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1 | INTRODUCTION

Abstract

Reactive oxygen species (ROS) are required for cellular functioning and are controlled by
anti-oxidants. The ROS influence the follicles, oocytes, endometrium, and their environ-
ment. The luteinizing hormone surge initiates a massive recruitment of ROS that modu-
lates major reproductive functions namely, oocyte maturation, ovarian steroidogenesis,
corpus luteal function, and luteolysis. The anti-oxidant system balances ROS generation
and maintains the cellular functions. Both enzymatic and non-enzymatic anti-oxidants
namely, vitamins and minerals are present in the follicles and protect the oocytes from the
damaging effects of ROS. The overproduction of ROS leads to oxidative stress that af-
fects the quality of oocytes and subsequent anovulation. Although researchers have tried
to establish the role of ROS and anti-oxidants in oocyte development, still this aspect
needs to be revisited. This review discusses the importance of the ROS and anti-oxidant
balance that is required for the development and maturation of oocytes. There are in-
creasing data on the activity of ROS and anti-oxidants in supporting oocyte development
and maturation. However, extensive research is required to identify the safe physiological
concentration and duration of both the ROS and anti-oxidants that are required to facili-

tate oocyte development and maturation during in vitro and in vivo conditions.
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somatic cells, which regulate the development of competent oocytes.!
The importance of the quality of the oocyte released was realized by the

During the human reproductive life span, each month several
oocytes undergo the process of development and maturation to ovu-
late one successfully matured and healthy oocyte for fertilization.
Approximately 300-400 oocytes become available for fertilization and
the rest undergoes follicular atresia. The same process of development
and selection is observed in other mammals. The process ensures suc-
cessful fertilization by regulating the health and quality of oocytes and
avoids the chance of multiple pregnancies.

The follicular micro-environment plays an important role for success-
ful oocyte differentiation and subsequent fertilization. A bidirectional
regulatory loop exists between the oocyte and its surrounding follicular

fact that only 7% of the oocytes retrieved by in vitro fertilization (IVF)
develop into a normal embryo that yields a live birth.2 This could be
because ovarian stimulation in IVF has detrimental effects on oogene-
sis, with the production of aneuploidity,3 lower endometrial receptivity,
reduced embryo quality, and probably perinatal outcomes,* thus reducing
the success rate of IVF. In women with polycystic ovary syndrome (PCOS)
or cancer, the in vitro maturation (IVM) technique was used to preserve
fecundity in the form of immature oocytes that were obtained without
any hormonal stimulation. However, the IVM success rate was low as the
quality, fertilization, implantation, and pregnancy rate of embryos that

were derived by IVM was less compared to in vivo matured oocytes.>®
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This can be attributed to the scarcity of information regarding the specific
biochemical factors that are required for the oocytes during the relevant
developmental windows. With advanced research on all factors that are
likely to influence oocyte maturation, it might be possible to develop a
culture system that is optimal for IVM. Hence, there is a need for quality
research of these factors that ensure the quality of the oocyte.

Recently, much attention has been paid to the role of reactive oxy-
gen species (ROS), such as superoxide (O,") and hydrogen peroxide
(H,0,) in IVM of the oocyte.7 The ROS are produced during meta-
bolic processes in all living beings. They act as a signaling molecule
in follicular fluid and regulate oocyte maturation, meiotic arrest, and
resumption.®"** The plausible mechanism underlining these effects of
ROS is linked with the stimulation of 5’ adenosine monophosphate-
activated protein kinase (AMPK) and/or the Ca%*-mediated pathway
that induces meiotic resumption from diplotene arrest in mammalian
oocytes.c”'iz’14 Also, the suppression of ROS by anti-oxidants revers-
ibly inhibits the resumption of meiosis in rat oocytes in vitro.*®

Excessive ROS generation also can be detrimental to cellular func-
tion and can lead to oxidative stress, which results in enzyme inacti-
vation, lipid peroxidation, ATP depletion, and mitochondrial perturba-
tion. A high level of ROS and low anti-oxidant activity in follicular fluid
has resulted in a reduced pregnancy outcome by IVF.'7 An increased
ROS level during meiotic maturation in vitro can induce chromosomal
errors and affect the oocyte’s developmental competence.*® Increased
ROS generation has been shown to cause alteration in the microtubule
organization and chromosomal alignment of the metaphase Il meiotic
spindles in the oocytes of mouse in vitro'? and inhibit their matura-
tion.?° The oxidative damage can induce the release of cytochrome C
and other apoptogenic factors from the mitochondria, which eventually
lead to cellular apoptosis.?* Thus, it can be implied that equilibrium is
required between ROS and anti-oxidant generation for the development
of a competent oocyte.

In the reproductive tract, increased ROS generation is limited by a
variety of anti-oxidant enzymes, such as superoxide dismutase (SOD),
catalase, and various peroxidases. The SOD causes a dismutation
of superoxide radicals to H,0,, which is further detoxified to water
and oxygen by catalase or glutathione peroxidase (GPx). Catalase is
found primarily within the peroxisomes of most cells and catalyzes the
conversion of H,0, into water and oxygen, while GPx catalyzes the
degradation of lipid peroxides, as well as H,0,. These mechanisms
regulate the ROS concentration in the reproductive tract, thus ensur-
ing normal functions. Recently, a correlation was observed between
increased mRNA expression of SOD subtypes and a decreased quality
of matured oocytes that might result in anovulation in psychologically
stressed mice.?? This indicates that an over-activity of these protective
mechanisms also might alter the process of oocyte development and
maturation. Thus, it could be implicit that the generation of ROS is ben-
eficial for the maturation of oocytes,?® but that the over-production of
ROS or a depletion in the anti-oxidant system leads to oxidative stress
that could affect oocyte quality, thereby leading to anovulation.?%%224
In light of these studies, further research is required in order to identify
the physiological concentration of ROS and anti-oxidant enzymes that
is necessary for successful oocyte maturation and development.
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The present review elaborates on the role of ROS and its scaven-
gers as a regulator of oocyte development, maturation, and follicular
atresia and examines the importance of this critical balance between
anti-oxidants and ROS. The relevant data were searched through the
computer-based literature by full-text search in Pubmed, ScienceDirect,
CrossRef Search, and Embase. The functions of pro-oxidants and anti-
oxidants during the development and release of oocytes is reviewed and

thereby gives direction to the further research that is required in this area.

2 | PHYSIOLOGICAL RELEVANCE OF
REACTIVE OXYGEN SPECIES IN OOCYTE
MATURATION

Several reports suggest that ROS are allegedly involved in the matura-
tion and quality of the oocytes that are released (Table 1). In humans,
the maturation of ovarian follicles includes various stages. Inside the
ovary, the oocyte is present in the primordial follicle and is surrounded
by epithelial-like somatic cells. Eventually, some of the primordial fol-
licles are recruited and matured into primary, secondary, and antral
follicles. Many of these follicles undergo atresia and the rest develops
into fully grown Graafian follicles. Finally, following a surge of luteinizing
hormone, the oocyte matures and is released into the oviduct (Fig. 1).
The process of oocyte maturation requires a rigorous supply of energy
in the form of adenosine triphosphate (ATP) to fuel the transcription
process, to increase the size of the follicles, as well as that of the oo-
cyte.25 In the human oocyte, the content of ATP at metaphase Il (MII)
arrest is positively correlated with a successful fertilization and IVF out-
come.?® The ATP generation by the mitochondrial electron transport
chain during the maturation process results in the production of ROS.
This high level of ROS is oxidized by anti-oxidant enzymes; namely, cat-
alase, SOD, glutathione transferase (GST), paraoxonase, heat shock pro-
tein 27, and protein isomerase, which are present in the follicular fluid
and eventually protect the oocytes from the harmful effects of ROS.?”

In follicles, apart from mitochondrial respiration and oxidative phos-
phorylation, some other mechanisms also contribute to ROS release.
Luteinizing hormone (LH) signals the corpus luteum to produce and
secrete progesterone.?® The process is highly complex and regulated at
several stages enlisted below. Initially, after LH signaling, cholesterol is
converted to pregnenolone in the mitochondria by cytochrome P450
side-chain cleavage that releases ROS.%’ Pregnenolone is further pro-
cessed to progesterone by 3B-hydroxysteroid dehydrogenase at the
endoplasmic reticulum that requires oxidized nicotinamide adenine
dinucleotide (NAD") as the hydrogen acceptor. The NAD" is generated
by the oxidation of NADH by ascorbic radicals through a free radical
mechanism that is also regulated by ROS.%C This suggests the import-
ant role that ROS plays during the process of LH-induced progesterone
release. However, a study reported that LH also stimulates the intraluteal
expressions of Copper/Zinc-dependent SOD (Cu/Zn-SOD), manganese-
dependent SOD (Mn-SOD), and catalase to maintain the luteal cell viabil-
ity and ROS balance.?® This study indicates that LH not only induces ROS
production but also regulates it by stimulating the anti-oxidant enzymes’
expression, thus maintaining the redox state.
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TABLE 1 Studies reviewed about the role of reactive oxygen species in oocyte maturation and development

Study references

Chaube et al.®?
Tripathi et al.*°
Martin-Romero et a

Chaube et al.’?

Choi et al.*?

Chen et al.®®

Lee et al.'*

Takami et al.*®

Kawaguchi et al.?®

Attaran et al.3!

Yuan and Krisher®*

Experimental model

Rat/human oocytes

Rat

NIH-3T3 cells

Mouse

Rat-2 fibroblasts
Oocyte-cumulus complexes of rat

Bovine luteal cells

Humans undergoing IVF

Porcine oocytes

Significant findings

Concentration-dependent role of H,0, on meiotic resumption: (a) lower
concentration induces resumption from diplotene arrest in oocytes and (b)
increase of ROS is associated with meiotic cell cycle arrest and apoptosis

Calcium ionophore-induced activation and apoptosis are associated with the
generation of intracellular H,O,

AMPK was transiently and concentration-dependently activated by H,0,
AMPK activation provides a potent meiosis-inducing signal in vitro
Intracellular H,0, was responsible for the EGF-stimulated elevation of ca*
Cell-permeant anti-oxidants inhibit the spontaneous resumption of meiosis

LH-increased anti-oxidant enzymes resulted in an increase in cell viability during
the luteal phase

Women who became pregnant had a high ROS level in their follicular fluid
An adequate ROS balance is important for oocyte quality

Melatonin reduces oxidative stress by scavenging H,O,, slowing down meiotic
cell cycle progression, and protecting against apoptosis in eggs

A moderate increase in ROS in the ovary is beneficial for meiotic resumption from
diplotene arrest

0O,", H,0,, and HOCl augment oocyte aging

Alterations in the balance of pro- and anti-apoptotic gene expression can lead to
follicular atresia

Lactational exposure to chromium accelerates follicular atresia and decreases
steroidogenesis by altering the ratio of ROS to anti-oxidants in the ovary

The ROS level increased during the regression phase

Peroxides act as a mediator of luteolysis by inhibiting LH-sensitive cAMP and

Tripathi et al.>® Rat
Tiwari and Chaube® Rat
Goud et al.¥” Mouse
Fu et al.®® Porcine
Stanley et al.*! Rat
Sugino et al.*® Rat
Margolin et al.* Rat

progesterone production

|45

Oyawoye et a Humans undergoing IVF

ROS play a role in ovulation, fertilization, and conception

AMPK, 5" adenosine monophosphate-activated protein kinase; cAMP, cyclic adenosine monophosphate; EGF, Epidermal growth factor; H,0,, hydrogen
peroxide; HOCI, hypochlorous acid; IVF, in vitro fertilization; LH, luteinizing hormone; ROS, reactive oxygen species.

The follicular fluid contains leukocytes, macrophages, and cyto-
kines that can produce ROS and enhance the flow of blood to the
ovary for the development of the oocyte.?*2 The physiological con-
centration of ROS has an essential role in follicular rupture and acts
by modulating the expression of the genes that govern the processes
of oocyte maturation.® Clinically, it was observed that the concen-
tration of ROS in the follicular fluid is a deciding factor for success
in patients (with tubal diseases, endometriosis, and idiopathic infer-
tility) undergoing IVF. It has been reported that those patients who
got pregnant had a significantly high ROS level, as compared to
those who did not get pregnant.®* An adequate ROS balance is also
important for IVM and embryonic development of the oocyte as the
addition of extra anti-oxidants is detrimental to blastocyst forma-
tion.3* Studies reported that an increased level of H,0,, as well as
ROS, and decreased catalase activity trigger meiotic resumption from
diplotene arrest in rat follicular oocytes, suggesting the importance
of ROS in the maturation of oocytes.21%3>3 The ROS also augment
aging in the relatively old oocytes, rather than the young oocytes. This
might suggest a ROS-regulated mechanism to maintain the quality of
oocytes and ensure fertilization.®” Most of these studies are limited to

exploring the effect of ROS on oocyte maturation and development,
without focusing on the physiological concentration of ROS that is
required. Also, studies are required to explore other factors that could
act alone or along with the ROS that are generated in the body and
play an important role during the process. Moreover, more specific
and advanced techniques are required for measuring the effect of

ROS on oocyte development.

3 | REACTIVE OXYGEN SPECIES
INVOLVEMENT IN FOLLICULAR ATRESIA

During reproductive life, a small fraction of the ovarian follicles that
are present at birth complete their way to ovulation, while the rest
undergoes a degenerative process called “atresia.” Studies have dem-
onstrated that follicular atresia is caused by the apoptosis of granulosa
cells.®® Apoptosis is a cell-specific mechanism for the discrete elimina-
tion of cells during follicular atresia that ensures the regression of the
follicle without inciting an inflammatory response. It is recognized as a
hallmark and contributing factor of the atresia of antral follicles.?’ The



Reproductive Medicine and Biology

Primordial
follicle

(A)

ROS

Antioxidants

(B) ROS

F'rimaryfollicle\:’ = \
\ (]
s

Secondary follicle 'f

Q,
OCJ’ze
Antioxidants

SOD, GPx,
Catalase

Vitamin C,E,A

SOD, GPX,
Catalase

Vitamin C,E,A,
Zinc, Folate

il

IMBALANCE

Atretic antral follicle
=
Dominantfollicle i g

Qocyte

Graaffian follicle

Ovulation

FIGURE 1 Follicular growth during the process of ovulation. (A) A balance in reactive oxygen species (ROS) and anti-oxidants is required
during follicular maturation, follicular atresia, and the growth of the dominant follicle and (B) an imbalance in ROS and anti-oxidant generation
lead to ovulatory dysfunction. GPx, glutathione peroxidase; H,O,, hydrogen peroxide; O,", superoxide; SOD, superoxide dismutase

expression level of various apoptotic and anti-apoptotic genes was
studied in RNA that was isolated from atretic follicles. An expression
study in a single follicle showed that an increase in anti-apoptotic gene
transcription could prevent apoptosis by protecting against the effects
of pro-apoptotic gene expression. However, alterations in the balance
of pro- and anti-apoptotic gene expression could lead to follicular atre-
sia.*° The lactational exposure to hexavalant chromium accelerated
follicular atresia and decreased steroidogenesis in F1 rat female off-
spring by altering the ratio of ROS and anti-oxidants in the ovaries.*!

Accumulating evidence shows that excessive ROS generation trig-
gers antral follicular atresia by causing granulosa cell apoptosis.*? The
ROS are also involved in the loss of sensitivity of the granulosa cells
to gonadotrophin hormones and in the loss of steroidogenic function,
which are characteristics of follicular atresia. Moreover, in the rat
ovarian corpus luetum, concentrations of ROS increased during the
regression phase.** Thus, ROS might initiate apoptosis in the luteal
cells and inhibit their function at an appropriate time during the female
menstrual cycle. This evidence suggests the role of ROS in the atretic
regression of all the follicles, except one for ovulation.** Indeed, stud-
ies to elucidate the ROS-regulated pathways that are involved in the
process of atresia are required.

4 | ANTI-OXIDANTS

The ROS are inevitably generated during physiological processes;
however, an excess of them results in oxidative stress, which is bal-
anced by anti-oxidants. These act as the first line of defense against
ROS and protect the cells from any damaging effect. Both the ROS and

the anti-oxidants are required for ovulation and an imbalance between

them could lead to the production of an incompetent oocyte. Although
both non-enzymatic and enzymatic anti-oxidants are required, enzy-
matic detoxification is more efficient. Studies that underline the role of

anti-oxidants in oocyte maturation are mentioned in Table 2.

4.1 | Enzymatic anti-oxidants involved in follicular
development and oocyte maturation

Follicular fluid contains high concentrations of anti-oxidants,*> which
protects oocytes from ROS-induced damage. An imbalance in the pro-
and anti-oxidant systems in the follicular fluid could lead to abnormal
development of the oocytes and impaired fertility, as well as damage
to the oocyte’s DNA, cytoskeleton, or membrane. The cytoskeleton
ensures that meiosis occurs in the oocyte before fertilization for for-
mation of the haploid gamete.*

Anti-oxidant defense systems, like SOD, GPx, catalase, and non-
enzymatic anti-oxidants like vitamin E, vitamin C, glutathione, uric
acid, and albumin are present in the follicles.?*%* The SOD, GPx, and
catalase activity have been detected in bovine oocytes and cumulus
cells that might regulate the ROS levels during IVM.#” Also, transcripts
corresponding to GPx, Cu/Zn-SOD, Mn-SOD, and y-glutamylcysteine
synthetase have been shown to be present in mature MIl mouse and
human oocytes, with higher expression of Cu/Zn-SOD in humans.*®
Anti-oxidants like cysteine showed a significant improvement in the
proportion of oocytes undergoing morula and blastocyst development
in bovine oocytes during IVM.* The increase in catalase activity in
follicle-stimulating hormone (FSH)-treated granulose cells suggests
its role in the development and selection of the dominant follicle.>
Mature Ml oocytes of hamster showed a higher concentration of glu-

tathione, which might aid in meiotic spindle formation and pronucleus
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TABLE 2 Studies reviewed about the importance of anti-oxidants in oocyte maturation and development

Study references Experimental model Significant findings

Cetica et al.¥’ Bovine oocytes Enzyme activity diminished in the cumulus cells and increased in the oocytes due to

maturation (specifically SOD)

El Mouatassim et al.*® Mouse and human oocytes Maturation-specific polyadenylation of transcripts encoding Cu/Zn-dependent SOD,

Mn-dependent SOD, GPx, and y-glutamylcysteine synthetase was observed

Behl and Pandey® Goat Enzyme catalase might have a functional role in goat ovarian follicular development

under endocrine regulation

Zuelke et al.>* Hamster oocytes GSH plays important roles in oocyte spindle function and pronucleus development

|52

Tatemoto et a Porcine follicular fluid Porcine follicular fluid had a high level of SOD activity, compared to that of FBS, and

this activity was markedly blocked by the Cu/Zn-dependent SOD inhibitor

Dharmarajan et al.”® Rabbit Gonadotropin-mediated inhibition of apoptosis in rabbit luteal cells enhanced the
expression of Mn-dependent SOD, which protects from the ROS and/or down-

regulating the expression of Bax (a pro-oxidant member of the Bcl-2 protein family)

Paszkowski et al.>* Humans undergoing IVF Reduced level of selenium-dependent GPx was reported in the follicular fluid of women

with unexplained infertility

Byrd et al.”® Hen Sodium ascorbate could be associated with LH-stimulated progesterone biosynthesis

Crha et al.”? Human Vitamin C supplementation increased the number of pregnancies observed in women
undergoing IVF

Tarrin et al.®* Mice Oral administration of Vitamin C and E improved the quality of oocytes retrieved from
aged mice

Barzegari et al.** Mice a-Tocopherol increases the maturation rate of follicles and enclosed oocytes

Tareq et al.®® Porcine A combination of selenium and vitamin E could play important roles in increasing the

rate of maturation of porcine oocytes and fertilization, as well as in the development
of the blastocyst and use of glucose in IVM, fertilization, and culture to the blastocysts
of porcine oocytes

Lisboa et al.¢® Cattle

a-Tocopherol maintains the survival of cattle pre-antral follicles and promotes the

activation of primordial follicles in in vitro culture

Tian and Diaz% Mice

Picco et al.”® Bovine oocytes

Acute zinc deficiency causes profound defects during the peri-ovulatory period

Zinc significantly affected intracellular GSH content and DNA integrity of cumulus cells

during oocyte maturation and improved pre-implantational embryo development

|71

Szymanski et a Human

Supplementation of folic acid diminishes a concentration of homocysteine, resulting in

better-quality, and higher degree of maturity of, oocytes

Bahadori et al.”? Mice

A dose-dependent response to melatonin treatment was observed on IVM, fertilization,

and embryo development of mouse oocytes

FBS, fetal bovine serum; GPx, glutathione peroxidase; GSH, glutathione; IVF, in vitro fertilization; IVM, in vitro maturation; LH, luteinizing hormone; ROS,

reactive oxygen species; SOD, superoxide dismutase.

.5 The increased level of SOD that was observed in fol-

developmen
licular fluid efficiently reduced the DNA damage that was caused by
oxidative stress in porcine oocytes and cumulus cells, resulting in suc-
cessful fertilization and development to the blastocyst stage after in
vitro insemination; however, these capabilities were interrupted by the
Cu/Zn-SOD inhibitor.”? Meanwhile, Mn-SOD expression suppresses
apoptosis in the rabbit corpus luteum in vitro, indicating that Mn-SOD
is responsible for the gonadotropin-mediated inhibition of apoptosis.>®
A reduced anti-oxidant enzyme level of selenium-dependent GPx was
reported in the follicular fluids of women with unexplained infertility.>*
Follicles with fertilized oocytes had a higher level of GPx activity than
the follicles with unfertilized oocytes. This decreased anti-oxidant
activity negatively affects the fertilization ability of the oocyte.>*
Despite the extensive work, some aspects need to be explored
further: (1) the physiological concentration of the anti-oxidants that

are required; (2) the molecular mediator of the anti-oxidants assisting

oocyte development and maturation; and (3) the regulators of the anti-

oxidants that are required for oocyte maturation and development.

4.2 | Role of vitamin- and mineral-based
anti-oxidants

Many non-enzymatic anti-oxidant vitamins and minerals, such as vita-
min C, vitamin E, selenium, zinc, and beta carotene, are ordinarily pre-
sent in nutrients.>® Both enzymatic and non-enzymatic anti-oxidants
are present in the follicles and protect the oocytes from the damaging
effects of ROS. The ovary is considered as the primary site of ascorbic
acid accumulation and turnover, with the highest concentration in the
theca interna, granulose cells, and luteal compartment.®® A change in
the ovarian content of ascorbic acid that occurs at mid-cycle in women
is associated with LH secretion and appears as a biphasic response with

increased excretion in the late follicular phase that declines immediately
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prior to ovulation and increases again immediately after the rise in body
temperature.”” In vitro studies in chicken granulose cells showed that
sodium ascorbate is stimulatory to progesterone secretion.”® Vitamin
C supplementation led to a high ascorbic acid concentration in the fol-
licles and had an impact on the number of pregnancies in non-smoking
women.”” Also, a deficiency in vitamin C showed marked ovarian at-
rophy, along with widespread follicular atresia and the premature re-
sumption of meiosis, in guinea pigs.® The oral administration of a
pharmacological dose of vitamins C and E improves the number and
quality of oocytes that are retrieved from female aged mice.®* The role
of ascorbic acid in follicular growth, repair of the ovulated follicle, and
corpus luteum development has been reviewed elsewhere.®®¢? Vitamin
A and its metabolites that have been used in artificial reproductive tech-
niques (including superovulation, ovum pick-up, and IVM) in cattle pro-
vides evidence for its role in promoting cytoplasmic maturation.®® The
role of a-tocopherol in improving folliculogenesis, oocyte quality, ferti-
lization rates, and embryo development have been reported in previous
studies.®*® The dietary supplementation of a-tocopherol maintains the
survival of cattle pre-antral follicles and promotes the activation of pri-
mordial follicles in in vitro culture.®®

Zinc is one of the most important minerals with anti-oxidant prop-
erties that is required to protect oocytes from free radicals and ROS.%”
It is required for follicular rupture and the completion of meiosis.®® A
deficiency in zinc resulted in the altered synthesis and secretion of
FSH or LH, ovarian development, estrous cycle disruption, frequent
abortion, an extended gestation period, teratogenicity, stillbirths,
complexity in parturition, pre-eclampsia, toxemia, and inferior infant
birth weights."9 During oocyte maturation, the concentration of zinc
affects the intracellular glutathione content and DNA integrity of
the cumulus cells, thus improving pre-implantation embryo develop-
ment.”® Folic acid supplementation in the diet of women showed a
higher quality and maturity of oocytes, compared with those who did
not receive folic acid supplementat'ion.71 Melatonin, the popular free
radical scavenger, has been shown to promote cumulus cell expan-
sion, in vitro oocyte maturation, and embryo development.”%”3 Non-
enzymatic anti-oxidants are also required for oocyte development and
maturation. However, whether they assist the enzymatic anti-oxidants
or whether they solely ensure the developmental competence of the

oocyte still needs to be explored further.

5 | REACTIVE OXYGEN SPECIES AND
ANTI-OXIDANT BALANCE: QUESTIONS
STILL UNANSWERED

The ROS and anti-oxidant balance is a prerequisite for ovulation.
Elevation in either of them disturbs the redox balance, which might be
the underlying cause of ovulatory dysfunction in women with unex-
plained infertility. The relationship between the ROS and anti-oxidant
balance during follicular development is shown in Figure 1. Both the
ROS and anti-oxidants work synchronously to carry out a successful
development and maturation of the oocytes. However, the concentra-
tion and duration of both that are required is largely unknown. A high
level of ROS (more than the physiological concentration) could trigger

Reproductive Medicine and Biology

membrane permeability factor destabilization and a reduction in the
survival factors, leading to mitochondria-mediated oocyte apopto-
sis and cell cycle arrest.2%% Both death-receptor and mitochondria-
mediated pathways are involved in inducing oocyte apoptosis. The
oxidative stress-induced mitochondria caspase-mediated pathway
plays a major role in the elimination of germ cells from the cohort
in the ovary and deteriorates oocyte quality even after ovulation.”*

Anti-oxidants like vitamin C at higher concentrations might act as
pro-oxidants. Vitamin C acts as a reducing agent and in higher doses
has been postulated as a cause of infertility.”> Studies in animals have
reported that the administration of oral anti-oxidants can counter-
act the negative effect of female aging on the number and quality of
oocytes.’* However, vitamin C and E might induce some side-effects
on reproductive fitness and impair the ovarian and uterine functions of
women.®? Thus, there is a need to identify the safe physiological con-
centration of the anti-oxidants that are required for reproductive func-
tions. In a clinical trial, N-acetyl cysteine (NAC), a precursor of glutathi-
one, showed promising results in women with PCOS. Treatment with
a combination of clomiphene citrate and NAC in women with PCOS
showed significant improvements in the number of follicles that were
>18 mm, mean endometrial thickness, ovulation rate, and pregnancy
rate. No adverse effect was observed and no case of ovarian hyperstim-
ulation was reported in the study.”® However, multicentric randomized
trials are required to prove the effectiveness of this treatment further.

Oxidative stress causes an upsurge in the level of oxidants, rather
than the depletion of anti-oxidants. The specific source that alters the
crucial balance between ROS and anti-oxidants is still unclear and
needs to be identified. The conventional treatment strategies focus
on the use of anti-oxidants to overcome the oxidative stress; however,
no work has concentrated on alternative methods to reduce excess
oxidant generation. Moreover, ROS can be measured by a number of
indirect methods, yet no method has been accepted universally. A uni-
form and reliable method is required for oxidative stress estimation,
which could avoid errors while comparing the results from studies that
used different measures of oxidative stress. Also, studies should focus
on examining the molecular and cellular mechanisms of pro-oxidants
that might influence oocyte development and maturation.

The ROS and anti-oxidant systems are very important not only
for the reproductive system, but for the whole body. The body uses a
combination of anti-oxidants, rather than single anti-oxidant supple-
mentation, in order to maintain a balance with the ROS. Indeed, the
key components that can be targeted are largely unexplored. Studies
should be focused on the development of new treatment strategies,
with an objective to re-establish the oxidant and anti-oxidant balance
in the ovaries by strengthening the body’s protective mechanisms that

can overcome the excess ROS levels.

6 | CONCLUSION

The studies that have been published to date vary broadly in their
conclusion about the role of ROS and anti-oxidants in ovulation.
The ROS and anti-oxidants act synchronally in ovulatory functions;
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however, the physiologically active concentrations that are required
are not yet defined. The production of ROS is high in reproductive
tissue because of active metabolism and steroidogenesis, which are
kept under control by the body’s anti-oxidant system. But, some-
times this balance gets disturbed, which might lead to ovulatory
dysfunction. The mechanism by which both ROS and anti-oxidants
work in equilibrium in the process of oocyte development and matu-
ration have been reviewed in this article and need to be investigated

critically.
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