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OOCYTE DEVELOPMENTAL COMPETENCE AND ITS ROLE IN FERTILITY AND REPRODUCTIVE AGING
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	Abstract
Oocyte developmental competence is a fundamental determinant of reproductive success, defined as the ability of an oocyte to complete meiotic maturation, undergo successful fertilization, and support embryonic development through implantation and fetal growth. The acquisition of this competence is a highly coordinated process that occurs during oogenesis and folliculogenesis and involves complex interactions between the oocyte and its surrounding somatic cells within the follicular microenvironment. These interactions regulate a network of molecular and cellular pathways including nuclear and cytoplasmic maturation, mitochondrial metabolism, epigenetic programming, and the accumulation of maternal RNAs and proteins that sustain early embryogenesis prior to embryonic genome activation. Disruptions in these processes can compromise oocyte quality and significantly reduce fertility outcomes.  A major factor influencing oocyte competence is reproductive aging, which is associated with progressive mitochondrial dysfunction, increased oxidative stress, accumulation of DNA damage, and deterioration of chromosomal cohesion. These age-related alterations contribute to meiotic spindle instability and elevated rates of chromosomal segregation errors, leading to an increased incidence of aneuploidy, implantation failure, and miscarriage. In addition, changes in the follicular microenvironment including altered endocrine signaling and impaired communication between the oocyte and surrounding granulosa and cumulus cells further exacerbate the decline in oocyte quality with advancing maternal age. In assisted reproductive technologies (ART), the intrinsic quality of the oocyte remains a critical limiting factor despite advances in embryo culture and genetic screening. Consequently, significant research efforts are directed toward identifying reliable biomarkers that reflect the molecular determinants of oocyte competence. Emerging approaches include transcriptomic analysis of cumulus cells, metabolomic profiling of follicular fluid, and assessment of mitochondrial function and oxidative stress status. These strategies aim to improve the prediction of fertilization potential, embryo developmental capacity, and implantation success. This review synergies current knowledge regarding biological and molecular mechanisms regulating oocyte developmental competence and examines how these processes influence fertility outcomes and reproductive aging. Emphasis is placed on the roles of mitochondrial function, chromosomal stability, metabolic regulation, and follicular signaling in determining oocyte quality. Furthermore, the review discusses emerging biomarkers and clinical strategies aimed at improving oocyte assessment and optimizing assisted reproductive treatments. Advancing our understanding of the mechanisms underlying oocyte competence will be essential for improving fertility management, enhancing the success of assisted reproduction, and addressing the challenges associated with reproductive aging.





1. Introduction
Reproductive success in mammals depends critically on the intrinsic quality of the female gamete. Among the numerous factors influencing fertility, the developmental competence of the oocyte has emerged as one of the most important determinants of successful fertilization, embryo development, and ultimately the establishment of a viable pregnancy (Conti and Franciosi, 2018). Oocyte developmental competence refers to the capacity of an oocyte to complete meiotic maturation, undergo successful fertilization, sustain embryogenesis through the blastocyst stage, and support implantation and fetal development (Innocenti et al., 2022). This competence is not an inherent static property but rather a biological potential gradually acquired during oogenesis and folliculogenesis through coordinated molecular, cellular, and metabolic events occurring within the ovarian follicle.
The acquisition of developmental competence involves a complex interplay between the oocyte and the surrounding somatic cells of the follicle, particularly granulosa and cumulus cells that form the cumulus–oocyte complex (COC) (Richani et al., 2020). Throughout follicular development, bidirectional communication between germ cells and somatic cells ensures proper metabolic support, signaling exchange, and synchronization of maturation processes. Gap junctions and transzonal projections facilitate the transfer of metabolites, regulatory molecules, and signaling factors between these compartments, enabling the oocyte to accumulate the molecular and energetic resources required for maturation and early embryogenesis (Kordowitzki et al., 2021). These interactions highlight that oocyte competence is not solely determined by intrinsic germ cell mechanisms but also by the functional integrity of the surrounding follicular microenvironment.
At the cellular level, developmental competence arises through the coordinated progression of nuclear and cytoplasmic maturation. Nuclear maturation involves the resumption and completion of meiosis, including germinal vesicle breakdown, spindle assembly, chromosome alignment, and segregation (Baldini et al., 2024). Cytoplasmic maturation occurs concurrently and includes the redistribution of organelles, accumulation of maternal RNAs and proteins, metabolic reprogramming, and preparation for fertilization and embryonic genome activation (Conti and Franciosi, 2018). Importantly, the translational regulation of stored maternal transcripts is a key mechanism through which the oocyte establishes the molecular machinery required for early embryogenesis before zygotic transcription becomes active (Walker and Biase, 2020). Consequently, disturbances in either nuclear or cytoplasmic maturation processes can compromise developmental competence and reduce reproductive success.
A growing body of research has demonstrated that oocyte competence is closely linked to cellular metabolic regulation and mitochondrial activity. The oocyte itself has limited metabolic capacity and relies heavily on metabolic cooperation with cumulus cells for substrates required for energy production (Richani et al., 2020). Cumulus cells metabolize glucose and other nutrients and transfer metabolic intermediates such as pyruvate to the oocyte, supporting mitochondrial oxidative phosphorylation and ATP generation necessary for meiotic progression and cytoplasmic maturation (Sasaki et al., 2019). Disruptions in this metabolic cooperation; whether due to pathological conditions, environmental stressors, or assisted reproductive interventions, can impair energy homeostasis within the oocyte and compromise developmental potential.
The significance of oocyte developmental competence extends beyond basic reproductive biology and has profound implications for clinical fertility outcomes. In assisted reproductive technologies (ART), including in vitro fertilization (IVF), the ability to identify and select high-quality oocytes is a critical determinant of treatment success (Anderson et al., 2025). Despite technological advancements in embryo culture and selection, the intrinsic developmental potential of the oocyte remains a primary limiting factor in achieving successful pregnancies (Sirait et al., 2021). Current assessment strategies rely heavily on morphological evaluation, which often lacks predictive accuracy, highlighting the need for improved molecular and functional biomarkers of oocyte quality (Sciorio et al., 2022). One of the most significant challenges affecting oocyte competence is reproductive aging. Female fertility declines progressively with advancing maternal age due to both a reduction in ovarian reserve and deterioration in oocyte quality (Ferreira et al., 2023). Age-related changes in the oocyte include mitochondrial dysfunction, increased oxidative stress, accumulation of DNA damage, and chromosomal segregation errors during meiosis, leading to elevated rates of aneuploidy and embryo developmental failure (Baldini et al., 2024). The susceptibility of oocytes to age-related deterioration is partly attributable to their prolonged arrest in meiotic prophase I, during which cellular structures such as chromosome cohesion complexes gradually deteriorate over time. These biological constraints make maternal age one of the strongest predictors of reproductive outcomes in both natural conception and ART (Anderson et al., 2025). Furthermore, pathological conditions within the ovarian microenvironment can also influence oocyte competence. Disorders such as endometriosis, metabolic dysregulation, and inflammatory conditions can alter follicular signaling networks, increase oxidative stress, and disrupt mitochondrial integrity within the oocyte (Moreno et al., 2023). These alterations may impair cytoplasmic maturation, meiotic progression, and epigenetic programming, thereby reduce the developmental potential of the oocyte and contribute to infertility.
Given the central role of the oocyte in initiating and sustaining embryonic development, elucidating the molecular mechanisms governing developmental competence is essential for advancing reproductive medicine (De Oliveira et al., 2025). Insights into the regulatory pathways controlling oocyte maturation, metabolic regulation, genomic integrity, and aging-related decline can inform new diagnostic tools, therapeutic interventions, and optimization strategies for assisted reproduction. Moreover, identifying reliable biomarkers of oocyte competence may enable more accurate prediction of IVF outcomes and facilitate personalized fertility treatments (Molin et al., 2025).
2. Biological Basis of Oocyte Developmental Competence
The developmental competence of an oocyte is established through a series of highly coordinated biological processes that occur during oogenesis and folliculogenesis. These processes involve complex interactions between germ cells and surrounding somatic cells within the ovarian follicle, as well as tightly regulated molecular pathways governing cellular metabolism, gene expression, and meiotic progression (Conti and Franciosi, 2018). Competence is gradually acquired as the oocyte grows and undergoes structural, metabolic, and molecular maturation, enabling it to support fertilization and early embryonic development. The successful execution of these processes requires the integration of nuclear and cytoplasmic maturation events, mitochondrial metabolic regulation, epigenetic programming, and the accumulation of maternal transcripts and proteins essential for early embryogenesis (Innocenti et al., 2022).
2.1 Oogenesis and Folliculogenesis
Oogenesis is the developmental process through which primordial germ cells differentiate into mature oocytes capable of undergoing fertilization. This process begins during fetal development when oogonia enters meiosis and become arrested in the diplotene stage of prophase I, forming primary oocytes enclosed within primordial follicles. These follicles constitute the ovarian reserve and remain quiescent until recruited into the growing follicular pool during reproductive life. The size and integrity of this primordial follicle pool ultimately determine reproductive lifespan and fertility potential (Anderson et al., 2025).
Folliculogenesis refers to the progressive maturation of ovarian follicles from primordial to preovulatory stages. During this process, the oocyte grows substantially in size and undergoes extensive biochemical and structural remodeling while maintaining meiotic arrest. Follicular development is regulated by endocrine signals, particularly follicle-stimulating hormone (FSH), and by local paracrine factors produced by both the oocyte and granulosa cells. Oocyte-secreted factors such as growth differentiation factor 9 (GDF9) and bone morphogenetic protein 15 (BMP15) play crucial roles in regulating granulosa cell proliferation, differentiation, and metabolic activity, thereby coordinating follicular growth with oocyte maturation. Bidirectional communication between the oocyte and surrounding granulosa and cumulus cells is essential for the acquisition of developmental competence. These cells form a functional unit known as the cumulus–oocyte complex (COC), connected through gap junctions and transzonal projections that allow the exchange of metabolites, signaling molecules, and regulatory factors. Through these structures, granulosa cells supply substrates such as pyruvate and amino acids required for oocyte metabolism while the oocyte regulates somatic cell function through paracrine signaling pathways (Richani et al., 2020). These intercellular communication mechanisms are also supported by connexin-mediated signaling that maintains follicular coordination (Kordowitzki et al., 2021). Oocyte developmental competence is not acquired instantaneously but emerges progressively throughout follicular development, as the oocyte undergoes coordinated growth, metabolic maturation, and molecular programming (Mermillod et al., 2019). 
· Progressive Acquisition of Developmental Competence During Folliculogenesis
The earliest stage of follicular development is the primordial follicle, consisting of a small primary oocyte surrounded by a single layer of flattened pre-granulosa cells. At this stage, the oocyte remains metabolically quiescent and meiotically arrested, and it possesses minimal developmental competence. Recruitment of primordial follicles into the growing pool marks the initiation of folliculogenesis and is regulated by intra-ovarian signaling pathways that control follicular activation. During the transition to primary follicles, granulosa cells become cuboidal and begin proliferating, while the oocyte enlarges and initiates significant cytoplasmic growth. This stage is characterized by the beginning of active metabolic and molecular communication between the oocyte and surrounding somatic cells. The formation of transzonal projections and gap junctions allows granulosa cells to deliver essential metabolites, including pyruvate and amino acids, which support early stages of oocyte metabolic activity. As follicles progress to the secondary (preantral) stage, granulosa cell layers expand and the theca cell layer begins to differentiate. At this stage, the oocyte undergoes substantial growth and accumulates organelles, maternal RNAs, proteins, and metabolic substrates that will later support fertilization and early embryonic development (Reader et al., 2017). These stored maternal factors form the molecular foundation required for early embryonic cleavage before embryonic genome activation (Walker and Biase, 2020). These cytoplasmic changes represent the beginning of cytoplasmic maturation, although the oocyte remains arrested in prophase I. The zona pellucida also forms during this stage, establishing an important structural barrier that mediates sperm binding during fertilization.
Further maturation leads to the formation of antral follicles, characterized by the appearance of a fluid-filled cavity known as the antrum. At this stage, follicular development becomes increasingly dependent on endocrine regulation, particularly FSH signaling, which promotes granulosa cell proliferation, steroidogenesis, and metabolic support for the oocyte. The oocyte continues to increase in size and undergoes extensive molecular reprogramming, including the accumulation of maternal transcripts and proteins necessary for early embryogenesis (Conti and Franciosi, 2018). During this stage, the oocyte gradually acquires meiotic competence, defined as the ability to resume meiosis in response to the luteinizing hormone (LH) surge (Anderson et al., 2025).
The final stage of follicular maturation occurs in the preovulatory (Graafian) follicle, where the oocyte has reached full growth and is surrounded by specialized cumulus cells that form the mature cumulus–oocyte complex. At this stage, the oocyte possesses both meiotic competence and the molecular machinery required to support fertilization and early embryonic development. The LH surge triggers the resumption of meiosis, leading to germinal vesicle breakdown, chromosome condensation, and progression to metaphase II (Baldini et al., 2024). Concurrently, cumulus cells undergo expansion and metabolic remodeling that support the final stages of oocyte maturation (Takahashi et al., 2025).
· Endocrine and Paracrine Regulation of Competence Acquisition
The acquisition of developmental competence during folliculogenesis is tightly regulated by endocrine and paracrine signaling networks. FSH plays a central role in early follicular growth, stimulating granulosa cell proliferation and promoting metabolic support for the oocyte (Mermillod et al., 2019). As follicles mature, increasing sensitivity to LH signaling enables the ovulatory cascade that triggers meiotic resumption and final oocyte maturation.
In addition to endocrine control, local paracrine signaling between the oocyte and granulosa cells is essential for coordinating follicular development. Oocyte-secreted factors such as GDF9 and BMP15 regulate granulosa cell differentiation and maintain the metabolic environment required for oocyte growth (Innocenti et al., 2022). In turn, granulosa and cumulus cells regulate the supply of nutrients, cyclic nucleotides, and signaling molecules that maintain meiotic arrest until the appropriate stage of follicular maturation.
· Role of the Cumulus–Oocyte Complex in Coordinating Maturation
The cumulus–oocyte complex serves as the central functional unit that integrates endocrine signals with local metabolic and molecular processes during folliculogenesis. Gap junction communication within the COC enables the transfer of cyclic nucleotides and metabolic substrates that regulate meiotic arrest and energy production in the oocyte (Richani et al., 2020). This metabolic coupling is essential because the oocyte itself has limited glycolytic capacity and depends on cumulus cells for energy substrates required for mitochondrial ATP production.
As follicular development progresses, the COC undergoes dynamic changes that prepare the oocyte for ovulation and fertilization. Cumulus expansion, induced by LH-mediated signaling pathways, promotes the detachment of the oocyte from the follicular wall and facilitates ovulation. At the same time, metabolic and molecular support from cumulus cells ensures that the oocyte completes cytoplasmic maturation and is fully competent for fertilization (Sirait et al., 2021). Oocyte developmental competence emerges through a progressive and highly coordinated process during folliculogenesis, integrating oocyte growth, cytoplasmic maturation, meiotic competence, and somatic cell interactions within the follicular microenvironment. Only after the oocyte has completed these developmental steps within the preovulatory follicle does it possess the full capacity to undergo fertilization and support embryonic development (Anderson et al., 2025).

[image: The image illustrates the stages of oocyte development from primordial follicle to metaphase II oocyte, detailing hormonal and paracrine regulation, and the formation of the cumulus-oocyte complex.

AI-generated content may be incorrect.]
Figure 1: Progressive Acquisition of Oocyte Developmental Competence During Folliculogenesis (Walker and Biase, 2020).
(A) Morphological progression of ovarian follicles from primordial to preovulatory (Graafian) stages. Oocytes initially remain metabolically quiescent and meiotically arrested in primordial follicles, then progressively acquire cytoplasmic maturation and meiotic competence as folliculogenesis proceeds. (B) Hormonal and paracrine regulatory signals controlling follicular development. Follicle-stimulating hormone (FSH) promotes granulosa cell proliferation and metabolic support, while the luteinizing hormone (LH) surge induces meiotic resumption and ovulation. Oocyte-derived factors such as GDF9 and BMP15 regulate granulosa cell function and coordinate follicle growth. (C) Structure and functional communication within the cumulus–oocyte complex (COC). Cumulus cells interact with the oocyte through transzonal projections and gap junctions, enabling transfer of metabolites and cyclic nucleotide signaling required for oocyte maturation. The culmination of these processes results in a developmentally competent oocyte capable of fertilization and early embryonic development.
2.2 Cytoplasmic Maturation
Cytoplasmic maturation refers to the series of biochemical and structural changes within the oocyte cytoplasm that enable it to support fertilization and early embryonic development. Unlike nuclear maturation, which primarily involves meiotic progression, cytoplasmic maturation encompasses the redistribution of organelles, accumulation of metabolic substrates, and assembly of molecular machinery required for embryogenesis (Conti and Franciosi, 2018). During oocyte growth, cytoplasmic organelles such as mitochondria, endoplasmic reticulum, cortical granules, and Golgi apparatus undergo spatial reorganization and functional maturation. These organelles participate in critical processes including energy production, calcium signaling, protein synthesis, and cortical granule exocytosis during fertilization. Proper organelle distribution and functionality are therefore essential determinants of oocyte competence (Reader et al., 2017).
Cytoplasmic maturation also involves the accumulation of regulatory molecules that control early developmental events prior to embryonic genome activation. These include maternal RNAs, translational regulators, and cell cycle proteins that orchestrate meiotic progression and early cleavage divisions following fertilization. Deficiencies in cytoplasmic maturation can result in failure of fertilization, abnormal embryonic development, or early embryo arrest (Walker and Biase, 2020).
2.3 Nuclear Maturation
Nuclear maturation refers to the resumption and completion of meiosis in the oocyte, culminating in the formation of a haploid metaphase II (MII) oocyte capable of fertilization. This process is initiated by the preovulatory luteinizing hormone (LH) surge, which triggers germinal vesicle breakdown (GVBD), chromosome condensation, and spindle formation (Baldini et al., 2024). At the molecular level, meiotic resumption is regulated by changes in cyclic nucleotide signaling pathways. High levels of cyclic adenosine monophosphate (cAMP) within the oocyte maintain meiotic arrest through inhibition of maturation-promoting factors (MPF). The LH surge disrupts this signaling environment by reducing cyclic guanosine monophosphate (cGMP) levels in the follicle, allowing activation of MPF and triggering meiotic progression (Conti and Franciosi, 2018).
Spindle assembly and chromosome segregation are critical components of nuclear maturation. Errors in spindle formation or chromosome alignment can lead to aneuploidy, one of the most common causes of infertility and early pregnancy loss. Age-related deterioration of cohesion proteins that maintain sister chromatid integrity contributes significantly to meiotic errors in aging oocytes, highlighting the importance of accurate chromosomal segregation for developmental competence (Ferreira et al., 2023).
2.4 Mitochondrial Dynamics and Metabolic Regulation
Mitochondria play a central role in determining oocyte developmental competence due to their function in ATP production, metabolic regulation, and cellular signaling. Oocytes require large amounts of energy to support meiotic progression, cytoplasmic maturation, fertilization, and early embryonic divisions. Consequently, mitochondrial number, distribution, and functional integrity are critical determinants of oocyte quality (Sasaki et al., 2019).
Oocyte metabolism is highly dependent on the metabolic cooperation between the oocyte and surrounding cumulus cells. Cumulus cells metabolize glucose via glycolysis and provide pyruvate and other metabolic intermediates to the oocyte through gap junctions. The oocyte then utilizes these substrates for oxidative phosphorylation within mitochondria to generate ATP required for maturation processes (Richani et al., 2020). Mitochondrial dysfunction can compromise oocyte competence by reducing ATP production, increasing oxidative stress, and impairing calcium homeostasis. Such dysfunction is particularly evident in aged oocytes, where mitochondrial damage contributes to meiotic errors and reduced developmental potential. Consequently, maintaining mitochondrial integrity is essential for sustaining oocyte quality and reproductive success (Voros et al., 2025).
2.5 Epigenetic Programming
Epigenetic regulation plays a fundamental role in establishing oocyte developmental competence by controlling gene expression patterns necessary for early embryogenesis. Epigenetic mechanisms include DNA methylation, histone modifications, chromatin remodeling, and non-coding RNA-mediated regulation. During oogenesis, the oocyte undergoes extensive epigenetic reprogramming that establishes maternal genomic imprints required for normal embryo development (Innocenti et al., 2022). DNA methylation patterns are established at specific genomic loci to regulate parent-of-origin gene expression, ensuring proper embryonic growth and development. Disruptions in epigenetic programming during oocyte maturation can result in abnormal gene expression and impaired developmental competence (De Oliveira et al., 2025).
Environmental and pathological factors may also influence oocyte epigenetic integrity. For example, inflammatory and oxidative microenvironments associated with reproductive disorders can alter DNA methylation and histone modification patterns within the oocyte, potentially affecting gene expression and embryonic developmental potential (Ferreira et al., 2023).
2.6 Maternal RNA and Protein Accumulation
Because transcription is largely inactive during the late stages of oocyte maturation and early embryonic development, the early embryo relies heavily on maternal RNAs and proteins synthesized and stored during oogenesis. These maternal transcripts regulate critical processes including cell cycle progression, chromatin remodeling, metabolic activity, and embryonic genome activation (Innocenti et al., 2022).
During oocyte growth, thousands of maternal mRNAs are synthesized and stored in a translationally repressed state. These transcripts are selectively activated during oocyte maturation through regulated polyadenylation and translation mechanisms. This translational control ensures the timely production of proteins required for meiotic progression, fertilization, and early embryonic development (Walker and Biase, 2020). The degradation of maternal RNAs following fertilization is another essential step in the transition from maternal to embryonic control of development. Proper regulation of this maternal-to-zygotic transition ensures successful activation of the embryonic genome and continuation of normal embryogenesis. Failure in these regulatory processes can compromise developmental competence and result in early embryonic arrest (De Oliveira et al., 2025).
3. Molecular and Cellular Determinants of Oocyte Competence
Oocyte developmental competence is an emergent phenotype arising from coordinated molecular programs in the oocyte and its companion somatic cells (especially cumulus cells). Across studies, “high competence” is consistently associated with a maturation-appropriate transcriptome/proteome in the COC, metabolic sufficiency centered on mitochondrial ATP supply, robust redox buffering and low oxidative damage, correct organelle redistribution and cytoplasmic architecture, and preservation of chromosomal integrity through accurate meiotic spindle function, cohesion maintenance, and effective DNA repair (Sirait et al., 2021). Importantly, many of these determinants converge mechanistically through somatic–germline coupling via gap junctions and transzonal projections (TZPs), which regulate substrate delivery, cyclic nucleotide signaling, and stress-buffering capacity within the oocyte (Richani et al., 2020).
· Transcriptomic and Proteomic Signatures
Across cohorts and experimental systems, transcriptomic profiling of cumulus cells (and, when available, oocytes) repeatedly identifies signatures tied to maturation status, extracellular matrix remodeling, gonadotropin responsiveness, and apoptosis/stress pathways. For example, cumulus expression patterns involving extracellular matrix genes associated with cumulus expansion (e.g., HAS2, TNFAIP6, PTGS2, PTX3, VCAN) and glycolytic regulators (e.g., PFKP) have been linked to downstream embryo development and/or live birth probability, supporting the concept that cumulus transcription reflects the metabolic and structural state required to support a competent oocyte (Faizal et al., 2024). Mechanistically, these signatures map onto canonical peri-ovulatory signaling pathways that couple gonadotropin cues to cumulus function. Activation of the EGF network—via LH-driven induction of EGF-like ligands (AREG/EREG/BTC) and EGFR signaling in cumulus cells—drives ERK1/2 signaling and the transcriptional program for hyaluronan-rich matrix formation (Has2, Ptx3, Tnfaip6, Ptgs2), enabling cumulus expansion and maturation-associated support to the oocyte (Massoud et al., 2023). This “cumulus program” is also shaped developmentally: follicles acquire functional EGFR responsiveness through combined FSH–cAMP–PKA signaling and oocyte paracrine cues, creating a gating mechanism that prevents premature ovulatory signaling before the oocyte is competent.
A complementary set of transcript/protein markers reflects cellular stress and apoptosis, which inversely tracks competence in some clinical contexts. The cumulus biomarker literature highlights that confounders (e.g., PCOS, stimulation heterogeneity) can shift expression toward apoptotic pathways (including p53-associated responses), complicating biomarker portability. This supports a key cross-study inference: “competence signatures” are context-dependent and are best interpreted as pathway states (metabolic sufficiency, matrix competency, low stress) rather than single-gene predictors (Molin et al., 2025).
· Mitochondrial Function and Energy Metabolism
Mitochondrial competence (ATP output, membrane potential, substrate flexibility, and spatial positioning) is repeatedly identified as a central determinant of oocyte quality. Oocyte ATP production is largely mitochondrial, yet the oocyte depends heavily on cumulus cells for metabolic preprocessing of substrates (notably glycolysis-derived pyruvate) and their delivery through gap junctional coupling. This metabolic co-dependence explains why disruption of COC architecture, maturation conditions (e.g., IVM), or endocrine/paracrine signaling can shift energetic sufficiency and compromise competence (Richani et al., 2020). Studies shows that mitochondrial defects are repeatedly linked to downstream meiotic and embryologic failure modes. Structural abnormalities (swelling, vacuolization, cristae alteration), reduced membrane potential, reduced ATP production, and mtDNA vulnerability (high mutation rate due to limited protection/repair) are all implicated in impaired spindle assembly, chromosome segregation, and implantation potential—providing a mechanistic bridge between mitochondrial decline and aneuploidy risk (Sasaki et al., 2019).
Substrate utilization pathways that support competence recur across studies: oxidative phosphorylation, fatty-acid β-oxidation, and nutrient-sensing programs that tune mitochondrial output. Lipid metabolism is highlighted as a competence-relevant energy source supporting oxidative phosphorylation and meiotic progression; likewise, interventions that modulate mitochondrial function or lipid handling (e.g., CoQ10, L-carnitine) are discussed as competence-enhancing strategies, with L-carnitine mechanistically linking fatty-acid transport into mitochondria to altered mitochondrial and lipid droplet distribution (Chandra and Sharma, 2020).
· Oxidative Stress Regulation and Redox Homeostasis
Competent oocytes maintain redox balance through antioxidant capacity, intact mitochondrial function, and supportive cumulus-driven buffering. Oxidative stress (OS) is positioned as both a direct effector (lipid, protein, and DNA damage) and an amplifier of mitochondrial dysfunction, creating a feed-forward loop that degrades competence—particularly with age and inflammatory pathologies (Voros et al., 2025). At the signaling level, endocrine milieu (e.g., altered FSH/AMH balance) can indirectly impair oocyte redox control by reducing TZP-mediated transfer of cumulus-derived molecules necessary for redox activity and DNA repair. Mechanistically, glutathione (GSH)-centric antioxidant systems recur as competence-relevant: strategies to improve IVM outcomes include supplementation with GSH precursors and endogenous maturation mediators, reflecting the repeated observation that oxidative buffering capacity is tightly coupled to maturation success and later embryo development (Sasaki et al., 2019).
Pathology-focused evidence reinforces these mechanisms. In endometriosis-associated infertility, follicular and systemic environments are described as pro-oxidant and inflammatory, with specific emphasis on iron-mediated oxidative stress and cytokine-linked signaling (e.g., NF-κB/JAK–STAT/TGF-β–SMAD axes) that can propagate oxidative damage and impair steroidogenic support from granulosa cells—conditions expected to impair cytoplasmic maturation and mitochondrial integrity, thereby lowering competence (Moreno et al., 2023).
· Organelle Distribution and Cytoplasmic Architecture
Cytoplasmic architecture, especially the quantity, morphology, and spatial distribution of key organelles is a recurrent structural correlate of competence (Possible et al., 2024). Across models, high-quality oocytes tend to exhibit more favorable mitochondrial content and distribution, appropriate lipid droplet organization, and correct cortical granule localization near the oolemma—features that support ATP supply, Ca²⁺ signaling, membrane remodeling at fertilization, and early cleavage robustness (Reader et al., 2017).
Mechanistically, mitochondrial redistribution during maturation is not passive; it tracks cellular regions requiring high ATP and/or Ca²⁺ signaling. A repeated observation is that mitochondrial translocation accompanies key maturation events (e.g., GVBD and polar body extrusion in some species) and that failure to undergo these dynamic relocalizations associates with failed maturation and poor competence. This links organelle positioning to functional outputs: localized ATP supply for spindle assembly/chromosome movement and balanced partitioning of mitochondria into early blastomeres (Conti and Franciosi, 2018). These architectural determinants are also sensitive to metabolic and pharmacologic manipulation. Compounds that modify mitochondrial function or lipid handling are reported to alter mitochondrial/lipid distribution and improve competence in vitro and in vivo, supporting a causal relationship (not merely correlation) between cytoplasmic organization, metabolic readiness, and developmental potential (Chandra and Sharma, 2020).
· Chromosomal Integrity and DNA Repair
Competence requires preservation of chromosomal integrity across decades-long meiotic arrest (in humans) and through the resumption of meiosis. A central mechanism implicated in age-related chromosomal errors is progressive loss of cohesion, which cannot be replenished once degraded, thereby increasing the probability of premature chromatid separation, mis-attachment, and aneuploid segregation (Ferreira et al., 2023). Cohesion biology is mechanistically anchored in the meiotic cohesin complex (e.g., Rec8), separase-mediated cleavage, and centromeric protection by shugoshin–PP2A, which prevents premature loss of centromeric cohesion until the appropriate stage.
DNA repair competence appears tightly coupled to somatic–germline coupling and endocrine context. A mechanistic hypothesis emerging from FSH/AMH-focused synthesis is that excessive intrafollicular FSH signaling with advancing age can promote TZP retraction, reducing delivery of cumulus-derived substrates and regulatory molecules required for DNA damage repair, redox homeostasis, and meiotic accuracy. This frames DNA repair not just as an oocyte-autonomous pathway, but as an emergent property dependent on sustained follicular communication and appropriate gonadotropin “set points” (Innocenti et al., 2022).
· Meiotic Spindle Formation and Stability
Spindle integrity is a proximate determinant of competence because it directly governs chromosome segregation accuracy and thus aneuploidy risk. Mechanistically, spindle stability depends on correct microtubule–kinetochore attachment, effective correction of improper attachments, and proper regulation of cohesin cleavage (Baldini et al., 2024). Aurora kinase–dependent targeting events and recruitment of microtubule depolymerases such as MCAK are highlighted as part of the centromeric machinery that helps resolve improper attachments, linking cohesion protection to spindle error correction.
A distinctive—and competence-relevant—feature of mammalian oocytes is that checkpoint control can be comparatively permissive. When cohesion is weakened and homologs behave as “functional univalent,” oocytes may proceed without robust arrest, enabling segregation errors. This permissiveness is exacerbated by age-associated cohesion loss and mitochondrial dysfunction (ATP deficits and redox imbalance), which together can impair spindle assembly and chromosome alignment (Ferreira et al., 2023). Thus, spindle stability is best understood as a systems phenotype integrating energy sufficiency (mitochondria), structural integrity (cohesion), and surveillance fidelity (SAC behavior). Finally, endocrine-to-paracrine relay pathways act upstream of spindle competence by governing the timing of meiotic resumption and maturation synchrony. The LH→EGF-like peptide→EGFR→ERK1/2 axis in cumulus cells and cyclic nucleotide control (cGMP regulation of oocyte PDE3A and intra-oocyte cAMP) orchestrate meiotic timing, which is essential because premature or asynchronous progression can increase spindle error rates and reduce competence (Conti and Franciosi, 2018).
4. Oocyte Competence and Fertility Outcomes
Oocyte developmental competence is best understood as a probabilistic, stage-spanning phenotype: the same oocyte must (i) complete maturation, (ii) support fertilization and cleavage, (iii) sustain development to blastocyst, and (iv) generate an embryo capable of implantation and ongoing development. Importantly, success at an early step does not guarantee success at later steps—an observation that has driven the field to distinguish “embryo yield” from “embryo quality” and to treat competence as a dynamic developmental window extending from late oogenesis through preimplantation development. 
Fertilization success depends on the oocyte’s ability to execute a coordinated set of cytoplasmic and nuclear functions that include meiotic completion, calcium signaling competence, cortical granule exocytosis, and early pronuclear events. Many of the cellular and molecular requirements for fertilization and early embryogenesis are oocyte-inherent, and inadequate oocyte growth/maturation adversely affects fertilization and subsequent development.  At the clinical interface, cumulus/granulosa molecular features correlate with fertilization competence, but often in a non-linear fashion—e.g., expression patterns consistent with appropriate gonadotropin responsiveness and follicular signaling are associated with maturity and fertilization, whereas “overexpression” of certain receptors may associate with poorer fertilization outcomes, implying threshold or timing effects rather than simple directionality. 
Table 1. Clinical Evidence Linking Oocyte Competence to Fertility Outcomes
	Clinical Outcome
	Quantitative Evidence
	Biological Interpretation
	References

	Fertilization success (IVF)
	Maternal age ≥35 years has minimal effect on fertilization rates in IVF cohorts.
	Many aged oocytes can still be fertilized, but developmental competence is compromised afterward.
	(Ferreira et al., 2023; Anderson et al., 2025) 

	Embryo cleavage and development
	Older reproductive models show higher rates of unfertilized or uncleaved oocytes (71% vs 38%).
	Cytoplasmic maturation and mitochondrial metabolism determine early embryonic progression.
	(Reader et al., 2017; Voros et al., 2025)

	Blastocyst formation
	Mitochondrial dysfunction reduces cleavage efficiency and blastocyst formation rates.
	Energy production and cytoplasmic maturation drive embryo developmental competence.
	(Richani et al., 2020; Ferreira et al., 2023)

	Implantation success
	Euploid embryo transfer shows ~45–50% implantation/live birth rates, largely independent of maternal age.
	Age-related reproductive decline largely originates from the oocyte rather than the uterus.
	(Anderson et al., 2025; Petrogiannis et al., 2025)



	Embryonic aneuploidy
	Aneuploid blastocysts rise from ~30% (<35 years) to >90% (>44 years).
	Age-related cohesion loss and spindle instability increase chromosome segregation errors.
	(Ferreira et al., 2023; Baldini et al., 2024)

	IVF live birth rates
	Live birth rates decrease from ~46.8% (<35 years) to ~3.1% (>42 years).
	Reduced oocyte competence leads to fewer viable embryos and higher miscarriage rates.
	(Jiang, 2023; Kayanja et al., 2024)

	Miscarriage risk
	>90% of embryonic chromosomal abnormalities originate from maternal meiotic errors.
	Age-related spindle defects and cohesion loss drive miscarriage risk.
	(Sasaki et al., 2019; Petrogiannis et al., 2025)



· Embryo Developmental Potential and Cleavage Competence
After fertilization, developmental potential depends strongly on the oocyte’s stored cytoplasmic resources (maternal RNAs/proteins, mitochondria, organelles) that must sustain development until embryonic genome activation. Failures in maturation synchrony can impair the maternal-to-embryonic transition and compromise embryo progression, reinforcing the concept that competence is “loaded” into the oocyte well before fertilization (Innocenti et al., 2022). Pathophysiologic follicular environments provide convergent mechanistic support: oxidative and inflammatory insults can compromise cytoplasmic maturation, mitochondrial integrity, and spindle stability, producing embryos with reduced cleavage competence or inferior developmental quality in at least some cohorts (Voros et al., 2025).
· Blastocyst Formation
Across animal and human-assisted reproduction contexts, blastocyst formation is frequently used as an operational readout of “intrinsic” competence because it minimizes uterine confounding. Even here, blastocyst yields remain limited and sensitive to both oocyte starting quality and the immediate microenvironment—underscoring that competence is shaped by peri-maturation conditions as well as intrinsic oocyte state (Reader et al., 2017). Maternal age introduces a characteristic pattern: age-related impairment may cause only a modest reduction in developmental progression to blastocyst, yet a marked increase in blastocyst aneuploidy through meiotic mis-segregation—decoupling “blastulation” from “chromosomal competence” (Ferreira et al., 2023).
· Implantation success
Implantation represents a major selection bottleneck where oocyte-derived competence intersects with embryo–endometrium crosstalk. Evidence across systems indicates that poor oocyte competence can contribute to both pre- and post-implantation losses; in livestock models, substantial embryo loss occurs early in gestation, consistent with vulnerabilities established before implantation and influenced by both the oocyte and reproductive tract environment (Mermillod et al., 2019). Clinical heterogeneity is especially visible in inflammatory disease contexts: in endometriosis, some studies report lower implantation and morphological/spindle abnormalities, while other controlled ART series report comparable fertilization, blastulation, euploidy, pregnancy, and live birth—suggesting that implantation outcomes depend on disease phenotype, study design covariates (age/reserve/stimulation), and whether “oocyte effects” vs “endometrial effects” dominate in a given cohort (Moreno et al., 2023).
· IVF Outcomes (Oocyte Selection, Embryo Quality, Euploidy, Live Birth)
In IVF, oocyte competence manifests as an increased probability of producing usable embryos and achieving pregnancy/live birth, but the literature repeatedly warns that morphology alone is an imperfect proxy. This has driven the development of cumulus/granulosa “molecular readouts” aimed at capturing maturation competence and downstream embryo potential (Sciorio et al., 2022). Notably, several cumulus-associated markers tie competence to IVF endpoints: levels of oocyte paracrine factors (e.g., GDF9/BMP15) are reported to correlate with oocyte maturation and embryo quality, and certain steroid/metabolic pathway markers (e.g., PAPPA) have been associated with euploid embryos and live birth in specific datasets—collectively supporting the premise that competence is reflected in somatic “support-cell” programs that modulate oocyte maturation and embryo developmental capacity (Massoud et al., 2023).
Early embryonic loss can reflect competence failures that are not always detectable at fertilization or even at early cleavage, because subtle defects in cytoplasmic reserves, mitochondrial function, chromosomal integrity, or maternal transcript provisioning may only become limiting at later preimplantation transitions or peri-implantation demands (De Oliveira et al., 2025). Consistent with this, substantial early losses occur in the first weeks of pregnancy in animal models, and competence limitations can influence post-implantation survival depending on oocyte origin/quality (Mermillod et al., 2019). Maternal age provides a mechanistically coherent explanation for increased miscarriage: age-associated processes converge on meiotic error and elevated blastocyst aneuploidy, which in turn increases miscarriage risk and reduces fertility; even when fertilization and early development appear relatively preserved (Ferreira et al., 2023).
5.	Impact of Reproductive Aging on Oocyte Competence
Reproductive aging reduces fertility through a dual process: quantitative loss of the follicle pool and qualitative deterioration of oocyte developmental competence. Mechanistically, aging perturbs the integrated oocyte–cumulus unit and its regulatory networks, producing deficits in metabolism, redox homeostasis, genome maintenance, and meiotic fidelity that collectively lower embryo developmental potential and increase miscarriage risk. Consistent with this systems view, age-related competence loss is repeatedly linked to oxidative stress and DNA damage, as well as impaired metabolic and meiotic competence (Ferreira et al., 2023). Endocrine changes, including altered follicular signaling dynamics, have also been proposed to contribute to declining oocyte quality with age (Anderson et al., 2025).

Figure 2.


[image: The image illustrates a hierarchical diagram showing the impact of aging on oocyte quality, detailing the various factors such as maternal age, chromosomal fragmentation, and epigenetic changes, leading to a higher risk of aneuploidy and impaired oocyte division and developmental potential.]











· Mitochondrial Dysfunction
Aging compromises oocyte competence in large part by degrading mitochondrial quantity, distribution, and function, thereby limiting ATP availability and amplifying ROS production at precisely the stages when energetic demand peaks (meiotic resumption, spindle formation, fertilization, and early cleavage). The oocyte’s dependence on maternally inherited mitochondria makes this vulnerability especially consequential: mitochondrial damage reduces ATP, increases ROS, and mechanistically induces spindle defects and chromosome misalignment, linking mitochondrial decline directly to meiotic errors and downstream developmental failure (Sasaki et al., 2019). Spatial remodeling of mitochondria (e.g., aggregation near the MI spindle) is interpreted as a functional strategy for local ATP provision; aging-related disruption of these distribution patterns is therefore positioned as both a marker and driver of reduced competence (Reader et al., 2017).
At the level of cytoplasmic ultrastructure, the competence consequences of mitochondrial deterioration are framed as part of broader cytoplasmic quality loss—including abnormal mitochondria, reduced mitochondrial number, and reduced mtDNA copy number in some adverse reproductive contexts. Even though the cited example is disease-associated, it aligns mechanistically with the aging literature in emphasizing that mitochondrial abnormalities and reduced mitochondrial content can undermine fertilization and embryonic development by restricting bioenergetic capacity and increasing vulnerability during maturation and early embryogenesis (Ferreira et al., 2023).
· Accumulation of DNA Damage and Impaired DNA Repair Capacity.
Aging oocytes experience prolonged meiotic arrest and cumulative exposure to endogenous and exogenous insults, making DNA damage accumulation a major mechanistic axis of competence decline. The follicle/oocyte aging literature explicitly highlights a loss of active DNA repair capacity as a plausible contributor to aging-related oocyte dysfunction, positioning genome maintenance as a limiting factor for sustaining competence across the reproductive lifespan (Ferreira et al., 2023).
A key mechanistic model links impaired DNA repair to disrupted oocyte–cumulus communication under aging endocrine conditions. Specifically, increased intrafollicular signaling alterations with advancing maternal age are hypothesized to reduce transzonal projection–mediated transfer of cumulus-derived molecules that are essential for meiotic competence, gene expression, redox activity, and DNA repair. This model connects endocrine aging to a concrete cellular pathway—loss of intercellular support—through which DNA repair capacity and genome integrity may be compromised, thereby lowering developmental competence (Richani et al., 2020; Innocenti et al., 2022).
· Increased Oxidative Stress and Redox Imbalance
Oxidative stress (OS) is repeatedly positioned as a central driver of reproductive aging because ROS and oxidative byproducts damage DNA, lipids, and proteins while also destabilizing mitochondrial function—creating a reinforcing loop of bioenergetic failure and molecular injury. Reviews of oocyte aging emphasize that diminished capacity of oocytes and surrounding cells to neutralize ROS is a core explanation for declining fecundity, and that oxidative stress is closely tied to mitochondrial damage and bioenergetic deterioration in aged oocytes (Sasaki et al., 2019). Mechanistically, OS is also embedded in follicular microenvironment disruption, where oxidative injury can compromise cytoplasmic maturation, mitochondrial integrity, and spindle stability—each directly competence-limiting (Voros et al., 2025).
· Aneuploidy and Spindle Abnormalities
The most clinically consequential manifestation of aging-related oocyte decline is the sharp rise in aneuploidy, primarily of maternal origin, driven by chromosomal mis-segregation during oogenesis. The maintenance of bivalents through the extended dictyate arrest is identified as a critical vulnerability, with age-related weakening predisposing chromosomes to segregation errors and meiotic defects (Ferreira et al., 2023). Aging is further associated with meiotic spindle abnormalities and impairment of regulatory checkpoints, providing a mechanistic route to increased blastocyst aneuploidy and miscarriage risk (Baldini et al., 2024).
At the cellular control level, cohesion loss and checkpoint permissiveness provide a coherent mechanistic explanation for age-related meiotic errors. Cohesin depletion and loss of chromosomal protective factors have been described as key contributors to segregation defects, while the inability to restore cohesion following early meiotic stages suggests an irreversible structural decline associated with aging (Baldini et al., 2024).
· Cytoplasmic Deterioration
Beyond chromosome segregation, aging disrupts competence by degrading cytoplasmic readiness—particularly mitochondrial reserves, organelle organization, and the cytoplasmic programs that coordinate maturation and early embryo development. The oocyte’s mitochondria are both numerous and functionally decisive, and mitochondrial abnormalities are explicitly linked to poorer fertilization and embryonic development, consistent with cytoplasmic deterioration being a proximal cause of developmental failure even when embryos appear morphologically acceptable (Reader et al., 2017). Moreover, mitochondrial distribution patterns have been proposed as potential competence markers because they influence mitochondrial inheritance and energy allocation during early embryonic cleavage (Ferreira et al., 2023).
· Altered Follicular Microenvironment and Endocrine–Somatic Dysregulation
Aging alters the follicular microenvironment through endocrine drift and somatic-cell dysfunction, which can erode competence by weakening metabolic support, redox buffering, and the signaling architecture required for coordinated maturation. A mechanistically specific proposal is that age-related alterations in follicular signaling may reduce intercellular communication between the oocyte and cumulus cells, thereby weakening molecular support systems required for meiotic competence and genome maintenance (Richani et al., 2020).
Finally, the periovulatory signaling network that triggers maturation highlights why microenvironment integrity matters: the oocyte relies on somatic cells to translate endocrine cues into maturation-promoting signals. Age-related disruption of somatic competence through altered endocrine responsiveness, inflammation, or oxidative stress may therefore compromise the timing and quality of meiotic resumption and cumulus expansion, indirectly increasing the risk of maturation asynchrony and downstream competence loss (Anderson et al., 2025; Innocenti et al., 2022).
6.	Biomarkers and Assessment of Oocyte Quality
Reliable assessment of oocyte developmental competence remains one of the most important challenges in reproductive medicine. In assisted reproductive technologies (ART), the ability to predict which oocytes possess the intrinsic capacity to support fertilization, embryogenesis, and implantation would significantly improve clinical outcomes and treatment efficiency (Kayanja et al., 2024). Traditionally, oocyte evaluation has relied primarily on morphological assessment; however, this approach provides limited predictive accuracy because many molecular determinants of competence occur at the metabolic, genetic, and signaling levels (Sirait et al., 2021). Consequently, current research focuses on identifying biomarkers that reflect the underlying biological mechanisms regulating oocyte competence, including mitochondrial function, oxidative stress balance, meiotic integrity, and follicular communication networks. To understand their biological significance, biomarkers can be broadly categorized according to the mechanistic pathways that govern oocyte competence, including mitochondrial and metabolic regulation, chromosomal integrity and spindle stability, somatic–germ cell communication within the cumulus–oocyte complex, and the biochemical composition of the follicular microenvironment (Molin et al., 2025).
· Morphological Indicators of Oocyte Quality
Morphological evaluation remains the most widely used clinical method for assessing oocyte quality during IVF procedures. Features such as cytoplasmic appearance, zona pellucida integrity, perivitelline space characteristics, and the presence of cytoplasmic inclusions are commonly used to classify oocytes as high or low quality (Sciorio et al., 2022). Certain morphological abnormalities—including cytoplasmic granularity, vacuolization, irregular zona pellucida, or abnormal polar body morphology—have been associated with impaired cytoplasmic maturation and reduced developmental potential (Baldini et al., 2024).
However, morphology alone often fails to capture the complex molecular determinants of oocyte competence. Studies have demonstrated that oocytes with apparently normal morphology may still exhibit metabolic defects, chromosomal abnormalities, or mitochondrial dysfunction that compromise embryo development (Sirait et al., 2021). Conversely, some oocytes displaying minor morphological irregularities can produce viable embryos and successful pregnancies. This inconsistency highlights the limitations of morphology-based selection and underscores the need for molecular biomarkers that more accurately reflect the biological mechanisms governing oocyte competence (Kayanja et al., 2024)
· Transcriptomic Biomarkers in the Cumulus–Oocyte Complex
Because the oocyte and its surrounding cumulus cells function as a tightly integrated unit, the gene expression profile of cumulus cells provides valuable insight into the physiological state of the oocyte. Transcriptomic analyses using RT-PCR, microarray, and RNA sequencing have identified several cumulus-cell genes whose expression correlates with oocyte maturation status and IVF outcomes (Massoud et al., 2023). These biomarkers reflect key biological processes including nuclear maturation, extracellular matrix remodeling, steroidogenesis, and apoptosis regulation (Maside et al., 2021).
Among the most studied cumulus biomarkers are genes involved in cumulus expansion and follicular signaling, including HAS2, PTGS2, PTX3, and TNFAIP6, which participate in extracellular matrix formation during ovulation. Elevated expression of these genes is frequently associated with improved oocyte maturation and embryo developmental potential (Faizal et al., 2024). Additionally, oocyte-secreted factors such as GDF9 and BMP15 influence cumulus gene expression and have been proposed as indirect biomarkers of oocyte competence due to their roles in regulating follicular development and granulosa cell differentiation (Innocenti et al., 2022). These transcriptomic signatures are mechanistically linked to the cumulus signaling axis that regulates metabolic cooperation and meiotic maturation. Therefore, cumulus gene expression patterns can serve as molecular indicators of the functional integrity of the oocyte–somatic cell communication network that supports oocyte competence (Massoud et al., 2023).
· Proteomic and Metabolomic Biomarkers
Proteomic and metabolomic approaches provide additional insight into the functional state of the follicular microenvironment and the metabolic readiness of the oocyte. Proteomic analyses of follicular fluid and cumulus cells have identified proteins involved in oxidative stress response, inflammation, steroid metabolism, and extracellular matrix remodeling that correlate with embryo developmental potential (Molin et al., 2025). Metabolomic profiling of follicular fluid has also revealed associations between metabolite composition and oocyte competence (De Oliveira et al., 2025). For example, concentrations of glucose metabolites, amino acids, and lipid-derived substrates reflect the metabolic cooperation between cumulus cells and the oocyte that supports mitochondrial ATP production. Because the oocyte itself has limited metabolic capacity and depends on cumulus cells to supply substrates such as pyruvate, the metabolic profile of follicular fluid provides indirect evidence of mitochondrial competence and cytoplasmic maturation (Richani et al., 2020). These metabolomic indicators align closely with the mitochondrial and metabolic regulatory axis of oocyte competence. Changes in energy metabolism, oxidative phosphorylation efficiency, or lipid metabolism can therefore be detected through alterations in the follicular metabolome, offering potential non-invasive markers of oocyte quality (De Oliveira et al., 2025).
· Mitochondrial and Metabolic Biomarkers
Mitochondrial function is increasingly recognized as a critical determinant of oocyte competence, and several biomarkers have been proposed to assess mitochondrial integrity and bioenergetic capacity. These include mitochondrial DNA (mtDNA) copy number, mitochondrial membrane potential, ATP content, and markers of oxidative phosphorylation efficiency (Voros et al., 2025). Because mitochondria supply the energy required for meiotic spindle formation, chromosome segregation, and early embryonic divisions, reductions in mitochondrial function are strongly associated with diminished developmental competence (Sasaki et al., 2019). Age-related declines in mitochondrial activity and increased oxidative damage further emphasize the importance of mitochondrial biomarkers for predicting oocyte quality. Markers of oxidative stress and antioxidant capacity including glutathione levels and reactive oxygen species (ROS) concentrations have also been explored as indicators of oocyte metabolic health (Ferreira et al., 2023). These biomarkers directly reflect the mitochondrial–redox axis that governs energy production, cellular signaling, and protection against oxidative damage.
· Chromosomal and Meiotic Integrity Biomarkers
Chromosomal integrity is another major determinant of oocyte competence, as errors in meiotic chromosome segregation are a leading cause of infertility, implantation failure, and miscarriage (Baldini et al., 2024). Biomarkers associated with chromosomal stability include indicators of spindle structure, cohesion maintenance, and DNA damage response pathways. For example, proteins involved in spindle assembly and chromosome alignment are essential for accurate meiotic progression, and abnormalities in spindle morphology have been linked to increased rates of aneuploidy (Ferreira et al., 2023). Age-related deterioration of chromosome cohesion complexes and impaired DNA repair capacity further contribute to meiotic errors. Consequently, markers of chromosomal stability and DNA damage response pathways are increasingly being investigated as indicators of oocyte quality and reproductive potential (Molin et al., 2025). Advances in embryo genetic screening technologies, such as preimplantation genetic testing for aneuploidy (PGT-A), have also provided indirect insights into oocyte chromosomal competence by identifying embryos with normal chromosomal complements derived from specific oocytes (Petrogiannis et al., 2025).
· Non-Invasive Embryo Assessment Technologies
Recent technological advances aim to assess oocyte competence indirectly by evaluating embryo development using non-invasive imaging and metabolic monitoring techniques. Time-lapse imaging systems allow continuous observation of embryo cleavage patterns and developmental timing, enabling the identification of morphokinetic parameters associated with successful implantation (Sciorio et al., 2022). In addition, analysis of metabolites and secreted proteins in embryo culture media has been explored as a potential non-invasive indicator of embryo metabolic health and developmental competence (Petrogiannis et al., 2025). These emerging technologies offer promising tools for integrating molecular and functional biomarkers into clinical embryo selection strategies (Jiang, 2023).
Emerging Technological Approaches for Assessing Oocyte and Embryo Competence
Recent technological advances are reshaping how oocyte and embryo competence are evaluated in IVF, moving the field beyond static morphology toward more objective, data-rich, and increasingly non-invasive assessment strategies. Conventional morphological grading remains widely used in clinical embryology laboratories; however, it is inherently subjective and shows substantial inter- and intra-observer variability (Sciorio et al., 2022). Moreover, morphology alone cannot reliably capture functional deficiencies such as altered metabolism, abnormal gene expression, or chromosomal imbalance. Consequently, emerging technologies—including computational image analysis, time-lapse morphokinetics, artificial intelligence (AI)-assisted embryo scoring, and multi-omics biomarker platforms—are being developed to improve prediction of embryo developmental potential and implantation success (Petrogiannis et al., 2025).
· Time-Lapse Imaging and Morphokinetic Analysis
One of the most important technological advances in embryo evaluation has been the introduction of time-lapse microscopy systems. These platforms allow continuous monitoring of embryo development without repeated removal from the incubator, thereby preserving stable culture conditions while capturing detailed developmental dynamics (Sciorio et al., 2022). Time-lapse systems generate morphokinetic datasets that include the timing and sequence of key embryonic events such as pronuclear formation and fading, early cleavage divisions, compaction, and blastocyst formation.
The dynamic nature of this data allows embryologists to observe developmental patterns that may reflect underlying cellular and metabolic competence. For example, abnormal cleavage timing, irregular blastomere divisions, or asynchronous development can indicate defects in cell cycle regulation, mitochondrial energy supply, or chromosomal segregation. Consequently, morphokinetic profiling has been proposed as an additional layer of embryo selection that complements conventional morphological grading (Petrogiannis et al., 2025).
· Machine Learning Models for Morphokinetic Prediction
Building on time-lapse imaging, machine learning and deep learning algorithms are increasingly used to analyze large morphokinetic datasets generated during IVF procedures. These computational models can automatically detect developmental events, quantify temporal patterns, and rank embryos according to predicted developmental competence (Jiang, 2023). Machine learning systems can identify subtle developmental features that may be difficult for human observers to recognize. By analyzing thousands of embryo images or videos, these models can learn complex relationships between morphokinetic patterns and reproductive outcomes such as blastocyst formation, implantation potential, and live birth probability (Iannone et al., 2024). Several studies have demonstrated that machine learning-based embryo evaluation can achieve predictive accuracy comparable to or exceeding conventional manual grading systems. However, the reliability of these models depends heavily on the quality and diversity of training datasets, and external validation across different IVF laboratories remains an important requirement before widespread clinical adoption.
· Artificial Intelligence–Assisted Embryo Assessment
Closely related to machine learning approaches are AI-assisted embryo assessment systems, which combine computer vision algorithms with automated scoring methods to support embryo selection in IVF laboratories. AI platforms analyze morphological and morphokinetic features extracted from embryo images and generate predictive scores reflecting embryo viability or implantation potential (Cimadomo et al., 2025). These systems can help standardize embryo assessment by reducing subjective variability among embryologists and by incorporating large numbers of image-derived parameters that cannot be evaluated manually (Iannone et al., 2024). Although AI-driven embryo ranking has shown promising results, current evidence suggests that these tools are best used as decision-support systems rather than replacements for expert embryologists. Clinical validation studies are still ongoing to determine whether AI-assisted embryo selection consistently improves implantation rates and live birth outcomes (Thomson et al., 2025).
· Multi-Omics Approaches to Biomarker Discovery
In parallel with advances in imaging technologies, multi-omics approaches are expanding the molecular understanding of oocyte and embryo competence. These approaches integrate multiple layers of biological information, including transcriptomics, proteomics, metabolomics, and secretomics to identify molecular signatures associated with oocyte quality and embryo developmental potential (De Oliveira et al., 2025). Through integrated data analysis, researchers can identify pathways associated with mitochondrial metabolism, oxidative stress regulation, extracellular matrix remodeling, and somatic–germ cell communication within the follicle. These molecular profiles provide mechanistic insights into the biological processes that influence oocyte competence and early embryo development (Molin et al., 2025). Because these analyses can often be performed using non-invasive samples such as spent culture media or cumulus cells, they offer promising opportunities for improving embryo selection without compromising embryo viability (Massoud et al., 2023).
· Digital Health and Wearable Biosensor Technologies 
Beyond current laboratory-based assessment approaches, emerging advances in biomedical engineering and wearable biosensor technologies may provide future opportunities for continuous monitoring of physiological parameters relevant to reproductive health. Recent developments in flexible electronic sensors and textile-integrated biofluid monitoring platforms demonstrate the feasibility of non-invasive physiological tracking systems capable of measuring motion dynamics, metabolic activity, and sweat composition in real time (Hutchins et al., 2025). Although these technologies are currently applied primarily in biomedical engineering and personalized health monitoring, their underlying sensing principles may eventually be adapted for reproductive medicine applications such as monitoring metabolic stress, hormonal fluctuations, and physiological indicators associated with ovarian function and fertility status. The convergence of smart biosensors, artificial intelligence, and reproductive biomarker discovery may therefore represent an emerging frontier for precision fertility monitoring and personalized reproductive healthcare (Akanbi et al., 2024).
8.	Clinical and Assisted Reproductive Technology (ART) Implications
Understanding the molecular and cellular mechanisms that govern oocyte developmental competence has profound implications for clinical reproductive medicine. In assisted reproductive technologies (ART), including in vitro fertilization (IVF), success rates depend heavily on the intrinsic quality of the oocyte, as the developmental program necessary for fertilization and early embryogenesis is largely established during oogenesis (Conti and Franciosi, 2018). Despite technological improvements in embryo culture and selection, the oocyte remains the primary determinant of embryo viability and pregnancy outcome (Anderson et al., 2025). Therefore, insights into the biological pathways regulating oocyte competence, including mitochondrial function, chromosomal integrity, follicular signaling, and age-related decline have guided the development of strategies aimed at improving ART outcomes (Ferreira et al., 2023).
· Oocyte Selection and Prediction of IVF Success
One of the major clinical challenges in ART is identifying oocytes with the highest developmental potential. Traditional approaches rely on morphological assessment; however, morphology alone does not reliably reflect the underlying metabolic and molecular state of the oocyte (Sciorio et al., 2022). As a result, current research focuses on integrating molecular biomarkers derived from the cumulus–oocyte complex and follicular microenvironment into oocyte selection strategies (Sirait et al., 2021). Gene expression profiles of cumulus cells, for example, provide indirect indicators of oocyte competence because these cells regulate metabolic support, signaling pathways, and meiotic maturation within the follicle. Transcriptomic markers involved in extracellular matrix remodeling, steroid metabolism, and apoptosis regulation have been associated with embryo developmental potential and clinical pregnancy outcomes (Massoud et al., 2023). The integration of such biomarkers into IVF workflows may improve the identification of competent oocytes before fertilization.
Additionally, the recognition that mitochondrial dysfunction and oxidative stress are major contributors to poor oocyte competence has prompted investigations into metabolic indicators of oocyte quality. Biomarkers related to mitochondrial activity, ATP production, and oxidative phosphorylation efficiency may serve as predictors of fertilization success and embryo developmental potential (Voros et al., 2025).
· Optimization of Ovarian Stimulation Protocols
Controlled ovarian stimulation (COS) is a critical component of IVF treatment designed to promote the development of multiple follicles and increase the number of retrievable oocytes. However, excessive or poorly regulated stimulation can disrupt follicular signaling pathways and impair oocyte developmental competence (Chandra and Sharma, 2020). Hormonal signaling within the follicle particularly the balance between follicle-stimulating hormone (FSH) and anti-Müllerian hormone (AMH) plays a central role in regulating follicular growth, oocyte maturation, and metabolic cooperation between oocytes and cumulus cells (Anderson et al., 2025). Evidence suggests that dysregulated FSH signaling may disrupt cumulus–oocyte communication and interfere with the transfer of metabolites and regulatory molecules necessary for meiotic competence and DNA repair (Richani et al., 2020). Consequently, individualized stimulation protocols that consider patient age, ovarian reserve, and endocrine status may improve oocyte quality and IVF outcomes.
Furthermore, recent insights into follicular signaling networks have highlighted the importance of epidermal growth factors (EGF)-like peptide pathways in mediating the ovulatory cascade and promoting oocyte maturation. The incorporation of EGF-like factors or modulators of cyclic nucleotide signaling into in vitro maturation (IVM) systems has been shown to improve developmental competence by restoring physiological maturation signals that may be disrupted during ART procedures (Navarro et al., 2024).
· Managing Age-Related Decline in Oocyte Competence
Maternal age remains one of the strongest predictors of reproductive success in both natural conception and ART (Ferreira et al., 2023). As women age, oocytes accumulate mitochondrial damage, oxidative stress, and chromosomal abnormalities that reduce fertilization potential and increase the risk of miscarriage (Sasaki et al., 2019). These changes are primarily attributed to the prolonged meiotic arrest of oocytes, which leads to progressive deterioration of chromosome cohesion and increased susceptibility to segregation errors during meiosis (Baldini et al., 2024).
Several clinical strategies have been developed to address age-related declines in oocyte competence. One widely used approach is fertility preservation through oocyte cryopreservation, which allows women to store oocytes at younger ages before significant deterioration occurs (Dolmans et al., 2022). This strategy has become increasingly relevant as many women delay childbearing due to social and professional factors. Another approach involves optimizing ovarian stimulation and embryo selection protocols to maximize the chances of retrieving euploid embryos. Preimplantation genetic testing for aneuploidy (PGT-A), for example, allows clinicians to identify chromosomally normal embryos, thereby reducing the risk of implantation failure and miscarriage in older patients (Sasaki et al., 2019; Petrogiannis et al., 2025).
· Fertility Preservation and Emerging Therapeutic Approaches
Beyond conventional IVF strategies, emerging therapeutic approaches aim to preserve or restore oocyte competence by targeting the molecular pathways that regulate ovarian aging and follicular development. Research into nutrient-sensing and longevity pathways—including PI3K/AKT/mTOR signaling, insulin-like growth factor pathways, and sirtuin-mediated metabolic regulation—has revealed potential targets for interventions designed to maintain ovarian reserve and oocyte quality (Ferreira et al., 2023). These pathways regulate primordial follicle activation, mitochondrial metabolism, and cellular stress responses within the ovary. Modulation of these signaling networks may offer novel strategies for extending reproductive lifespan and improving fertility outcomes, particularly in women experiencing premature ovarian insufficiency or age-related fertility decline (Anderson et al., 2025). Additionally, advances in reproductive biotechnology including improved in vitro maturation systems, artificial ovary models, and stem cell–based approaches hold promise for expanding fertility preservation options in the future (Chandra and Sharma, 2020).
CONCLUSION
Oocyte developmental competence represents a central determinant of reproductive success, integrating a complex network of molecular, cellular, and metabolic processes that collectively determine whether an oocyte can support fertilization, embryogenesis, implantation, and successful pregnancy (Conti and Franciosi, 2018). Throughout oogenesis and folliculogenesis, the oocyte progressively acquires this competence through coordinated nuclear and cytoplasmic maturation, mitochondrial biogenesis and metabolic regulation, epigenetic programming, and the accumulation of maternal RNAs and proteins necessary for early embryonic development (Innocenti et al., 2022). Importantly, these processes are not autonomous to the oocyte but depend heavily on bidirectional communication with surrounding somatic cells within the follicular microenvironment (Richani et al., 2020). Disruptions in these regulatory networks whether arising from metabolic imbalance, oxidative stress, chromosomal instability, or impaired follicular signaling can significantly compromise oocyte quality and reproductive outcomes (Sirait et al., 2021).
A major implication of these findings is the recognition that reproductive aging is primarily driven by the progressive deterioration of oocyte competence (Ferreira et al., 2023). As women age, the cumulative effects of mitochondrial dysfunction, oxidative stress, and DNA damage lead to increased meiotic errors and chromosomal abnormalities, which ultimately manifest as declining fertility, increased miscarriage rates, and reduced success of assisted reproductive treatments (Sasaki et al., 2019). The prolonged meiotic arrest characteristic of mammalian oocytes makes them particularly vulnerable to age-related damage, including deterioration of chromosomal cohesion and impaired DNA repair capacity (Baldini et al., 2024). Consequently, maternal age remains one of the strongest predictors of reproductive success in both natural conception and assisted reproduction (Anderson et al., 2025).
Advances in reproductive biology have also highlighted the critical role of the follicular microenvironment in regulating oocyte competence. The dynamic interactions between the oocyte and surrounding cumulus and granulosa cells provide metabolic substrates, regulatory signals, and structural support necessary for proper maturation (Richani et al., 2020). Alterations in these interactions—resulting from endocrine imbalance, inflammatory conditions, or metabolic stress—can disrupt the molecular pathways that govern meiotic progression, mitochondrial function, and cytoplasmic maturation (Innocenti et al., 2022). Understanding these interactions is therefore essential for developing therapeutic strategies aimed at improving oocyte quality and fertility outcomes.
In the context of assisted reproductive technologies (ART), the central importance of oocyte competence has significant clinical implications. Although improvements in embryo culture systems and genetic screening technologies have enhanced ART success rates, the intrinsic quality of the oocyte remains a fundamental limiting factor (Anderson et al., 2025). Consequently, current research efforts are increasingly focused on identifying reliable biomarkers of oocyte competence that can guide clinical decision-making (Molin et al., 2025). Transcriptomic profiling of cumulus cells, metabolomic analysis of follicular fluid, and mitochondrial function assays represent promising approaches for improving the prediction of oocyte developmental potential (Massoud et al., 2023). The integration of such biomarkers with traditional morphological assessment may enable more accurate selection of oocytes and embryos during IVF treatment (Sciorio et al., 2022). Emerging therapeutic strategies are also being explored to preserve or enhance oocyte competence, particularly in the context of reproductive aging. Interventions targeting mitochondrial metabolism, oxidative stress regulation, and follicular signaling pathways may help mitigate age-related declines in oocyte quality (Ferreira et al., 2023). Additionally, advances in fertility preservation techniques, including oocyte cryopreservation and improved in vitro maturation systems, offer new opportunities for maintaining reproductive potential in women who delay childbearing or face medical conditions that threaten ovarian function (Dolmans et al., 2022).
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