Journal of Women'’s Health, Reproductive Medicine and Physiology. Vol. 1 No. 1 (2026): October, 2026 eISSN: 3137-1884

Beyond Chronological Age: Circadian Disruption, Mitochondrial
Dysfunction, and the Biology of Female Reproductive Aging

Warda Abubakar! |  Laiba Rehmat!*
College of Medicine, Hunan University of Chinese Medicine, Hunan, China
*Correspondence: Laiba Rehmat (laiba.rehmat.medicine@gmail.com)

DOI: https://doi.org/10.68041/jwhrmp.v1i1/06

Acknowledgement: None; Competing Interests: The authors declared no competing interests; Grant Support and Funding Source: No external funding; Study Ethical Approval: Not Applicable;
Consent for Participation and Publication: Not Applicable; Availability of Data and Materials: Not Applicable; Use of Artificial Intelligence: The corresponding author declared that no artificial
intelligence or Al-assisted tools were used in any stage of manuscript preparation and editorial processing; Authors’ Contribution: Author Contributions: WA: Conceptualization, scope design,
literature search strategy formulation, and drafting, editing, and final approval of the manuscript. LR: Study screening (title/abstract and full-text), data synthesis, literature quality assessment,
revising the manuscript critically, interpretation, and final approval of the manuscript. All authors agreed to all aspects of the results and provided final approval as per ICMJE criteria.

Received: 09 September, 2026 Revised: 18 October, 2026 Accepted: 21 October, 2026 Published: 30 October, 2026
ABSTRACT

Female reproductive aging involves progressive follicular depletion, declining oocyte competence, and changes in reproductive endocrine function.
This narrative review examines the potential interactions between circadian regulation, mitochondrial dysfunction, and oxidative stress in ovarian
aging. Evidence on sleep timing, shift work, ovarian clock genes, mitochondrial bioenergetics, and redox homeostasis is considered. Although these
processes share pathways involved in cellular metabolism and stress regulation, direct evidence that circadian disruption accelerates ovarian
reserve depletion or shortens reproductive lifespan in humans remains limited. The proposed circadian-mitochondrial relationship should
therefore be considered a testable hypothesis rather than an established causal pathway. Longitudinal human studies integrating objective circadian
measures, ovarian reserve markers, mitochondrial assessments, and reproductive outcomes are needed to clarify these interactions and their clinical
significance.
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INTRODUCTION

emale reproductive ageing is a slowly progressive decline in ovarian follicular reserve, impairs the developmental capacity of oocytes,
changes reproductive endocrine function, and culminates in menopause. While chronological age is the most well-established, but not
the only, factor predictive of reproductive decline, ovarian function still varies between women of the same age. Ovarian aging is
thought to be due to an interplay of intrinsic biological processes with genetic, metabolic, environmental, and neuroendocrine factors,
as there are differences in ovarian reserve, the reproductive lifespan, and timing of reproductive senescence of women '2. These
interactions gain growing significance, particularly in light of the growing demand for fertility assessment and assisted reproductive technology
(ART) and postponement of reproduction 3-°. Observational and experimental studies have linked circadian-related exposures to menstrual and
reproductive outcomes, but whether these exposures accelerate ovarian reserve depletion or shorten reproductive lifespan remains uncertain.

The molecular mechanisms linking circadian balance to reproductive ageing are likely at the cellular level, involving mitochondrial function and
redox homeostasis. Mitochondria provide metabolic signaling, energy production, regulation of calcium, and maintenance of cellular
homeostasis, thereby playing a role in oocyte maturation. Mitochondrial dysfunction and oxidative damage in human ovarian tissue and oocytes
have also been shown with age, indicating that impaired cell

energetics may play a role in reducing the quality of the oocytes 7. [ Circadian-related exposures ]

However, the link between these changes and circadian disruption i i 1

in the human ovary needs to be further explored. The concept of [ Shift work  night light ] [ Tvegike iy ining } [ Cireadion szt J
reproductive senescence and the concept of mitochondrial ageing I T I

have been reviewed in the past, but as distinct lines of research 8°. 1
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bioenergetics, redox homeostasis, and reproductive outcomes
provide an integrative framework for this review (Figure 1).
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Figure 1: Integrative framework linking circadian disruption, mitochondrial dysfunction,
and female reproductive aging. The original conceptual flowchart summarizes potential

. . . . . . interactions among circadian exposures, metabolic signaling, mitochondrial bioenergetics,
This narrative review drew on literature identified through PubMed, and redox homeostasis, and their possible consequences for ovarian-cell function and
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studies where relevant. Search concepts covered female reproductive aging, ovarian reserve, circadian rhythms, sleep timing, shift work, clock
genes, mitochondrial dysfunction, oxidative stress, oocyte quality, and reproductive longevity. Reference lists of relevant publications were also
examined to identify additional studies. The review considered human observational research, experimental investigations, and mechanistic
studies, distinguishing direct evidence from findings extrapolated from non-ovarian systems.

PHYSIOLOGICAL FOUNDATIONS OF FEMALE REPRODUCTIVE AGING

Ovarian Reserve, Follicular Depletion, and Reproductive Lifespan: Aging of the female reproductive system is essentially related to the
progressive depletion of the ovarian follicular pool. The human ovary is unique in comparison to most somatic tissues in that it has a finite
number of primordial follicles, most of which were set aside prior to birth %11, Ovarian ageing is not just a decrease in the number of follicles. It
also includes modifications in the developmental competence of surviving oocytes and in the physiological conditions under which follicular
maturation takes place. Meiotic chromosome segregation abnormalities, mitochondrial activity, cellular stress responses, and follicular support
mechanisms are all affected by age, which can affect the probability that an ovulated oocyte will give rise to a viable embryo %!, Thus, there
are two aspects of reproductive ageing: loss of ovarian quantity and loss of oocyte quality. The clinical implications of the postmenopausal
transition may extend beyond reproductive function to include cardiometabolic health. Observational research examining body mass index and
lipid profiles in postmenopausal women provides a related clinical perspective on health assessment during this stage of life 7.

Oocyte Competence, Granulosa-Cell Function, and Steroidogenesis: The coordinated interaction of the oocyte with the somatic cells
(granulosa and cumulus cells) is essential for successful follicular development. These cells contribute to the exchange of nutrients, metabolic
support, signaling of growth factors, and the hormonal environment necessary for oocyte maturation. Granulosa cells are also involved in
ovarian steroidogenesis, which involves their response to gonadotropins and involvement in the synthesis of both oestradiol and other
reproductive hormones. The supportive activities may be affected by age-related changes in granulosa-cell metabolism and mitochondrial
function >4, The significance of these processes, however, varies from experimental model to experimental model and with the developmental
stage of the follicles.

Chronological Age Versus Biological Ovarian Age: Chronological age is a useful indicator of reproductive age, but does not reflect the
physiological diversity of ovarian function. Follicular reserves, reproductive endocrine profiles, and oocyte developmental competence may vary
among women of the same age. These characteristics are also affected by genetic variation, environmental exposures, previous gonadotoxic
treatment, and underlying reproductive disorders '>!5, Ovarian function is also described by clinical measures, such as anti-Miillerian hormone
(AMH), antral follicle count (AFC), and follicle-stimulating hormone (FSH), which are complementary. However, the measurement of ovarian
reserve itself is mainly a measure of the number of follicles present and their response to ovarian stimulation, but not a measure of the quality of
the oocytes or a reliable indicator of a woman's natural reproductive life '5. Therefore, biological ovarian age should not be viewed as a one-
dimensional clinical parameter that has been validated. It is important to note this difference for the current review. These changes in ovarian
physiology may occur through circadian disruption, mitochondrial dysfunction, and/or oxidative stress, but not necessarily at the same rates as
other markers of ovarian ageing. Association with menstrual irregularity, such as an earlier age at menopause, does not prove accelerated
follicular depletion.

Endocrine Aging Across the Reproductive Transition: Reproductive aging is also characterized by changes in hypothalamic, pituitary, and
ovarian interactions. As the follicular reserve declines, ovarian feedback to the hypothalamus and pituitary changes, contributing to alterations in
follicle-stimulating hormone and other reproductive hormones. These changes occur across the menopausal transition, which is characterized by
increasing menstrual irregularity and ultimately the cessation of menstruation '°. Also relevant to this is the hypothalamic—pituitary—ovarian axis,
as reproductive hormone secretion is also temporally regulated. Alterations in the level of hormones and their feedback regulation can affect
ovarian function, and circadian patterns can regulate the timing of neuroendocrine activity. This gives a physiological framework for exploring
the relationship between circadian misalignment and the process of reproductive aging, as well as the assumption that the ovary is independent
of upstream timekeeping mechanisms.

One more potential connection between endocrine regulation and age-related changes in the ovary could be through mitochondrial dysfunction
and oxidative damage. Recent studies have shown age-related changes in the energy metabolism, mitochondrial integrity, and redox balance of
the oocyte, and studies of reduced ovarian reserve have found associations with changes in mitochondrial markers '7-'°. The results of these
studies suggest that there is a need for additional research into mitochondrial and metabolic mechanisms, which do not necessarily mean that
circadian disruption is the triggering source. Ovarian aging encompasses the progressive decrease in the size of the ovary, reduced competence
of oocytes, ovarian somatic-cell changes, and age-related endocrine regulation.

CIRCADIAN RHYTHMS, SLEEP TIMING, AND REPRODUCTIVE ENDOCRINE REGULATION

Central Circadian Control: The suprachiasmatic nucleus (SCN) regulates the circadian control of sleep—wake cycles, metabolism, and
endocrine function in response to environmental cues. It acts via neural and hormonal pathways on the hypothalamic—pituitary—gonadal axis
(HPG axis), a system responsible for the regulation of follicular development, steroidogenesis, and ovulation 22!, Experimental evidence shows
that circadian signaling is involved in timing the release of reproductive hormones, such as the preovulatory surge of luteinizing hormone (LH).
The mechanism is different in species, and the effects of circadian disruption on human ovarian ageing have not yet been established 2122,

Sleep Timing and Reproductive Function: There are three exposures: sleep duration, chronotype, and circadian alignment. Short sleep is an
indication of lack of sleep opportunity, and social jet lag and irregular sleep schedules can result in a misalignment of the internal biological
clock and external demands. These factors can overlap but should not be considered synonymous. A systematic review found associations
between sleep disturbances and female reproductive outcomes, but the associations differed between populations and study designs 2°. The
findings don't confirm accelerated ovarian ageing, but in a prospective preconception cohort, sleep difficulties were associated with decreased
fecundability 22. To better understand this association, more longitudinal research that assesses ovarian reserve and objective sleep and circadian
markers is necessary. Human evidence from non-reproductive populations also provides context for the relationship between sleep disturbance
and melatonin physiology. A study of emergency doctors examined insomnia prevalence and its relationship with serum melatonin, offering
indirect evidence relevant to sleep—melatonin regulation 7. However, this study did not assess women-specific reproductive outcomes and
cannot establish a link between sleep disruption and ovarian aging.

Circadian Regulation of Reproductive Hormones: The HPG axis regulates the activity of gonadotropin-releasing hormone, follicle-
stimulating hormone (FSH), LH, and ovarian steroid hormones. Circadian signals can affect the hormone secretion rhythm and sensitivity of
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reproductive tissues 2!. Disruption in menstrual regularity or ovulatory coordination may therefore occur without a decrease in the follicular
reserve. Night-shift workers have been reported to have irregular periods, although this may be due to residual confounding by stress, metabolic
health and sleep quality, and thus does not provide causal conclusions 224 It is thus not a harbinger of ovarian ageing, but rather a possible
reproductive stressor, associated with night-shift exposure.

Melatonin and Ovarian Hormone Signaling: Melatonin is a hormone that is involved in the perception of biological night and has been
studied for its role in ovarian function and antioxidant activity 23. Experimental data indicate that it can affect follicular development and oocyte
maturation, but this is dependent on physiologic context. The presence of antioxidant activity does not support the use of melatonin supplements
to protect human ovarian reserve. Other studies have found that the reproductive hormones also affect sleep and thermoregulation, suggesting a
possible bidirectional interaction between reproductive hormones and circadian physiology 2°. These relationships make causal interpretation
difficult since sleep changes can occur before, during, or after reproductive hormonal changes.

Shift Work and Reproductive Outcomes: Night-shift workers are exposed to a combination of several factors, such as nocturnal light, sleep
disruption, and irregular eating patterns. There has been evidence of associations with reproductive outcomes in a few reviews, although
exposure terms and results are not uniform in these studies 2. Requirements for future studies include differentiation of occupational schedules
from objectively measured circadian misalignment and longitudinal study of ovarian reserve. The main evidence and its limitations are
summarized in Table I.

Table I: Evidence linking circadian disruption and sleep-related exposures with female reproductive physiology

(Author et Study Circadian exposure or Main reproductive  Limitations
al., Year) design/population mechanism findings/relevance
Reference
Hu et al., Meta-analysis Shift work Examines associations between shift Heterogeneity among
2023 ¢ work and menstrual irregularity included studies
Bracci et Observational Peripheral clock-gene Investigates changes in circadian and Limited generalizability
al., 201473 study of rotating- expression, melatonin, and endocrine markers

shift nurses estradiol
Stocker et Systematic review  Shift work Evaluates associations with early Limited mechanistic
al., 2014 ° and meta-analysis reproductive outcomes evidence
Caetano et Systematic review  Sleep and reproductive function = Reviews sleep-related reproductive Heterogeneous exposures
al., 2021 20 outcomes and outcomes
Shao et al., Mechanistic Circadian regulation of the Describes central and peripheral clocks Several mechanisms
2021 2 review hypothalamic—pituitary—gonadal  involved in reproductive regulation derive from experimental

(HPG) axis models

Willis et Prospective Sleep patterns and shift work Sleep difficulties were associated with ~ Observational —exposure
al., 201922 preconception reduced fecundability; shift work was assessment

cohort not associated in the same way
Kim et al., Longitudinal Night-shift work Investigates incident menstrual  Does not directly
2024 %3 cohort irregularity measure ovarian aging
Lawson et Epidemiological Rotating shift work Examines menstrual-cycle Potential residual
al,, 20112 study characteristics confounding
Gamble et Mechanistic Circadian disruption Discusses  possible  effects on Does not establish direct
al., 2013 % review reproductive timing causation

Note: Fecundability refers to the probability of conception per menstrual cycle. Evidence of menstrual or fertility disturbance should not be interpreted as direct evidence of accelerated
depletion of ovarian reserve.

THE OVARIAN MOLECULAR CLOCK: CLOCK GENES AND FOLLICULAR PHYSIOLOGY

Core Circadian Clock Genes: A molecular circadian clock is regulated by a network of interconnected transcriptional feedback loops. CLOCK
and BMALI are responsible for stimulating PER and CRY gene expression, which in turn inhibits CLOCK-BMALT1 activity. Other regulators,
such as REV-ERB and ROR, help to control these oscillations and the downstream cellular processes 2*%°. Pathways that are clock-controlled
may affect steroidogenesis, follicular development, and timing of ovulation in reproductive tissues. One measurement of clock-gene expression
is not enough to confirm and quantify that an ovarian rhythm is disrupted; however, phase, amplitude, and temporal coordination should be
taken into account.

Peripheral Clocks in Ovarian Tissues: Experimental research has shown that the expression of clock genes is found in ovarian cells, including
granulosa cells. The expression of PER1 and BMALI shows follicular differences and gonadotropin responsiveness in rats, indicating ovarian
clocks that are responsive to reproductive signals 3!. Human evidence is preliminary. Brzezinski and coworkers demonstrated age-related
changes in the expression of clock genes in in vitro fertilised luteinized granulosa cells 34. The results indicate a possible connection between
ovarian ageing and clock regulation, but do not prove causality.

Clock Genes and Follicular Function: The activities of granulosa cells, including proliferation, hormone synthesis, and responsiveness to
gonadotropins, may be controlled by clock genes. Estradiol production and the expression of the corresponding genes in bovine granulosa cells
were modified by experimental suppression of Clock . Likewise, there were altered genes associated with steroidogenesis and prostaglandin
synthesis in the reduced BMAL1-expressing rat luteinizing granulosa cells 3. Experimental evidence of local clock function in reproductive
physiology was obtained by BMALTI selective deletion of theca cells in mice, which disrupted ovulation 3.

Circadian Disruption and Ovarian Gene Expression: Circadian misalignment can affect the activity of the ovarian clock via modifications in
the system hormones, neural, and metabolic cues. Environmental disruption is not a genetic elimination of an essential clock gene, however. If
either exposure is to be assessed, it must be done through proper temporal measures and by using reproductive outcomes. A study of human
luteinized granulosa cells reported an association between BMALI1 expression and genes involved in steroidogenesis, including STAR,

Submit manuscript: https://msarjournals.com/index.php/whrmp/about/submissions 31



Journal of Women’s Health, Reproductive Medicine and Physiology. Vol. 1 No. 1 (2026): October, 2026 elSSN: 3137-1884

CYP11A1, and CYP19A1 . These results warrant further research but don't prove that sleep timing changes directly speed up the aging of the
ovaries.

Bidirectional Interactions with Reproductive Hormones: There could be interactions between circadian regulation and reproductive
hormones. Gonadotropin stimulation can alter the expression of the clock genes in the ovary, and pathways related to clock genes can influence
the steroidogenic activity 2>3*>, Hormonal changes associated with age can thus affect the functioning of the ovarian clock, and conversely,
changes in clock regulation could affect reproductive physiology.

MITOCHONDRIAL BIOENERGETICS AND THE AGING OVARY

Mitochondrial Energy Production and Oocyte Competence: Mitochondrial function supports oocyte maturation, fertilization, and early
embryonic development through ATP production, calcium regulation, and metabolic signaling. Mitochondria produce ATP and control calcium
signaling, metabolism, and production of reactive oxygen species (ROS). Therefore, the oocyte may be less competent in some aspects due to
mitochondria-related alterations that occur with age and act in multiple interacting ways 3738, But the number of mitochondria doesn't necessarily
mean they are functional. These measures complement each other, and relationships are dependent on the developmental stage and experimental
context with respect to oocyte quality 3.

Mitochondrial DNA and Biogenesis: The integrity of mitochondrial DNA (mtDNA) is crucial for the integrity of oxidative phosphorylation, an
important process in cellular energy metabolism. Changes in the content, replication, and damage of mtDNA are under investigation as potential
causes of ovarian dysfunction with age 3%%°. Age-associated mitochondrial DNA damage and the limited capacity for its repair may further
compromise mitochondrial function and oocyte competence 3. Any changes in mtDNA copy number should be assessed in the context of
mitochondrial function, as an increased number of copies of mtDNA may only represent compensation for decreased bioenergetics and not
increased cell health. Age-related mitochondrial dysfunction may compromise oocyte competence through impaired energy production, altered
redox balance, and disrupted mitochondrial quality control (Figure 2) 17,
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Figure 2: Mitochondrial dysfunction and telomere-associated mechanisms in oocyte aging '’.

Membrane Potential, Calcium Regulation, and Meiotic Competence: The mitochondrial membrane potential is important for ATP
production and for transport of metabolites. Disruption of this could impact cellular energy availability, calcium homeostasis, and may have an
impact on meiotic progression and spindle organization. These processes are especially critical in oocytes, and abnormal segregation of the
chromosomes is a significant factor in age-associated reproductive decline *7#°, Mitochondrial dysfunction is not the only reason for the
occurrence of meiotic errors. Decreased female fertility in old age is also due to age-related alterations in the cohesins and other proteins
involved in the regulation of the spindle apparatus, in addition to alterations in the quality of the oocytes *°

Granulosa-Cell Mitochondria and Steroidogenesis: Mitochondrial function in granulosa and cumulus cells supports steroidogenesis and the
metabolic environment required for follicular development #!. Age-related mitochondrial changes in these somatic cells may therefore influence
oocyte competence indirectly, although the extent and timing of such effects in human reproductive aging remain incompletely defined.

Mitochondrial Quality Control and Mitophagy: Mitochondrial quality control is the process of removing damaged mitochondria and
repairing and maintaining mitochondrial homeostasis. Removal of mitochondria by mitophagy selectively targets dysfunctional mitochondria,
and the mitochondrial unfolded protein response is a mechanism for cells to respond to mitochondrial stress. There are indications that the
quality-control mechanisms in the mitochondria may not function well in older oocytes. A recent study in 2023 indicated that the oocytes from
aged females showed impaired mitochondrial stress-response and mitophagy mechanisms, which may be linked to decreased oocyte quality *?
These results provide a basis for the exploration of mitochondrial maintenance as a mechanism of reproductive ageing but do not yet prove to
lead to a clinically validated technique for the restoration of human oocyte competence. In summary, mitochondrial dysfunction can influence
the aging of reproduction by impacting energy metabolism, redox signaling, and organelle quality control. Table Il summarizes the principal
mechanisms and limitations of this evidence.

Table I1: Mitochondrial Dysfunction and Cellular Mechanisms of Ovarian Aging

(Author et al.,, Study Mitochondrial Main findings/relevance to ovarian Limitations

Year) design/model mechanism aging

Reference

Smits et al., Human ovarian Mitochondrial Reports age-associated oxidative damage Tissue findings do not
20237 tissue study dysfunction and and mitochondrial changes in human establish causality

oxidative damage

ovarian tissue
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Alberico and Review Granulosa-cell Discusses mitochondrial and metabolic

Woods, 2022 13 metabolism support of the follicular environment

Bao et al, Review Oocyte energy Reviews metabolic requirements and their

2024 14 metabolism relevance to ovarian aging

Ju et al., 2024 Review Mitochondrial Summarizes mechanisms and candidate

17 dysfunction and approaches relevant to ovarian aging

potential interventions

van der Reest Review Oocyte  mitochondrial Integrates mitochondrial energy

etal., 2021 %7 function production, redox regulation, and oocyte
aging

Chiang et al., Review Mitochondrial Discusses mitochondrial DNA,

2020 38 dysfunction and metabolism, and ovarian aging

reproductive longevity

Kasapoglu and Review Mitochondrial Examines potential links with ovarian

Seli, 2020 3° dysfunction aging and oocyte quality

Bebbere et al., Review Oocyte aging Connects cellular abnormalities with

2022 40 declining developmental competence

Khan et al., Experimental Mitochondrial integrity Investigates mitochondrial integrity in

2023 4 study and quality control relation to oocyte quality during
reproductive aging

Kobayashi and Review Mitochondrial DNA Examines how accumulated mitochondrial

Imanaka, 2024 damage and repair in DNA damage and repair limitations may

4 aging oocytes contribute to impaired energy production
and oocyte dysfunction

Jiang and Review Mitochondrial Evaluates potential approaches for oocyte

Shen, 2022 # therapeutic strategies rescue

Esencan et al., Narrative review  Folliculogenesis and Discusses  age-related  changes in

2022 1 potential modifiers folliculogenesis and factors potentially
affecting fertility outcomes

Telfer et al., Review Oocyte health, aging, Discusses human oocyte quality and

2023 ©2

and development

developmental capacity with age

Evidence includes
experimental models

Does mnot independently
establish causal pathways
Clinical effectiveness
remains uncertain

Evidence is drawn from
heterogeneous models

Relative contributions of

mechanisms remain
uncertain
Therapeutic ~ applications

remain uncertain

Not focused exclusively on
mitochondria

Experimental findings
require broader validation

Mechanistic pathways and
therapeutic implications
require further validation

Clinical remains
uncertain

Broad review; not specific
to mitochondrial
dysfunction

Covers several mechanisms

beyond mitochondria

efficacy

Note: Mechanistic evidence from experimental systems should be distinguished from direct evidence in aging human ovaries. Association with oocyte aging does not by itself establish

that mitochondrial dysfunction initiates reproductive decline.

CIRCADIAN-MITOCHONDRIAL CROSSTALK: AN INTEGRATED PHYSIOLOGICAL MECHANISM

Clock-Controlled Mitochondrial Metabolism: Every cell uses a clock to regulate metabolic shifts over the course of the day, enabling cells to
prepare for shifts in energy needs. Metabolic pathways can be controlled by CLOCK-BMALL signaling and metabolites can modulate clock
function. A key link is the mitochondria-specific nicotinamide adenine dinucleotide (NAD") that is involved in mitochondrial metabolism and is
required as a cofactor for the sirtuin enzymes 4%, NAD*-SIRT1 pathway is a connection between metabolic status and clock control. CLOCK~—
BMALL affects the activity of NAMPT, an enzyme that affects the process of biosynthesis of NAD", and NAD*-dependent SIRT1 changes the

activity of proteins associated with the clock and metabolic regulators 4347,

NAD-SIRT1, AMPK, and PGC-1a Signaling: AMP-activated protein kinase (AMPK) is activated by a decrease in cellular energy, and
peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a) regulates mitochondrial biogenesis and oxidative metabolism.

SIRT1, AMPK and PGC-1a are linked in intricate metabolic pathways
that regulate energy balance and mitochondrial function 64, These
pathways could be important in reproductive ageing as the synchronised
energy metabolism of oocytes and granulosa cells is essential. However,
it should not be inferred from their known involvement in general
cellular metabolism that circadian disruption significantly affects these
pathways to accelerate human ovarian ageing.

Melatonin, Mitochondrial Function, and Redox Balance: Melatonin
has been investigated for its effects on circadian signaling, antioxidant
defences, and mitochondrial function in ovarian models %0, A 2025
study in a polycystic ovary syndrome (PCOS) model examined
melatonin-related modulation of ovarian mitochondrial dysfunction
involving the clock gene CLOCK 5'. These findings provide
mechanistic evidence in a pathological model, but they do not establish
that melatonin prevents physiological ovarian aging or extends
reproductive lifespan in humans.

Temporal Misalignment and Mitochondrial Stress: Circadian
misalignment can disrupt the timing of metabolic need, substrate
utilization, and cell repairs. From general circadian studies, it is clear
that the metabolism of NAD(P)(H) and redox levels are coupled to
clock activity and might explain how disruptions to the timing could be
linked to mitochondrial homeostasis 4743, Such effects might potentially
impact ATP availability, ROS handling, and mitochondrial quality
control in ovarian cells. But there is so far little direct evidence linking
sleep timing to these changes in aging human ovaries. Therefore, the
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Figure 3: Circadian regulation, mitochondrial metabolism, and oxidative stress 7.
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proposed relationship should be considered a physiological hypothesis rather than a causal sequence.

Reciprocal Signaling Between Mitochondrial Dysfunction and the Circadian Clock: The metabolic pathways can be regulated by circadian
regulation, and the cellular energy status and redox balance can modify clock-associated signaling. A bidirectional interaction occurs, whereby
compromised mitochondrial functions may impact cell timing, and disrupted cell timing may impact mitochondrial function -3, The resulting
model is not a linear progression from poor sleep to damage to the mitochondria to ovarian ageing, but rather a model of interacting processes.
The proposed interaction between circadian regulation, mitochondrial metabolism, and redox homeostasis provides a framework for
investigating their potential contribution to ovarian aging, although direct evidence in human ovaries remains limited ~*°. The potential
involvement of ovarian clock signaling in mitochondrial dysfunction is also supported by experimental findings from a PCOS model °'. These

interactions are illustrated in Figure 3 7. Table I1I summarizes the relevant molecular links and their evidential limitations.

Table II1: Molecular Links Between Circadian Regulation, Mitochondrial Function, and Ovarian Aging

(Author et al.,
Year) Reference

Study design

Circadian
pathway

regulator or

Mitochondrial /
mechanism

redox

Relevance and evidence

limitations

Bellet et al., 2011
45

Eckel-Mahan and
Sassone-Corsi,
2013 46

Levine et al., 2022
47

Asher and
Schibler, 2011 *3

Mechanistic review

Mechanistic review

Review

Mechanistic review

NAD*SIRT1 signaling and
the circadian clock
Reciprocal circadian and
metabolic regulation

Circadian
cycles
Crosstalk between circadian
and metabolic cycles

NAD(P)(H)

Links cellular metabolic state
with clock-associated regulation
Describes interactions between
clock activity and metabolic
pathways

Describes temporal regulation
of cellular redox metabolism
Explains reciprocal regulation
of metabolic and clock-
associated processes

General metabolic evidence;
not ovary-specific

Much of the evidence comes
from non-reproductive
systems

Does not establish effects on
ovarian aging

General mammalian
evidence; direct ovarian
effects remain uncertain

Jiang et al., 2021 % Review Melatonin and reproductive Reviews melatonin-associated Does not establish
oxidative stress antioxidant and reproductive prevention of physiological
mechanisms ovarian aging
Reiter et al., 2023  Review Melatonin in age-related Discusses possible roles in Proposed benefits require
0 ovarian failure oxidative balance and stronger clinical evidence
reproductive function
Chen et al., 2025 °"  Experimental study in CLOCK-associated Examines melatonin-related PCOS is not equivalent to
a polycystic ovary regulation and melatonin changes in ovarian physiological ovarian aging
syndrome (PCOS) mitochondrial dysfunction
model

Note: These studies support a plausible circadian—metabolic interaction, not a proven causal pathway from disrupted sleep to mitochondrial damage and accelerated human ovarian
aging. Findings from PCOS models should not be generalized directly to physiological reproductive aging.

OXIDATIVE STRESS, REDOX IMBALANCE, AND FOLLICULAR DECLINE

Reactive Oxygen Species and Physiological Redox Signaling: Reactive oxygen species (ROS) are involved in cellular signaling, follicular
development, and the ovulatory process. If the production of ROS is greater than the capacity of antioxidants and repair mechanisms, then
oxidative stress may cause damage to cell components and interfere with ovarian function 3335, Mitochondrial dysfunction with age could also
add to the oxidative load and further affect oocyte competence and follicular degeneration.

Oxidative Damage to Mitochondrial Components: Excessive ROS can damage mitochondrial DNA, oxidize proteins, and disrupt membrane
lipids, potentially impairing respiratory-chain activity and ATP production *%¢, These changes can form a vicious cycle, where mitochondrial
dysfunction leads to higher oxidative stress and even more damage to the cells. However, oxidative damage is a factor in reproductive aging and
not the only factor %7, The ovary protects itself from redox imbalances by enzymatic (superoxide dismutase, catalase, glutathione peroxidases)
and non-enzymatic (antioxidants) antioxidants. Other pathways regulated by NRF2 also play a role in cellular stress responses 3%, As people
get older, they may be more vulnerable to oxidative damage due to these changes in defences. However, ROS also play a critical role in normal
physiological processes, and indiscriminate suppression may disrupt normal reproductive signaling.

Mitochondrial Damage and Follicular Loss: Oxidative stress may damage mitochondria, activate cellular stress responses, and promote
apoptosis, potentially contributing to granulosa-cell dysfunction and follicular atresia ***°. There may also be interactions between oxidative
damage and inflammation, and DNA damage and cellular senescence, which are more prominent for different types of ovarian cells at different
developmental stages. There are links between circadian clocks and aspects of metabolism and antioxidant defense, and cellular redox state can
affect clock-related signaling 3¢%°. These interactions could be used as a plausible mechanism to explain how circadian misalignment and
mitochondrial dysfunction might feed into each other. This feedback loop is demonstrated directly in aging human ovaries with only limited
evidence. Oxidative stress is therefore considered a possible mechanism linking mitochondrial dysfunction to follicular decline, but not as a
direct result of sleep timing disruption.

CONSEQUENCES FOR OVARIAN RESERVE, FERTILITY, AND REPRODUCTIVE LONGEVITY

Follicular Reserve and Reproductive Aging: Ovarian reserve is indicative of the number of follicles left, and reproductive aging is a complex
process involving both the number and quality of follicles. There is a similarity between these dimensions, but they are not synonymous '!!,
Several changes in the ovarian environment, mitochondrial function, and cell maintenance, all of which likely play a role in reproductive aging,
may be affected by increasing age, but their individual contribution is not completely elucidated °'.

Oocyte Quality and Embryo Development: Maternal age is linked to increased meiotic errors and chromosomal aneuploidy, which leads to
loss of embryo developmental competence, infertility, and miscarriage ®>. Other factors such as mitochondrial dysfunction, oxidative damage,
and alteration of the follicular microenvironment may also impede further maturation of the oocyte. No single pathway is responsible for
reproductive decline, which occurs through these mechanisms in addition to age-related changes in chromosome cohesion and spindle
organization. As the follicular pool declines, ovarian endocrine activity changes, contributing to menstrual irregularity and eventually

Submit manuscript: https://msarjournals.com/index.php/whrmp/about/submissions 34



Journal of Women'’s Health, Reproductive Medicine and Physiology. Vol. 1 No. 1 (2026): October, 2026 eISSN: 3137-1884

menopause. This transition is a gradual process, which can not be reliably estimated by a single measurement of ovarian reserve. The
physiological process of reproductive aging needs to be differentiated from the ovarian reserve markers in clinical assessment '>16,

Biological Age and Reproductive Resilience: Genetic, metabolic, environmental, and cellular maintenance factors may contribute to
interindividual variation in reproductive aging %4, Circadian disruption, mitochondrial dysfunction, and oxidative stress are plausible
contributors, but their independent effects on human reproductive lifespan remain uncertain. Ovarian reserve, oocyte competence, fertility
outcomes, and age at menopause should be evaluated separately because they represent related but distinct dimensions of reproductive function.

TRANSLATIONAL IMPLICATIONS AND FUTURE RESEARCH

Clinical Interpretation and Reproductive Counselling: Circadian disruption, mitochondrial dysfunction, and oxidative stress are biologically
plausible contributors to variation in reproductive function, but their clinical significance for ovarian aging remains uncertain. Menstrual
irregularity, sleep disturbance, and reduced fecundability should not be interpreted as direct evidence of accelerated follicular depletion. Anti-
Miillerian hormone (AMH), antral follicle count (AFC), and follicle-stimulating hormone (FSH) provide complementary information about
ovarian reserve but do not directly measure mitochondrial function or reliably determine an individual's natural reproductive lifespan 1563,

Priorities for Mechanistic and Longitudinal Research: Future studies should examine the differences among sleep duration, chronotype, light
exposure at night, and the objectively measured circadian misalignment. These measures should be used in prospective human cohorts in
addition to repeated measurement of menstrual characteristics, reproductive hormones, AMH, AFC, and fertility outcomes. Where feasible,
follicular-fluid metabolomics and mitochondrial-function markers could help identify changes in the ovarian microenvironment associated with
circadian disruption. These methods would be based on the evidence of age-related oxidative damage in human ovarian tissue and mitochondrial
metabolism alterations and would overcome the drawbacks of cross-sectional studies and ovarian-stimulation samples 7%, Additional
molecular signatures of reproductive ageing may be discovered through multi-omics analysis, but candidate biomarkers will need to be validated
separately in populations and age groups ¢’. The distinction of physiological reproductive aging from pathological conditions such as premature
ovarian insufficiency and polycystic ovary syndrome is also important since mechanisms seen in these states may not apply to healthy ovarian
aging, and should be considered 8.

Therapeutic Potential and Translational Limitations: Regularity of sleep, proper light exposure and healthier lifestyle patterns are good
general health measures but evidence to support the maintenance of ovarian reserve or extension of reproductive lifespan is lacking. Melatonin,
antioxidant supplements, mitochondrial-targeted compounds, and metabolic modulators have been investigated as potential interventions in
selected experimental or clinical contexts. Although improvements in oxidative balance or the quality of the oocytes have been observed in
preclinical trials, their clinical benefits, long-term safety, and improved live-birth rates remain unknown ®7°, Future studies using interventions
are recommended to employ well-defined reproductive outcomes, control groups, an appropriate follow-up time period, and explicit evaluation
of adverse effects. The first major step is to determine whether there is a measurable impact of modifiable circadian exposures on ovarian
biology, and to develop targeted interventions based on this.

CONCLUSION

Female reproductive aging involves progressive follicular depletion, declining oocyte developmental competence, and changes in reproductive
endocrine function. Circadian regulation, mitochondrial bioenergetics, and oxidative stress may interact through pathways governing cellular
energy balance and redox homeostasis, offering a plausible framework for investigating variation in reproductive aging beyond chronological
age. However, direct evidence that circadian disruption accelerates ovarian reserve depletion or shortens reproductive lifespan in humans
remains limited. Longitudinal studies integrating objective circadian measures, ovarian reserve markers, reproductive outcomes, and
mitochondrial assessments are needed to establish the direction and clinical significance of these relationships. At present, the circadian—
mitochondrial framework should be considered a testable physiological hypothesis rather than an established causal pathway or a basis for
claiming that specific interventions preserve reproductive longevity.
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