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Abstract

Female reproductive aging exemplifies accelerated, system-specific decline, with the ovary
undergoing the earliest and most pronounced functional deterioration of any organ system.
Traditional explanations centered on follicular depletion and oocyte aneuploidy fail to account for
the interdependent biochemical pathways driving reproductive senescence. This paper extends the
Conglomerate Theory of Aging to female reproductive biology, presenting a unified, systems-level
framework in which reactive species-initiated processes— metal bioaccumulation, advanced
glycation end product (AGE) formation, advanced lipoxidation end product (ALE) accumulation,
and the emergence of metal-AGE/ALE hybrid complexes— interact as mutually reinforcing elements
of a single damage network. Within this framework, bioaccumulated metals, AGEs, and ALEs
function as interdependent drivers of molecular damage. Metal-catalyzed redox activity amplifies
the production of reactive oxygen, nitrogen, and carbonyl species, fostering environments conducive
to AGE and ALE formation, while AGEs and ALEs independently propagate redox cycling and
inflammation through RAGE-mediated and mitochondrial feedback. These processes collectively
erode ovarian cellular integrity, induce mitochondrial and enzymatic dysfunction, accelerate
follicular depletion, and disrupt hypothalamic-pituitary-ovarian axis regulation. The model
highlights the therapeutic potential of multi-target approaches addressing concurrent pathways of
damage amplification. Candidate strategies include glutathione restoration with GlyNAC, selective
metal chelation, carbonyl-stress inhibition via compounds such as carnosine, and y-tocopherol for
nitrosative stress. Priorities for future research include biomarker discovery and integrative clinical
trials using multiomics platforms to track and modulate these overlapping mechanisms. By framing
reproductive aging as a network of self-reinforcing oxidative, glycoxidative, and lipoxidative
processes, the Conglomerate Theory of Female Reproductive Aging offers a cohesive biochemical
explanation for reproductive decline and identifies convergent intervention points to sustain fertility
and extend reproductive longevity.

Keywords: female reproductive aging; women’s health; infertility; IVF; aging; glycation;
lipoxidation; metal bioaccumulation

1. Introduction

Female reproductive aging represents a paradigm of accelerated system-specific decline, with
the ovary exhibiting the earliest and most noteworthy deterioration among all relevant organs (Wang
et al, 2025). This biological phenomenon has profound implications for individual fertility,
population demographics, and public health, particularly as women delay childbearing to more
advanced ages. The traditional paradigm of reproductive aging has focused primarily on the
quantitative decline in ovarian reserve with emphasis on follicular depletion and oocyte aneuploidy
as primary drivers of fertility decline (Hirano et al., 2025). However, this model fails to sufficiently
explain the complex, interconnected nature of ovarian aging processes or provide a unified
framework for understanding the mechanistic basis of reproductive decline. Moreover, conventional
approaches have been limited in their ability to identify actionable therapeutic targets for preserving
reproductive function for extended periods.
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Recent advances in reproductive biology have revealed that ovarian aging involves complex
interactions between reactive species byproducts, mitochondrial dysfunction, inflammation, and
metabolic disruption (Ju et al., 2025). These findings align remarkably well with the core principles
of the Conglomerate Theory of Aging which integrates multiple damage pathways into a unified
model of biological aging. This theory proposes that aging results from the synergistic interaction of
four primary, reactive species-initiated processes: metal bioaccumulation, AGE formation, ALE
accumulation, and the formation of persistent metal-AGE/ALE hybrid complexes (Nelson-Goedert,
2025). Unlike traditional theories that focus on individual aging mechanisms, the Conglomerate
Theory emphasizes the interconnected nature of these processes and their self-reinforcing feedback
loops that amplify cellular damage.

This paper presents a comprehensive extension of the Conglomerate Theory of Aging to female
reproductive aging, synthesizing evidence for each component of the theory in the context of ovarian
function and reproductive decline, thus providing domain-specific verification of the Conglomerate
model. We examine the mechanistic pathways by which metal accumulation, AGE formation, ALE
generation, and hybrid complex formation contribute to follicular depletion, oocyte quality decline,
and hormonal dysfunction. Additionally, we discuss the clinical implications of this framework and
review targeted, evidence-based therapeutic approaches that may be tested in clinical trials to
optimize reproductive health.
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Figure 1. Diagram illustrating the framework for the Conglomerate Theory of Female Reproductive Aging.
Arrows depict proposed causal pathways, starting with damage from multiple reactive species which generate
advanced glycation end products (AGEs), accumulated metals, advanced lipoxidation end products (ALEs), and
metal AGE/ALE hybrid compounds. These entities collectively trigger numerous forms of cellular damage

through synergistic and autocatalytic mechanisms.
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2. ROS, RNS, and RCS in Reproductive Aging

Oxidative and electrophilic stress emerge as the upstream mechanisms driving all components
of the Conglomerate Theory of Reproductive Aging. The ovary is particularly susceptible to these
insults due to its high metabolic rate, cyclical vascular remodeling, and inflammatory
microenvironment (Urzta et al., 2025; Shen et al., 2023; Shi et al., 2023). Each ovulatory event
provokes transient bursts of reactive species (RS) through follicular rupture, heme release, and the
recruitment of leukocytes that produce a chronically reactive environment that accelerates ovarian
aging.

Researchers have traditionally emphasized reactive oxygen species (ROS), but other molecular
oxidants like reactive nitrogen species (RNS) and reactive carbonyl species (RCS) play equally crucial
and interconnected roles. RNS such as peroxynitrite (ONOO"), nitric oxide (NO), and nitrogen
dioxide (NO,) interact with ROS to form hybrid species capable of nitrating tyrosine residues,
oxidizing lipids, and damaging mitochondrial DNA (Bezdicek et al., 2025; Athanasiou et al., 2025).
Chronic nitrosative stress in the ovary has been implicated in impaired oocyte competence,
endothelial dysfunction, and the dysregulation of steroidogenic enzymes (Bezdicek et al., 2025).

RCS such as malondialdehyde (MDA), 4-hydroxynonenal (4-HNE), and glyoxal arise from lipid
peroxidation and sugar oxidation, forming covalent adducts with nucleic acids and proteins. These
reactive carbonyls contribute to the formation of advanced lipoxidation end products (ALEs) and
advanced glycation end products (AGEs), which disproportionately accumulate in ovarian tissue and
exacerbate mitochondrial decay, extracellular matrix stiffening, and granulosa cell senescence (Tang
et al., 2025; Li et al., 2022).

Yan et al. (2022) observed that oxidative stress accelerates ovarian aging through interconnected
pathways: apoptosis, inflammation, mitochondrial dysfunction, telomere attrition, and
macromolecular damage. Each is exacerbated by the combined presence of with RNS and RCS, with
concentrations rising with female age and correlate with diminished reproductive potential. Clinical
observations confirm elevated oxidative and carbonyl biomarkers in follicular fluid and oocytes of
women undergoing assisted reproductive technologies, with higher levels correlated with lower
fertilization success (Chen et al., 2023).

Sources of these reactive species in the ovary are diverse. Physiological generation occurs during
mitochondrial respiration, nitric oxide synthase activity, and steroidogenic enzyme reactions.
Pathological generation is enhanced by metal-catalyzed redox cycling, chronic inflammation, and
cumulative lipid peroxidation (Bezdicek et al., 2025; Xiao & Lai, 2025; Chen et al., 2024). The interplay
among ROS, RNS, and RCS establishes a self-perpetuating feedback loop of oxidative, nitrosative,
and carbonyl stress, driving both functional decline and structural deterioration within the ovarian
microenvironment

Detoxification System Decline in Aging Ovaries

Simultaneously, the aging ovary experiences a progressive decline in its detoxification systems,
rendering it increasingly vulnerable to oxidative, nitrosative, and carbonyl stress (Yang et al., 2021;
Bezdicek et al., 2025; Moldogazieva et al., 2023). This deterioration occurs across multiple molecular
levels, including downregulation of enzymatic antioxidants, depletion of non-enzymatic defenses,
and loss of redox-regulated repair mechanisms (Ju et al., 2024; Hu et al., 2025). The imbalance among
reactive oxygen (ROS), reactive nitrogen (RNS), and reactive carbonyl species (RCS) collectively
produces a chronic pro-reactive environment that accelerates ovarian degeneration.

Tatone et al. (2006) demonstrated that the mRNA and protein expression of key antioxidant
enzymes, superoxide dismutases (SODs) and catalase, were markedly lower in granulosa cells of
older women undergoing in vitro fertilization compared with those of younger women. This
reduction in antioxidant enzyme activity compromises the ovary’s capacity to detoxify superoxide
radicals and hydrogen peroxide, thereby broadening oxidative vulnerability. Similar age-related
declines in peroxiredoxins (PRDX3), thioredoxin 2 (TXN2), glutaredoxin 1 (GLRX1), and glutathione
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S-transferase mu 2 (GSTM2) have been observed in murine models, indicating global weakening of
mitochondrial and cytosolic thiol-redox buffering systems.

Emerging evidence expands this vulnerability beyond oxidative stress. As mitochondrial and
nitric oxide synthase regulation deteriorate with age, RNS such as nitric oxide (NO) and peroxynitrite
(ONOO) increase, leading to protein nitration and nitrotyrosine accumulation in granulosa and
theca cells, a hallmark of nitrosative stress (Lim & Luderer, 2011; Athanasiou et al., 2025). Excess RNS
disrupts mitochondrial membranes, damages steroidogenic enzymes, and contributes to decreased
ATP production and telomere attrition.

The decline in detoxification capacity is pronounced in primordial follicles, which must preserve
redox homeostasis over decades for reproductive function (Sasaki et al., 2019). Age-associated
reductions in mitochondrial SOD1, PRDX3, and TXN2 impair defense against ROS and RNS leakage,
while diminished GSH and thiol-buffer systems compromise neutralization of RCS and electrophilic
aldehydes (Lim & Luderer, 2011). The resulting convergence of oxidative, nitrosative, and carbonyl
stress induces apoptotic signaling and ferroptotic sensitivity, accelerating depletion of the follicular
reserve (Hu et al., 2025; Sasaki et al., 2019). In toto, the simultaneous rise in ROS, RNS, and RCS
establishes a self-reinforcing loop of redox and electrophilic imbalance that underpins the molecular
and metabolic decline characteristic of female reproductive aging.

3. Metal Bioaccumulation in Ovarian Aging

3.1. Iron Accumulation

Iron emerges as a central antagonist in ovarian aging, with mounting evidence demonstrating
accumulation in aging ovaries and detrimental effects on reproductive function. The ovary represents
a unique microenvironment with relatively high iron exposure due to its cyclical activity throughout
the reproductive lifespan (Chen et al., 2024). The corpus luteum, as one of the most vascularized
organs in the body, undergoes extremely rapid cellular and vascular changes during luteal
establishment and degeneration, creating a hemin-rich environment that predisposes follicles to iron
overload conditions.

Chen et al. (2024) provided compelling mechanistic evidence that aging ovaries exhibit increased
iron content along with abnormal expression of iron metabolic proteins. Their comprehensive
analysis revealed dysregulation of multiple iron homeostasis factors, including heme oxygenase 1
(HO-1), ferritin heavy chain (FTH), ferritin light chain (FTL), mitochondrial ferritin (FTMT), divalent
metal transporter 1 (DMT1), ferroportin 1 (FPN1), iron regulatory proteins (IRP1 and IRP2), and
transferrin receptor 1 (TFR1). This dysregulation creates a cascade of cellular dysfunction that directly
impacts both oocyte quality and ovarian reserve.

The mechanistic consequences of iron accumulation in ovarian aging are multifaceted and
interconnected. Aging oocytes counterintuitively exhibit enhanced ferritinophagy and mitophagy,
processes that ironically increase cytosolic Fe2+ levels, while attempting to maintain iron
homeostasis. This increase in labile iron results in elevated lipid peroxidation, mitochondrial
dysfunction, and augmented lysosomal activity, creating a vicious cycle of molecular damage. Iron-
mediated oxidative stress also triggers upregulation of cellular senescence markers, including p53,
p21, p16, and microtubule-associated protein tau (Tau), indicating accelerated cellular aging (Chen
et al,, 2024).

Intervention studies have demonstrated the potential of iron chelation in mitigating ovarian
aging. Deferoxamine (DFO), a potent iron chelator, improved ovarian iron metabolism and redox
status in aged mice, correcting alterations in cytosolic Fe2+ levels and associated degenerative
changes in oocytes. Remarkably, DFO treatment delayed the decline in ovarian reserve and
significantly increased the number of superovulated oocytes while reducing fragmentation and
aneuploidy rates (Chen et al., 2024). These findings suggest that iron chelation may represent a viable
therapeutic strategy for preserving ovarian function for extended periods in aging women.
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The clinical relevance of iron accumulation in reproductive aging extends to locations beyond
the ovary. In endometriosis-related infertility, iron overload in follicular fluid has been shown to
trigger granulosa cell ferroptosis and oocyte dysmaturity, with iron chelation providing amelioration
in animal models (Ni et al., 2022). Moreover, transferrin insufficiency and iron overload in follicular
fluid contribute to oocyte dysmaturity in women with advanced endometriosis, highlighting the
broader clinical implications of iron dysregulation in reproductive disorders.

3.2. Copper and Zinc Dysregulation

Copper and zinc also undergo significant dysregulation during ovarian aging. These metals
participate in numerous enzymatic processes critical for ovarian function, including antioxidant
defense, hormone synthesis, and cellular signaling. However, their excess accumulation or deficiency
can contribute to reproductive dysfunction.

Copper levels increase with aging, while zinc levels tend to decrease, creating an imbalanced
copper-to-zinc ratio that promotes oxidative stress and cellular dysfunction (Mezzetti et al., 1998).
Research has associated this imbalance with various age-related pathologies that may contribute
specifically to ovarian aging through multiple mechanisms. For instance, elevated copper levels can
catalyze the formation of ROS through Fenton-like reactions, while zinc deficiency impairs
antioxidant enzyme function and cellular repair mechanisms (Liu et al., 2024; Xiao & Lai, 2024).

From a broader vantage point, zinc maintains a particularly complex and multifaceted role in
reproductive biology. It is critical for numerous aspects of female reproduction, from oocyte
maturation to fertilization and early embryonic development. During follicular development,
sufficient intracellular zinc concentration in the oocyte maintains meiotic arrest at prophase I until
the germ cell is ready to undergo maturation within mammals (Kong et al., 2012). Zinc deficiency or
dysregulation can disrupt this process, leading to premature oocyte aging and reduced fertility
potential (Liu et al., 2024).

The "zinc spark” phenomenon, a rapid release of zinc that occurs upon fertilization, represents
a critical checkpoint in reproductive success (Duncan et al., 2016). This zinc release induces egg
activation and facilitates zona pellucida hardening while reducing sperm motility to prevent
polyspermy (Que et al.,, 2017). Dysregulation of zinc homeostasis can therefore have profound
implications for fertilization success and early embryonic development (Garner et al., 2021).

Clinical evidence suggests that optimizing copper and zinc balance may represent a therapeutic
target for preserving reproductive function (Liu et al., 2025). However, the complex interactions
between these metals and their roles in reproductive biology require intentional consideration in
developing therapeutic approaches, with the challenge of maintaining optimal levels while
preventing pathological accumulation.

3.3. Heavy Metal Exposure

Beyond transition metals, epidemiological evidence strongly supports the role of heavy metal
exposure in premature ovarian aging, with implications for both individual reproductive health and
population-level fertility trends. Ding et al. (2024) conducted a comprehensive analysis of 549 middle-
aged women from the Study of Women's Health Across the Nation (SWAN), demonstrating that
women with elevated urinary levels of arsenic, cadmium, mercury, and lead were significantly more
likely to have lower anti-Miillerian hormone (AMH) levels, indicating diminished ovarian reserve.
The magnitude of these associations was particularly striking, with the effects being stronger than
the known relationship between smoking and ovarian reserve, suggesting that heavy metal exposure
may be an overlooked yet significant contributor to reproductive aging.

The mechanistic basis for heavy metal-induced ovarian aging encompasses multiple
interconnected pathways. Heavy metals can directly damage cellular structures via the generation of
ROS, leading to oxidative stress and subsequent cellular dysfunction. Additionally, these metals can
interfere with hormonal signaling pathways by binding to receptor sites or disrupting enzymatic
processes essential for steroidogenesis. Pollack et al. (2011) demonstrated that cadmium, lead, and
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mercury exposure in premenopausal women was associated with diminished reproductive hormone
profiles, including decreased follicle-stimulating hormone (FSH) and increased progesterone levels,
suggesting disruption of normal hypothalamic-pituitary-ovarian axis function.

4. Advanced Glycation End Products in Reproductive Aging

Mounting evidence indicates that advanced glycation end product (AGE) accumulation in
ovarian tissue interferes with normal follicular function. AGEs form through non-enzymatic
reactions between reducing sugars and amino groups in proteins, lipids, and nucleic acids. In concert,
these components create reactive, cross-linked compounds that universally and inexorably
accumulate with age. The ovarian microenvironment is notably susceptible to AGE accumulation
due to its high metabolic activity and cyclical nature. Pertynska-Marczewska and Diamanti-
Kandarakis (2017) provided comprehensive evidence that AGEs accumulate within ovarian follicles
and may trigger ovarian aging by reducing glucose uptake by granulosa cells, potentially altering
follicular growth patterns. This accumulation appears to be an active contributor to the acceleration
of ovarian aging in particular, alongside systemic aging.

Of note, the spatial distribution of AGEs within ovarian tissue reveals their preferential
accumulation in areas critical for reproductive function. Histological studies have demonstrated AGE
deposition in granulosa cells, theca cells, and the extracellular matrix surrounding follicles,
suggesting that these compounds may interfere with multiple aspects of follicular development and
function (Pennarossa et al., 2022; Garg & Merhi, 2016; Diamanti-Kandarakis et al., 2007). The
accumulation is particularly pronounced in atretic follicles, indicating that AGEs may substantively
contribute to follicular death and the progressive depletion of ovarian reserve (Liew et al., 2017).

4.1. The AGE-RAGE Axis in Ovarian Pathophysiology

The biological effects of AGEs are substantively mediated through their interaction with the
receptor for AGEs (RAGE), a pattern recognition receptor that binds ligands and initiates
inflammatory signaling cascades. The AGE-RAGE axis plays an important role in ovarian
pathophysiology, contributing to the chronic inflammation, oxidative stress, and cellular dysfunction
that characterize ovarian aging.

Diamanti-Kandarakis et al. (2007) demonstrated that RAGE and AGE-modified proteins with
activated nuclear factor-kappa B (NF-«B) are expressed in human ovarian tissue, suggesting active
inflammatory responses to AGE accumulation. This inflammatory cascade involves the activation of
multiple downstream signaling pathways, including the production of pro-inflammatory cytokines,
chemokines, and adhesion molecules that contribute to tissue damage and dysfunction.

The chronic activation of the AGE-RAGE axis in ovarian tissue creates a state of persistent low-
grade inflammation, a regional expression of inflammaging, which that accelerates follicular
dysfunction (Merhi, 2014; Li et al., 2021). This inflammatory environment can impair granulosa cell
function, disrupt hormonal signaling, and create conditions conducive to follicular atresia (Huang et
al., 2019; Zhu et al., 2025). The self-perpetuating nature of this inflammatory response, where AGE-
induced inflammation promotes further AGE formation, creates a vicious cycle that accelerates
ovarian aging (Rungratanawanich et al., 2021).

4.2. AGE-Mediated Disruption of Ovarian Function

The mechanistic damage of AGEs on ovarian function extends to encompass fundamental
disruption of cellular processes essential for reproductive success, including hormone synthesis,
glucose metabolism, and cellular signaling pathways that regulate follicular development and
ovulation.

Kandakari et al. (2018) demonstrated that AGEs reduce luteinizing hormone (LH) and follicle-
stimulating hormone (FSH)-induced ERK1/2 activation in human granulosa cells, which is critical for
granulosa cell mitogenesis and proliferation. This interference with gonadotropin signaling
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pathways represents a fundamental disruption of the hormonal regulation essential for ovarian
function. The impairment of granulosa cell proliferation and function has cascading effects on
follicular development, steroid hormone production, and oocyte maturation.

The metabolic effects of AGEs on ovarian function are equally noteworthy. AGEs have been
shown to impair insulin signaling in granulosa cells, preventing glucose transporter type 4 (GLUT4)
membrane translocation and disrupting glucose metabolism (Diamanti-Kandarakis et al., 2016). This
metabolic dysfunction can contribute to the pathophysiology of conditions characterized by
anovulation and insulin resistance, such as polycystic ovary syndrome (PCOS), while also impairing
the energy supply necessary for normal oocyte development and maturation.

4.3. Dietary AGEs and Reproductive Health

The consumption of dietary AGEs has recently gained attention as a modifiable risk factor for
ovarian dysfunction. Dietary AGEs are formed during food processing under high-temperature
conditions such as frying, baking, and grilling. These exogenous AGEs can be absorbed and
contribute to the body’s total AGE burden, potentially accelerating ovarian aging and impairing
reproductive function (Merhi et al., 2025; Tong et al., 2025). Thornton et al. (2020) demonstrated that
consumption of high-AGE diets can disrupt folliculogenesis and steroidogenesis, leading to
abnormal estrous cyclicity and altered reproductive hormone profiles in animal models These
findings suggest that dietary modulation to reduce AGE intake may preserve reproductive function
and delay ovarian aging.

5. Advanced Lipoxidation End Products in Ovarian Aging

Advanced lipoxidation end products (ALEs) represent an additional critical yet overlooked
component of ovarian aging. They are formed through the reactions of lipid peroxidation products
with amino groups in proteins and other biomolecules. The oocyte is particularly vulnerable to lipid
peroxidation and subsequent ALE formation due to its extensive membrane systems and high lipid
configuration (Pamplona, 2008; Smits et al., 2023). This vulnerability is compounded by the extended
lifespan of oocytes, which may remain arrested in meiosis I for decades before ovulation (Mikwar et
al., 2020).

Lord et al. (2015) provided compelling evidence that electrophilic aldehydes, including 4-
hydroxynonenal (4HNE), malondialdehyde, and acrolein, accumulate in aging oocytes and form
covalent adducts with multiple cellular proteins. These ALEs are byproducts of nonenzymatic lipid
peroxidation that increase with extended periods of time post-ovulation aging processes. The
accumulation of these highly reactive compounds strongly correlates with postovulatory oocyte
aging and reduced fertility potential (Lord, 2025).

The mechanistic impact of ALEs on oocyte function is multifaceted. Mihalas et al. (2017)
demonstrated that aged oocytes are particularly vulnerable to damage by 4HNE resulting from
increased cytosolic ROS production within the oocyte itself. Exposure to 4HNE resulted in decreased
meiotic completion, increased spindle abnormalities, chromosome misalignments, and aneuploidy.
Such findings directly link ALE accumulation to the increased rates of chromosomal abnormalities
observed in oocytes from older women, providing an additional, independent explanation for the
age-related decline in oocyte quality.

5.1. ALE Targeted Proteins

The proteins targeted by ALEs in oocytes include many that are essential for normal meiotic
progression and oocyte health. Mihalas et al. (2017) identified that proteins essential for oocyte health
and meiotic development, including a-, 3-, and y-tubulin, are particularly vulnerable to adduction
via 4HNE. These cytoskeletal proteins are crucial for proper spindle formation and chromosome
segregation during meiosis, and their modification by ALEs can lead to meiotic errors and
aneuploidy.
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The mitochondrial protein succinate dehydrogenase (SDHA) has been identified as a primary
target for 4HNE adduction in aging oocytes (Lord et al., 2015). This modification has particularly
insidious ramifications because SDHA is a key component of the electron transport chain, and its
dysfunction can lead to mitochondrial dysfunction, increased ROS production, and ultimately
apoptosis. The preferential targeting of mitochondrial proteins by ALEs creates a vicious cycle where
lipid peroxidation leads to mitochondrial dysfunction, which in turn generates more ROS and
promotes further lipid peroxidation and ALE propagation.

The consequences of protein modification by ALEs additionally encompass the disruption of
protein degradation pathways, as ALEs can interfere with normal protein turnover by creating cross-
links that resist degradation by cellular proteases. This resistance to degradation leads to the
accumulation of damaged proteins and contributes to the overall decline in cellular function observed
in aging oocytes.

5.2. Mitochondrial Dysfunction and ALE Formation

Mitochondria are substantive sources of ROS, while they are simultaneously primary targets of
oxidative damage. This renders them particularly vulnerable to lipid peroxidation and ALE
formation in aging oocytes with reduced mitochondrial DNA content, altered mitochondrial
morphology, and impaired oxidative phosphorylation capacity (Kushnir et al., 2012; Smits et al.,
2023). These mitochondrial changes are associated with increased ROS production and enhanced
lipid peroxidation, creating conditions conducive to ALE formation. The accumulated ALEs then
further impair mitochondrial function by modifying key mitochondrial proteins, creating a
pernicious damage cycle (Lord et al., 2015).

The clinical implications of mitochondrial dysfunction in reproductive aging are significant. The
process is associated with decreased oocyte quality, increased aneuploidy rates, and reduced fertility
potential in women of advanced maternal age (Smits et al., 2023). Understanding the causal role of
ALEs in mitochondrial dysfunction provides new insights into the mechanisms underlying these
clinical observations and suggests potential therapeutic targets for preserving youthful function.

5.3. Membrane Lipid Deterioration in Aging Oocytes

Recent granular lipidomic analyses in humans have confirmed the relevance of lipid
peroxidation to ovarian aging. Smits et al. (2023) used comprehensive lipidomics to demonstrate that
all phospholipid classes decreased in abundance with increasing female age in both germinal vesicle
and metaphase II oocytes. This phospholipid depletion was accompanied by evidence of increased
oxidative stress, including shifts in the glutathione-to-oxidized glutathione ratio and accumulation
of ALEs.

The loss of membrane phospholipids in aging oocytes has significant functional implications.
Phospholipids are essential components of cellular membranes and play crucial roles in membrane
integrity, fluidity, and function. The depletion of phospholipids can impair membrane-dependent
processes, including organelle function, signal transduction, and cellular metabolism.

6. Hormonal Dysfunction and Hypothalamic-Pituitary-Ovarian Axis Changes

Effects of the biophysical accumulations delineated by the Conglomerate Theory of Aging
culminate in hormonal instability via progressive disruption of the HPO axis. Transition metals such
as iron and copper, along with heavy metals including cadmium, mercury, lead, and arsenic,
bioaccumulate in both neuronal and ovarian tissues over the lifespan. Their redox-active nature
catalyzes the continuous generation of reactive oxygen, nitrogen, and carbonyl species through
Fenton and Haber—Weiss chemistry. Studies in aging mice demonstrate that iron accumulation in the
ovary perturbs local iron metabolism, enhances ferritinophagy, and drives ferrous iron excess,
leading to lipid peroxidation and mitochondrial degeneration in oocytes (Chen et al., 2024; Ding et
al., 2024). Similarly, longitudinal analyses of midlife women reveal that urinary cadmium and
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mercury levels correlate with accelerated decline in anti-Miillerian hormone (AMH), indicating
premature follicular depletion and diminished ovarian reserve (Ding et al., 2024).

Bioaccumulated metals serve as both initiators of the oxidative and carbonyl stress that promote
AGE and ALE formation, as well as independent model inputs alongside these two end products.
Such reactive biomolecular adducts accumulate in granulosa cells, pituitary tissue, and hypothalamic
neurons, altering protein folding, receptor configuration, and intracellular signaling (Miler et al.,
2010; Pamphlett et al., 2019; Merhi et al.,, 2025). Binding of AGEs and ALEs to the RAGE receptor
activates chronic NF-kB signaling and sustains low-grade inflammation that disrupts gonadotropin
feedback sensitivity (Tobon-Velasco et al., 2014). This oxidative-inflammatory feedback loop initiates
a progressive loss of endocrine control before overt menopause (Kobayashi et al, 2009).

Within the ovary, AGEs and ALEs impair steroidogenesis by damaging mitochondrial
steroidogenic enzymes and crosslinking membrane receptors involved in FSH and LH signaling
(Colella et al., 2021). Concurrently, transition metals reduce the efficiency of antioxidant enzymes
such as superoxide dismutase and glutathione peroxidase, further amplifying oxidative load (van
der Reest et al., 2021). The result is a biochemical environment dominated by redox imbalance,
hormonal desensitization, and follicular apoptosis.

In terms of the central nervous system, metal accumulation within the hypothalamus distorts
GnRH neuron function by impairing calcium signaling and increasing microglial oxidative activation
(Wang et al,, 2023; Gyengesi et al., 2012; Krsmanovi¢ et al., 1992). This drives irregular GnRH
pulsatility and erratic pituitary gonadotropin release. With feedback inhibition from inhibin and
estradiol weakening under the joint influence of ALE-induced receptor dysfunction and granulosa
attrition, FSH hypersecretion ensues, initially compensatory, but ultimately self-defeating,
accelerating follicular exhaustion (Broekmans et al., 2009; Terasaka et al., 2017; Hall, 2007).

As these upstream toxicants compound, the endocrine network enters a state of Conglomerate
collapse, in which hormonal feedback regulation deteriorates despite rising gonadotropin drive. The
result is the classical perimenopausal presentation of hypergonadotropism, anovulation, and erratic
estradiol secretion as the visible end stage of decades of molecular damage initiated by metals, AGEs,
and ALEs (Wang et al., 2021). The convergence of these toxic and metabolic stressors thus represents
a foundational biochemical mechanism underlying the breakdown of the HPO axis and the onset of
reproductive senescence.

6.1. Steroid Hormone Production and Metabolism

The production and metabolism of steroid hormones undergo simultaneous alterations during
ovarian aging. Shifts in estradiol, progesterone, testosterone, androstenedione, and
dehydroepiandrosterone metabolism also contribute to the complex hormonal profile of
reproductive senescence.

Increasing evidence implicates the gradual accumulation of bioinorganic and carbonyl-derived
toxins, which comprise the Conglomerate Theory, as primary molecular initiators of steroidogenic
decline (Xiao & Lai, 2025; Ju et al., 2024). These agents accumulate within the ovarian stroma,
granulosa, and theca cells, where they disrupt mitochondrial and enzymatic functions essential for
steroid hormone biosynthesis (Yan et al., 2025; Smits et al., 2023).

At the enzymatic level, metals such as iron and copper catalyze uncontrolled redox cycling,
producing reactive oxygen and nitrogen species that oxidatively modify key steroidogenic enzymes,
including cytochrome P450 aromatase (CYP19A1), 33-hydroxysteroid dehydrogenase (HSD3B2), and
steroidogenic acute regulatory protein (StAR) (Lou et al., 2025; Yiqin et al., 2022; Korytowski et al.,
2013; Gantt et al., 2009). These modifications impair cholesterol transfer, pregnenolone conversion,
and estradiol biosynthesis. Concurrently, cadmium and mercury mimic zinc and selenium cofactors,
displacing them in metalloenzymes critical for steroid hydroxylation and sulfation reactions, leading
to endocrine disruption and lowered steroid output.

In parallel, AGEs and ALEs accumulate within ovarian cells as irreversible carbonyl adducts on
steroidogenic and chaperone proteins, further reducing enzymatic turnover and receptor sensitivity
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(Derakhshan et al., 2024; Mouanness & Merhi, 2022; Garg & Merhi, 2016; Liu et al., 2023). Binding of
AGEs and ALEs to RAGE triggers chronic inflammatory and oxidative signaling cascades, increasing
NF-«kB activation and amplifying redox damage to the steroidogenic organelles (Dong et al., 2022; Lu
et al., 2004). These processes coalesce into a toxic biochemical network that compromises estradiol
synthesis while also perturbing the androgen-to-estrogen balance and progesterone metabolism. This
yields the uneven hormonal milieu characteristic of the perimenopausal transition.

The downstream consequences extend to global hormone handling and clearance. Oxidative and
carbonyl stress alter hepatic conjugation pathways and sex hormone binding globulin (SHBG)
regulation, reducing steroid bioavailability. Epidemiologic evidence from midlife cohorts shows that
metal exposure correlates with perturbed FSH, estradiol, and SHBG levels, reinforcing that toxicant
bioaccumulation and carbonyl adduct formation mechanistically align with the endocrine signatures
of ovarian aging (Wang et al,, 2023; Zhang et al., 2023; Mei et al., 2025; Bourebaba et al., 2023;
Kornicka-Garbowska et al., 2021). Thus, the age-related diminishment in steroid hormone production
and metabolism originates from a multi-toxicant nexus of bioaccumulated metals, AGEs, and ALEs
that disable the redox and enzymatic infrastructure of steroidogenesis.

6.2. Hypothalamic-Pituitary Network Degeneration and Feedback Failure

The hypothalamus and pituitary act as the coordination centers of neuroendocrine
communication, modulating gonadotropin-releasing hormone (GnRH) pulsatility and luteinizing
hormone (LH) and follicle-stimulating hormone (FSH) secretion. With aging, the central feedback
mechanisms that normally synchronize ovarian signals with systemic hormonal rhythms become
increasingly unstable.

Recent findings reveal that this instability is driven in part by bioaccumulated transition and
heavy metals, advanced glycation end products (AGEs), and advanced lipoxidation end products
(ALEs) within neural tissues. These reactive entities accumulate in the hypothalamic
microvasculature, glial cells, and pituitary parenchyma, where they catalyze chronic oxidative and
carbonyl stress. Transition metals such as iron and copper promote Fenton-type reactions in the
hypothalamus, leading to peroxidation of neuronal membranes and loss of estrogen receptor f3
expression in critical GnRH-regulating regions (Jomova et al., 2012; Walker & Gore, 2017; Lizcano,
2022). Concurrently, AGEs and ALEs cross the blood-brain barrier, bind to RAGE on astrocytes and
microglia, and trigger NF-kB—driven neuroinflammatory cascades that desynchronize GnRH pulse
generation (Lu et al., 2004; Dong et al., 2022).

This toxicant-induced redox imbalance diminishes hypothalamic sensitivity to estrogen
feedback, a process historically identified as “central unresponsiveness” in perimenopausal women.
As the negative feedback loop between estradiol and pituitary gonadotropin secretion weakens, basal
levels of LH and FSH rise, precipitating a hypergonadotropic but functionally hypoestrogenic state
(Brinton et al., 2015; Weiss et al., 2004). Over time, this central dysregulation amplifies ovarian
metabolic stress by overstimulating partially senescent follicles.

Chronic exposure to circulating metals, AGEs, and ALEs also compromises pituitary integrity.
Cadmium and lead interfere with metalloproteins controlling hormone vesicle release, while
oxidative modifications of gonadotroph receptors impair GnRH responsiveness, compounding
dysrhythmic secretion (Santiago-Andres et al., 2025; Lafuente, 2013). These cumulative insults
transform the feedback architecture of the HPO axis into a self-sustaining loop of oxidative excitation
and endocrine inefficiency, where both hypothalamic neurons and ovarian follicles are reciprocally
degraded by the same Conglomerate toxic milieu (Rijal et al., 2022; Terasaka et al., 2017). The eventual
outcome is a coordinated central-peripheral decline characterized by erratic GnRH firing, elevated
pituitary output, impaired ovarian steroidogenesis, and systemic consequences ranging from
vasomotor instability to mood and cognitive symptoms (Rance, 2009; Klein & Soules, 1998).
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7. Clinical Trial Compounds to Delay Female Reproductive Aging

The complexity of ovarian aging suggests that comprehensive interventions targeting multiple
pathways simultaneously may be more effective than single-target approaches. This concept aligns
with the Conglomerate Theory's emphasis on the interconnected nature of aging processes and the
importance of addressing multiple damage pathways simultaneously to achieve meaningful
therapeutic benefits.

Combinatorial therapies that target different aspects of molecular damage may provide
synergistic benefits for preserving ovarian function. The combination of different compounds with
complementary mechanisms of action, such as lipophilic and hydrophilic substances, may provide
more comprehensive protection than individual compounds alone. Additionally, the combination of
these compounds with other interventions may provide additive or synergistic benefits.

7.1. Reactive Species Therapy

Glutathione is the body’s primary intracellular antioxidant and detoxifier, essential for
maintaining mitochondrial integrity, detoxifying transition and heavy metals, and preventing the
oxidative and carbonyl stress that undermine ovarian function (Calabrese et al., 2017). Its decline
with age or metabolic stress contributes to reduced oocyte viability, impaired steroidogenesis, and
altered endometrial receptivity (Hu et al, 2025). N-acetylcysteine (NAC) replenishes glutathione by
supplying cysteine, the rate-limiting substrate for its synthesis, restoring redox capacity within
granulosa and theca cells and mitigating AGE/ALE-mediated and metal-catalyzed toxicity (Ji et al.,
2022). Clinical studies using up to 1800 mg daily show that NAC improves oocyte quality, follicular
development, and IVF outcomes in women with polycystic ovary syndrome and age-related fertility
decline by enhancing glutathione levels in follicular fluid and stabilizing mitochondrial DNA
integrity (Cheraghi et al., 2016). Glycine, another precursor in glutathione synthesis, complements
NAC's activity as part of the GlyNAC combination (typically 1-
1.5g glycine + 600 mg NAC twice daily), which restores glutathione more effectively than either alone,
improving mitochondrial function, reducing oxidative and carbonyl stress, and normalizing
reproductive hormone signaling in aging models (Kumar et al., 2021; Kumar et al., 2023). Together,
glycine and NAC fortify the ovarian microenvironment, safeguard oocyte competence, and support
endocrine balance, offering a redox-centric therapeutic approach to preserving female fertility.

Selenium is equally indispensable for sustaining glutathione activity, serving as a structural
component of the glutathione peroxidase family that detoxifies lipid peroxides and preserves cellular
redox balance (Brigelius-Flohé & Flohé, 2020). Selenium plays a targeted role in delaying female
reproductive aging by sustaining the antioxidant enzyme network essential for ovarian health (Yang
et al., 2019; Lava Kumar et al., 2024). Through its incorporation into glutathione peroxidase and
selenoproteins such as GPX1 and GPX4, selenium preserves mitochondrial membrane potential,
prevents apoptotic signaling within granulosa and oocyte cells, and supports normal folliculogenesis
(Cheng et al., 2023; Hummitzsch et al., 2024). Animal studies show that maintaining optimal selenium
levels prevents loss of primordial follicles and improves embryo development rates, while human
data link higher follicular fluid selenium concentrations to better oocyte maturation and fertilization
outcomes (Yang et al., 2019; Mahsa Poormoosavi et al., 2021; Lava Kumar et al., 2024). The NIH
recommends consumption of 55 mcg of selenium per day for adult women (Office of Dietary
Supplements, 2025).

Lycopene, typically administered at 10-20 mg daily, is a powerful carotenoid antioxidant that
quenches singlet oxygen, activates the Nrf2/HO-1 cytoprotective pathway, and reduces lipid
peroxidation and mitochondrial oxidative load (Yang et al., 2017). Both animal and human studies
demonstrate that lycopene supplementation improves oocyte morphology, preserves follicular
integrity, and reduces follicular atresia by mitigating ROS-mediated and metal-catalyzed damage
within ovarian tissue (Liu et al., 2018). In murine models, lycopene has been shown to lower
malondialdehyde levels and restore superoxide dismutase and glutathione peroxidase activity,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1793.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 October 2025 d0i:10.20944/preprints202510.1793.v1

12 of 26

thereby preserving spindle organization and meiotic competence of oocytes (Rakha et al, 2022).
Human trials associate higher circulating lycopene with improved anti-Miillerian hormone (AMH)
levels and reduced oxidative biomarkers in women undergoing assisted reproduction (Maldonado-
Carceles, 2025).

Coenzyme Q10 (CoQ10), at 200-300 mg daily for at least three months, supports mitochondrial
bioenergetics and serves as a potent lipid-phase antioxidant within oocytes and granulosa cells (Ben-
Meir et al., 2015). As a cofactor in the electron transport chain, CoQ10 enhances ATP production—
critical for chromosomal segregation and early embryonic development—and protects mitochondrial
DNA from oxidative and carbonyl stress (Niu et al., 2020). Clinical and animal studies show that
CoQ10 supplementation increases antral follicle counts, improves ovarian reserve indices, and yields
higher numbers of mature oocytes and quality embryos in women of advanced reproductive age or
diminished ovarian reserve (Xu et al., 2018). Meta-analyses confirm that pre-treatment with CoQ10
prior to IVF enhances fertilization and clinical pregnancy rates, effects closely linked to restoration of
mitochondrial efficiency, reduction of ROS, and decreased formation of AGEs and ALEs within the
ovarian microenvironment (Jiang et al., 2025; Lin et al.,2024).

7.2. Metal Chelation Therapy

Alpha-lipoic acid (ALA), typically taken at 400-600 mg daily, is a dual-function antioxidant and
metal chelator that regenerates other antioxidants such as vitamins C and E and glutathione (Anjos et
al., 2025). It improves mitochondrial energy metabolism and counters redox imbalance within
oocytes and granulosa cells, thereby preserving cytoplasmic integrity, spindle structure, and overall
oocyte quality (Zhang et al.,, 2022). Human and animal studies show that ALA supplementation
enhances meiotic competence, fertilization rates, and endometrial receptivity, especially under
oxidative or metabolic strain as seen in PCOS or age-related decline (Anjos et al., 2025, Di Nicuolo et
al., 2019; Guarano et al., 2023). By binding redox-active metals (iron, copper), ALA reduces the
catalytic generation of reactive oxygen and carbonyl species, preventing the formation of AGEs
and ALEs within ovarian tissue and improving implantation potential (Mokhtari et al., 2024).

Beyond its peripheral antioxidant role, ALA’s amphipathic solubility allows it to cross the
blood-brain barrier (BBB), accessing neuroendocrine centers such as the hypothalamus and pituitary
gland, which are known to bioaccumulate transition metals and lipid peroxidation products over
time (Anjos et al., 2025). Within these tissues, ALA has been shown to chelate iron and copper,
suppress neuroinflammation, lower IL-1(3 and TNF-a, and restore mitochondrial coupling efficiency.
All of such effects that may protect gonadotropin and steroidogenic signaling from metal-driven
oxidative injury (Mokhtari et al.,, 2024). This dual systemic and central action positions ALA as a
unique reproductive protectant, simultaneously improving local ovarian redox status and mitigating
hypothalamic—pituitary dysfunction to support hormonal equilibrium and fertility (Zhang et al.,
2022; Anjos et al., 2025).

7.3. Advanced Glycation End Product Prevention Therapy

Benfotiamineis a lipid-soluble derivative of thiamine that enhances transketolase activity,
diverting excess glycolytic intermediates away from the polyol, hexosamine, and AGE-forming
pathways associated with oxidative and carbonyl stress (Bozic & Lavrnja, 2023). Clinical and
biochemical studies show that benfotiamine (150-300 mg daily) suppresses AGE accumulation,
lowers malondialdehyde (MDA) and other oxidative stress markers, and restores endothelial and
mitochondrial function in high-glycation environments (Alkhalaf et al., 2012; Schmid et al., 2008;
Gholami et al., 2025; Xu et al., 2018; Bonhof et al., 2022). While direct reproductive data are still
limited, benfotiamine’s protection of vascular and metabolic integrity implies potential benefits for
ovarian perfusion and protection from AGE/ALE-related inflammation implicated in PCOS and
metabolic infertility (Szczuko et al., 2021).

L-carnosine, generally taken at 500-1000 mg twice daily, is a naturally occurring $-alanine—
L-histidine dipeptide with potent antiglycation and metal-chelating properties that extend
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meaningfully into reproductive contexts (Prokopieva et al, 2016). In animal reproductive models,
carnosine supplementation improved ovarian antioxidant enzyme activity (notably SOD and
glutathione peroxidase), lowered malondialdehyde and reactive carbonyl species, and preserved
healthy follicular structures under oxidative or metabolic stress (Arslan et al., 2022). Studies in
cultured granulosa cells exposed to glycoxidative or metal-induced injury show that carnosine
restores mitochondrial potential, limits apoptosis, and maintains FSH receptor expression —effects
that collectively stabilize the follicular microenvironment and support steroidogenic function
(Prokopieva et al, 2016). These findings suggest that carnosine’s antiglycation and redox-modulating
activity may help preserve ovarian reserve, oocyte competence, and endometrial health,
complementing other interventions that target AGE/ALE accumulation and metal-driven oxidative
stress (Boldyrev et al., 2013).

7.4. Advanced Lipoxidation End Product Prevention Therapy

The gamma-tocopherol form of vitaminE, administered at 200-400 IU daily, targets lipid
peroxidation products that compromise membrane integrity. As a lipid-soluble compound,
gamma-tocopherol scavenges reactive nitrogen and carbonyl intermediates more effectively than
alpha-tocopherol, lowering oxidative stress markers in serum and follicular fluid (Es-sai et al., 2025;
Luddi et al., 2016). Supplementation has been associated with improved ovarian blood flow,
progesterone production, oocyte maturation, and luteal function (Md Amin et al., 2022; Cicek et al.,
2012). Together, ALA and gamma-tocopherol support mitochondrial efficiency, reduce ALE
formation, and protect against membrane and DNA oxidation, key mechanisms underpinning
enhanced oocyte quality, endometrial health, and overall female fertility.

Magnesium has been shown in both human and animal studies to improve female fertility by
reducing nitrosative, oxidative, and carbonyl stress, thus limiting ALE and AGE formation, and
mitigating toxic metal accumulation that interferes with ovarian and hormonal function (Fujita et al.,
2023; Agarwal et al, 2012; Kapper et al., 2024; Cosme et al., 2022; Noviyana et al., 2025). In
premenopausal women, magnesium supplementation (500 mg/day for 4 weeks) significantly
increased anti-Miillerian hormone (AMH) levels, improving follicle recruitment and fertility
potential (Sundas et al., 2024). This reflects magnesium’s ability to stabilize redox balance, inhibit
Fenton-type metal catalysis (iron, copper), and suppress glycoxidative byproduct generation,
processes that otherwise degrade oocyte quality.

Magnesium also functions as a physiological antagonist to heavy metals and transition metals,
preventing their intestinal absorption and interfering with their replacement of essential cofactors in
steroidogenic enzymes, thereby indirectly protecting against the formation of AGEs and ALEs (Sissi
& Palumbo, 2009; NIDDK, 2024; Tran et al., 2025). Clinical guidance from the NIH and other expert
sources generally recommends 310-320 mg/day for adult women, though supplementation up to
500 mg/day has been used safely to optimize reproductive hormone balance and ovarian reserve
markers (Kapper et al., 2024).

7.5. Hormone Therapy

Vitamin D; supports female fertility by improving ovulatory function, enhancing ovarian redox
balance, and counteracting reproductive damage from transition and heavy metals, as well as
advanced glycation and lipoxidation end products (AGEs and ALEs) (Li et al., 2024; Avelino & de
Aratjo, 2024). It acts through vitamin D receptors expressed in granulosa and theca cells, where
adequate serum 25-hydroxyvitamin D levels (= 30 ng/mL or 75 nmol/L) optimize folliculogenesis and
reduce oxidative and carbonyl stress that impair oocyte quality (Yao et al., 2017). Meta-analyses of
randomized trials report markedly higher clinical pregnancy rates in women receiving vitamin D
supplementation (1000-10,000 IU daily for 30-60 days, or 50 000 IU weekly for 8 weeks) compared
with deficient controls, correlating with improved antioxidant activity and suppression of
inflammatory, metal-catalyzed pathways (Yang et al., 2023; Meng et al., 2023). Most endocrinology
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guidelines recommend maintaining daily intakes of 1 500-2 000 IU of vitamin D3 to achieve optimal
reproductive and metabolic outcomes in women of fertility age (Demay et al., 2024).

7.6. Trace Element Therapy

Zinc maintains redox homeostasis, protects against transition-metal-catalyzed oxidative
damage, and suppresses the formation of AGEs and ALEs that degrade oocyte and granulosa cell
function in female reproductive aging (Mocchegiani, 2007; Shao et al., 2024). Sufficient zinc
availability prevents the displacement of essential cofactors by toxic metals such as cadmium or lead
and stabilizes antioxidant and DNA-repair enzymes (Zhai et al., 2014; Eddie-Amadi et al., 2022). This
reduces ROS-driven injury and maintains mitochondrial integrity within ovarian tissue (Liu et al.,
2024). Experimental models show that zinc deficiency provokes mitochondrial dysfunction, follicular
apoptosis, and meiotic arrest, while supplementation with zinc salts (zinc glycinate or ZnSO, at 15-
50 mg per day in humans or4-10 mg Zn/kg feed in mammals) restores AMH levels, promotes
germinal vesicle breakdown, and improves oocyte quality (Yao et al., 2023; Lai et al., 2023). Clinical
and nutritional reviews recommend maintaining elemental zinc intake near 8 mg/day for women and
11 mg/day for those with imminent fertility goals or heavy-metal exposure, as higher physiological
zinc status correlates with lower oxidative stress markers and improved ovulatory efficiency
(Mashahadi et al., 2025).

These recommended doses reflect levels shown to be effective in published studies and are
intended to guide both clinical practice and future research, ensuring that interventions are
appropriately powered to test the Conglomerate Theory’s predictions in female reproductive aging.

8. Clinical Translation and Future Directions

Biomarker Development and Clinical Assessment

The translation of the Conglomerate Theory to clinical practice requires the development of
robust biomarkers that can assess each component of the theory and guide therapeutic interventions.
Current biomarkers of ovarian aging, such as AMH and antral follicle count, provide valuable
information about ovarian reserve but do not assess the underlying mechanisms of aging or predict
intervention responses.

The development of specific biomarkers for metal accumulation and AGE/ALE formation would
provide more comprehensive assessment of reproductive aging and guide targeted therapeutic
interventions. These biomarkers might include measures of stress markers in serum fluid, assessment
of metal levels in biological samples, and evaluation of AGE/ALE accumulation in accessible tissues.
Consequently, integrating multiple biomarkers into comprehensive assessment panels may provide
more accurate prediction of reproductive outcomes. Machine learning approaches that integrate
them to assess in both linear and non-linear modalities may provide powerful tools for personalized
treatment of reproductive aging.

Future Research Directions

While the Conglomerate Theory provides a compelling framework for understanding
reproductive aging, several aspects of the theory require further validation and mechanistic
understanding. More specifically, the formation and characterization of metal-AGE/ALE hybrids
require additional elucidation, as most mechanistic studies have been conducted in animal models
or in vitro. Advanced analytical techniques such as mass spectrometry may be needed to characterize
these complex molecular interactions.

The temporal dynamics of damage accumulation and the relative importance of different aging
mechanisms at different stages of reproductive aging also require further investigation.
Understanding when and how these different processes contribute to ovarian aging may help
optimize the timing of therapeutic interventions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1793.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 October 2025 d0i:10.20944/preprints202510.1793.v1

15 of 26

9. Conclusion

The Conglomerate Theory of Aging offers a unified framework for understanding female
reproductive aging as a multifactorial process driven by the interplay of metal bioaccumulation,
advanced glycation and lipoxidation end-product (AGE/ALE) formation, and hybrid metal complex
generation. These processes, each supported by empirical evidence, converge to accelerate ovarian
reserve depletion, deteriorate oocyte quality, and disrupt hormonal and cellular homeostasis. By
integrating oxidative, glycoxidative, and inflammatory mechanisms, the theory captures the
inherently interconnected nature of reproductive aging, emphasizing how feedback between
metabolic dysregulation and metal-catalyzed oxidative stress propagates cumulative cellular injury
throughout the hypothalamic-pituitary-ovarian network.

Therapeutically, the theory provides a rationale for multi-targeted interventions aimed at
delaying ovarian aging and extending reproductive vitality. Evidence supporting antioxidant
supplementation, particularly with N-acetylcysteine (NAC) and GlyNAC, points toward restoration
of redox balance and mitigation of AGE/ALE-driven damage. Parallel strategies such as metal
chelation and inhibition of carbonyl stress hold additional promise for reducing biomolecular
cross-linking and toxic metal retention. Translation of the theory to clinical practice requires precise
biomarker development, longitudinal validation of mechanistic pathways, and controlled trials
integrating systems biology with personalized interventions. Collectively, the Conglomerate Theory
establishes a coherent mechanistic basis for female reproductive aging while guiding the design of
next-generation therapies to preserve ovarian function and extend healthy reproductive lifespan.
With clinical validation, this endeavor will empower women by limiting potential conflict between
early career success and typical fertility windows, while simultaneously enabling couples to reach
desired family sizes with longer periods to plan and delegate resources.
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