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Abstract

General Background: Polycystic Ovary Syndrome (PCOS) is a prevalent endocrine disorder among women
of reproductive age, characterized by hormonal and metabolic imbalances that impair fertility and overall
health. Specific Background: Recent studies have emphasized the crucial role of oxidative stress in PCOS
pathogenesis, where excessive reactive oxygen species (ROS) and reduced antioxidant capacity lead to
cellular and molecular damage. Knowledge Gap: Despite extensive research on PCOS, the mechanistic link
between oxidative imbalance and PCOS progression, particularly the interplay between endogenous and
exogenous antioxidants, remains insufficiently understood. Aims: This review aims to elucidate the
relationship between oxidative stress and antioxidant systems in PCOS and to identify potential therapeutic
roles of antioxidants in mitigating PCOS symptoms. Results: The synthesis of current findings demonstrates
that antioxidant deficiency correlates with increased insulin resistance, ovulatory dysfunction, and chronic
inflammation in PCOS patients. Supplementation with vitamins C and E, selenium, and metformin enhances
oxidative balance, improves ovarian function, and reduces metabolic risks. Novelty: This study integrates
biochemical, metabolic, and therapeutic perspectives on antioxidant-mediated modulation of PCOS.
Implications: Strengthening antioxidant defenses presents a promising adjunctive strategy to traditional
PCOS management, potentially improving reproductive outcomes and reducing long-term comorbidities.

Highlights:

* Oxidative imbalance contributes significantly to PCOS pathogenesis.
¢ Antioxidant therapy improves hormonal and metabolic regulation.
* Combining antioxidants with lifestyle changes enhances treatment outcomes.

Keywords: Polycystic Ovary Syndrome, Oxidative Stress, Antioxidants, Insulin Resistance, Reproductive
Health

Published date: 2025-10-30

Introduction

Many chemical reactions take place in the human body that are basically required to maintain the
continuity of life, including oxidation that occurs during some biochemical processes inside the body, such as
respiration, and by the action of a group of reactive oxygen species derived from oxygen, such as hydrogen

peroxide and the hydroxyl radical OH, or derived from nitrogen, reactive nitrogen species, such as the nitroxyl
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radical and the peroxy radical [1]. Reactive species are divided into two forms depending on the arrangement
of electrons in the outer shell, one of which is free radicals, most of which are derived from oxygen, as 1-3%
of the oxygen used in the respiration process in the mitochondria is converted into free radicals, in addition
to what results from diseases and the stage of aging [2].In addition to the other non-free radical form, which
1s similar to free radicals in terms of the unsaturation of its outer shell with electrons, and differs from it in
terms of the way these electrons spread, as they are distributed here in a double manner and do not exist in a
single form like free radicals, so they are less affinity for interacting with neighboring molecules [3]. Reactive
species contribute at low levels to many physiological roles and are normally generated as by-products of
oxygen metabolism, but their overproduction results from exposure of the body to environmental stressors
(i.e., UV and ionizing radiation, pollutants, heavy metals, and xenobiotics) [1]. As a result of the accumulation
of free radicals and other oxidizing agents beyond the capacity of cellular antioxidant defenses, the oxidation
and reduction signals are disrupted [4] or the cell structure and protein synthesis are disrupted, and even the
genetic material is damaged [5]. Oxidizing agents are produced from two sources: one is exogenous sources,
such as cigarette smoke and air pollution, and the other is endogenous sources through the electron transport
chain in mitochondria, macrophages, and the endothelium of blood vessels. Under normal conditions,
reactive species (ROS) and RNA act as signaling molecules to regulate physiological activities. However, in
the case of chronic inflammation, excessive generation of reactive species occurs, leading to oxidative damage
and destruction of many organelles and cellular processes, ultimately causing various diseases [6]. The term
reactive oxygen species is a general concept that refers to a diverse group of oxidant molecules or pro-oxidants
with largely different biological properties and functions, ranging from sending signals that regulate almost
all biological processes within certain levels to increasing them beyond these levels, causing cell damage and
the occurrence of various diseases [4]. The term ROS includes all molecules derived from oxygen, such as the
superoxide radical, which is mainly produced during cellular respiration in the mitochondria, the hydroxyl
radical, and hydrogen peroxide, which are also produced from several other sources, including inflammation,

and cause damage to DNA as well as damage to vital molecules such as proteins and lipids [7].

1. Reactive Oxygen Species Sources

Reactive oxygen species can be divided into two groups according to their origin and source of
formation:
a. Endogenous Sources

Reactive oxygen species are produced as a byproduct of metabolic processes that proceed in
conjunction with oxidation-reduction reactions [8]. All living organisms have specific cellular systems
capable of producing ROS, which are found in the mitochondrial membrane, cytosol, peroxisomes, and
endoplasmic reticulum. The cytosol is composed of compounds such as thiols, catecholamines, and flavins,
which undergo oxidation-reduction reactions and thus produce free radicals. In addition, the cytosol contains

enzymes that produce ROS during their catalytic activity. Regardless of the cytosol [9]. In addition to the
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above, free radicals can be produced from other sources, including the activity of macrophages, which

increases in the presence of diseases such as diabetes [10].

b. Exogenous Sources

External sources of free radicals are related to lifestyle and exposure to various environmental factors
that can increase ROS generation or reduce the capacity of endogenous antioxidants. External environmental
factors include polluted air and water, cigarette smoke, medical radiation, industrial waste, sunlight, alcohol,
polyunsaturated fats , and some medications. In addition to other factors such as mutagens (Xenobiotic
microorganisms), Nutrient overdose, and ionizing radiation, the entry of foreign bodies through polluted air
and water stimulates the immune system cells to attack them and produce free radicals to eliminate them.
This leads to the accumulation of free radicals in the body. Also, the foods we eat contain chemicals similar
to those used in the manufacture of pesticides and fertilizers. Some of them contain free radicals, while others

can generate free radicals [11].
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Figure 1. Some endogenous and exogenous sources of reactive oxygen species and their role in cellular
signaling [12].

2. Benefits of Free Radicals

Free radicals are highly reactive and unstable molecules that can be generated in various ways and
are harmful and threatening to humans through their effect on various vital molecules in the body body,
including playing an important role in the human body’s immune system, helping macrophage cells engulf
and destroy invading pathogens, participating in energy production, cell growth, and stimulating cell division
[13]. Free radicals also contribute to the mechanism of radiotherapy for some diseases, such as cancer, by

attacking cancer cells and stimulating the programmed death mechanism of these cells [14].
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a. Free Radical Damage

It is characterized by its ability to chemically modify the surrounding compounds through the
oxidation of proteins and changes in amino acids, the collapse of peptide chains, enzyme inhibition, protein
denaturation that leads to the loss of proteins’ activity, and the auto-oxidation of glucose. DNA fragmentation,
alteration of cell membrane functions, base mutation, and lipid peroxidation lead to damage to biomolecules
and to cell and tissue damage with subsequent pathological effects and disorders[15]. The accumulation of
free radicals plays an important role in the pathophysiology of many diseases, including Alzheimer's disease,
cancer, arteriosclerosis, atherosclerosis, and retinal damage. It performs this role through two main
mechanisms, one of which is the increased production of types of oxidizing agents, especially OH, ONOO, and
HOCI. It works directly on the oxidation of large molecules such as membrane lipids, structural proteins,
enzymes, and nucleic acids, which leads to encouraging abnormal functions and activating programmed cell
death. The second mechanism occurs through its effect on redox signals, and thus the occurrence of several

diseases [7] [16].

== Endogenous
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Synthetic

Immune
Function
Disorders
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Oxidative
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Cardiovascular Diaeie

Inflammatory el
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Figure 2. Some diseases resulting from oxidative stress [17]
3. Antioxidant
Antioxidant research has recently become increasingly active in various fields [18]. It examines the
two types of natural antioxidants and synthetic antioxidants due to their use as nutritional supplements and
functional ingredients [19]. In addition to its preventive and therapeutic role against the negative effects and
diseases resulting from oxidative stress, which has greatly increased interest in it, especially in food,
pharmaceutical, and cosmetic products [20] [21]. Antioxidants are defined as molecules or compounds that

inhibit or delay the oxidation of biomolecules and operate at low concentrations compared to the
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concentrations of the protected molecules [22]. By inhibiting the formation of free radicals and their ability
to interact with biological targets by donating electrons, primary antioxidants achieve this, producing stable,
non-reactive radical and non-radical species that can be later decomposed by enzymes and other processes
[23]. Secondary antioxidants work to inhibit the activity of singlet oxygen and prevent the formation of some
free radicals by inhibiting the decomposition of peroxides. They also work to bind transition metal ions and
prevent them from transforming into their oxidized forms, in addition to inhibiting oxidative enzymes that

can produce free radicals [24].

Antioxidant Free Radical

electron donation missing electron

Figure 3. Antioxidants and free radicals [25]

Antioxidants are classified according to their mechanism of action as follows:

Preventive antioxidant: These antioxidants prevent or reduce the formation of free radicals. Some
of them are metal-binding proteins, such as ceruloplasmin [26]. Transferrin, which prevents several minerals
from participating in the formation of free radicals [27]. In addition to folic acid, which plays an important
role in the chemoprevention of gastric cancer by promoting programmed death of gastric epithelial cells in
patients with precancerous lesions by increasing the expression of the P53 protein, which is the main
suppressor of cancerous tumors, and by protecting the genome from mutations [28].
Chain-breaking or scavenging antioxidants, also called primary antioxidants, work by scavenging unstable
free radicals and converting them into more stable compounds [23]. Before causing oxidative damage, some
enzymes include natural Superoxide Dismutase, Catalase, Glutathione Peroxidase, and some similar
synthetic enzymes, such as Co\PMCS, which can eliminate reactive species ROS and RNS to mitigate sepsis
[29].Repair antioxidant: works to repair damage caused by free radicals, such as DNA ligase enzymes [30].
RNA polymerase, which works to repair DNA from oxidative damage caused by free radicals [31]. In addition
to melatonin, which works to repair mitochondrial function in bone marrow-derived stem cells by increasing
mitochondrial membrane potential, increasing ATP production, and increasing the expression of respiratory

chain proteins [32].
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a. Classification of Antioxidants Depending On Origin

1) Exogenous Antioxidant

Substances that the body obtains from an external source through the diet. They act as reducing
compounds that complement the work of the body's internal antioxidant systems[33]. It includes many
nutrients such as vitamins and carotenes [34] and flavonoids that show distinctive biological capabilities, the
most important of which is their ability as antioxidants. This is attributed to their chemical structure, which
enables them to get rid of them. Plants are the main source of them, in addition to fungi and other types of
living organisms[35]. It is worth noting here that the health effectiveness of external antioxidants is still in
doubt due to several reasons, the most important of which is the lack of a basic understanding of the
interaction of external antioxidants within the body and the lack of special measuring tools and tests to link

the effectiveness of external antioxidants to health outcomes[36].

2) Endogenous Antioxidant
They are molecules produced by the body that help protect cells from damage resulting from
exposure to reactive oxygen species [37]. It constitutes 80% of the total antioxidant activity in the body,
although this percentage varies depending on a group of factors, the most important of which are the patient’s
age, gender, health condition, or comorbidity, especially among smokers, diabetics, and obese patients [38].
It plays an important role in protecting against oxidative stress through its ability to activate many antioxidant
enzymes such as superoxide dismutase, glutathione peroxidase, and heme oxygenase 1, which remove reactive

oxygen species and prevent oxidative damage [39].

3) Non-Enzymatic Antioxidant
They are divided into two groups, one of which is endogenous non-enzymatic antioxidants, which
are known to be scavenging molecules that are formed internally and are characterized by their ability to
quickly disable radicals and oxidants. The most important of these are glutathione, albumin, mineral-binding
proteins, uric acid, melatonin, and polyamines. They are considered part of the internal defense mechanisms
that protect cells and tissues from ROS [40]. The second group is available from external sources such as food
and nutritional supplements [41]. It includes ascorbic acid, phenols, flavonoids, tocopherol, carotenoids, and

carotenes [42].
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Figure 4. Non-enzymatic antioxidants [43]

Result and Discussion

A. Internal Genital Organs Polycystic Ovarian Syndrome

Polycystic ovary syndrome is known as the most common endocrine disorder. It affects women of
reproductive age and is characterized by excess androgen production, affecting up to 13% of women of
reproductive age. [44] PCOS is a complex multifactorial disorder caused by environmental factors in addition
to genetic, hormonal, and metabolic background[45]. It is characterized by decreased ovulation,
hyperandrogenism, and the presence of ovarian cysts [46]. It is associated with insulin resistance, obesity,
hyperinsulinemia, high blood pressure, and dyslipidemia[47]. Despite diagnostic criteria, the medical and
scientific understanding of the etiology of PCOS remains incomplete, although it does involve a complex mix
of genetic, environmental, and epigenetic factors [48], with intrauterine growth of the mother possibly
contributing to the development of PCOS features [49]. Excessive secretion of androgens by theca and stromal
cells of the PCOS leads to the main manifestations of the syndrome [50]. Hypersecretion of LH by the pituitary
gland occurs as a result of disturbances in the ovarian response to the pituitary gland and excessive pulses of
GnRH from the hypothalamus. It also stimulates the secretion of testosterone by the ovary, and a decrease in
FSH levels occurs or may remain constant and unchanged [51]. Insulin is a powerful stimulant for ovarian
androgen secretion, which occurs via a different insulin receptor that does not exhibit insulin resistance.
Therefore, insulin doubles the effect of LH and also doubles the degree of androgen excess by inhibiting the

liver's production of SHBG (a glycoprotein that binds most sex steroids). Thus, free androgen is elevated,
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excess body weight exacerbates the underlying hormonal disturbances (increased androgen and insulin
levels), and clinical manifestations are evident in women with PCOS [52]. The common theories put forward

to explain the pathophysiology of PCOS are:

1.

AN S

Neurondocrine defects

Impaired ovarian steroidogenesis

Impaired adrenal androgen production
Increased sympathetic nervous system activity
Genetic defects [53].

Insulin resistance with compensatory hyperinsulinemia [53].

PATHOPHYSIOLOGY OF PCOS
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Figure 5. Pathophysiology of PCOS [53]

B. Appearance and Diagnosis of Polycystic Ovary Syndrome

The ovaries in polycystic ovaries are described as having a dilated and taut spherical shape.
Histologically, they are characterized by the presence of multiple cysts, rarely larger than 15 mm. These cysts
are arranged beneath the layer of enlarged theca cells. It has been noted that the tunica albuginea (the
collagen-rich lining located directly beneath the epithelial layer of the ovarian surface) is much wider than in
normal ovaries and may be torn [54]. Also, in the case of polycystic ovary syndrome, the ovaries are devoid of
the corpus luteum [55], and PCOS can be detected and diagnosed by ultrasound examination (Figure 1-2).
For a woman to be considered to have PCOS, it is necessary to have at least one ovary containing 12 or more

follicles with a diameter of 2 to 9 mm or an increase in ovarian volume of more than 10 ml [56].
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Figure 6. Comparison between a normal ovary and a polycystic ovary using ultrasound [57]

Signs are used as a basis for diagnosing the syndrome: irregular menstrual cycles, ultrasound, and
blood tests for reproductive hormones E2 and FSH will be normal or low with PCOS, and LH will be elevated.

In addition, there are external symptoms such as acne and hirsutism [58].

C. Treatment of Polycystic Ovary Syndrome

1. Lifestyle changes: Increasing daily activity along with eating a diet rich in fiber and low in sugars will
help reduce excess weight and maintain a healthy waist circumference, thus eliminating the syndrome
and its symptoms [59].

2. Medical treatment and the most important treatments used below

3. Metformin is a type of drug that helps stimulate ovulation and egg formation. It lowers blood glucose
levels by increasing insulin sensitivity without increasing insulin concentration. It also improves and
regulates the menstrual cycle and reduces miscarriage in women with polycystic ovary syndrome [60].

4. Clomid (Clomiphene citrate) is one of the ovulation medications and the most common treatment for
polycystic ovary syndrome. It helps stimulate the process of egg formation, follicle growth, and doubling

their number [61].

D. Oxidative Stress

Oxidative stress is associated with PCOS, as an increase indicates an imbalance between oxidants
and antioxidants in women with PCOS [62]. Low antioxidant levels and increased oxidative stress associated
with insulin resistance suggest that women with PCOS may be exposed to oxidative stress. This plays a role
in the pathophysiology of the syndrome and may therefore be a contributing factor to the risk of

cardiovascular disease[63].
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Oxidative stress is a condition resulting from an imbalance between antioxidants and reactive oxygen
species plays a role in a variety of diseases, including polycystic ovary syndrome and endometriosis.
Consequently, mitochondrial mutations lead to impaired oxidative phosphorylation, decreased ATP
production, and increased production of reactive oxygen species [64]. Unlike nuclear DNA, which is found in
the cell nucleus and is inherited from both parents, mitochondrial DNA is inherited from the mother only
[65]. Due to its unique genetic pattern, mitochondrial DNA can be used to determine maternal lineages. It is
less susceptible to genetic replication and has a higher mutation rate than DNA, making it useful for analyzing
the evolution and history of populations [66]. Any defect in the concentration of mitochondrial DNA
replication affects the figuration of many mutations, while mitochondrial DNA shows a deficiency in histone
protection and DNA damage repair systems [67]. In fact, previous studies have shown that mitochondrial

DNA mutations contribute to several diseases, including PCOS [68].
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Figure 7. The association between oxidative stress and polycystic ovary syndrome

Menopause has been found to hurt ovarian follicles, disrupting their normal growth and maturation.
Excessive levels of reactive oxygen species can damage oocytes and granulosa cells within follicles, negatively
impacting their quality and fertility [65]. Almost 20 years ago, data revealed elevated OS concentrations and
decreased antioxidant capacity in women with polycystic ovary syndrome [69]. Especially in women with
PCOS associated with obesity or metabolic syndrome [70] [71]. A study has shown that oxidative stress

enhances the activity of steroidogenic enzymes in the ovary and stimulates the secretion of androgens [72].
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The regulation of ovulation is influenced by fluctuating concentrations of gonadotropins,
particularly FSH and LH, secreted by the pituitary gland [73]. Some researchers have described the role of
reactive oxygen species in the ovulation process. The increased secretion of luteinizing hormone before
ovulation leads to the Release of inflammatory substances within the ovary [73]. This leads to an
overproduction of reactive oxygen species. Elevated concentration of reactive oxygen species plays a crucial
role in key aspects of the ovulation process, including cumulus cell expansion, progesterone production, the
expression of preovulatory genes, and the activation of ovulatory signals [74]. Antioxidants have been studied
for their importance in treating polycystic ovary syndrome[75]. It was found that vitamins C and E work to
reduce reactive oxygen species by protecting cells from oxidative damage. [76] [77] These vitamins may
support ovarian function and hormonal balance. Vitamin supplements are effective in reducing lipid levels in
women with PCOS. [78] [79] Metformin has been shown to have anti-inflammatory effects, contributing to
reduced inflammation through its antioxidant properties [80]. Metformin has also been found to have
protective effects on endothelial cells due to its antioxidant properties [81]. Selenium can also modulate
immune responses and inflammation. Therefore, chronic low-grade inflammation is associated with
polycystic ovary syndrome, and selenium's anti-inflammatory effects may contribute to improving its
symptoms[82] [83]. Oxidative stress is one of the stress factors that contribute to the pathogenesis of PCOS.
It is important to note that oxidative stress in PCOS may be linked to numerous disorders and diseases,
including insulin resistance, hyperandrogenism, obesity, chronic inflammation, cardiovascular disease, and

cancer. [84]
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E. Glutathione and Polycystic Ovary Syndrome

Glutathione is the most abundant low molecular weight thiol within cells and body tissues that plays
a key role in many cellular processes, including its antioxidant action, its role in regulating protein function
and stability, gene expression, cell proliferation, and the regulation of intercellular signaling [85]. It is one of
the important non-enzymatic antioxidants that is produced inside the body [86]. It consists of three amino
acids: glutamate, cysteine, and glycine. Its antioxidant activity is distinguished by its containing the thiol

group of cysteine [87].
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Figure 9. Chemical structure of glutathione [88]

A study has shown that glutathione levels are significantly lower in patients with polycystic ovary
syndrome (PCOS). Low levels may be indirectly linked to insulin resistance. Low glutathione levels may also
be a result of increased glucose utilization under hyperglycemic conditions. It was reported that the presence
of impaired mitochondrial function in patients with PCOS is evident from a decrease in mitochondrial oxygen
consumption and, consequently, a decrease in glutathione levels and a weakening of the plasma membrane

potential [89].

F. Superoxide Dismutase and Polycystic Ovary Syndrome

It is a functional antioxidant enzyme for physiological defense strategies in animals and plants
against free radicals and reactive oxygen species resulting from biotic and abiotic stress [90]. It consists of
proteins and mineral cofactors [91] that catalyze the dissociation of superoxide radicals into hydrogen
peroxide and oxygen. Superoxide dismutase proteins form the first line of defense against damage caused by
reactive oxygen species [92]. A study has shown that SOD enzymes constitute an important antioxidant
defense against oxidative stress in the body. The enzyme works as a good therapeutic agent against diseases
caused by reactive oxygen species. It describes the therapeutic effects of superoxide dismutase in various
physiological and pathological conditions. Such as cancer, inflammatory diseases, cystic fibrosis, stroke,
aging, rheumatoid arthritis, diabetes, and polycystic ovary syndrome [93].

The balance between active oxygen radicals and antioxidants greatly affects reproductive activities,

such as changes in the endometrium in the different luteal phases, follicle formation, ovulation, fertilization,
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conception, placental development, and embryogenesis [94]. However, under conditions of oxidative stress,
impaired reproduction and fertility may occur. Including ovarian dysfunction, deterioration in the number of
eggs, and growth disorders. It is also noted that antioxidants play an important role in the functions of the
female reproductive system. Therefore, polycystic ovary syndrome is associated with a decrease in the
concentration of antioxidants, which indicates an increase in oxidative stress [95].

Serum SOD activity may be a clinical marker for identifying systemic oxidative stress in PCOS Study
[96] indicated an increase in the concentration of SOD in the blood serum of patients with the syndrome, and
that the widespread signs of oxidative stress are abnormal in women with polycystic ovary syndrome,

regardless of excess weight.

G. Catalase Activity and Polycystic Ovary Syndrome

They are mineral antioxidant enzymes essential for life. They contribute to the process of oxygen
metabolism inside cells and regulate hydrogen peroxide by accelerating its decomposition and reduction into
water and oxygen [97], as in the figure.

This group of enzymes performs its function in reducing hydrogen peroxide resulting from the activity
of SOD into water and lowering its level to the normal level, in cooperation with peroxidase. Antioxidant levels
have been linked to polycystic ovary syndrome. Reduced catalase activity has been found in PCOS patients.
This decrease is due to increased hydrogen peroxide production and elevated malondialdehyde
concentrations, which can disrupt several enzymes associated with the plasma membrane. The increase in
the intake of lipid peroxides may be associated with a deficiency of the enzyme superoxide dismutase in the
body tissues, and the decrease in the activity of the enzyme catalase may be due to enzyme depletion as a

result of oxidative stress [98].

H. Malondialdehyde and Polycystic Ovarian Syndrome

Malondialdehyde (MDA) is one of the end products of unsaturated fatty acid oxidation and lipid
peroxidation [99] [100]. Lipids are among the most biomolecules exposed to oxidative stress, and MDA is the
main product of lipid peroxidation. It is a toxic molecule and should be considered not only as a marker of
lipid peroxidation, but it can also interact with proteins and DNA, leading to oxidative stress [101] [102]. MDA
levels are a good indicator of the level of lipid peroxidation and a biomarker of some diseases, especially
atherosclerosis. The end products of lipid peroxidation were used as the best and easiest way to measure them
through their products [103]. Malondialdehyde represents 20% of the end products derived from lipid
peroxidation, and it is characterized by stability and a long half-life compared to other peroxidation products,
so MDA is considered an indicator of the occurrence of oxidation [104].

Several studies have found a relationship between malondialdehyde levels and polycystic ovary
syndrome [105]. Patients with PCOS have been found to have elevated levels, which may be due to fatty tissue.

Malondialdehyde is an end product of lipid oxidation and a hallmark of damage resulting from oxidative
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stress, which increases ROS production in patients with polycystic ovary syndrome [106]. Its concentration
may also increase as a result of a decrease in the estrogen hormone, as estrogen acts as an antioxidant by
scavenging free radicals due to the presence of the phenol hydroxyl group [107]. In the synthesis of estrogen
[108], it has been proven that estradiol regulates the gene expression of antioxidant systems, including
superoxide dismutase, by activating the mitogen-activated protein kinase signaling pathway, which is another
example of the antioxidant effects of estrogen [109]. A study found that there is a close link between oxidative
stress and inflammatory factors. It is difficult to distinguish inflammation from oxidative stress. An elevated
level of tumor necrosis factor was found in women with PCOS compared to the normal rate [110].
Inflammation activates reactive oxygen species by activating redox-sensitive transcription factors such as
nuclear factor-kappa-B, adaptor protein-1, and hypoxia-inducible factor-1, which regulate the expression of
inflammatory cytokines, leading to increased oxidative stress [111].

Reactive oxygen species may negatively affect oocytes by using oxygen to produce energy, causing
oxidative phosphorylation of mitochondria and thus damaging them [112]. What increases the oxidation state
is that the egg membranes contain high levels of unsaturated fatty acids, which are usually sensitive to
oxidation compounds when they are available in the environment, causing damage to the egg through the
process of lipid peroxidation. This oxidation can lead to functional and structural changes in the eggs, causing
their damage [113]. Reactive oxygen radicals also impede embryonic development in the early stages after
fertilization by negatively affecting key cellular organelles required for rapid cell division [114]. It has been
observed that reactive oxygen species contribute to the loss of sensitivity of granulosa cells to LH and FSH
hormones, thus preventing steroid synthesis and damaging the DNA of ovarian endothelial cells or causing
programmed cell death. Also, the increase in MDA levels causes obstruction of the activity of the antioxidant
superoxide dismutase system and depletion of glutathione in the eggs. The effect of oxidative stress on the
follicles directly harms the defensive role of antioxidants and hinders the eggs, and may lead to damage to
the egg DNA, which leads to fertility disorders such as repeated miscarriages and congenital malformations
in the living fetus [115]. Physiological levels of reactive oxygen species are required for the proper functioning
of various biological pathways and for maintaining balance within the human body. Low levels of free radicals
act as modifiers in female reproductive pathways such as egg maturation, physiological follicle atresia, egg
fertilization, and the formation and dissolution of the corpus luteum during pregnancy [116]. At puberty, the
monthly maturation of the parenchymal follicle into a Graafian follicle occurs, and normal concentration of
reactive oxygen species helps in the resumption of meiosis as well as in the development of the dominant

oocyte. It has been proven that increased concentrations of antioxidants prevent this process [117].

Conclusion

Oxidative stress has also been found to play a pivotal role in the development of this syndrome. The

accumulation of free radicals and low levels of antioxidants leads to an oxidative imbalance, which
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contributes to insulin resistance, ovulation disorders, poor egg quality, and increased levels of chronic low-
grade inflammation. This is also associated with an increased risk of many of the diseases associated with the
syndrome. Therefore, high antioxidant levels are the primary line of defense against free radicals and their
damage. Therefore, introducing antioxidants, whether enzymatic or non-enzymatic, can improve tissue
response to insulin. It reduces markers of inflammation and supports ovarian health by improving the egg
environment and maturation. Therefore, enhancing antioxidants is a promising strategy to support
conventional treatment for PCOS, especially when combined with lifestyle changes such as physical activity

and a balanced diet.
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