunohistochemical localiza-
tion and characterization. Fertil Steril 1999;72(4):720–6.

16. Tamate K, Sengoku K, Ishikawa M. The role of superoxide dis-
mutase in the human ovary and fallopian tube. J Obstet Gynaecol
1995;21(4):401–9.

17. Jozwik M, Wolczynski S, Szamatowicz M. Oxidative stress mark-
ers in preovulatory follicular fluid in humans. Mol Hum Reprod
1999;5(5):409–13.

18. Sugino N, Takiguchi S, Kashida S, Karube A, Nakamura Y, Kato H.
Superoxide dismutase expression in the human corpus luteum
during the menstrual cycle and in early pregnancy. Mol Hum
Reprod 2000;6(1):19–25.

19. Aten RF, Duarte KM, Behrman HR. Regulation of ovarian an-
tioxidant vitamins, reduced glutathione, and lipid peroxidation
by luteinizing hormone and prostaglandin F2 alpha. Biol Reprod
1992;46(3):401–7.

20. Briggs DA, Sharp DJ, Miller D, Gosden RG. Transferrin in the
developing ovarian follicle: evidence for de-novo expression by
granulosa cells. Mol Hum Reprod 1999;5(12):1107–14.

21. Sugino N, Karube-Harada A, Taketani T, Sakata A, Nakamura Y.
Withdrawal of ovarian steroids stimulates prostaglandin F2alpha
production through nuclear factor-kappaB activation via oxygen
radicals in human endometrial stromal cells: potential relevance
to menstruation. J Reprod Dev 2004;50(2):215–25.

22. Ota H, Igarashi S, Hatazawa J, Tanaka T. Endothelial nitric oxide
synthase in the endometrium during the menstrual cycle in
patients with endometriosis and adenomyosis. Fertil Steril
1998;69(2):303–8.

23. Tseng L, Zhang J, Peresleni T, Goligorsky MS. Cyclic expression
of endothelial nitric oxide synthase mRNA in the epithelial glands
of human endometrium. J Soc Gynecol Investig 1996;3(1):33–8.

24. Park JK, Song M, Dominguez CE, et al. Glycodelin mediates the
increase in vascular endothelial growth factor in response to
oxidative stress in the endometrium. Am J Obstet Gynecol
2006;195(6):1772–7.

25. Hickey M, Krikun G, Kodaman P, Schatz F, Carati C, Lockwood
CJ. Long-term progestin-only contraceptives result in reduced
endometrial blood flow and oxidative stress. J Clin Endocrinol
Metab 2006;91(9):3633–8.

26. Iborra A, Palacio JR, Martinez P. Oxidative stress and autoim-
mune response in the infertile woman. Chem Immunol Allergy
2005;88:150–62.

27. Agarwal A, Said TM, Bedaiwy MA, Banerjee J, Alvarez JG. Ox-
idative stress in an assisted reproductive techniques setting. Fertil
Steril 2006;86(3):503–12.

28. Zeller JM, Henig I, Radwanska E, Dmowski WP. Enhancement
of human monocyte and peritoneal macrophage chemilumines-
cence activities in women with endometriosis. Am J Reprod
Immunol Microbiol 1987;13(3):78–82.

29. Alpay Z, Saed GM, Diamond MP. Female infertility and free
radicals: potential role in adhesions and endometriosis. J Soc
Gynecol Investig 2006;13(6):390–8.

30. Reubinoff BE, Har-El R, Kitrossky N, et al. Increased levels of
redox-active iron in follicular fluid: a possible cause of free rad-
ical-mediated infertility in beta-thalassemia major. Am J Obstet
Gynecol 1996;174(3):914–18.

31. Arumugam K, Yip YC. De novo formation of adhesions in en-
dometriosis: the role of iron and free radical reactions. Fertil
Steril 1995;64(1):62–4.

32. Murphy AA, Palinski W, Rankin S, Morales AJ, Parthasarathy S.
Evidence for oxidatively modified lipid-protein complexes in
endometrium and endometriosis. Fertil Steril 1998;69(6):1092–4.

33. Donnez J, Van Langendonckt A, Casanas-Roux F, et al. Current
thinking on the pathogenesis of endometriosis. Gynecol Obstet
Invest 2002;54 (Suppl. 1):52–8; discussion 9–62.

34. Murphy AA, Palinski W, Rankin S, Morales AJ, Parthasarathy S.
Macrophage scavenger receptor(s) and oxidatively modified
proteins in endometriosis. Fertil Steril 1998;69(6):1085–91.

35. Jackson LW, Schisterman EF, Dey-Rao R, Browne R, Armstrong D.
Oxidative stress and endometriosis. Hum Reprod 2005;20(7):
2014–20.

36. Polak G, Koziol-Montewka M, Gogacz M, Blaszkowska I, Kotarski
J. Total antioxidant status of peritoneal fluid in infertile women.
Eur J Obstet Gynecol Reprod Biol 2001;94(2):261–3.

37. Szczepanska M, Kozlik J, Skrzypczak J, Mikolajczyk M. Oxida-
tive stress may be a piece in the endometriosis puzzle. Fertil Steril
2003;79(6):1288–93.

38. Ho HN, Wu MY, Chen SU, Chao KH, Chen CD, Yang YS. Total
antioxidant status and nitric oxide do not increase in peritoneal
fluids from women with endometriosis. Hum Reprod 1997;
12(12):2810–15.

39. Wu Y, Kajdacsy-Balla A, Strawn E, et al. Transcriptional char-
acterizations of differences between eutopic and ectopic endo-
metrium. Endocrinology 2006;147(1):232–46.

40. Bedaiwy MA, Falcone T, Sharma RK, et al. Prediction of endo-
metriosis with serum and peritoneal fluid markers: a prospective
controlled trial. Hum Reprod 2002;17(2):426–31.

41. Bedaiwy MA, Falcone T. Peritoneal fluid environment in endo-
metriosis. Clinicopathological implications. Minerva Ginecol
2003;55(4):333–45.

42. Said TM, Agarwal A, Falcone T, Sharma RK, Bedaiwy MA, Li L.
Infliximab may reverse the toxic effects induced by tumor ne-
crosis factor alpha in human spermatozoa: an in vitro model.
Fertil Steril 2005;83(6):1665–73.

43. Zhang X, Sharma RK, Agarwal A, Falcone T. Effect of pentoxifyl-
line in reducing oxidative stress-induced embryotoxicity. J Assist
Reprod Genet 2005;22(11–12):415–17.

44. Strandell A, Lindhard A, Waldenstrom U, Thorburn J. Hydro-
salpinx and IVF outcome: cumulative results after salpingectomy
in a randomized controlled trial. Hum Reprod 2001;16(11):
2403–10.

45. Strandell A, Lindhard A. Why does hydrosalpinx reduce fertility?
The importance of hydrosalpinx fluid. Hum Reprod 2002;17(5):
1141–5.

46. Bedaiwy MA, Falcone T, Mohamed MS, et al. Differential
growth of human embryos in vitro: role of reactive oxygen
species. Fertil Steril 2004;82(3):593–600.

47. Okatani Y, Morioka N, Wakatsuki A, Nakano Y, Sagara Y. Role
of the free radical-scavenger system in aromatase activity of the
human ovary. Horm Res 1993;39 (Suppl. 1):22–7.

48. Wiener-Megnazi Z, Vardi L, Lissak A, et al. Oxidative stress in-
dices in follicular fluid as measured by the thermochemilumi-
nescence assay correlate with outcome parameters in in vitro
fertilization. Fertil Steril 2004;82 (Suppl. 3):1171–6.

49. Tarin JJ. Potential effects of age-associated oxidative stress
on mammalian oocytes/embryos. Mol Hum Reprod 1996;2(10):
717–24.

50. Takahashi T, Takahashi E, Igarashi H, Tezuka N, Kurachi H.
Impact of oxidative stress in aged mouse oocytes on calcium
oscillations at fertilization. Mol Reprod Dev 2003;66(2):143–52.

n T H E I M P A C T O F O X I D A T I V E S T R E S S O N F E M A L E R E P R O D U C T I O N A N D A R T n 6 3 9



51. Tatone C, Carbone MC, Falone S, et al. Age-dependent changes
in the expression of superoxide dismutases and catalase are as-
sociated with ultrastructural modifications in human granulosa
cells. Mol Hum Reprod 2006;12(11):655–60.

52. Steele EK, McClure N, Maxwell RJ, Lewis SE. A comparison of
DNA damage in testicular and proximal epididymal spermato-
zoa in obstructive azoospermia. Mol Hum Reprod 1999;5(9):
831–5.

53. Ollero M, Gil-Guzman E, Lopez MC, et al. Characterization of
subsets of human spermatozoa at different stages of maturation:
implications in the diagnosis and treatment of male infertility.
Hum Reprod 2001;16(9):1912–21.

54. Dalzell LH, McVicar CM, McClure N, Lutton D, Lewis SE.
Effects of short and long incubations on DNA fragmentation
of testicular sperm. Fertil Steril 2004;82(5):1443–5.

55. Alvarez JG. Efficient treatment of infertility due to sperm DNA
damage by ICSI with testicular sperm. Hum Reprod 2005;20(7):
2031–2; author reply 2–3.

56. Alvarez JG. The predictive value of sperm chromatin structure
assay. Hum Reprod 2005;20(8):2365–7.

57. Suganuma R, Yanagimachi R, Meistrich ML. Decline in fertility
of mouse sperm with abnormal chromatin during epididymal
passage as revealed by ICSI. Hum Reprod 2005;20(11):3101–8.

58. Fraga CG, Motchnik PA, Shigenaga MK, Helbock HJ, Jacob RA,
Ames BN. Ascorbic acid protects against endogenous oxidative
DNA damage in human sperm. Proc Natl Acad Sci USA 1991;
88(24):11003–6.

59. Carrell DT, Liu L, Peterson CM, et al. Sperm DNA fragmenta-
tion is increased in couples with unexplained recurrent preg-
nancy loss. Arch Androl 2003;49(1):49–55.

60. Alvarez JG. DNA fragmentation in human spermatozoa: signif-
icance in the diagnosis and treatment of infertility. Minerva
Ginecol 2003;55(3):233–9.

61. Rubes J, Selevan SG, Evenson DP, et al. Episodic air pollution is
associated with increased DNA fragmentation in human sperm
without other changes in semen quality. Hum Reprod 2005;
20(10):2776–83.

62. Young TW, Mei FC, Yang G, Thompson-Lanza JA, Liu J, Cheng
X. Activation of antioxidant pathways in ras-mediated onco-
genic transformation of human surface ovarian epithelial cells
revealed by functional proteomics and mass spectrometry.
Cancer Res 2004;64(13):4577–84.

63. Egozcue J, Sarrate Z, Codina-Pascual M, et al. Meiotic abnormali-
ties in infertile males. Cytogenet Genome Res 2005;111(3–4):337–42.

64. Oyawoye O, Abdel Gadir A, Garner A, Constantinovici N,
Perrett C, Hardiman P. Antioxidants and reactive oxygen species
in follicular fluid of women undergoing IVF: relationship to
outcome. Hum Reprod 2003;18(11):2270–4.

65. Paszkowski T, Clarke RN, Hornstein MD. Smoking induces
oxidative stress inside the Graafian follicle. Hum Reprod 2002;
17(4):921–5.

66. Pasqualotto EB, Agarwal A, Sharma RK, et al. Effect of oxidative
stress in follicular fluid on the outcome of assisted reproductive
procedures. Fertil Steril 2004;81(4):973–6.

67. Van Blerkom J, Antczak M, Schrader R. The developmental po-
tential of the human oocyte is related to the dissolved oxygen
content of follicular fluid: association with vascular endothelial
growth factor levels and perifollicular blood flow characteristics.
Hum Reprod 1997;12(5):1047–55.

68. Yang HW, Hwang KJ, Kwon HC, Kim HS, Choi KW, Oh KS.
Detection of reactive oxygen species (ROS) and apoptosis in
human fragmented embryos. Hum Reprod 1998;13(4):998–1002.

69. Kurzawa R, Glabowski W, Baczkowski T, Wiszniewska B,
Marchlewicz M. Growth factors protect in vitro cultured em-

bryos from the consequences of oxidative stress. Zygote 2004;
12(3):231–40.

70. Ebisch IM, Peters WH, Thomas CM, Wetzels AM, Peer PG,
Steegers-Theunissen RP. Homocysteine, glutathione and related
thiols affect fertility parameters in the (sub)fertile couple. Hum
Reprod 2006;21(7):1725–33.

71. Das S, Chattopadhyay R, Ghosh S, et al. Reactive oxygen species
level in follicular fluid — embryo quality marker in IVF? Hum
Reprod 2006;21(9):2403–7.

72. Seino T, Saito H, Kaneko T, Takahashi T, Kawachiya S, Kurachi H.
Eight-hydroxy-2’-deoxyguanosine in granulosa cells is correlated
with the quality of oocytes and embryos in an in vitro fertilization-
embryo transfer program. Fertil Steril 2002;77(6):1184–90.

73. Paszkowski T, Traub AI, Robinson SY, McMaster D. Selenium
dependent glutathione peroxidase activity in human follicular
fluid. Clin Chim Acta 1995;236(2):173–80.

74. Bedaiwy M, Agarwal A, Said TM, et al. Role of total antioxidant
capacity in the differential growth of human embryos in vitro.
Fertil Steril 2006;86(2):304–9.

75. Ferda Verit F, Erel O, Kocyigit A. Association of increased total
antioxidant capacity and anovulation in nonobese infertile
patients with clomiphene citrate-resistant polycystic ovary syn-
drome. Fertil Steril 2007.

76. Sabatini L, Wilson C, Lower A, Al-Shawaf T, Grudzinskas JG.
Superoxide dismutase activity in human follicular fluid after
controlled ovarian hyperstimulation in women undergoing in
vitro fertilization. Fertil Steril 1999;72(6):1027–34.

77. Shiverick KT, Salafia C. Cigarette smoking and pregnancy I:
ovarian, uterine and placental effects. Placenta 1999;20(4):
265–72.

78. Guerin P, El Mouatassim S, Menezo Y. Oxidative stress and pro-
tection against reactive oxygen species in the pre-implantation
embryo and its surroundings. Hum Reprod Update 2001;7(2):
175–89.

79. Harvey AJ, Kind KL, Thompson JG. REDOX regulation of early
embryo development. Reproduction 2002;123(4):479–86.

80. Matsui M, Oshima M, Oshima H, et al. Early embryonic lethality
caused by targeted disruption of the mouse thioredoxin gene.
Dev Biol 1996;178(1):179–85.

81. Knott L, Hartridge T, Brown NL, Mansell JP, Sandy JR. Homo-
cysteine oxidation and apoptosis: a potential cause of cleft palate.
In Vitro Cell Dev Biol Anim 2003;39(1–2):98–105.

82. Parman T, Wiley MJ, Wells PG. Free radical-mediated oxidative
DNA damage in the mechanism of thalidomide teratogenicity.
Nat Med 1999;5(5):582–5.

83. Burton GJ, Hempstock J, Jauniaux E. Oxygen, early embryonic
metabolism and free radical-mediated embryopathies. Reprod
Biomed Online 2003;6(1):84–96.

84. Wentzel P, Welsh N, Eriksson UJ. Developmental damage, in-
creased lipid peroxidation, diminished cyclooxygenase-2 gene
expression, and lowered prostaglandin E2 levels in rat embryos
exposed to a diabetic environment. Diabetes 1999;48(4):813–20.

85. Gott AL, Hardy K, Winston RM, Leese HJ. Non-invasive mea-
surement of pyruvate and glucose uptake and lactate production
by single human preimplantation embryos. Hum Reprod
1990;5(1):104–8.

86. Warren JS, Johnson KJ, Ward PA. Oxygen radicals in cell injury
and cell death. Pathol Immunopathol Res 1987;6(5–6):301–15.

87. Buhimschi IA, Kramer WB, Buhimschi CS, Thompson LP,
Weiner CP. Reduction-oxidation (redox) state regulation of ma-
trix metalloproteinase activity in human fetal membranes. Am J
Obstet Gynecol 2000;182(2):458–64.

88. Machaty Z, Thompson JG, Abeydeera LR, Day BN, Prather RS.
Inhibitors of mitochondrial ATP production at the time of

6 4 0 n S A J A L G U P T A , L U C K Y S E K H O N , N A B I L A Z I Z , A S H O K A G A R W A L n



compaction improve development of in vitro produced porcine
embryos. Mol Reprod Dev 2001;58(1):39–44.

89. Lane M, Maybach JM, Gardner DK. Addition of ascorbate dur-
ing cryopreservation stimulates subsequent embryo develop-
ment. Hum Reprod 2002;17(10):2686–93.

90. Lighten AD, Moore GE, Winston RM, Hardy K. Routine addition
of human insulin-like growth factor-I ligand could benefit clinical
in-vitro fertilization culture. Hum Reprod 1998;13(11):3144–50.

91. Racowsky C, Jackson KV, Cekleniak NA, Fox JH, Hornstein
MD, Ginsburg ES. The number of eight-cell embryos is a key
determinant for selecting day 3 or day 5 transfer. Fertil Steril
2000;73(3):558–64.

92. Jauniaux E, Gulbis B, Burton GJ. Physiological implications of
the materno-fetal oxygen gradient in human early pregnancy.
Reprod Biomed Online 2003;7(2):250–3.

93. Noda Y, Goto Y, Umaoka Y, Shiotani M, Nakayama T, Mori T.
Culture of human embryos in alpha modification of Eagle�s
medium under low oxygen tension and low illumination. Fertil
Steril 1994;62(5):1022–7.

94. Nicol CJ, Zielenski J, Tsui LC, Wells PG. An embryoprotective
role for glucose-6-phosphate dehydrogenase in developmental
oxidative stress and chemical teratogenesis. FASEB J 2000;
14(1):111–27.

95. Dumoulin JC, Meijers CJ, Bras M, Coonen E, Geraedts JP, Evers
JL. Effect of oxygen concentration on human in-vitro fertiliza-
tion and embryo culture. Hum Reprod 1999;14(2):465–9.

96. Kitagawa Y, Suzuki K, Yoneda A, Watanabe T. Effects of oxygen
concentration and antioxidants on the in vitro developmental
ability, production of reactive oxygen species (ROS), and DNA
fragmentation in porcine embryos. Theriogenology 2004;62(7):
1186–97.

97. Wang AW, Zhang H, Ikemoto I, Anderson DJ, Loughlin KR.
Reactive oxygen species generation by seminal cells during
cryopreservation. Urology 1997;49(6):921–5.

98. Gadea J, Gumbao D, Matas C, Romar R. Supplementation of
the thawing media with reduced glutathione improves function
and the in vitro fertilizing ability of boar spermatozoa after
cryopreservation. J Androl 2005;26(6):749–56.

99. Chan PJ, Calinisan JH, Corselli JU, Patton WC, King A. Updat-
ing quality control assays in the assisted reproductive technol-
ogies laboratory with a cryopreserved hamster oocyte DNA
cytogenotoxic assay. J Assist Reprod Genet 2001;18(3):129–34.

100. Kim SS, Yang HW, Kang HG, et al. Quantitative assessment of
ischemic tissue damage in ovarian cortical tissue with or with-
out antioxidant (ascorbic acid) treatment. Fertil Steril
2004;82(3):679–85.

101. Speroff L GR, Kase NG. Assisted Reproduction Clinical Gyneco-
logic Endocrinology and Infertility, 6th edn. Philadelphia:
Lippincott Williams & Wilkins, 1999:643–724.

102. Esfandiari N, Falcone T, Agarwal A, Attaran M, Nelson DR,
Sharma RK. Protein supplementation and the incidence of ap-
optosis and oxidative stress in mouse embryos. Obstet Gynecol
2005;105(3):653–60.

103. Catt JW, Henman M. Toxic effects of oxygen on human em-
bryo development. Hum Reprod 2000;15 (Suppl. 2):199–206.

104. Feugang JM, de Roover R, Moens A, Leonard S, Dessy F,
Donnay I. Addition of beta-mercaptoethanol or Trolox at the
morula/blastocyst stage improves the quality of bovine blasto-
cysts and prevents induction of apoptosis and degeneration by
prooxidant agents. Theriogenology 2004;61(1):71–90.

105. Tatemoto H, Ootaki K, Shigeta K, Muto N. Enhancement of
developmental competence after in vitro fertilization of porcine
oocytes by treatment with ascorbic acid 2-O-alpha-glucoside
during in vitro maturation. Biol Reprod 2001;65(6):1800–6.

106. Dalvit G, Llanes SP, Descalzo A, Insani M, Beconi M, Cetica P.
Effect of alpha-tocopherol and ascorbic acid on bovine oocyte
in vitro maturation. Reprod Domest Anim 2005;40(2):93–7.

107. Oyamada T, Fukui Y. Oxygen tension and medium supplements
for in vitro maturation of bovine oocytes cultured individually in
a chemically defined medium. J Reprod Dev 2004;50(1):107–17.

108. de Matos DG, Furnus CC, Moses DF. Glutathione synthesis
during in vitro maturation of bovine oocytes: role of cumulus
cells. Biol Reprod 1997;57(6):1420–5.

109. Ali AA, Bilodeau JF, Sirard MA. Antioxidant requirements for
bovine oocytes varies during in vitro maturation, fertilization
and development. Theriogenology 2003;59(3–4):939–49.

110. Guerin P, Guillaud J, Menezo Y. Hypotaurine in spermatozoa
and genital secretions and its production by oviduct epithelial
cells in vitro. Hum Reprod 1995;10(4):866–72.

111. Takahashi M, Nagai T, Hamano S, Kuwayama M, Okamura N,
Okano A. Effect of thiol compounds on in vitro development
and intracellular glutathione content of bovine embryos. Biol
Reprod 1993;49(2):228–32.

112. Nonogaki T, Noda Y, Narimoto K, Umaoka Y, Mori T. Effects
of superoxide dismutase on mouse in vitro fertilization and
embryo culture system. J Assist Reprod Genet 1992;9(3):274–80.

113. Lornage J. [Biological aspects of endometriosis in vitro fertil-
ization]. J Gynecol Obstet Biol Reprod (Paris) 2003;32(8 Pt. 2):
S48–50.

114. Saleh RA, Agarwal A. Oxidative stress and male infertility: from
research bench to clinical practice. J Androl 2002;23(6):737–52.

115. Potts RJ, Notarianni LJ, Jefferies TM. Seminal plasma reduces
exogenous oxidative damage to human sperm, determined by
the measurement of DNA strand breaks and lipid peroxidation.
Mutat Res 2000;447(2):249–56.

116. Bidri M, Choay P. [Taurine: a particular aminoacid with mul-
tiple functions]. Ann Pharm Fr 2003;61(6):385–91.

117. Henkel RR, Schill WB. Sperm preparation for ART. Reprod Biol
Endocrinol 2003;1:108.

118. Paul M, Sumpter JP, Lindsay KS. Factors affecting pentoxifyl-
line stimulation of sperm kinematics in suspensions. Hum
Reprod 1996;11(9):1929–35.

119. Lamond S, Watkinson M, Rutherford T, et al. Gene-specific
chromatin damage in human spermatozoa can be blocked by
antioxidants that target mitochondria. Reprod Biomed Online
2003;7(4):407–18.

120. Ermilov A, Diamond MP, Sacco AG, Dozortsev DD. Culture
media and their components differ in their ability to scavenge
reactive oxygen species in the plasmid relaxation assay. Fertil
Steril 1999;72(1):154–7.

121. Kattera S, Chen C. Short coincubation of gametes in in vitro
fertilization improves implantation and pregnancy rates: a pro-
spective, randomized, controlled study. Fertil Steril 2003;80(4):
1017–21.

122. Gianaroli L, Fiorentino A, Magli MC, Ferraretti AP, Montanaro
N. Prolonged sperm-oocyte exposure and high sperm concen-
tration affect human embryo viability and pregnancy rate. Hum
Reprod 1996;11(11):2507–11.

123. Dirnfeld M, Shiloh H, Bider D, et al. A prospective randomized
controlled study of the effect of short coincubation of gametes
during insemination on zona pellucida thickness. Gynecol
Endocrinol 2003;17(5):397–403.

124. Halliwell B, Gutteridge JM. Free radicals and antioxidant pro-
tection: mechanisms and significance in toxicology and disease.
Hum Toxicol 1988;7(1):7–13.

125. Kowaltowski AJ, Vercesi AE. Mitochondrial damage induced
by conditions of oxidative stress. Free Radic Biol Med 1999;
26(3–4):463–71.

n T H E I M P A C T O F O X I D A T I V E S T R E S S O N F E M A L E R E P R O D U C T I O N A N D A R T n 6 4 1



126. Ronnenberg AG, Goldman MB, Chen D, et al. Preconception
folate and vitamin B(6) status and clinical spontaneous abor-
tion in Chinese women. Obstet Gynecol 2002;100(1):107–13.

127. Pierce JD, Cackler AB, Arnett MG. Why should you care about
free radicals? RN 2004;67(1):38–42; quiz 3.

128. Jauniaux E, Watson A, Burton G. Evaluation of respiratory
gases and acid-base gradients in human fetal fluids and utero-
placental tissue between 7 and 16 weeks’ gestation. Am J Obstet
Gynecol 2001;184(5):998–1003.

129. Quinn P, Harlow GM. The effect of oxygen on the development
of preimplantation mouse embryos in vitro. J Exp Zool 1978;
206(1):73–80.

130. Jauniaux E, Watson AL, Hempstock J, Bao YP, Skepper JN,
Burton GJ. Onset of maternal arterial blood flow and placental
oxidative stress. A possible factor in human early pregnancy
failure. Am J Pathol 2000;157(6):2111–22.

131. Rodesch F, Simon P, Donner C, Jauniaux E. Oxygen measure-
ments in endometrial and trophoblastic tissues during early
pregnancy. Obstet Gynecol 1992;80(2):283–5.

132. Barrionuevo MJ, Schwandt RA, Rao PS, Graham LB, Maisel
LP, Yeko TR. Nitric oxide (NO) and interleukin-1beta
(IL-1beta) in follicular fluid and their correlation with fertiliza-
tion and embryo cleavage. Am J Reprod Immunol 2000;44(6):
359–64.

133. Caniggia I, Mostachfi H, Winter J, et al. Hypoxia-inducible
factor-1 mediates the biological effects of oxygen on human
trophoblast differentiation through TGFbeta(3). J Clin Invest
2000;105(5):577–87.

134. Myatt L, Cui X. Oxidative stress in the placenta. Histochem Cell
Biol 2004;122(4):369–82.

135. Jauniaux E, Hempstock J, Greenwold N, Burton GJ. Tropho-
blastic oxidative stress in relation to temporal and regional
differences in maternal placental blood flow in normal and
abnormal early pregnancies. Am J Pathol 2003;162(1):115–25.

136. W. Choi JB, Agarwal A, Falcone T, Sharma RK. Can vitamin C
supplementation reduce oxidative stress induced cytoskeleton
damage of mouse oocyte. Fertil Steril 2005;84 (Suppl. 1):S452.

137. Henmi H, Endo T, Kitajima Y, Manase K, Hata H, Kudo R.
Effects of ascorbic acid supplementation on serum progester-
one levels in patients with a luteal phase defect. Fertil Steril
2003;80(2):459–61.

138. Crha I, Hruba D, Ventruba P, Fiala J, Totusek J, Visnova H.
Ascorbic acid and infertility treatment. Cent Eur J Public Health
2003;11(2):63–7.

139. Griesinger G, Franke K, Kinast C, et al. Ascorbic acid supple-
ment during luteal phase in IVF. J Assist Reprod Genet 2002;
19(4):164–8.

140. Rumbold A, Crowther CA. Vitamin C supplementation in
pregnancy. Cochrane Database Syst Rev 2005(2):CD004072.

141. Rumbold A, Middleton P, Crowther CA. Vitamin supplemen-
tation for preventing miscarriage. Cochrane Database Syst Rev
2005(2):CD004073.

142. Ledee-Bataille N, Olivennes F, Lefaix JL, Chaouat G, Frydman R,
Delanian S. Combined treatment by pentoxifylline and tocoph-
erol for recipient women with a thin endometrium enrolled in an
oocyte donation programme. Hum Reprod 2002;17(5):1249–53.

143. Ebisch IM, Thomas CM, Peters WH, Braat DD, Steegers-
Theunissen RP. The importance of folate, zinc and antioxidants
in the pathogenesis and prevention of subfertility. Hum Reprod
Update 2007;13(2):163–74.

6 4 2 n S A J A L G U P T A , L U C K Y S E K H O N , N A B I L A Z I Z , A S H O K A G A R W A L n



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




