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Abstract: Polycystic Ovary Syndrome (PCOS) is a common endocrine disorder among women of their reproductive age and contributor to 

infertility globally. Hormonal imbalance, irregular ovulation, hyperandrogenism, and metabolic abnormalities are all signs of this condition. 

These can all make ovarian function and reproductive outcomes worse. In recent years, there has been more interest in follicular fluid 

biomarkers and help in finding out the causes of PCOS and help in the treatment of PCOS and infertility in women's. Follicular fluid is a 

biological fluid that surrounds the developing oocyte in the ovarian follicle and creates an environment that is necessary for the oocyte to grow 

and mature and its development. It contains such as hormones, proteins, cytokines, metabolites, antioxidants, and growth factors. These parts 

are important for controlling the growth of follicles, in maturation of oocytes, ovulation, and development of embryos. Changes in the content of 

follicular fluid can show changes in the ovarian microenvironment and may affect reproduction. This review examines the allover function of 

follicular fluid biomarkers in polycystic ovary syndrome (PCOS) and related infertility. It talks about what follicular fluid is made of the various 

types of biomarkers that are found in it, such as hormonal biomarkers, protein biomarkers, cytokines and inflammatory markers, and oxidative 

stress biomarkers etc. These biomarkers play a role in different physiological processes in the ovarian follicle, such as controlling hormones 

level, the immune system, oxidative balance in the body, and cellular metabolism. Number of studies have indicated changes in the levels of 

biomarkers in women with PCOS, and infertility, its disrupting the normal follicular microenvironment and disturbing the oocyte development. 

Elevated oxidative stress, inflammatory responses, and metabolic disturbances in follicular fluid have been connected with oocyte quality and 

reduced fertility rate. Consequently, the examination of follicular fluid biomarkers may help in yielding significant insights into the mechanism 

of infertility in PCOS. In conclusion, the examination of follicular fluid biomarkers for enhancing comprehension, diagnosis, and treatment of 

infertility linked and it's related to PCOS is important. Future research focusing on advanced molecular methodologies and biomarker 

identification may facilitate efficacious diagnostic instruments and different therapeutic approaches in reproductive medicine. 
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I. INTRODUCTION 

olycystic Ovary Syndrome (PCOS), one of the most 

common endocrine disorders among women of 

reproductive age, is characterized by hormonal 

imbalance, irregular menstrual cycles, hyperandrogenism, and 

the presence of multiple ovarian cysts. PCOS is recognized as 

one of the leading causes of female infertility and is also 

associated with several metabolic abnormalities. [11, 12] 

The inability to become pregnant after a year or more of 

frequent unprotected sex is considered infertility. In women 

with PCOS, infertility primarily results from ovulatory 

dysfunction and impaired follicular development. The ovarian 

follicle plays a crucial role in  

Oocyte maturation, and the follicular environment 

significantly influences oocyte quality in women with PCOS1 

Follicular fluid is a nutrient-rich, viscous liquid that fills 

the antrum of ovarian follicles and surrounds the developing 

oocyte. It provides a specialized microenvironment essential 

 
 

for oocyte maturation, follicular growth, and development. 

The composition of follicular fluid reflects both systemic 

metabolic status and ovarian function. Therefore, it offers 

valuable insights into the physiological and biochemical 

processes occurring during follicular maturation. [17, 20 

recently, increasing attention has been directed toward 

identifying biomarkers in follicular fluid. Biomarkers are 

measurable indicators of normal biological processes, 

pathological changes, or responses to therapeutic 

interventions. In PCOS and infertility, these biomarkers 

include hormones, cytokines, growth factors, oxidative stress 

markers, and various proteins involved in follicular maturation 

and oocyte development. Alterations in these biomarkers can 

adversely affect oocyte quality, embryo development, and 

fertilization success. [4, 5, 6] 

Women with PCOS often exhibit significant changes in the 

follicular microenvironment, including hormonal imbalance, 

oxidative stress, inflammation, and metabolic disturbances. 

These alterations may impair follicular development, reduce 

fertility, and contribute to infertility. Understanding these 

biomarkers is therefore essential for elucidating the 

P 
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relationship between PCOS, ovarian dysfunction, and 

reproductive failure. [2, 3] 

Furthermore, studying follicular fluid biomarkers can 

improve assisted reproductive techniques such as in vitro 

fertilization (IVF). Identification of novel biomarkers may 

also facilitate the development of targeted therapeutic 

strategies to enhance fertility outcomes in women with PCOS 

and address other ovarian disorders. [10, 15] 

Background Overview 

PCOS is a multifactorial disorder influenced by genetic, 

hormonal, metabolic, and environmental factors. Although its 

exact pathogenesis remains unclear, disruption of the 

hypothalamic-pituitary-ovarian axis is considered central, 

leading to hyperandrogenism and abnormal follicular 

maturation. As a result, many follicles fail to mature properly 

and accumulate as cysts within the ovaries. [11, 29] 

The follicular microenvironment is critical for proper 

oocyte growth and maturation. Follicular fluid serves as a 

communication medium between the oocyte and surrounding 

granulose cells. Any imbalance in this microenvironment can 

negatively affect follicular development and oocyte 

competence. [18, 19] 

Recent research has increasingly focused on the 

composition of follicular fluid and its role in reproductive 

disorders such as PCOS. Various biochemical and molecular 

biomarkers have been identified that reflect follicular health 

and oocyte quality. [6, 17] 

Alterations in follicular fluid composition in women with 

PCOS affect key biological pathways involved in 

folliculogenesis and oocyte maturation. For example, elevated 

oxidative stress biomarkers can interfere with normal 

follicular development, impair oocyte quality, and reduce 

fertilization rates. [3, 21] 

Therefore, analysis of follicular fluid composition is highly 

valuable in understanding PCOS-associated infertility. 

Identification of specific biomarkers may aid in early 

diagnosis and support the development of effective therapeutic 

interventions for affected women. [1, 5] 

The primary aim of this review is to provide a 

comprehensive overview of follicular fluid composition, 

associated biomarkers, and their role in PCOS-related 

infertility. Particular emphasis is placed on the biochemical 

and molecular alterations observed in women with PCOS. [4, 

17] 

Importance of Biomarkers in Follicular Fluid 

Biomarkers play a vital role in understanding pathological 

and physiological processes associated with reproduction. In 

disorders such as PCOS and infertility, reproductive 

biomarkers are measurable substances that reflect cellular and 

biochemical events occurring within the ovarian follicle. [4, 6] 

Follicular fluid is particularly valuable for biomarker 

analysis because of its direct contact with the oocyte. It 

contains numerous bioactive molecules, including hormones, 

growth factors, cytokines, and metabolites, which regulate 

folliculogenesis, oocyte maturation, and communication 

between the oocyte and granulose cells. [17, 19] 

Studies have demonstrated that the molecular composition 

of follicular fluid strongly influences oocyte quality and 

fertilization potential. Important hormonal biomarkers include 

insulin-like growth factor-1 (IGF-1), leptin, and other 

granulose cell-secreted factors. [7, 15] 

Metabolic and molecular alterations, including changes in 

microRNAs and proteins, have also been identified in 

follicular fluid. These molecules regulate signalling pathways 

essential for follicular development and oocyte maturation. [8, 

16] 

Another important application of follicular fluid 

biomarkers is in assisted reproductive technologies, 

particularly IVF. Several biomarkers have been shown to 

correlate with fertilization success, embryo quality, and 

pregnancy outcomes. [10, 27] 

Recent advances in metabolomics and proteomics have 

further expanded the utility of follicular fluid biomarker 

analysis in predicting infertility and reproductive outcomes. 

These approaches may help develop more effective diagnostic 

and therapeutic strategies for women with PCOS-related 

infertility. [5, 18] 

Linking Follicular Fluid Biomarkers to PCOS and 

Infertility 

 

 
Fig. 1. Impact of Follicular Fluid Microenvironment and Biomarkers on 

Oocyte Development and Fertility in PCOS [Created by author] 

 

Follicular fluid is a specialized biological fluid that 

contains nutrients, hormones, proteins, and other essential 

components required for the growth and development of the 

oocyte. It provides a crucial microenvironment for oocyte 

maturation, follicular growth, and communication between the 

oocyte and surrounding granulose cells. [17, 20] 

Disturbed Follicular Environment in PCOS 

PCOS significantly alters the follicular microenvironment 

through various biochemical, hormonal, and metabolic 

changes. These alterations affect follicular growth, oocyte 

maturation, and ovulation. Studies have demonstrated that 

follicular fluid obtained from women with PCOS differs 

markedly from that of healthy women. [2, 4] 
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Role of Hormonal and Metabolic Biomarkers 

Hormonal and metabolic factors present in follicular fluid 

are essential for normal follicular development and oocyte 

maturation. Several studies have identified important 

biomarkers, including anti-Müllerian hormone (AMH), 

insulin-like growth factor-1 (IGF-1), and leptin, in women 

with PCOS and infertility. These biomarkers regulate 

follicular development, granulose cell function, and metabolic 

homeostasis within the follicle. Abnormal levels of these 

hormones are strongly associated with infertility in women 

with PCOS. [7, 15] 

Metabolomics has further enhanced our understanding of 

PCOS by revealing significant alterations in follicular fluid 

metabolites, particularly in lipid metabolism, purine 

metabolism, and steroid biosynthesis pathways. [22, 26] 

Oxidative Stress Biomarkers and Oocyte Quality 

Oxidative stress is a major factor implicated in PCOS-

related infertility. An imbalance between reactive oxygen 

species (ROS) and antioxidant defenses is the cause. Analysis 

of follicular fluid has identified several oxidative stress 

biomarkers, including total antioxidant capacity, lipid 

peroxidation products, and isoprostanes. [3, 21] 

In women with PCOS, these biomarkers are often 

significantly altered, leading to increased oxidative stress 

within the follicular microenvironment. This oxidative 

imbalance negatively affects oocyte quality, embryo 

development, and the outcomes of assisted reproductive 

techniques such as in vitro fertilization (IVF). [21, 37] 

Lipid and Metabolite Biomarkers 

Recent advances in lipidomics and metabolomics have 

enabled the identification of specific lipid and metabolic 

biomarkers in follicular fluid associated with PCOS. 

Metabolomic studies have revealed distinct biochemical 

fingerprints linked to infertility, including abnormalities in 

cellular signalling, inflammation, apoptosis, and cellular 

proliferation. [22, 26] 

These metabolic disturbances can impair normal oocyte 

development, reduce fertilization rates, and compromise 

embryo development. [18, 27] 

Impact on Infertility and Assisted Reproductive Outcomes 

The composition of follicular fluid plays a central role in 

determining fertility outcomes in women with PCOS. Since 

follicular fluid directly surrounds the developing oocyte, 

alterations in its biomarker profile can significantly affect 

oocyte maturation, fertilization, and embryo quality. [10, 17] 

Biomarker analysis helps establish the link between PCOS 

and infertility by revealing changes in hormonal signalling, 

metabolic pathways, and lipid profiles that impair follicular 

development and oocyte competence. This research has 

greatly improved our understanding of PCOS pathophysiology 

and has important implications for diagnosis and infertility 

treatment. [5, 24] 

Goal of this Review 

PCOS is a complex endocrine and metabolic disorder that 

profoundly affects reproductive health and is a leading cause 

of infertility in women of reproductive age. It is characterized 

by hormonal imbalance, insulin resistance, chronic 

inflammation, and abnormal follicular development, all of 

which disrupt the ovarian microenvironment and impair 

oocyte maturation and ovulation. [11, 29] 

The primary objective of this review is to provide a 

comprehensive overview of the role of follicular fluid 

biomarkers in PCOS-associated infertility. It examines their 

identification, characterization, biological functions, and 

clinical significance. [4, 6] 

Another major aim is to evaluate how alterations in the 

follicular microenvironment influence oocyte quality and 

reproductive outcomes. Since follicular fluid contains essential 

nutrients and signalling molecules necessary for oocyte 

development, any imbalance can adversely affect egg 

maturation and fertilization. [19, 23] 

This review also highlights recent advances in molecular 

biology, proteomics, metabolomics, and genomics that have 

facilitated the identification of novel follicular fluid 

biomarkers. These emerging technologies provide deeper 

insights into the mechanisms underlying PCOS and infertility, 

ultimately supporting the development of targeted therapies to 

improve ovarian function and fertility outcomes in affected 

women. [8, 16] 

Composition of Follicular Fluid 

Follicular fluid is a specialized biological fluid that fills the 

antral cavity of the ovarian follicle and surrounds the 

developing oocyte. It provides the essential microenvironment 

required for follicular growth, oocyte maturation, and 

developmental competence. Its composition reflects both 

blood plasma constituents and secretions from ovarian 

follicular cells, particularly granulose and theca cells. [17, 20] 

1. Hormones 

Hormones play a central role in regulating follicular 

development and oocyte maturation. Steroid hormones such as 

estradiol, progesterone, and androgens are major constituents 

of follicular fluid. Estradiol is particularly abundant during the 

mid-follicular and preovulatory stages, where it promotes 

granulose cell proliferation and supports follicular growth. [7, 

15] 

2. Proteins and Enzymes 

Proteins are major components of follicular fluid and are 

involved in cellular communication, enzymatic reactions, 

structural support, and oocyte development. Proteomic studies 

have identified thousands of proteins within follicular fluid, 

many of which are crucial for folliculogenesis, oocyte 

maturation, and embryo development. [6, 16] 

3. Cytokines and Inflammatory Mediators 

Follicular fluid contains numerous cytokines and 

inflammatory mediators that regulate immune responses and 

cellular signalling within the ovarian follicle. Important 
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cytokines include interleukin-6 (IL-6), tumour necrosis factor-

alpha (TNF-α), and granulocyte colony-stimulating factor (G-

CSF). These molecules contribute to follicular growth, 

ovulation, and tissue remodelling. [18, 19] 

4. Lipids and Metabolic Substances 

Lipids and metabolic substrates are essential for providing 

energy to the developing oocyte. Major lipid components 

include cholesterol, triglycerides, and phospholipids, while 

glucose, pyruvate, lactate, and amino acids serve as critical 

metabolic fuels. Lipids are also indispensable for steroid 

hormone biosynthesis and cell membrane formation. 

Alterations in lipid metabolism can significantly affect oocyte 

quality and developmental potential. [22, 26] 

5. Growth Factors and Signaling Molecules 

Growth factors regulate cellular proliferation, 

differentiation, and follicular maturation. Key growth factors 

found in follicular fluid include insulin-like growth factors 

(IGFs), epidermal growth factor (EGF), transforming growth 

factor-beta (TGF-β), and vascular endothelial growth factor 

(VEGF). These factors are essential for granulose cell 

function, angiogenesis, and oocyte competence. [19, 23] 

6. Reactive Oxygen Species and Antioxidants 

Follicular fluid contains both reactive oxygen species 

(ROS) and antioxidant defense systems. Physiological levels 

of ROS are necessary for normal follicular development, 

oocyte maturation, and ovulation. However, excessive ROS 

can induce oxidative stress, resulting in impaired oocyte 

quality and reduced fertility. Antioxidants help maintain redox 

balance and protect against oxidative damage. [3, 21] 

7. Extracellular Vesicles and MicroRNAs 

Recent studies have identified extracellular vesicles and 

microRNAs (miRNAs) as important components of follicular 

fluid. These molecules mediate intercellular communication 

and regulate gene expression involved in folliculogenesis, 

oocyte maturation, and early embryonic development. 

Alterations in their expression have been associated with 

PCOS and infertility. [8, 16] 

Follicular fluid is therefore a highly complex mixture of 

hormones, proteins, lipids, cytokines, metabolites, 

antioxidants, extracellular vesicles, and signalling molecules. 

Changes in its composition can directly affect oocyte quality, 

fertilization, embryo development, and reproductive 

outcomes. Consequently, follicular fluid biomarker analysis 

has become an important tool in reproductive medicine and 

infertility management. [4, 5] 

In addition to these major components, follicular fluid 

contains electrolytes such as sodium, potassium, calcium, 

magnesium, and chloride, which regulate osmotic pressure, 

pH, and cellular signalling. Calcium, in particular, plays a vital 

role in oocyte activation and maturation. [20, 23] 

Carbohydrates and energy substrates, including glucose, 

lactate, and pyruvate, provide metabolic energy to both 

granulose cells and oocytes. Since oocytes rely heavily on 

surrounding granulose cells for metabolic support, these 

substrates are critical for their developmental competence. [18, 

19] 

Amino acids such as alanine, glycine, leucine, and 

glutamine contribute to protein synthesis, cellular metabolism, 

and embryo development. Antioxidants further protect the 

follicular environment by neutralizing free radicals and 

maintaining oxidative balance. [21, 37] 

Cholesterol serves as the precursor for steroid hormone 

synthesis, including estrogen and androgens. Hyaluronic acid 

and proteoglycans are important for cumulus expansion, 

oocyte maturation, and fertilization. Follicular fluid also 

contains a small population of granulose cells and immune 

cells that secrete signalling molecules essential for follicular 

development and ovulation. [19, 23] 

 
TABLE 1: Major biochemical components present in follicular fluid and their 

roles in follicular development and oocyte maturation. (Created by author) 

Component 

Category 
Examples of Components 

Biological Role in 

Follicular Development 
and Oocyte Maturation 

Hormones 

Estradiol, Progesterone, 

Androgens, Follicle-
Stimulating Hormone 

(FSH), Luteinizing 

Hormone (LH), Anti-
Müllerian Hormone 

(AMH) 

Regulate follicular growth, 

steroid genesis, ovulation, 
and maturation of the 

oocyte. 

Proteins and 
Enzymes 

Albumin, Globulins, 
Enzymes, Binding proteins 

Maintain osmotic balance, 
support metabolic 

processes, and participate 

in cellular communication 
within the follicle. 

Cytokines and 
Inflammatory 

Mediators 

Interleukin-6 (IL-6), 

Tumor Necrosis Factor-α 
(TNF-α), Granulocyte 

Colony-Stimulating Factor 

(G-CSF) 

Regulate immune 

responses, inflammation, 

granulose cell activity, and 
ovulatory processes. 

Lipids and 

Metabolic 
Molecules 

Cholesterol, Triglycerides, 

Phospholipids, Glucose, 
Amino acids 

Provide energy substrates 

for the oocyte and 

contribute to steroid 
hormone synthesis and 

membrane formation. 

Growth Factors 

Insulin-like Growth Factor 
(IGF), Epidermal Growth 

Factor (EGF), 

Transforming Growth 
Factor-β (TGF-β), 

Vascular Endothelial 

Growth Factor (VEGF) 

Promote follicular cell 

proliferation, 

differentiation, 
angiogenesis, and oocyte 

maturation. 

Oxidative Stress 

Markers and 

Antioxidants 

Reactive Oxygen Species 
(ROS), Total Antioxidant 

Capacity (TAC), 

Superoxide Dismutase 
(SOD) 

Maintain redox balance 
within the follicular 

microenvironment and 

protect the oocyte from 
oxidative damage. 

Extracellular 

Vesicles and 

Genetic 
Molecules 

MicroRNAs (miRNAs), 
Exosomes, Small RNA 

molecules 

Facilitate intercellular 

communication and 
regulate gene expression 

involved in follicular 

development. 

Types of Follicular Fluid Biomarkers 

1. Hormonal Biomarkers 

Hormones are among the most important components of 

follicular fluid, as they regulate follicular growth, oocyte 

maturation, and ovulation. These hormones originate from 

both the systemic circulation and local ovarian follicular cells. 

The hormonal composition of follicular fluid reflects follicular 
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function and oocyte quality, making it a valuable area of 

research in fertility disorders such as PCOS. Numerous studies 

have demonstrated that follicular fluid hormone levels are 

closely associated with oocyte competence, fertilization 

potential, and embryo development. [7, 15] 

Estradiol 

Estradiol is the principal estrogen present in follicular fluid 

and is secreted primarily by granulose cells. It promotes 

granulose cell proliferation, follicular development, and 

oocyte maturation. High follicular fluid estradiol 

concentrations are generally associated with mature, high-

quality oocytes and improved fertilization rates during assisted 

reproductive procedures. In women with PCOS, estradiol 

levels may be altered due to abnormal steroid genesis and 

disrupted follicular development, which can negatively affect 

oocyte quality. [7, 25] 

Progesterone 

Progesterone is another key steroid hormone present in 

follicular fluid. It is produced by granulose cells, particularly 

following the luteinizing hormone surge. Progesterone 

prepares the follicle for ovulation and supports subsequent 

embryonic development. Elevated progesterone levels in 

follicular fluid typically indicate follicular maturity and 

readiness for ovulation, whereas abnormal levels may 

contribute to impaired follicular maturation and reduced 

fertility. [15, 19] 

Androgens 

Androgens, including testosterone and androstenedione, 

are synthesized within the ovarian follicle and serve as 

precursors for estrogen biosynthesis. They are essential for 

early follicular development and follicle-stimulating hormone 

responsiveness. Women with PCOS often exhibit elevated 

androgen concentrations in follicular fluid, which can disrupt 

normal folliculogenesis and contribute to infertility. [11, 29] 

Follicle-Stimulating Hormone (FSH) 

Follicle-stimulating hormone is a vital regulator of 

granulose cell activity, follicular maturation, and oocyte 

development. Its concentration in follicular fluid reflects the 

degree of follicular maturation and ovarian responsiveness. 

Reduced FSH activity may contribute to impaired follicular 

development, particularly in women with PCOS. [13, 14] 

Luteinizing Hormone (LH) 

Luteinizing hormone plays a central role in final follicular 

maturation, ovulation, and androgen production by theca cells. 

Elevated LH levels and an increased LH/FSH ratio are 

characteristic features of PCOS. Such hormonal abnormalities 

can interfere with normal follicular maturation and ovulation, 

leading to infertility. [11, 29] 

Anti-Müllerian Hormone (AMH) 

Anti-Müllerian hormone is secreted by granulose cells of 

small growing follicles and serves as an important marker of 

ovarian reserve. AMH regulates primordial follicle 

recruitment and prevents excessive follicular activation. 

Women with PCOS typically exhibit elevated AMH levels, 

reflecting increased numbers of small antral follicles and 

abnormal folliculogenesis. [12, 14] 

Clinical Significance of Hormonal Biomarkers 

Hormonal biomarkers present in follicular fluid provide 

valuable information regarding the physiological status of the 

ovarian follicle. Alterations in hormone concentrations can 

influence follicular development, oocyte quality, fertilization, 

embryo implantation, and pregnancy outcomes. Therefore, 

these biomarkers are widely used in reproductive medicine 

and assisted reproductive technologies to assess ovarian 

function and fertility potential. [10, 17] 

Understanding hormonal biomarkers is particularly 

important in PCOS, where endocrine imbalance is a major 

cause of infertility. Abnormal hormonal profiles in follicular 

fluid can aid in diagnosis, prognosis, and the development of 

targeted therapeutic strategies aimed at restoring hormonal 

balance and improving reproductive outcomes. [4, 5] 

Furthermore, advanced analytical techniques such as 

proteomics and mass spectrometry have enabled the 

identification of numerous follicular fluid proteins and their 

interactions with hormonal pathways. These technologies 

continue to expand our understanding of ovarian physiology 

and may lead to the discovery of novel biomarkers for the 

diagnosis and treatment of PCOS-related infertility. [6, 16] 

 

 
Fig. 2. Hormonal Regulation of Ovarian Follicle and Oocyte Maturation 

through Follicular Fluid Biomarkers.[Created by author] 

Protein Biomarkers in Follicular Fluid 

Protein biomarkers are present in follicular fluid and play a 

major role in regulating follicular growth, oocyte 

development, and reproductive outcomes. These proteins 

originate from granulose cells, theca cells, and oocytes, while 

several plasma proteins enter the follicular fluid through the 

blood-follicle barrier. They reflect the physiological, 

biochemical, and metabolic status of the follicle and are 

valuable indicators of follicular health, oocyte quality, and 

implantation potential. [17, 20] 
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Major Protein Biomarkers in Follicular Fluid 

Albumin 

Albumin is one of the most abundant proteins in follicular 

fluid. [20, 33] It is derived mainly from blood plasma and 

enters the follicular fluid through the follicular membrane. 

[20] Albumin helps maintain osmotic pressure and transports 

hormones, fatty acids, vitamins, and other essential molecules. 

[33] Additionally, it exhibits antioxidant properties by binding 

reactive oxygen species, thereby protecting oocytes from 

oxidative damage. [38, 39] Higher albumin concentrations 

contribute to a stable microenvironment that supports optimal 

oocyte growth and maturation. [33] 

Transferrin 

Transferrin is an iron-binding glycoprotein that regulates 

iron transport within the follicular microenvironment. [33] It 

maintains iron homeostasis, supports cellular metabolism, and 

prevents iron-induced oxidative stress. [38, 39] Transferrin 

also promotes granulose cell function and enhances oocyte 

developmental competence. [10, 33] Appropriate transferrin 

levels are therefore essential for maintaining oocyte quality 

and fertilization capacity. [10] 

Inhibin and Activin 

Glycoproteins belonging to the transforming growth 

factor-beta (TGF-β) superfamily include activin and inhibin. 

[23, 42] They play crucial roles in regulating follicle-

stimulating hormone (FSH) secretion, follicular recruitment, 

and granulose cell proliferation. [23] These proteins 

coordinate follicular development and influence oocyte 

maturation. [42] 

Growth Factors 

Several growth factors in follicular fluid act as important 

protein biomarkers, including insulin-like growth factor (IGF), 

transforming growth factor-beta (TGF-β), and epidermal 

growth factor (EGF). [23, 42] These molecules regulate 

granulose cell proliferation, differentiation, follicular survival, 

and oocyte competence. [42, 43] Insulin-like growth factor 

binding proteins further modulate IGF activity within the 

follicular microenvironment. [33] 

Heat Shock Proteins (HSPs) 

Heat shock proteins protect follicular cells against 

environmental and physiological stress. [6] They maintain 

protein stability, assist in proper protein folding, and support 

follicular development. [6, 43] HSPs also play important roles 

in oocyte maturation and early embryonic development. [43] 

Altered HSP expression may indicate oxidative stress or 

cellular injury within the follicle. [38] 

Cytokine Proteins 

Cytokines are small signalling proteins that regulate 

immune and inflammatory responses in the follicle. [21, 24] 

Important cytokines in follicular fluid include interleukins, 

tumor necrosis factor-alpha (TNF-α), and colony-stimulating 

factors. [21] These molecules facilitate follicular rupture, 

ovulation, and tissue remodeling. [19, 24] However, excessive 

cytokine production may impair follicular development and 

reduce fertility. [24] 

Role of Protein Biomarkers in PCOS and Infertility 

In polycystic ovary syndrome (PCOS), the protein 

composition of follicular fluid is often altered due to hormonal 

imbalance, oxidative stress, chronic inflammation, and 

metabolic disturbances. [6, 11] These changes can impair 

granulose cell function, disrupt folliculogenesis, and 

compromise oocyte quality. [29, 30,] Abnormal concentrations 

of growth factors, cytokines, transport proteins, and 

extracellular matrix proteins have been reported in women 

with PCOS. [1, 4] Such alterations negatively affect oocyte 

maturation, fertilization, embryo development, and pregnancy 

outcomes. [4, 27] 

Clinical Significance 

Protein biomarkers in follicular fluid have significant 

clinical value in reproductive medicine. [10, 17] Their analysis 

helps assess follicular development, oocyte competence, 

embryo quality, and the likelihood of successful fertilization 

and implantation. [7, 8] In PCOS patients, these biomarkers 

may aid in understanding disease mechanisms, predicting IVF 

outcomes, and developing personalized treatment strategies. 

[1, 4] They also serve as promising targets for improving 

infertility diagnosis and assisted reproductive technologies. [5, 

17] 

 
[Created by author] 
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Cytokines and Inflammatory Biomarkers in Follicular Fluid 

Cytokines and inflammatory biomarkers play essential 

roles in immune regulation, follicular development, and 

ovulation. They coordinate communication between immune 

cells, granulose cells, and oocytes within the follicular 

microenvironment. The ovulatory process resembles a 

controlled inflammatory reaction, leading to follicular rupture 

and release of the mature oocyte. Therefore, cytokines in 

follicular fluid serve as important indicators of ovarian 

function and reproductive health. Alterations in their levels 

have been associated with reproductive disorders such as 

polycystic ovary syndrome (PCOS) and infertility. [19, 21] 

Interleukins 

Interleukins are important cytokines involved in regulating 

immune responses within the follicle. Several interleukins 

have been identified in follicular fluid, including IL-1, IL-6, 

IL-8, and IL-10. [21, 24, 33] 

• IL-1 promotes follicular rupture and ovulation by 

stimulating proteolytic enzymes that weaken the follicular 

wall. It also modulates local immune responses. [19,24]  

• IL-6 regulates inflammatory processes and is often 

elevated in reproductive disorders, including PCOS. 

[21,24]  

• IL-8 recruits immune cells and stimulates angiogenesis, 

thereby supporting follicular growth and vascularization. 

[24]  

• IL-10 acts as an anti-inflammatory cytokine that helps 

maintain immune balance within the follicular 

environment. [21]  

Colony-Stimulating Factors (CSFs) 

Colony-stimulating factors, particularly granulocyte 

colony-stimulating factor (G-CSF) and macrophage colony-

stimulating factor (M-CSF), regulate the growth, 

differentiation, and recruitment of immune cells. These 

cytokines contribute to ovulation, tissue remodeling, and 

follicular maturation. [19, 24] 

Chemokines 

Chemokines are specialized cytokines that direct immune 

cell migration to specific sites. Within the follicle, they recruit 

leukocytes that participate in follicular rupture, tissue 

remodeling, and post-ovulatory repair. [19, 24] 

Role of Cytokines in PCOS and Infertility 

Women with PCOS frequently exhibit elevated levels of 

pro-inflammatory cytokines in follicular fluid. These 

alterations can impair granulose cell function, disrupt 

folliculogenesis, and negatively affect oocyte maturation and 

fertilization. Chronic low-grade inflammation is considered a 

key contributor to PCOS-associated infertility. Understanding 

cytokine profiles may help identify novel diagnostic and 

therapeutic targets. [6, 11] 

Oxidative Stress Biomarkers in Follicular Fluid 

Oxidative stress biomarkers provide valuable information 

about the redox balance within the follicular environment. 

Reactive oxygen species (ROS) are naturally generated during 

cellular metabolism and play important roles in follicular 

growth, steroid genesis, and oocyte maturation. However, 

excessive ROS production can cause oxidative damage to 

lipids, proteins, and DNA. Increased oxidative stress in 

follicular fluid has been strongly associated with infertility, 

poor oocyte quality, and PCOS. [2, 38] 

Reactive Oxygen Species (ROS) 

ROS include superoxide anions, hydrogen peroxide, and 

hydroxyl radicals. At physiological levels, they regulate 

signalling pathways involved in follicular development and 

ovulation. Excessive ROS, however, leads to cellular damage 

and impaired reproductive outcomes. [38, 39] 

Lipid Peroxidation Markers 

Lipid peroxidation occurs when ROS attack 

polyunsaturated fatty acids in cell membranes. 

Malondialdehyde (MDA) is the most widely used marker of 

lipid peroxidation in follicular fluid. Elevated MDA levels 

indicate oxidative membrane damage and are associated with 

reduced oocyte quality, poor embryo development, and lower 

pregnancy rates. Women with PCOS often show significantly 

higher MDA levels. [2, 38] 

Antioxidant Enzymes 

Follicular fluid contains several enzymatic antioxidants 

that protect oocytes from oxidative injury: 

• Superoxide dismutase (SOD)  

• Catalase (CAT)  

• Glutathione peroxidase (GPx) [38,39]  

SOD converts superoxide radicals into hydrogen peroxide, 

which is subsequently degraded into water and oxygen by 

CAT and GPx. These enzymes maintain redox homeostasis 

and preserve cellular integrity. Reduced antioxidant enzyme 

activity has been reported in women with PCOS. [2, 38] 

Non-Enzymatic Antioxidants 

Important non-enzymatic antioxidants present in follicular 

fluid include glutathione, vitamin C, vitamin E, and uric acid. 

Glutathione is particularly critical for oocyte maturation and 

early embryonic development. Vitamins C and E act as free 

radical scavengers, protecting cellular lipids, proteins, and 

DNA from oxidative damage. [38, 39] 

Role of Oxidative Stress in PCOS and Infertility 

Oxidative stress plays a central role in the pathogenesis of 

PCOS. Excess ROS impairs granulose cell function, disrupts 

steroid hormone production, and compromises oocyte 

development. This oxidative imbalance contributes 

significantly to reduced fertility and poor assisted reproductive 

outcomes in affected women. [2, 11] 

Role of Follicular Fluid Biomarkers in the Management of 

PCOS 

Follicular fluid biomarkers provide valuable insights into 

the ovarian microenvironment in PCOS. This fluid contains 

hormones, proteins, lipids, cytokines, and growth factors that 

directly influence oocyte development. Alterations in these 

biomarkers reflect the pathological changes occurring in 

PCOS ovaries. [6, 17] 
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Role in Metabolic Disturbances 

PCOS is characterized by insulin resistance, dyslipidemia, 

and altered energy metabolism. These metabolic abnormalities 

are reflected in follicular fluid composition. Lipidomic studies 

have demonstrated significant changes in phospholipids, 

particularly phosphatidylcholine, in women with PCOS. Such 

alterations affect membrane integrity, cell signalling, and 

oocyte quality. [3, 5] 

Clinical Importance of Biomarkers in PCOS 

Follicular fluid biomarkers have several important clinical 

applications: 

• Evaluation of molecular and metabolic abnormalities in 

PCOS. [3,5,26]  

• Assessment of ovarian follicle health and oocyte 

competence. [10,17,33]  

• Prediction of IVF outcomes and embryo quality. [4,7,8]  

• Identification of novel diagnostic and therapeutic targets. 

[1,6,27]  

Clinical Significance of Follicular Fluid Biomarkers in IVF 

and Fertility 

Follicular fluid has immense clinical value in assisted 

reproductive technology, particularly in in vitro fertilization 

(IVF). During oocyte retrieval, follicular fluid can be collected 

without additional invasive procedures. This makes it an ideal 

source of non-invasive biomarkers. Analysis of follicular fluid 

helps predict oocyte quality, embryo viability, implantation 

success, and overall IVF outcomes. Consequently, it has 

become an essential tool in reproductive medicine and fertility 

research. [7, 8] 

Prediction of Oocyte Quality 

One of the most important clinical applications of 

follicular fluid biomarkers is the prediction of oocyte quality. 

Oocyte quality is a major determinant of IVF success, 

influencing fertilization, embryo development, implantation, 

and pregnancy outcomes. Proteomic and metabolomics 

analyses of follicular fluid have identified several biomarkers 

associated with oocyte competence, including specific 

proteins, metabolites, lipids, and antioxidants. These 

biomarkers reflect the metabolic and physiological state of the 

developing oocyte and its surrounding microenvironment. [7, 

10] 

Prediction of Fertilization and Embryo Development 

Follicular fluid biomarkers also help predict fertilization 

potential and embryo developmental competence during IVF 

treatment. Hormonal biomarkers such as follicle-stimulating 

hormone (FSH), luteinizing hormone (LH), and human 

chorionic gonadotropin (HCG) influence oocyte maturation 

and fertilization outcomes. In addition, proteins, inflammatory 

cytokines, oxidative stress markers, and lipid metabolites in 

follicular fluid have been strongly associated with embryo 

quality, implantation rates, and successful pregnancy 

following assisted reproductive technologies. [7, 8] 

Future Perspectives of Follicular Fluid Biomarker Research 

in PCOS and Infertility 

Research into follicular fluid biomarkers continues to 

provide important insights into ovarian physiology and the 

molecular mechanisms underlying PCOS and infertility. 

Future studies are expected to identify more sensitive and 

specific biomarkers that can improve diagnosis, prognosis, and 

treatment of PCOS-related infertility. [5, 6] 

Progress in Omics Technologies 

Recent advances in proteomics, metabolomics, 

transcriptomics, and lipidomics have revolutionized follicular 

fluid research. These technologies enable comprehensive 

characterization of the follicular microenvironment and 

facilitate the discovery of novel biomarkers. Proteomic studies 

have already identified significant alterations in protein 

expression in women with PCOS, while metabolomics and 

lipidomic analyses have revealed important metabolic 

disturbances associated with impaired fertility. [3, 5] 

Discovery of New Biomarkers 

Emerging areas of research include microRNAs, 

extracellular vesicles, exosomes, and intracellular signalling 

molecules. MicroRNAs are small non-coding RNAs that 

regulate gene expression and influence cellular differentiation, 

proliferation, and apoptosis. Altered expression of follicular 

fluid microRNAs has been linked to PCOS, abnormal 

folliculogenesis, and reduced oocyte competence. [9] 

Personalized Reproductive Medicine 

Follicular fluid biomarker profiling offers exciting 

opportunities for personalized reproductive medicine. 

Variations in biomarker patterns may allow clinicians to tailor 

ovarian stimulation protocols, optimize IVF strategies, and 

important treatment outcomes for individual patients. This 

personalized approach has the potential to enhance success 

rates while minimizing complications. [17, 27] 

Diagnostic and Therapeutic Tools on the Horizon 

Future diagnostic platforms based on follicular fluid 

biomarker analysis may enable early detection of reproductive 

disorders such as PCOS. Therapeutic interventions targeting 

oxidative stress, inflammation, and metabolic abnormalities 

within the follicular microenvironment may improve oocyte 

quality, embryo development, and fertility outcomes. [2, 21] 

Bringing Biomarkers into Assisted Reproduction 

The integration of follicular fluid biomarker analysis with 

advanced assisted reproductive technologies (ART), including 

embryo imaging, preimplantation genetic testing, and artificial 

intelligence-based prediction models, represents a promising 

future direction. This combined approach could significantly 

improve the selection of high-quality oocytes and embryos, 

thereby enhancing IVF success rates. [17, 27] 

II. CONCLUSION 

Follicular fluid is far more than a simple medium 

surrounding the developing oocyte; it is a highly dynamic and 

complex microenvironment containing hormones, cytokines, 
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proteins, lipids, metabolites, and antioxidants. These 

components work together to regulate follicular growth, 

oocyte maturation, ovulation, fertilization, and early 

embryonic development. The composition of follicular fluid 

accurately reflects the physiological and metabolic state of the 

ovarian follicle. 

Extensive research has identified multiple classes of 

follicular fluid biomarkers, including hormonal, proteomic, 

inflammatory, oxidative stress, lipidomic, and metabolomics 

markers. These biomarkers play essential roles in normal 

reproductive physiology and are strongly associated with 

reproductive disorders such as polycystic ovary syndrome 

(PCOS) and infertility. Alterations in their levels can 

negatively affect folliculogenesis, oocyte competence, embryo 

quality, and pregnancy outcomes. 

Clinically, follicular fluid biomarker analysis has become 

increasingly valuable in assisted reproductive technologies, 

particularly in vitro fertilization (IVF). It provides a non-

invasive method for assessing oocyte quality, predicting 

embryo viability, and optimizing fertility treatment strategies. 

Continued advances in omics technologies and biomarker 

discovery are expected to further improve our understanding 

of ovarian physiology and the pathogenesis of PCOS. In the 

future, follicular fluid biomarkers are likely to play a central 

role in personalized reproductive medicine, early diagnosis, 

and targeted therapies for infertility. 
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