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The depletion of ovarian reserve is a major factor contributing to the decline in
female fertility. It is characterized by a simultaneous reduction in the quantity and
quality of oocytes and the follicular pools. The cyclic recruitment of primordial
follicles and the preservation of oocyte quality involve complex and tightly
regulated biological processes. Granulosa cells, which surround the oocytes,
play a pivotal role in follicular development and the determination of follicular
fate. Programmed cell death (PCD), a genetically regulated process of cell
elimination, is a key factor in the regulation of ovarian reserve dynamics.
Emerging evidence suggests that natural products derived from medicinal
plants, dietary components, animals, and microorganisms may modulate PCD
in granulosa cells through various molecular mechanisms and signaling
pathways. These natural products have demonstrated preliminary effects in
delaying ovarian aging and preserving ovarian reserve in preclinical models.
This review discusses the roles and underlying mechanisms of various forms
of PCD in diminished ovarian reserve, while summarizing the current findings on
natural products that influence granulosa cells PCD to protect ovarian function.
These insights may contribute to the future development of novel, targeted
strategies aimed at preserving female reproductive potential.

programmed cell death, natural products, diminished ovarian reserve, female
fertility, IVF

1 Introduction

Ovarian reserve, defined by the quantity of primordial follicles and the quality of
oocytes within the ovary, is used as an indicator of female fertility, with depletion recognized
as a primary contributor to reduced fertility (Steiner et al., 2017). Under physiological
conditions, the cyclic recruitment of primordial follicles and the gradual reduction in oocyte
quality result in a year-by-year decrease in ovarian reserve, ultimately leading to its
exhaustion after menopause. In pathological conditions, premature depletion of the
ovarian reserve leads to early cessation of ovulation and estrogen deficiency. This
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depletion presents a significant challenge for women of advanced
reproductive age seeking to conceive, highlighting the importance of
fertility preservation as a major global health concern.

For female fertility preservation related to ovarian reserve,
ovarian tissue cryopreservation is a well-established treatment.
However, it is not suitable for women over 40 years of age and
does not fundamentally improve fertility or extend ovarian
endocrine function (Oktay et al., 2021). Stem cell transplants and
stem cell-derived factors have been shown to hold potential for
repairing or regenerating ovarian tissue (Buigues et al., 2021;
Fabregues et al., 2020; Liu H. et al., 2021). However, research in
this field remains in its early stages, and further studies are required
to establish their safety and efficacy. Additionally, some drugs, such
as recombinant LH (Musters et al., 2012; Humaidan et al., 2017) and
growth hormone (Bassiouny et al., 2016; Choe et al., 2018), have
been reported to improve ovarian response and oocyte quality in
women with diminished ovarian reserve (DOR). Despite these
clinical reports, these drugs are not highly effective in improving
fertility outcomes. Furthermore, they are costly and require
prolonged use, imposing significant financial burdens on women
with DOR who have fertility needs. Thus, it is important to elucidate
the pathogenesis of DOR and the mechanisms underlying female
fertility decline to develop new and effective treatments aimed at
enhancing reproductive health.

The follicle comprises the oocytes and the surrounding
granulosa cells, both of which are essential for female fertility
and hormone production. The growth of granulosa cells and the
maturation of oocytes within the follicle directly influence these
processes. Oocytes secrete various factors into the follicular
microenvironment to regulate granulosa cells function and
maintain their development. Granulosa cells provide nutritional
support to the oocytes, contribute to hormone synthesis, and play a
role in follicular maturation and ovulation. Several mechanisms,
including natural aging, alterations in the hypothalamic-pituitary-
ovarian axis (Liu W. et al., 2021), oxidative stress (OS) (Wang et al.,
2023a), DNA damage (Wu et al., 2024; Yao et al,, 2023) and chronic
inflammation (Wang D. et al., 2020), can affect granulosa cells
function to varying degrees (Chen W. et al., 2023; Zhang T. et al,,
2021). In addition, dysfunction in both oocytes and granulosa cells
may disrupt the balance between primordial follicle dormancy and
activation, resulting in premature depletion of the primordial follicle
pools and impaired ovarian reproductive function. Moreover,
granulosa cells dysfunction can directly reduce oocytes quality
(Guo et al., 2023; Haraguchi et al., 2019).

Programmed cell death (PCD), a genetically controlled process
of cell death (Tower, 2015), plays an important role in regulating
follicular development, maintaining hormone homeostasis, and
modulating ovarian reserve (Li H. et al, 2022; Wang et al,
2023a). The regulation of PCD is
maintaining granulosa cell function and preserving oocyte

precise essential for

Abbreviations: ART, assisted reproductive technology; IVF, in vitro
fertilization; ET, embryo transfer; IVM, in vitro maturation; DOR, diminished
ovarian reserve; POI, premature ovarian insufficiency; POF, premature ovarian
failure; FSH, follicle-stimulating hormone; GCs, granulosa cells; OS, oxidative
stress; ROS, reactive oxygen species; MMP, mitochondrial membrane
potential; PAMPs, pathogen-associated molecular patterns; DAMPs,
damage-associated molecular patterns; PCD, Programmed cell death.
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quality, which may help improve ovarian function. Studies have
demonstrated that targeting the molecular mechanisms and
signaling pathways involved in PCD can effectively restore
granulosa cells functionality and enhance ovarian reserve.
Furthermore, natural products derived from medicinal plants,
dietary components, animals and microorganisms have shown
the ability to modulate PCD through diverse targets, exhibiting
significant potential for improving female reproductive function
(Eslami et al., 2021; Sammad et al., 2024; Chen et al., 2022).

This article reviews the common forms of PCD involved in the
pathogenesis of DOR, including apoptosis, autophagy, ferroptosis,
pyroptosis, and necroptosis (Figure 1). The definitions, morphological
features, biochemical characteristics, and major signaling pathways
for these PCD types are summarized in Table 1. The involvement of
granulosa cells PCD in DOR is discussed in detail, along with an
overview of current findings on how natural products may modulate
these processes to alleviate female reproductive dysfunction.
Collectively, this review offers a comprehensive perspective that
may inform the development of therapeutic approaches aimed at
delaying reproductive aging in women.

2 Methods

We conducted a comprehensive search for existing studies on
natural products for the treatment of diminished ovarian reserve and
protection of female fertility by modulating PCD. PubMed, EMBASE
and MEDLINE scientific databases were searched individually and/or
in combination using the following keywords: (Apoptosis OR
Autophagic cell death OR Necroptosis OR Pyroptosis OR
Ferroptosis) AND (Natural products OR Plant metabolites OR
Flavonoid OR Bioactivity OR Structure-activity relationship) AND
(granulosa cells OR oocytes OR diminished ovarian reserve OR
premature ovarian insufficiency OR premature ovarian failure OR
ovarian aging OR poor ovarian response OR poor responders
undergoing IVF OR poor response to ovarian stimulation). We
included original scientific papers written in English and published
up to 31 August 2024, that covered the aforementioned topics.
Exclusion criteria were set as non-English literature, conference
book
independent researchers carried out an initial screening of the

abstracts, chapters, and non-relevant studies. Two
titles and abstracts of the literature. The literature that met the
inclusion criteria advanced to full-text evaluation. Initially, a total
of 897 potentially relevant publications were retrieved. Ultimately,
after reviewing both the abstracts and full texts, 56 original research
papers on the treatment of diminished ovarian reserve (DOR) with
natural products were selected and included in the manuscript for
review. In this manuscript, we meticulously traced the origin of each
natural product mentioned in all the original research papers and
precisely provided their authoritative taxonomic and family
information (Supplementary Appendix 1-5).

In addition, we conducted a systematic search of randomized
controlled trials (RCTs) to evaluate the clinical efficacy of natural
products in patients with DOR or poor ovarian response (POR)
undergoing assisted reproductive technology (ART). We searched
databases including PubMed, EMBASE, and MEDLINE up to
31 August 2024, and only included studies published in English.

The search strategy involved using the following keywords either
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FIGURE 1

Natural products exert a protective function in diminished ovarian reserve by regulating programmed cell death: Five modes of programmed cell
death, including apoptosis, autophagy, ferroptosis, pyroptosis, and necroptosis, are important pathogenetic mechanisms of diminished ovarian reserve.
Factors such as genetic mutations, aging, radiation, chemotherapy, stress, and unhealthy lifestyle contribute to diminished ovarian reserve by influencing
programmed cell death. Natural products may contribute to the preservation of ovarian reserve by regulating programmed cell death (Created in

BioRender.com).

individually or in combination: (Coenzyme Q10 OR
Dehydroepiandrosterone OR Melatonin OR Resveratrol OR 2 -
Oxoglutaric acid OR Allantoin OR Apigenin OR Berberine OR
Capsaicin OR Chrysin OR Curculigoside OR Curcumin OR
Daphnetin  OR Diosgenin OR Epigallocatechin Gallate OR
Eugenol OR Gallotannin OR Honokiol OR Icariin OR leonurine
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hydrochloride OR Nicotinamide mononucleotide OR Nobiletin OR
Paeoniflorin OR Procyanidin OR Pterostilbene OR Puerarin OR
Rutin OR Scutellarin OR Spermidine OR Sphingosine 1-phosphate
OR a-Ketoglutarate) AND (Diminished ovarian reserve OR Poor
ovarian response) AND (IVF OR ICSI OR ART OR Assisted
reproductive technology) AND (Randomized controlled trial OR

frontiersin.org


http://BioRender.com
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1546041

Ju et al.

TABLE 1 Modes and characteristics of programmed cell death.

Definition

Morphological

features

Biochemical
features

10.3389/fphar.2025.1546041

Main signalling
pathways

References

Apoptosis Cells undergo an active and = Cell shrinkage and formation of = DNA fragmentation, Extrisic pathway (death Galluzzi et al. (2012),
orderly disintegration apoptotic bodies activation of caspase enzymes = receptor pathway), intrisinc =~ Kulikov et al. (2012),
pathway (mitochondrial Taneja et al. (2001)
pathway), endoplasmic
reticulum stress pathway
Autophagy  Cells degrade their own Organelle degradation and Autophagy-related protein mTOR signalling pathway, = Yang and Klionsky (2010),
components through accumulation of (LC3, Beclin-1) activation AMPXK signalling pathway | Hoyer-Hansen et al. (2007)
autophagosomes autophagosomes
Ferroptosis | Cell death induced by iron- = Lipid peroxidation and Iron metabolism imbalance, Iron metabolic pathway, Li et al. (2020a), Jiang et al.
dependent lipid mitochondrial shrinkage with GPX4 inactivation, lipid lipid metabolic pathway (2021)
peroxidation increased membrane density peroxide accumulation
Pyroptosis A lytic and pro- Cell swelling and plasma Cleavage of the N-terminal Caspase-1/11/4/5 signalling = Kovacs and Miao (2017),
inflammatory form of cell membrane rupture domain of Gasdermin, pathway Frank and Vince (2019)
death mediated by caspase-1/11/4/5 activation,
Gasdermin inflammatory factors IL-1p
and IL-18 release
Necroptosis =~ A regulated form of necrotic =~ Cellular swelling and plasma RIPK1/RIPK3/MLKL RIPK1/RIPK3/MLKL Brault and Oberst (2017),
cell death mediated by membrane rupture activation, caspase- pathway Galluzzi et al. (2018)
RIPK1, RIPK3, and MLKL independence

RCT). The inclusion criteria were as follows: the study type must be
an RCT; the study subjects were women diagnosed with DOR or
POR; the intervention was the supplementation of natural products
as an adjuvant treatment for infertility; the control group received an
IVF/ICSI protocol without the use of natural products or received a
placebo; the outcome measures must include the live-birth rate or
clinical pregnancy rate. The exclusion criteria were: non - RCT
studies (such as observational studies, case reports, reviews, etc.); the
study subjects were not clearly diagnosed with DOR/POR, or the
study population was highly heterogeneous; the intervention
involved non-natural products; the study data were incomplete,
lacking the main outcome measures; there were duplicate
publications of the study, and only the version with the most
data retained. The
162 relevant articles. After removing duplicates and screening the

complete was initial search vyielded
titles and abstracts, 56 articles remained for full-text evaluation.
Finally, according to the inclusion and exclusion criteria, 8 RCT's
were selected for the meta - analysis. In the meta - analysis, we used
Review Manager 5.4 for statistical analysis. For binary variables
(such as clinical pregnancy rate and live - birth rate), the odds ratio
(OR) and 95% confidence interval (CI) were used for pooled
analysis. Heterogeneity was assessed using the I* statistic. An I?
value > 50% was considered to indicate significant heterogeneity. If
the heterogeneity was large (I* > 75%), a random - effects model was
used; otherwise, a fixed - effects model was applied. Publication bias
was evaluated using a funnel plot test, and sensitivity analysis was

used to assess the robustness of the studies.

3 Natural products targeting apoptosis
in cells wi’?h DOR J 9 apop

Apoptosis is a highly regulated form of PCD that plays a crucial
role in maintaining tissue homeostasis and eliminating damaged or
unnecessary cells. It is essential for various physiological processes,
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including embryonic development, immune regulation, and tissue
remodeling. Dysregulation of apoptosis is closely linked to various
pathological conditions, including cancer, neurodegenerative
diseases, and reproductive disorders such as DOR. Understanding
the molecular mechanisms of apoptosis provides valuable insights
for developing targeted therapies to regulate cell survival and death
in disease management.

3.1 Overview of apoptosis

Apoptosis is characterized by distinct cellular changes, including
cell shrinkage, chromatin condensation, nuclear fragmentation, and
the formation of apoptotic bodies. This process involves the
activation of a cascade of caspase enzymes, particularly caspase-3,
which executing apoptosis through the cleavage of key intracellular
substrates. Apoptosis can be initiated via three principal pathways:
the extrinsic (death receptor) pathway, the intrinsic (mitochondrial)
pathway, and the (ER)
pathway (Figure 2A).

endoplasmic  reticulum stress

The intrinsic pathway (mitochondrial pathway) involves two
primary mechanisms of apoptosis: cytochrome ¢ (Cyt C) release and
the opening of the mitochondrial permeability transition pore
(MPTP) (Kulikov et al., 2012; Taneja et al., 2001). Mitochondria
are central to the regulation of apoptosis, with Cyt C functioning as a
key pro-apoptotic molecule. Bax, a pro-apoptotic Bcl-2 family
protein, resides in the cytoplasm and translocates to the
mitochondria in response to apoptotic stimuli, where it facilitates
the release of Cyt C (Cory and Adams, 2002). BH3-only proteins
such as Bad support this process by neutralizing anti-apoptotic Bcl-2
members. Following apoptotic stimuli (e.g., DNA damage, growth
factor deficiency), Bax/Bak forms oligomeric complexes that insert
into the mitochondrial outer membrane, leading to changes in
mitochondrial osmotic pressure. These oligomeric complexes
cause a loss of transmembrane potential, prompting the release
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FIGURE 2
Apoptosis leads to diminished ovarian reserve: (A) Apoptosis is primarily mediated through three key pathways: the extrinsic pathway (death receptor
pathway), the intrinsic pathway (mitochondrial pathway), and the endoplasmic reticulum stress (ER) pathway. The extrinsic pathway is initiated by signals
from death receptors on the cell surface, which directly activate caspases, thereby initiating the apoptotic process (Galluzzi et al.,, 2012; Shakibaei et al.,
2005). The intrinsic pathway is typically activated by intracellular stressors such as oxidative stress or DNA damage (Kulikov et al., 2012). This pathway
involves mitochondrial alterations, including the release of Cyt C, which activates downstream caspases to induce apoptosis. The ER stress pathway is
triggered by dysfunction in the endoplasmic reticulum, leading to increased expression of intracellular pro-apoptotic factors (Huang S. et al., 2019; Liang
et al, 2020). (B) Mechanisms of Apoptosis in diminished ovarian reserve. In the context of DOR, oocytes are lost through apoptosis, a process regulated
by specific gene expression (Huang et al., 2023). Both the extrinsic and intrinsic apoptotic pathways can be activated to initiate oocyte apoptosis
(Zhu et al.,, 2016). Granulosa cells apoptosis, which disrupts the supportive microenvironment of the oocyte, further accelerates oocyte apoptosis
(Continued)
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FIGURE 2 (Continued)

(Zhu et al,, 2016; Zhu et al., 2015). Multiple apoptotic pathways, including extrinsic, intrinsic, and ER stress-mediated signaling, contribute to
granulosa cell apoptosis and ultimately accelerate ovarian reserve depletion (Inoue et al., 2007; Matsuda et al.,, 2008; Hsu et al., 1996; Ratts et al., 1995;
Kugu et al., 1998; Perez et al,, 1999; Li H. et al., 2023) (Created in BioRender.com).

of Cyt C from the mitochondria into the cytoplasm. Then, Cyt C
binds to apoptotic protease activating factor-1 (Apaf-1) to form the
apoptosome that activates the caspase-9, which in turn activates
caspase-3 and caspase-7 and induces apoptosis (Shalini et al., 2015).
Simultaneously, mitochondria release Smac/Diablo, HtrA2, and
Arts, which promote apoptosis by inhibiting the X-linked
inhibitor of apoptosis protein (XIAP) (Tower, 2015). XIAP is a
potent apoptosis inhibitor that directly inhibits caspases and
regulates apoptosis through multiple mechanisms. Additionally,
(AIF) and
endonuclease G (Endo G), which mediate caspase-independent

mitochondria release apoptosis-inducing factor
apoptosis (Joza et al, 2001). The permeability transition pore
(PTP), located between the inner and outer mitochondrial
membranes, mediates the formation of the MPTP (Taneja et al.,
2001). Molecules smaller than 1.5 kD can pass through the MPTP
unselectively. When the mitochondrial matrix experiences high
osmotic pressure, the MPTP channel opens, leading to apoptosis.

The extrinsic pathway refers to apoptosis mediated through
death receptors located on the cell membrane surface (Galluzzi et al.,
2012). Death receptors (DRs) are part of the tumor necrosis factor
receptor (TNFR) superfamily, characterized by an extracellular
cysteine-rich domain and an intracellular death domain
(Ashkenazi and Dixit, 1998). Key death receptor-ligand pairs
include Fas (APO-1/CD95)-FasL (CD95L), TNFR1 (DR1)-TNF,
TRAILRI (DR4)-TRAIL (APO-2L), TRAILR2 (DRS5)-TRAIL
(APO-2L), and DR3 (APO-3/TRAMP)-TLIA (Newton et al,
2024). Among these, the most extensively studied pathways
involve Fas, TNFRI, and TRAIL-mediated signaling (Shakibaei
et al, 2005). Upon binding with specific death ligands, death
receptors receive extracellular death signals and initiate apoptotic
signaling by recruiting specific adaptor proteins, which subsequently
activate the caspase cascade. FasL binding induces the trimerization
of Fas, which recruits the adaptor protein FADD (Fas-associated
death domain) and the initiator caspase-8 or caspase-10, which are
oligomerized and activated through autocatalysis. Activated
caspase-8/10 induces apoptosis through two parallel pathways
(Legembre et al, 2002): it either directly cleaves and activates
caspase-3 or cleaves the pro-apoptotic Bcl-2 family protein Bid to
generate truncated Bid (tBid). tBid translocates to the mitochondria,
triggering cytochrome c release and subsequent activation of
caspase-9 and caspase-3. Similarly, TRAIL binding to DR4 or
DR5 FADD and activates
downstream apoptotic events (Gonzalvez and Ashkenazi, 2010).
The binding of TNF-a to TNFR1 initiates apoptosis via the adaptor
protein TRADD, which recruits FADD and subsequently activates

recruits caspase-8/10, triggering

caspase-8 to promote the apoptotic cascade (Shakibaei et al., 2005).

The ER stress response is a cellular mechanism triggered by ER
dysfunction, such as protein misfolding or calcium ion imbalance.
The accumulation of misfolded proteins leads to severe ER stress
(ERS), which activates the unfolded protein response (UPR) (Oakes
and Papa, 2015). Under prolonged or severe UPR conditions, three
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transmembrane ER proteins—PERK, IREl and ATF6—become
activated, promoting the upregulation of pro-apoptotic factors,
including CHOP (Chen et al, 2023b). IREl interacts with the
adaptor protein TRAF2, leading to the activation of c-Jun
N-terminal kinase (JNK) (Huang S. et al.,, 2019). Activated JNK
facilitates the translocation of pro-apoptotic proteins Bax and Bak to
the mitochondria and simultaneously inhibits the anti-apoptotic
activity of Bcl-xL, thereby indirectly triggering the mitochondrial
apoptotic pathway. PERK promotes the phosphorylation of
eukaryotic initiation factor-2a (eIF2a), which subsequently
induces the expression of ATF4, a key mediator of ER stress-
related apoptosis (Fan and Jordan, 2022). ATF6, upon activation,
translocates to the Golgi apparatus, where it is cleaved into its active
form, sATF6. The sATF6 protein then translocates to the nucleus
and mediates apoptosis by promoting CHOP expression (Liang
et al., 2020).

3.2 Apoptosis and DOR

Apoptosis is an fundamental process in the ovary, regulating its
development and function throughout the female life cycle. Oocytes
in the human ovary originate from embryonic primordial germ cells,
which undergo limited mitosis. The follicular reserve established at
birth is finite, and a progressive decline in follicle numbers is a
hallmark of diminished reproductive capacity (Hansen et al., 2008;
Faddy et al., 1992). Primordial follicles (PMFs), which constitute the
foundation of the ovarian reserve, are continuously recruited into
the pool of growing follicles within the ovary. Apoptosis plays a
pivotal role in follicular atresia and follicular depletion, with
follicular activation and growth closely associated with cell
proliferation and resistance to apoptosis (Krysko et al., 2008).
The survival or apoptosis of PMFs is determined by the balance
between the expression of pro-apoptotic and anti-apoptotic factors
(Meng et al, 2018). It is well-established that granulosa cells
apoptosis is the primary driver of atresia in growing follicles,
while oocyes apoptosis contributes to primordial follicular atresia.
Oocytes apoptosis results directly in germ cell loss, whereas
granulosa cells apoptosis leads to follicular atresia. Excessive
apoptosis
phenomenon particularly evident in conditions such as DOR,

accelerates the decline in ovarian reserve, a
premature ovarian insufficiency (POI), and premature ovarian
failure (POF).

When oocytes experience DNA damage due to chemotherapy,
radiotherapy, environmental toxins, or natural aging, members of
the p53 family, particularly the TAp63a isoform, are activated. This
activation involves phosphorylation and nuclear accumulation of
TAp63a in oocytes, which subsequently triggers the expression of
pro-apoptotic Bcl-2 family members, including PUMA, NOXA, and
Bax, initiating the apoptotic pathway (Suh et al., 2006; Gonfloni

etal, 2009; Kerr et al., 2012; Huang et al., 2023). With ovarian aging,
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the fully glycosylated follicle-stimulating hormone (FSH) variant 24
(FSH24) increases, exhibiting reduced affinity for the FSH receptor
(FSHR) (Agwuegbo et al., 2021). Decreased FSH activity leads to
reduced activation of G protein-coupled receptor (GPCR) and
adenylyl cyclase (AC) signaling, resulting in insufficient cAMP
production, which makes oocytes more susceptible to oxidative
stress-induced apoptosis. Increased intracellular Ca** levels, along
with reduced cAMP, elevate mitochondrial reactive oxygen species
(ROS) production (Jin et al., 2022), which upregulates the Bax/Bcl-
2 ratio on the mitochondrial membrane, triggering mitochondrial
transmembrane potential loss and Cyt C release. Released Cyt C
activates the caspase cascade, particularly caspase-3, leading to
(Zhu et al, 2016).
promotes Ca** release, creating a vicious cycle that amplifies
caspase-3 activation and ultimately results in oocyte apoptosis.

apoptosis Activated caspase-3 further

Granulosa cells survival is crucial for oocytes viability, and their
apoptosis disrupts the follicular microenvironment, accelerating
follicular atresia (Yao et al., 2023; Zhao et al, 2024). Healthy
growing follicles exhibit resistance to granulosa cells apoptosis,
whereas in early atretic follicles, apoptosis begins in the inner
granulosa cells layer and progressively affects most granulosa
cells, leading to follicular atresia (Jiang et al., 2003; Inoue et al.,
2011; Tilly et al., 1991). Aging leads to a loss of CYP19, a key enzyme
in estrogen synthesis, resulting in the upregulation of pro-apoptotic
genes such as p53 and Bax, thereby promoting granulosa cells
apoptosis (Britt et al., 2000; Toda et al., 2001). Senescent oocyte-
surrounding cumulus granulosa cells release soluble FasL (sFasL),
which binds to Fas receptors on oocytes (Matsuda-Minehata et al.,
2006; Hakuno et al, 1996), triggering ER Ca** release via the
phospholipase C-y (PLC-y) pathway and Cyt C activation (Zhu
et al., 2016; Matsuda-Minehata et al., 2006; Hakuno et al., 1996; Zhu
etal,, 2015), further driving oocytes apoptosis. FADD and caspase-8
also contribute to granulosa cells apoptosis (Inoue et al., 2007;
Matsuda et al., 2008). Bcl-2-deficient mice exhibit a reduced
number of oocytes and primordial follicles (Hsu et al, 1996;
Ratts et al.,, 1995), while Bax-deficient mice display an excessive
number of follicles (Kugu et al., 1998; Perez et al., 1999), further
confirming the importance of apoptotic signaling balance in
maintaining  ovarian  reserve.  Furthermore, the ATF4/
MAPILC3A/CCPG1 pathway may induce apoptosis via ER
autophagy activation (Li H. et al,, 2023).

Regulatory factors in the ovarian microenvironment, such as
estradiol (E,), insulin-like growth factor (IGF) (Glister et al., 2001;
Monniaux and Pisselet, 1992), FSH, and epidermal growth factor
(EGF) (Tilly et al., 1992; Park et al., 2005; Cunningham et al., 2003),
are recognized as pro-survival factors for granulosa cells. However,
levels of E,, IGF, and EGF are significantly reduced in DOR
(Stadtmauer et al, 1998; Wang C. et al.,, 2023; Huang W. et al,
2019; Liu et al.,, 2017) The loss of these pro-survival factors disrupts
the balance between anti-apoptotic and pro-apoptotic signaling,
increasing granulosa cells susceptibility to apoptosis.

In general, apoptosis of granulosa cells reduces the availability of
hormones and survival factors that are essential for oocytes growth
and maturation, impairing oocytes meiotic and developmental
competence. This, in turn, increased vulnerability of oocytes to
apoptotic stimuli, exacerbating follicular atresia and contributes to
the decline of ovarian reserve function (Figure 2B). Suppressing
apoptosis-related pathways and enhancing granulosa cell viability
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and resistance to apoptosis represent promising therapeutic
strategies to preserve follicular numbers and prolong fertility.
Targeting apoptosis-related mechanisms may effectively delay
ovarian reserve decline, offering a viable approach to fertility
preservation and reproductive health management.

3.3 Regulation of apoptosis by
natural products

As previously discussed, apoptosis in oocytes and granulosa cells
can be triggered by various factors, including chemotherapy,
radiotherapy, environmental toxins, and natural aging. Apoptosis
plays a significant role in DOR. Consequently, preventing follicular
atresia by inhibiting apoptosis in oocytes and granulosa cells
represents a promising strategy for preserving ovarian reserve.
Among the numerous candidate therapeutic resources, natural
products derived from plants and dietary sources have gained
significant attention due to their long history of use and
relatively high safety profile. These plant metabolites are
increasingly recognized as important adjunctive interventions for
managing DOR, offering potential benefits in supporting ovarian
function and improving reproductive outcomes.

Currently, numerous natural products have been investigated as
potential modulators of DOR, primarily in preclinical models
(Supplementary Appendix 1). Allantoin has been reported to
reduces granulosa cells apoptosis in cyclophosphamide (CTX)-
injured rats by downregulating the Bax/Bcl-2 ratio (Wang et al.,
2023c¢). a-Ketoglutarate may contribute to the restoration of ovarian
reserve and improve pregnancy rates in a CTX-induced POI rat
model, potentially by inhibiting Caspase-3 activity (Li T. et al,
2023). Apigenin, curcumin, and resveratrol appear to attenuate
oxidative stress- or chemotherapy-induced granulosa cells
apoptosis, possibly by modulating apoptotic signaling pathways
including the Bax/Bcl-2 ratio or inhibiting the caspase cascade
(Fabova et al.,, 2023; Talebi et al., 2020; Saman et al.,, 2023; Li X.
et al.,, 2022; Mantawy et al., 2019; Mobasher et al., 2022; Liang et al.,
2024; Yan et al., 2018; Duan et al., 2024; Tsui et al., 2017; Barberino
et al., 2022; Sirotkin et al., 2021; Ibrahim et al., 2021; Liu W. et al.,
2022; Liu X. et al., 2018; Zhang et al., 2016; Faghani et al., 2022;
Shang et al., 2023; Xin et al.,, 2023; Li F. et al., 2024; Ding et al., 2024;
Xu G. etal., 2023; Bai et al., 2024; Li Y. et al., 2020; Xi et al., 2024; Wu
et al,, 2018; Chen et al., 2021; Zhang et al., 2024; Yi et al., 2021; Wu
et al.,, 2021; Zhao et al., 2022; Sirotkin et al., 2020; Zhou et al., 2023).
However, these compounds are widely distributed in nature and
often suffer from poor bioavailability, raising questions about the
translational relevance of their observed effects in vitro. Whether
these effects translate into clinically meaningful outcomes remains
uncertain. Additionally, honokiol, Cuscuta chinensis Lam. extract,
Panax ginseng C.A.Mey. extract, and peptides have demonstrated
protective effects on ovarian function in animal studies, potentially
via activation of the Nrf2/HO-1 pathway (Liang et al., 2024; Shang
et al, 2023; Xin et al,, 2023; Zhao et al., 2022). Combinatorial
strategies, such as resveratrol with Citrus x limon (L.) Osbeck peel
extract, have been proposed to enhance efficacy through synergistic
inhibition of apoptotic signaling pathways like iINOS/caspase-3
(Mobasher et al.,, 2022). Nonetheless, mechanistic evidence for
such synergy is limited and primarily inferential. Melatonin and
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puerarin have also been associated with reductions in ovarian cell
apoptosis, possibly through modulation of the eIF2a/ATF4 and
Wnt/p-catenin signaling pathway respectively (Ding et al., 2024; Wu
et al.,, 2018).

Notably, most studies on natural products have been conducted
in experimental animals, with only one study focusing on primary
granulosa cells from human follicular fluid (Liang et al., 2023).
Mechanistic interpretations in these studies typically rely on indirect
evidence, such as changes in protein markers (e.g., Bax/Bcl-2 ratio,
caspase activity), while direct causal validation—through gene
silencing, overexpression, or target binding assays—is rare (Xu G.
et al.,, 2023). Moreover, none of the included studies conducted
systematic analyses of small molecule-protein interactions, and the
pharmacokinetic relevance of the doses used in vitro versus in vivo
studies remains largely unaddressed. Among the ten in vivo studies,
although various dosages were tested, neither a clear dose-response
relationship nor long-term toxicity assessments (e.g., liver and
kidney function indicators) were reported (Wang et al., 2023¢; Li
X. etal,, 2022; Duan et al., 2024; Barberino et al., 2022; Faghani et al.,
2022; Shanget al., 2023; Li Y. et al., 2020; Chen et al., 2021; Wu et al,,
2021; Zhao et al, 2022). In the five in vitro studies, although a
decrease in the apoptosis rate of granulosa cells was observed at
specific doses, it was not confirmed whether this effect could
translate into an improvement in oocyte quality in vivo (Fabova
et al., 2023; Tsui et al., 2017; Sirotkin et al., 2021; Xu G. et al., 2023;
Sirotkin et al., 2020). Taken together, while these natural products
exhibit potential biological activity relevant to DOR, current
evidence remains preliminary and largely exploratory. Further
studies involving robust mechanistic validation, pharmacokinetic
profiling, and clinical translation are essential to determine whether
these compounds possess genuine therapeutic potential or if their
effects are limited to experimental settings. Therefore, their
biological relevance in vivo remains uncertain and requires
further investigation.

4 Natural products targeting autophagy
in cells with reduced ovarian
reserve function

Apoptosis is
development and progression of DOR. In recent years, studies

not the sole mechanism underlying the

have shown that autophagy also plays a crucial role in
maintaining ovarian function and regulating the progression of
DOR. By degrading damaged organelles and clearing intracellular
harmful substances, autophagy helps maintain cellular homeostasis
and can influence the apoptotic process to some extent. Therefore,
modulating autophagy may offer a novel intervention strategy for
improving DOR.

4.1 Overview of autophagy

Autophagy is a conserved intracellular degradation process that
maintains cellular homeostasis by degrading and recycling damaged
organelles and misfolded or excess proteins via autophagosomes
(Yang and Klionsky, 2020). This process is activated under
conditions such as nutrient deprivation, OS, or other cellular
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stressors. By breaking down intracellular components, autophagy
sustains bioenergetic balance and promotes cell survival until
favorable conditions are restored (Dikic and Elazar, 2018).
Autophagy is
mechanism and mode

categorized into three types based on its
macroautophagy,

microautophagy, and chaperone-mediated autophagy (CMA).

of degradation:

Among these, macroautophagy is the most extensively studied,
particularly in nutrient deficiencies and cellular stress responses.
Herein, we focus on macroautophagy, referred to simply as
“autophagy,” due to its central role in regulating cellular
responses to stress and its relevance to ovarian reserve function.
Autophagy is a highly conserved catabolic process involving four
key steps: initiation, autophagosome formation and maturation,
fusion with lysosomes, and degradation of autophagic cargo. The
mechanistic target of rapamycin (mTOR) functions as a major
negative regulator of autophagy. In nutrient-rich conditions,
mTOR remains active, suppressing autophagy initiation, while
under stress conditions such as energy deficiency or DNA
damage, the activation of AMP-activated protein kinase (AMPK),
p53 or inhibition of pathways like PI3K/Akt and ERK reduces
mTOR activity, which then releases the inhibition on autophagy
and facilitates its initiation (Yang and Klionsky, 2010). Additionally,
ER stress can induce AMPK activation via increased cytosolic Ca**
levels, providing an alternative route for autophagy initiation
(Hoyer-Hansen et al., 2007). Once activated, AMPK stimulates
the ULKI1 complex, including ULK1, Atgl3, Atgl01, and FIP200,
marking autophagy initiation. The activated ULK1 complex
subsequently activates downstream signaling molecules. Among
these, the class III phosphatidylinositol 3-kinase (PI3K-III)
complex, comprising Vps34, Beclin-1, Vpsl5 and Atgl4, is
responsible for generating phosphatidylinositol ~3-phosphate
(PI3P) (Klionsky et al., 2021). PI3P facilitates the recruitment of
Atg proteins to the developing autophagic membrane, promoting
vesicle formation and expansion. Two ubiquitin-like conjugation
systems are crucial for vesicle elongation (Mizushima and Komatsu,
2011). In the first, Atg7 and Atgl0 mediate the conjugation of
Atgl2 to Atg5. The Atgl2-Atg5 conjugate then binds to Atgle,
forming a complex that interacts with the second conjugation
system. In this system, Atg4, Atg7, and Atg3 mediate the
conjugation of soluble LC3 (microtubule-associated protein
1 light chain 3) to phosphatidylethanolamine (PE), producing
LC3-II. LC3-II is a key marker protein of autophagosomes,
enabling the encapsulation of cytoplasmic materials targeted for
degradation (Mizushima and Komatsu, 2011). After autophagosome
formation, SNARE proteins such as VAMPS8, STX17, and
SNAP29 facilitate the fusion of autophagosomes with lysosomal
membranes to form autolysosomes (Itakura et al., 2012). The small
GTPase Rab7 regulates the transport of autophagosomes and
promotes their interaction with lysosomes (Wang et al., 2016). In
autolysosomes, lysosomal hydrolases degrade the contents of
misfolded
proteins, and other cellular debris. The resulting degradation

autophagosomes, including damaged organelles,
products, such as amino acids and fatty acids, are recycled to
fulfill the metabolic and synthetic demands of the cell, thus
maintaining cellular homeostasis.

Mitochondrial autophagy, also known as mitophagy, is a
selective process that removes damaged mitochondria (Lu et al,

2023). Under normal conditions, PTEN-induced putative kinase 1
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Autophagy leads to diminished ovarian reserve: (A) Mechanism of autophagy. Autophagy is a process by which cells degrade themselves. Signals
such as AMPK, PI3K/Akt, ERK, p53, etc. influence autophagy by regulating mTOR activity (Yang and Klionsky, 2010). After autophagy is initiated,
autophagosomes are assembled inside the cell to wrap damaged organelles or aggregated proteins inside the cell (Mizushima and Komatsu, 2011).
Subsequently, autophagosomes fuse with lysosomes to form autophagic lysosomes, and the internal material is degraded by lysosomal enzymes
(Itakura et al.,, 2012). Finally, the degradation products are released back into the cytoplasm for re-synthesis of substances needed by the cell or to provide
energy. (B) Mechanism of cellular autophagy in ovarian reserve hypoplasia. Autophagy is involved in the maintenance of the primordial follicle number
(Cao etal,, 2017; Sonigo et al., 2019). Autophagy helps granulosa cells adapt to adverse external stimuli and promotes granulosa cells survival (Shao et al.,
2022). Excessive autophagy also induces granulosa cells death (Cao et al,, 2018) (Created in BioRender.com).

Frontiers in Pharmacology 09

frontiersin.org


http://BioRender.com
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1546041

Ju et al.

(PINK1) is continuously degraded by presenilin-associated
rhomboid-like protein (PARL). When mitochondrial damage
PINK1 the
membrane and recruits the E3 ubiquitin ligase Parkin (Picca

occurs, accumulates on mitochondrial outer
et al,, 2023). Parkin ubiquitinates outer mitochondrial membrane
proteins, including voltage-dependent anion channel 1 (VDACI)
and mitofusins (Mfnl and Mfn2), thereby initiating mitophagy.
Following ubiquitination, receptor proteins such as sequestosome-1
(SQSTM1 or p62) bind to LC3-II via their LC3-interacting region
(LIR) (Wang S. et al,, 2023). Additionally, BCL2/adenovirus E1B
19 kDa protein-interacting protein 3 (BNIP3), BNIP3-like protein
(BNIP3L or NIX), and FUNI14 domain-containing protein 1
(FUNDC1), which also contain LIR motifs, promote the
formation of autophagosomes (Wang S. et al, 2023). These

mechanisms are detailed in Figure 3A.

4.2 Autophagy and DOR function

Autophagy is necessary for maintaining oocyte development,
follicular growth and differentiation, follicular atresia, and the
reproductive cycle (Zhou et al., 2019; Choi et al., 2010). Impaired
autophagy in the follicle can decrease oocyte quality, contributing to
infertility in women (Li et al, 2019). Evidence has shown a
relationship between autophagy and oocyte development and
survival. Atg7 is expressed at all follicular stages, from primordial
follicles (PMF) to antral follicles, without significant variation, while
Beclin-1 shows the highest relative expression in PMFs (Cao et al.,
2017; Song et al., 2015). Deficiency in key autophagy molecules, such
as Atg7 and Beclin-1, may contribute to DOR (Cao et al., 2017;
Gawriluk et al., 2011; Texada et al., 2019), as confirmed in animal
studies. Atg7 knockout leads to a significant decrease in oocyte
numbers, ultimately causing infertility in mice (Song et al., 2015).
Additionally, Atg5 knockout affects steroid hormone synthesis due
to cholesterol deficiency caused by impaired autophagy (Texada
et al., 2019). Under stress conditions, autophagy is activated to
PMF
formation in neonatal mouse ovaries by activating autophagy and

maintain  PMF numbers. Serum starvation promotes
inhibiting apoptosis in vitro (Rodrigues et al, 2009). AMH
contributes to preserving PMF numbers by inhibiting Foxo3a
phosphorylation-induced autophagy in the ovaries (Sonigo et al.,
2019). Furthermore, the autophagy enhancer rapamycin inhibits the
mTOR pathway, upregulates the expression of LC3-Il and Beclin-1,
triggers autophagy, facilitates the aggregation of PMF, and improves
the survival rate of oocytes (Sun et al., 2018).

Granulosa cells play a key role in providing nutritional support,
hormone synthesis and regulation, follicle maturation, and
ovulation, making them crucial in determining follicular fate.
Autophagy mediates granulosa cell differentiation by degrading
the transcription factor WTI, with Atg5 and Beclin-1 being
essential genes in this process (Shao et al., 2022). Rab7 regulates
mitophagy, which influences oocyte quality (Jin et al., 2022). During
autophagy apoptosis

granulosa promoting

follicular atresia, and often  occur

simultaneously  in cells, follicular

degradation and ovarian remodeling (Tanner et al, 2011).
Granulosa cells autophagy is predominantly observed in
medium-sized follicles (2-6 mm in diameter), while apoptosis is

more common in large follicles (>6 mm in diameter) (Zheng et al.,
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2019). With aging, accumulated oxidative damage leads to a decline
in granulosa cell autophagy. Plasma levels of advanced oxidation
protein products (AOPP) are elevated in women with POI,
flux and

inhibiting granulosa cells autophagic

biosynthesis (Zhou X. Y. et al., 2024). Therefore, maintaining a

lysosomal

certain level of autophagy in granulosa cells is crucial for female
fertility regulation.

Autophagy is influenced by various factors. Smoking induces
autophagy, reducing granulosa cell numbers (Gannon et al.,, 2012).
Excess oxidized low-density lipoprotein (oxLDL) in the follicular
fluid of obese women increases ROS levels via NADPH oxidase,
further enhancing granulosa cell autophagy (Lai et al, 2018).
Melatonin blocks JNK-mediated autophagy, protecting granulosa
cells from oxidative stress damage (Cao et al., 2018), while also
promoting mitophagy to protect mitochondrial function (Xu G.
et al., 2023). FSH exhibits dual regulatory effects on granulosa cells
autophagy. During follicular development, FSH activates the PI3K/
AKT/mTOR pathway to inhibit autophagy, promoting granulosa
cells proliferation and supporting follicular development (Texada
et al., 2019; Choi et al., 2014; Shen et al., 2017; Shen et al., 2016).
However, in atretic follicles, FSH may activate autophagy via
different
degradation and triggering follicular atresia (Choi et al, 2010;

signaling pathways, leading to granulosa cells
Choi et al.,, 2014). This suggests that autophagy plays a dual role
in different stages of follicular development—promoting survival
during follicle formation while facilitating atresia under appropriate
conditions to regulate ovarian reserve (Duerrschmidt et al., 2006).

Opverall, the role of autophagy in establishing the follicular pool
and promoting follicular survival highlights its potential as a novel
therapeutic target for addressing DOR in vulnerable populations,
such as those exposed to chemotherapy, environmental toxins, or
genetic disorders (Figure 3B). However, excessive activation of
autophagy may result in adverse effects, as the process also
contributes to follicular atresia and granulosa cells death. It is
important to note that most current insights into autophagy are
based on the detection of autophagy-related factors, and accurately
quantifying autophagic flux remains a significant challenge.
Therefore, the dual role of autophagy in ovarian reserve requires
further

molecules as therapeutic targets to counteract DOR is still in its

investigation. The application of autophagy-related
early stages and warrants additional research to clarify both their
therapeutic potential and associated risks.

4.3 Regulation of autophagy by
natural products

Autophagy plays a pivotal role in female follicular processes,
including the establishment of the follicular pool, follicular
development, and follicular apoptosis, reflecting a complex and
dualistic nature. This dualistic function suggests that modulation
of autophagy by natural products could potentially influence ovarian
reserve through either activation or inhibition pathways. Current
findings related to 13 natural products are summarized in
Supplementary Appendix 2.

Eight natural products have been reported to enhance
autophagic activity in granulosa cells, which may help mitigate
oxidative stress, aging, and chemotherapy-induced damage. ROS
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is considered a major physiological inducer of cellular senescence
(Sun D. et al., 2023), with hydrogen peroxide (H,0,) widely used to
establish OS models due to its stability and prolonged activity (Zhou
J. et al., 2022). In H,0,-induced oxidative stress models, curcumin
has been shown to promote autophagy, potentially via inhibition of
the AMPK/mTOR pathway in granulosa cells (Duan et al., 2024).
Paeoniflorin and melatonin may stimulate mitophagy by
upregulating PINK1 and Parkin, enhancing lysosomal fusion and
mitochondrial turnover (Xu G. et al., 2023; Xi et al., 2024). Similarly,
melatonin, procyanidin B2, quercetin, and spermidine have been
associated with increased expression of LC3-II and Beclin-1,
suggesting enhanced autophagic flux and improved granulosa
cells viability under oxidative stress conditions (Zhang et al,
2016; Li P. et al, 2024; Cai et al, 2024). In aging and
chemotherapy models, natural products also appear to modulate
autophagic dysfunction. D-galactose is a classical aging model
(Wang Y. et al, 2022), and aging in mammals is often
accompanied by decreased autophagic flux, which also occurs in
ovarian tissues.

Spermidine, a natural polyamine known to decrease with age in
various model organisms and humans (Eisenberg et al., 2009; Gupta
etal., 2013),has been reported to promote autophagy and reduce the
number of atretic follicles in aged mice (Madeo et al., 2018; Madeo
et al, 2019; Jiang et al, 2023; Niu et al, 2023). Similarly,
nicotinamide mononucleotide (NMN), a key intermediate in
cellular energy metabolism, also decreases with age (Yoshino
et al, 2018; Imai and Guarente, 2014). NMN supplementation
has been linked to enhanced mitophagy in ovarian granulosa
cells of naturally aging mice (Huang et al., 2022). Nobiletin, a
common natural flavonoid, has been found to activate mitophagy
via AMPK and SIRT1 pathways, potentially alleviating D-galactose-
induced mitochondrial damage in granulosa cells and delaying age-
related apoptosis (Bai et al., 2024). Additionally, resveratrol and its
modified form, resveratrol-Bcd, may also enhance autophagy by
inhibiting mTOR signaling, with preliminary evidence of improved
ovarian reserve in POI mouse models (Park et al, 2016; Hu
et al., 2024).

Conversely, five natural products have demonstrated inhibitory
effects on autophagy in ovarian cells, a mechanism that may also
offer protective benefits under certain pathological conditions.
Allantoin has been associated with mitochondrial membrane
potential (MMP), and suppression of mitophagy and ROS levels,
contributing to improved ovarian function in CTX-induced POI
models (Wang et al., 2023c). Curculigoside has been reported to
downregulate Beclin-1 expression and the LC3-II/I ratio, potentially
reducing autophagy-related damage (Meng 2024).
Dehydroepiandrosterone (DHEA) may inhibit mitophagy via
suppression of AMPK/SIRT1 pathway (Ma et al, 2024).
Procyanidins appears to modulate autophagy in aging or

et al,

oxidative stress conditions by regulating FoxOl suppression or
PI3K-Akt pathway activation, potentially promoting ROS
clearance (Zhou S. et al, 2022). Melatonin has also been
implicated in the suppression of autophagy under various stress
conditions, including nicotine exposure, serum starvation, excessive
autophagy, and unpredictable stress, possibly through modulation
of miR-15a-5p, PI3K/Akt/mTOR, and eIF2a/ATF4 pathways
(Wang et al., 2018; Wu et al., 2022; Liu Y. et al., 2022; Xie et al,,
2021; Ding et al., 2024).
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Overall, autophagy, as a crucial degradative pathway for
maintaining cellular homeostasis, with both insufficient and
excessive activity contributing to cellular dysfunction. Natural
products appear to exert modulatory effects on this system, either
by activating protective autophagy to clear damaged organelles and
reduce oxidative load, or by inhibiting excessive autophagy to
prevent unnecessary cellular degradation. However, current
evidence is primarily derived from in vitro models or animal
studies, and often relies on indirect indicators such as protein
(e.g, LC3-II, Beclin-1). Although

pharmacological inhibitors like 3-MA have been used to infer

expression  changes
involvement of autophagy (Duan et al., 2024; Cai et al, 2024),
most studies lack gene-level validation (e.g., siRNA knockdown,
gene overexpression) to establish causality. Moreover, while a few
studies have conducted preliminary pharmacokinetic analyses (Hu
et al., 2024), systematic evaluation of drug metabolism, long-term
toxicity, and in vivo efficacy remains limited. These gaps underscore
the need for more rigorous approaches, including gene-editing
technologies, multi-omics analysis, and in vitro and in vivo
models to elucidate the molecular mechanisms by which natural
products may regulate autophagy and to assess their potential
translational relevance in ovarian function preservation.

5 Natural products targeting ferroptosis
in cells with DOR

Besides autophagy, ferroptosis, a newly identified form of PCD,
also plays a crucial role in the occurrence and progression of DOR.
Increasing evidence suggests that OS, mitochondrial dysfunction,
and the inflammatory microenvironment can induce ferroptosis in
ovarian granulosa cells. Meanwhile, natural products hold
significant potential in regulating ferroptosis and maintaining
ovarian function.

5.1 Overview of ferroptosis

Ferroptosis is an iron-dependent form of cell death driven by the
accumulation of lipid peroxides (Dixon et al., 2012). It is initiated by
excessive lipid peroxidation and impaired antioxidant defense
mechanisms, particularly the inactivation
peroxidase 4 (GPX4), a key enzyme that
hydroperoxides (Li J. et al., 2020). Unlike apoptosis, ferroptosis

of glutathione

reduces lipid
does not involve nucleus fragmentation or the formation of
apoptotic bodies and is independent of classical apoptotic
pathway proteins such as caspases.

Ferroptosis depends on iron-dependent lipid peroxidation, with
its key signaling regulation falling into three broad categories: iron
metabolism, glutathione metabolism, and lipid metabolism (Jiang
et al., 2021). First, cells take up iron from the extracellular
environment via transferrin (TF) and the transferrin receptor
(TFRC). Once inside the cell, iron is stored in ferritin, or its
release is regulated by ferroptosis-related proteins such as nuclear
receptor coactivator 4 (NCO4). Increased levels of free iron generate
large amounts of ROS through the Fenton reaction, which in turn
promotes lipid peroxidation (Jiang et al, 2021). Secondly,
glutathione metabolism plays a critical role in intracellular
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Ferroptosis and its role in diminished ovarian reserve: (A) Mechanism of ferroptosis: Excessive intracellular iron accumulation promotes the

generation of free radicals, particularly lipid peroxides (Jiang et al., 2021). Glutathione peroxidase 4 (GPX4) plays a critical role in preventing lipid
peroxidation; however, the inhibition of GPX4 activity during ferroptosis exacerbates lipid peroxidation (Liang et al., 2022; Xie et al., 2023). The
accumulation of lipid peroxides causes structural damage to the cellular membrane, ultimately resulting in cell death. (B) Mechanism of cellular
ferroptosis in diminished ovarian reserve: In the ovary, iron accumulation may increase due to aging, oxidative stress, or pathological conditions (Sze et al.,
2022; Zhang et al., 2018). This excess iron triggers oxidative stress, leading to damage in ovarian cells, including oocytes and granulosa cells (Wang F. et al.,
2022). Concurrently, reduced levels of glutathione (GSH) and inhibition of GPX4 activity weaken the antioxidant defense system, further promoting
ferroptosis (Niu et al., 2023; Zhang S. et al., 2023). This process contributes to cellular damage and diminished ovarian reserve (Created in
BioRender.com).

ferroptosis. System xc~ is an essential amino acid antiporter  glutamate, while SLC3A2 is a chaperone. System xc~ facilitates
composed of two subunits, SLC7A1l and SLC3A2. SLC7AI1l is  the exchange of intracellular glutamate (Glu) for extracellular
the primary transporter protein, highly specific for cystine and  cystine (Cys) in a 1:1 ratio. Cystine is then utilized to synthesize
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glutathione (GSH) through the enzymatic actions of glutamate
cysteine ligase (GCL) and glutathione synthetase (GSS) (Wang L.
et al,, 2020). Glutathione peroxidase 4 (GPX4), a key enzyme in the
inhibition of ferroptosis, uses GSH to convert lipid peroxides into
harmless lipid alcohols (Liang et al., 2022; Xie et al., 2023). When
GSH is depleted or GPX4 is inactivated, lipid peroxides accumulate,
triggering ferroptosis (Liang et al., 2022). Further, polyunsaturated
fatty acids (PUFAs) are essential precursors for lipid peroxidation in
ferroptosis. Acyl coenzyme A synthetase long-chain family member
4 (ACSL4) and lysophosphatidylcholine acyltransferase 3 (LPCAT3)
are intermediate factors essential for activating fatty acids to drive
lipid peroxidation and execute ferroptosis. PUFAs are ligated to
(CoA) by ACSL4, while LPCAT3 modifies
phospholipid-linked products. Lipid peroxidation is further
amplified by lipid oxygenases (LOXs) and ROS generated

coenzyme A

through the Fenton reaction, driving the process of ferroptosis
(Chen et al., 2020a).

Apart from GPX4, several key intracellular factors inhibit
ferroptosis. Ferroportin (FPN), the only known cellular iron
efflux protein, directly reduces intracellular iron levels to inhibit
ferroptosis (Bao et al., 2021). Coenzyme Q10 (CoQ10), a lipophilic
electron carrier, exists in oxidized and reduced forms. Its reduced
form, CoQ10H,, functions as a radical-trapping antioxidant (RTA)
that neutralizes lipid peroxyl radicals. FSP1 (ferroptosis suppressor
protein 1) facilitates the NADPH-dependent reduction of CoQ10 to
CoQI10H,, a lipophilic radical-trapping antioxidant that prevents
lipid peroxidation (Doll et al., 2019). Dihydroorotate dehydrogenase
(DHODH), the rate-limiting enzyme in the pyrimidine de novo
synthesis pathway, works alongside GPX4 to inhibit mitochondrial
lipid peroxidation. It achieves this by reducing ubiquinone to
Q-dependent thereby
preventing ferroptosis in the inner mitochondrial membrane
(Wang and Min, 2021). GTP cyclohydrolysase 1 (GCH1), the
rate-limiting enzyme for BH4 synthesis, also functions as a free-

ubiquinol in a coenzyme manner,

radical trapping antioxidant to inhibit ferroptosis (Kraft et al., 2020).
The expression of GCHI induces the production of potent
RTA, BH4/BH2, which block lipid
peroxidation and ferroptosis. In addition, Nrf2, a widely studied

endogenous such as
transcription factor, plays an important role in regulating
antioxidant responses. The downstream targets of Nrf2, including
SLC7A11 and heme oxygenase 1 (HO-1), have been implicated in
intracellular iron metabolism and GPX4 synthesis, both of which are
essential in ferroptosis regulation (Zhang et al., 2022).

Taken together, ferroptosis is a PCD mechanism intricately
associated with iron metabolism, lipid peroxidation, and
antioxidant systems (Figure 4A). Elucidating its regulatory
pathways may offer therapeutic  opportunities  for

improving DOR.

new

5.2 Ferroptosis and DOR

Abnormalities in iron metabolism are associated with various
degenerative diseases, and granulosa cells, oocytes, and their
supporting cells in the ovary are particularly sensitive to OS
(Stockwell et al., 2017). Ferroptosis mediates cell damage and death
primarily through lipid peroxidation. Previously, single-cell RNA
sequencing of mouse ovarian oocytes during the transition from the
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pre-follicular stage to the follicular stage indicated that follicular atresia
may be associated with the ferroptosis pathway (Wang JJ. et al., 2020).
In vitro studies have shown that the ferroptosis inducer erastin can
inhibit the proliferation of granulosa cells and promote their ferroptosis
(Pan et al,, 2024). This suggests that ferroptosis of ovarian cells may
affect ovarian reserve function.

Several key factors influencing germ cell fate, including age,
genetic variation, oxidative stress, radiation, and cancer treatment,
are associated with ferroptosis. Increased ACSL4 expression and
ferroptosis markers have been observed in aged rat ovaries (Zheng
et al, 2021). In naturally aged rat ovaries, abnormal upregulation of
transferrin (TF) and iron regulatory protein 2 (IRP2)-mediated
transferrin receptor 1 (TfR1) leads to iron accumulation (Sze
et al., 2022). Ferritin upregulation inhibits estradiol synthesis via
the NF-«kB/iNOS pathway and downregulates the Nrf2/
GPX4 pathway, exacerbating ovarian damage (Sze et al,, 2022).
Spatial transcriptomics combined with single-cell RNA sequencing
identified high expression levels of ferroptosis-related genes,
including TFRC, NCO4, and SLC3A2, in granulosa cells of
patients with ovarian senescence, while GPX4 expression was
notably low (Lin et al, 2023). Genetic factors also influence
ovarian function through ferroptosis. A study in a Chinese POI
pedigree identified BNCI mutations that lead to premature follicular
activation and atresia (Zhang et al., 2018). Further research using
BNCI™~ that BNCI defects
intracellular iron accumulation and induce oocyte ferroptosis by
activating the Merlin (NF2)/Hippo/YAP/TFRC/ACSL4 pathway
(Wang F. et al, 2022). And ferroptosis inhibitor ferrostatin-1
(Fer-1) partially reversed this effect (Wang F. et al, 2022).
Similarly, ovarian oxidative stress model mice exhibit inhibition
of the Nrf2/HO-1/GPX4 pathway (Niu et al., 2023), suggesting that
GPX4 deficiency-induced ferroptosis may contribute to reduced

mice demonstrated promote

ovarian reserve. Radiation is another known inducer of ovarian
damage. Studies have shown that X-ray irradiation reduces KGN
cells viability, alters mitochondrial morphology, induces
intracellular iron accumulation, and triggers lipid peroxidation,
ultimately leading to ferroptosis (Zhao et al, 2023). The
chemotherapeutic drug cisplatin (Cis) also induces ferroptosis in
granulosa cells, causing ovarian fibrosis and significantly reducing
ovarian reserve (Zhang S. et al, 2023; Wang et al, 2024). Cis
increases ACSL4 expression while suppressing GPX4 expression
and promotes mitochondrial dysfunction through excessive ROS
production (Zhang S. et al., 2023; Wang et al., 2024). Further studies
revealed that treatment with N-acetylcysteine (NAC), a GSH
precursor, significantly upregulates the GSH/GSSG ratio and
increases the expression of GPX4, NRF2, and HO-1, effectively
inhibiting ferroptosis (Zhang S. et al., 2023). Similarly, the antitumor
drug CTX induces ferroptosis in granulosa cells both in vivo and
in vitro by suppressing GPX4 expression (Niu et al., 2023; Chen
et al., 2024; Dai et al., 2024).

Overall, there is a strong association between common causes of
ovarian reserve loss, such as aging, genetic variation, OS, radiation
and chemotherapy, and ferroptosis, with disturbances in
intracellular iron metabolism playing a central role in this
process. Ferroptosis contributes to follicular depletion, ultimately
leading to DOR (Figure 4B). Future research focusing on
ferroptosis-related pathways may provide innovative therapeutic

strategies for restoring ovarian function and preserving fertility.
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5.3 Regulation of ferroptosis by
natural products

In recent years, ferroptosis has emerged as a critical focus in drug
development. Ferroptosis mediates cell injury and death through
lipid peroxidation, which adversely affects follicular survival.
Preliminary studies suggest that inhibiting ferroptosis may offer
protective effects on ovarian function, although the translational
relevance of these findings remains to be established.

Current research has found that ferroptosis caused by the
downregulation of the Nrf2/HO-1/GPX4 pathway is closely
associated with diminished ovarian reserve (Niu et al, 2023;
Zhang S. et al., 2023). However, many natural plant metabolites
have been reported to inhibit ferroptosis by activating this pathway.
The flavonoid glycoside icariin has been shown to increase the
expression of Nrf2, HO-1, and GPX4, in cisplatin-treated mouse
ovarian tissues and KGN cells, which may contribute to reduced OS
and ferroptosis (Li F. et al., 2024). In vitro experiments have
demonstrated that another natural flavonoid glycoside, rutin,
may alleviate oxidative stress induced by ferroptosis in small
white follicles of aging laying chickens via the Nrf2/HO-
1 pathway (Wu Y. et al, 2023). Similarly, the methylated
derivative of resveratrol, pterostilbene, has been observed to
upregulate Nrf2, HO-1, GSH, and GPX4 while reducing
ACS1L4 H,O,-treated
COV434 and KGN cells, suggesting a potential anti-ferroptotic
effect (Chen et al., 2023c).

In addition to the Nrf2/HO-1/GPX4 pathway, other pathways
have been implicated. Spermidine may regulate the Akt/FHC/

expression and iron content in

ACSL4 pathway to inhibit ferroptosis in porcine ovarian
granulosa cells, with possible implications for ovarian reserve and
fertility (Niu et al., 2023). Another naturally occurring sphingolipid,
sphingosine-1-phosphate, has been shown in vitro to modulate the
expression of GPX4 and FPN1, and TFRC, which may contribute to
reduce radiation-induced ferroptosis in KGN cells (Zhao et al,
2023).
degeneration (HLD) often experience reproductive dysfunction

Furthermore, female patients with hepatolenticular
(Roseira et al., 2022; Bandmann et al., 2015). Berberine, a natural
alkaloid, has been studied in the context of hepatolenticular
degeneration (HLD), where it was associated with decreased
ovarian iron content and ER stress (via the PERK pathway),
along with increased GSH and GPX4 expression (Liu Q. Z. et al,,
2024). These molecular changes coincided with histological
improvements in ovarian morphology; however, the precise
mechanisms and functional consequences remain to be elucidated.

In conclusion, six natural products have been investigated for
their potential anti-ferroptotic effects in the context of ovarian
protection (Supplementary Appendix 3). Among them, the study
of Niu et al. is the only one that combines in vitro and in vivo models
(Niu et al., 2023). However, this study—like most others in the
field—lacked gene-level functional validation, such as gene silencing
or overexpression experiments. The majority of existing research
remains limited to in vitro cellular assays and relies primarily on
indirect markers, including GPX4 expression changes or the use of
pharmacological inhibitors, to infer mechanistic pathways.
Furthermore, no studies to date have reported pharmacokinetic
parameters (e.g., absorption, bioavailability, tissue distribution), nor

have they conducted long-term toxicity assessments or evaluated
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reproductive outcomes in vivo. These methodological gaps
the
potential

substantially  limit interpretation, reproducibility, and
of the Although

ferroptosis has emerged as a potentially valuable target in

translational current findings.
ovarian-related therapeutic research, current investigations into
the regulatory effects of natural products on ferroptosis remain
preliminary. Future studies should emphasize comprehensive
mechanistic validation—such as gene-level
modulation—alongside in vivo efficacy testing and translational
assessments,  including  pharmacokinetic ~ profiling  and
toxicological evaluation. These efforts will be essential to
determine the feasibility and relevance of natural compounds as

modulators of ferroptosis in the context of ovarian function.

6 Natural products targetin roptosis
in cells wﬁh DOR J Ipyrep

Pyroptosis is also considered an important mechanism
contributing to ovarian function decline. Pyroptosis is a highly
inflammatory form of cell death that can be abnormally activated
by oxidative stress, endoplasmic reticulum stress, and pro-
inflammatory cytokines, thereby impairing ovarian function.
Below, we introduce the inhibition of pyroptosis as a novel
strategy for improving DOR.

6.1 Overview of pyroptosis

Pyroptosis is a lytic and pro-inflammatory form of programmed
cell death often associated with infections and immune responses. It
is initiated by the activation of inflammasomes, which activate
inflammatory caspases (such as caspase-1, -4, -5, and -11),
leading to cleavage of Gasdermin D (GSDMD). These caspases
cleave GSDMD, releasing its N-terminal fragment. This fragment
oligomerizes and inserts into the plasma membrane, forming pores
that disrupt membrane integrity, increase ion influx, and lead to cell
swelling and eventual rupture (Kovacs and Miao, 2017). During this
rupture, pro-inflammatory cytokines such as IL-1p and IL-18 are
released, triggering local or systemic inflammatory responses. The
affected cells rapidly absorb water, swell, and rupture their
membranes (Kovacs and Miao, 2017). Unlike the DNA ladder
fragmentation observed in apoptosis, DNA degradation in
pyroptotic cells is fragmented but not orderly.

Pyroptosis can be initiated via two pathways: classical and non-
classical. The classical pyroptosis pathway is triggered by pathogen-
associated molecular patterns (PAMPs) or damage-associated
molecular patterns (DAMPs) recognized by specific receptors
(Frank 2019), leads the of
inflammasomes, which then recruit and activate caspase-1, a key

and Vince, to assembly
executioner protein in pyroptosis. Caspase-1 cleaves the N-terminal
structural domain of GSDMD, and the cleaved N-terminal fragment
inserts into the cell membrane, to form pores, ultimately causing
membrane rupture and the release of pro-inflammatory intracellular
contents. Caspase-1 also processes and promotes the maturation
and release of IL-1p and IL-18, enhancing the local inflammatory
response (Kovacs and Miao, 2017). There are five main types of
inflammasomes: NLRP1, NLRP3, NLRC4, Pyrin, and AIM2 (Nozaki
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FIGURE 5

Pyroptosis leading to diminished ovarian reserve: (A) Mechanism of pyroptosis. Pyroptosis is initiated by the activation of inflammasomes (e.g.,
NLRP3, AIM2) in response to infection or cellular injury (Frank and Vince, 2019). Activated inflammasomes contribute to the activation of proteases such as
caspase-1. Caspase-1 cleaves the N-terminal structural domain of the GSDMD to insert into the cell membrane, forming a pore that leads to rupture of
the membrane and release of the cellular contents (Kovacs and Miao, 2017). At the same time, caspase-1 promotes the processing, maturation and
release of IL-1p and IL-18 (Kovacs and Miao, 2017). LPS can directly activate Caspase-4/5 (human) or Caspase-11 (mouse) in host cells to cleave GSDMD
(Sahoo et al., 2023). Caspase-8, Caspase-3, and GzmA are also involved in GSDM protein cleavage leading to cellular pyroptosis (Orning et al., 2018;
Zhang JY. et al,, 2021; Wang et al., 2021; Wang et al., 2017; Zhou et al., 2020). (B) Mechanisms of pyroptosis in diminished ovarian reserve. In the ovary,
environmental pollutants, oxidative stress, or chronic inflammation can activate inflammasomes (e.g., NLRP3), leading to intracellular signaling (Navarro-
Pando et al,, 2021; Lliberos et al., 2021b; Khallaf et al., 2023; Chi et al., 2023; Liu K. et al., 2024; Xie et al., 2024). Pyroptosis not only directly affects the
survival of granulosa cells, but may also lead to changes in the ovarian microenvironment, affecting ovarian reserve function (Zhou C. et al., 2024)

(Created in BioRender.com).

Frontiers in Pharmacology

15

frontiersin.org


http://BioRender.com
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1546041

Ju et al.

et al, 2022). These inflammasomes can recognize different
pathogens during immune responses and initiate pyroptosis.
Among them, NLRP3 is a core member of the caspase-1-
dependent inflammasome (Coll et al, 2022). Transcription of
NLRP3 and inflammatory factors is upregulated through the
Toll-like receptor (TLR)-mediated NF-kB pathway in response to
various cellular stresses, including ROS, mitochondrial damage, and
lysosomal destabilization, promoting inflammasome
oligomerization and recruitment of other components (Coll et al.,
2022). In the non-classical pathway, lipopolysaccharide (LPS)
directly activates caspase-4/5 in humans or caspase-11 in mice,
bypassing inflammasomes (Sahoo et al., 2023). Activated caspase-4/
5/11 cleaves GSDMD, with its N-terminal fragment forming
membrane pores, leading to pyroptosis. Caspase-4/5/11 can also
activate the NLRP3 inflammasome, which subsequently activates
caspase-1, resulting in the production and release of IL-1f and IL-18
(Sahoo et al., 2023). Additionally, alternative pyroptosis pathways
exist. For example, caspase-8 cleaves GSDMC, GSDMD, and
GSDME (Orning et al., 2018; Zhang JY. et al., 2021; Wang et al,,
2021), while caspase-3 induces Gasdermin E (GSDME) cleavage
(Wang et al.,, 2017). Granzyme A (GzmA) cleaves GSDMB (Zhou
et al,, 2020), and caspase-1 cleaves GSDMA (Billman et al., 2024).
The N-terminal fragments formed by cleavage participate in pore
formation in the cell membrane, ultimately leading to pyroptotic cell
death. The specific cellular mechanisms of pyroptosis are illustrated

in Figure 5A.

6.2 Pyroptosis and DOR

There is a strong relationship between pyroptosis and
With
microenvironment

inflammation. maternal ~ aging, the  ovarian

gradually transitions to a low-level
inflammatory state (Lliberos et al., 2021a; Umehara et al., 2022).
Single-cell RNA sequencing has shown age-related activation of the
macrophage pyroptosis pathway, which accelerates stromal cell
senescence and reproductive decline (Zhou C. et al., 2024). Levels
of NLRP3, caspase-1, and IL-1p in granulosa cells of DOR patients
(Navarro-Pando et al., 2021). In mice, specific knockout of GSDMD
or NLRP3 reduces ovarian pro-inflammatory cytokines (IL-6, IL-18,
TNF-a), decreases caspase-1 activity, increases follicle numbers, and
delays reproductive aging (Zhou C. et al., 2024; Navarro-Pando
et al,, 2021; Lliberos et al, 2021b). High expression of NLRP3,
GSDMD, caspase-1, IL-18, and IL-1f has been observed in ovarian
tissues of POI animal models (Khallaf et al., 2023; Chi et al., 2023;
Liu K. et al, 2024; Xie et al, 2024). These studies offer fresh
perspectives on the bidirectional regulatory mechanisms between
pyroptosis and inflammation in DOR.

Additionally, aging and life stress-induced OS appear to
contribute to DOR by promoting granulosa cell pyroptosis. OS
can activate the NLRP3 inflammasome, triggering caspase-1
activation and pyroptosis (Bauernfeind et al, 2011; Won et al,
2015). Non-esterified fatty acids (NEFAs) activate the TLR4/NF-kB
pathway in granulosa cells, increasing NLRP3 and caspase-1 levels,
along with the release of IL-1p and IL-6, leading to OS, pyroptosis,
and inflammation (Wang Y. et al, 2020). The addition of the
antioxidant N-acetylcysteine was shown to reverse NEFA-
induced OS and pyroptosis (Valckx et al, 2014; Yang et al,
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2012). Environmental female

reproduction via pyroptosis.

pollutants may also impair

Polystyrene microplastics are
internalized by ovarian granulosa cells, inducing pyroptosis via
OS-mediated NLRP3/caspase-1 activation (Hou et al, 2021).
di-(2-ethylhexyl)  phthalate (DEHP)

upregulates solute carrier family 39 member 5 (SLC39A5),

Similarly, treatment
activating the NF-xB/NLRP3 axis and leading to ovarian
dysfunction (Sun J. et al., 2023).

high glucose
NLRP3 inflammasome, promoting pyroptosis and disrupting
estradiol synthesis (Xu R. et al, 2023; Baddela et al, 2020).
Pyroptosis activation during ovarian tissue cryopreservation and

Moreover, levels activate the

autotransplantation can be mitigated by pyroptosis inhibitors
(Wang et al., 2019), improving ovarian function.

Collectively, age-related inflammatory states, OS, metabolic
disorders, and environmental pollutants appear to contribute to
ovarian dysfunction by inducing pyroptosis in granulosa cells
(Figure 5B). Further investigation into the role of cellular
pyroptosis in regulating follicular atresia may reveal promising
therapeutic targets for delaying the onset of DOR.

6.3 Regulation of pyroptosis by
natural products

Cellular pyroptosis, a recently discovered mode of PCD, has
garnered increasing attention, in the context of DOR regulation.
However, its precise role in DOR and the therapeutic potential
targeting pyroptosis pathways remain underexplored. While certain
natural products have shown promising results in in vitro models,
attributing them with specific therapeutic relevance, especially in in
vivo ovarian reserve preservation, remains speculative without
clearer mechanistic evidence (Supplementary Appendix 4).

Leonurine has demonstrated the ability to inhibit
NLRP3 inflammasome activation (Liu Y. et al., 2018; Chi et al,,
2023). Intraperitoneal injection of leonurine was shown to improve
fertility and maintained follicle numbers in cyclophosphamide-
induced POI mice, primarily via the suppression of the NLRP3/
caspase-1/GSDMD pathway and the reduction of IL-18 and IL-1B
levels (Liu Y. et al., 2018; Chi et al., 2023). Although promising, these
findings require further validation to determine whether Leonurine
can be translated into a viable therapeutic option for human ovarian
reserve preservation. a-Ketoglutarate, an intermediate metabolite of
the tricarboxylic acid cycle, has been shown to suppress
NLRP3 inflammasome activation and improve ovarian reserve in
POI rat models (Liu K. et al, 2024). Similarly, quercetin and
Coenzyme QIO have been found to reverse mitochondrial
dysfunction and decrease expression of pyroptosis markers in
cyclophosphamide-induced POI mice (Chen et al., 2022). Their
effects, while promising, are primarily observed in preclinical
settings, and their clinical relevance in preserving ovarian
function remains to be validated (Chen et al., 2022). Allantoin
has been shown to downregulate IL-1p and caspase-1 expression
(Wang et al, 2023c).
NLRP3 expression, possibly due to its role in enhancing

Interestingly, it also upregulated

autophagy (Wang et al., 2023c).

In conclusion, five natural products have been reported to
modulate pyroptosis-related pathways and improve ovarian
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reserve in preclinical models. Notably, all these experimental studies
have certain limitations in their design. None of them evaluated the
long-term toxicity, nor did they conduct gene knockdown or
overexpression experiments to verify the regulatory mechanisms
of natural products (Chen et al., 2022; Wang et al., 2023¢; Chi et al.,
2023; Liu K. et al, 2024). The study by Liu et al. did not set up
gradient doses (Liu K. et al., 2024). Even in the other three studies
where gradient concentrations were set, dose-response analysis was
lacking. These shortcomings reduce the mechanistic clarity and
translational value of the results. Further elucidation of these
mechanisms may enhance our understanding of pyroptosis in
DOR and aid in the development of natural product-based
therapies targeting pyroptosis-related factors.

7 Natural products targeting
necroptosis in DOR

Necroptosis has been shown to play a crucial role in various
degenerative diseases. However, its specific mechanisms in DOR
remain unclear. In recent years, some natural plant metabolites have
been found to regulate necroptosis-related factors and may have
potential value in improving ovarian reserve. In the following
section, we will introduce several promising natural plant
metabolites and their mechanisms of action.

7.1 Overview of necroptosis

Necroptosis represents a distinct form of PCD that combines
features of both necrosis and apoptosis. It is mediated by specific
signaling molecules, notably, including receptor-interacting protein
kinases 1 and 3 (RIPK1 and RIPK3) and mixed lineage kinase
domain-like protein (MLKL), which drive necroptosis by activating
related signaling pathways in response to severe stress or
pathological stimuli (Brault and Oberst, 2017). Morphologically,
necroptosis is characterized by cell and organelle swelling, followed
by plasma membrane rupture. This process also triggers a robust
immune response by releasing DAMPs (Galluzzi et al., 2018).

TNF-a is the primary upstream mediator of in necroptosis
(Newton and Manning, 2016). Under normal conditions, TNF-a
signaling facilitates the recruitment of RIPK1 kinase to the plasma
membrane, forming membrane-associated complex |, which
includes RIPK1, TRADD, TNF receptor-associated factor
(TRAF), and cellular inhibitors of apoptosis proteins (cIAP1/2)
(Holler et al., 2000). Within complex I, RIPK1 is ubiquitinated
by cIAP1/2, promoting cell survival. However, under specific
conditions, deubiquitinated RIPK1 dissociates from TRADD and
complex I, leading to the initiation of apoptosis or necroptosis.
RIPKI can form a secondary complex with activated caspase-8,
which drives apoptosis. However, during cellular stress, inhibition of
caspase-8 activity shifts the regulatory role of RIPK1 from apoptosis
to necroptosis (Newton and Manning, 2016). This shift facilitates
in RIPK1
RIPK3 undergo auto- and cross-phosphorylation. Phosphorylated

the formation of the necrosome, where and
RIPK3 subsequently recruits and phosphorylates MLKL, which
translocates to the plasma membrane to form pore complexes,

disrupting membrane integrity. These disruptions lead to water
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and sodium influx, potassium efflux, cell swelling, membrane
potential changes, and eventual cell lysis, which then releases
intracellular contents, eliciting an inflammatory phenotype
through DAMP release and triggering immune responses (Murao
et al,, 2021). Additionally, toll-like receptor 4 (TLR4) can induce
necroptosis via interaction between the toll receptor-associated
activator of interferon (TRIF) and the necrosome (Solon et al,
2024). Even in the absence of infection, DAMPs can independently
activate necroptosis, eliciting a RIPK1-independent inflammatory
response (Nailwal and Chan, 2019). The specific mechanisms

underlying necroptosis are presented in Figure 6A.

7.2 Necroptosis and DOR

Necroptosis  typically cellular

inflammation, or immune responses, all of which may accelerate

occurs  during stress,
the decline in ovarian reserve. Evidence indicates that the expression
of RIPK1 and RIPK3 mRNA, key mediators of necroptosis, is
significantly elevated in bovine atretic follicles compared with
healthy follicles (McEvoy et al, 2021). TNF-a can trigger
necroptosis via the RIPK1-mediated pathway, impacting oocytes
development and reducing the number of mature follicles
(Terranova, 1997; Marcinkiewicz et al, 2002; Bagavant et al,
1999). Necrostatin-1 (Nec-1), a necroptosis inhibitor, blocks the
interaction between RIPK1
activation. In vitro studies have demonstrated that Nec-1
treatment inhibits TNF-a and interferon-y (IFNG)-mediated
expression of RIPK1 and RIPK3 in bovine granulosa cells (Hojo

and RIPK3 during necroptosis

etal, 2016). Immune damage, radiation, and chemotherapy can lead
to ovarian reserve decline and increased TNF-a levels, suggesting
that necroptosis may be an important mechanism behind ovarian
dysfunction caused by these injury-related factors (Khallaf et al.,
2023; Li X. et al., 2023; Akdemir et al., 2022; Tao et al., 2024).
Additionally, oxidative stress can induce necroptosis through
ROS accumulation, further damaging oocyte quality. Poor lifestyle
choices, psychological stress, and other factors promote cortisol
release and elevate ROS levels (Prasad et al., 2016). In in vitro
maturation (IVM) the addition of Necrostatin-1
significantly increased the expression of GDF9, Mad2, and Bcl-2

cultures,

in immature oocytes in mice and prevented oxidative stress-
mediated deterioration of oocyte quality (Jo et al, 2015).
Prolonged starvation can also induce ROS accumulation and
activate necroptosis, while DHEA successfully reverses these
effects (Tsui et al, 2017). Granulosa cells both produce and
respond to the neurotransmitter acetylcholine (ACh), which plays
a key role in their function (Mayerhofer and Fritz, 2002). ACh
regulates Ca*" levels and transcription factor expression through
muscarinic receptors, while acetylcholinesterase (AChE) promotes
the breakdown of ACh. AChE expression is upregulated under
oxidative stress and accumulates in serum with age, inducing
RIPK1/MLKL-dependent necroptosis (Hartl et al, 2011; Sklan
et al,, 2004). Both Nec-1 and the MLKL inhibitor can block this
process effectively, promoting follicular development in vitro from
secondary to small antral stages (Du et al, 2018; Blohberger
et al.,, 2015).

In recent years, environmental pollution has become a major
concern due to its impact on human health. Long-term exposure to
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FIGURE 6
Necroptosis and diminished ovarian reserve. (A) Mechanism of necroptosis: TNF-a and its receptor TNFR mediate necroptosis (Nailwal and Chan,

2019), with RIPK1 phosphorylation activating RIPK3 to form the necrosome (Nailwal and Chan, 2019). RIPK3 phosphorylation activates MLKL, which
translocates to the cell membrane, causing membrane rupture, leakage of cellular contents, and cell death (Murao et al,, 2021). TLR4 can also induce
necroptosis through TRIF interaction with the necrosome (Solon et al., 2024). (B) Mechanisms of necroptosis in diminished ovarian reserve: In the
ovarian microenvironment, chronic inflammation or harmful stimuli may trigger TNF-a release, activating necroptotic pathways (Khallaf et al., 2023; Li X.
et al, 2023; Akdemir et al., 2022; Tao et al,, 2024). Necrostatin-1 promotes granulosa cells survival and improves IVM oocyte quality by inhibiting
necroptosis (Hojo et al, 2016; Jo et al, 2015) (Created in BioRender.com).

pollutants like microplastics (MPs) and DEHP promotes excessive ~ Particulate matter in air pollution can also increase MLKL
ROS production through the CNRI/CRBN/YY1/CYP2El axis, expression in ovarian tissues and reduce follicle count (Namvar
oxidizing YAP1, which ultimately leads to necroptosis and et al, 2024). Exposure to cadmium (Cd) and excess molybdenum
impaired ovarian function in granulosa cells (Wu H. et al,, 2023).  (Mo) disrupts ovarian micronutrient balance, shifts the Thl/
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Th2 immune balance toward Th1, and activates ER stress, triggering
ovarian necroptosis through the RIPK1/RIPK3/MLKL pathway,
ultimately impairing ovarian function (Cui et al., 2024).

In conclusion, external factors such as environmental pollutants,
immune system damage, and stress-induced OS can trigger
necroptosis. The activation of necroptotic cell death pathways in
the ovary contributes to the deterioration of ovarian function,
further accelerating conditions like DOR (Figure 6B).

7.3 Regulation of necroptosis by
natural products

Research on the role of necroptosis in DOR and its potential
therapeutic targeting through natural products remains limited. To
date, only two natural products have been preliminarily implicated in
necroptosis inhibition with potential relevance to ovarian protection
(Supplementary Appendix 5). DHEA, the most abundant steroid
hormone in primates, is primarily synthesized by the adrenal cortex.
While DHEA can disrupt ovarian function in polycystic ovary
syndrome (Yuan et al, 2016), it appears to exhibit a contrasting
effect in the context of DOR. In serum starvation-induced HO-23
cells, DHEA was found to reduce the expression of necroptosis markers
RIPKI and RIPK3 (Tsui et al, 2017). However, this study neither
established a dose - response relationship nor confirmed whether
DHEA can truly improve ovarian function in vivo. Scutellarin, a
flavonoid compound, was shown to mitigate zearalenone (ZEA)-
induced granulosa cells apoptosis in vitro (Yi et al, 2021).
Transcriptomic data suggested the involvement of MAPK and heat
shock protein-necroptotic pathways in ZEA toxicity and the response to
scutellarin  (Yi et al, 2022). Interestingly, knockdown of
RIPK1 exacerbated ZEA-induced toxicity but did not diminish the
protective effect of scutellarin, implying potential pathway redundancy
or alternative mechanisms of action. However, these findings were not
validated
parameters—including fertility outcomes, long-term toxicity, and

in animal models, and key pharmacological
pharmacokinetics—remain uncharacterized.

Currently, research on the role of natural products in regulating
necroptosis remains insufficient. In contrast, the small-molecule
compound Necrostatin-1 has shown potential in inhibiting
necroptosis and protecting ovarian reserve. It functions by
binding to the hydrophobic pocket of the RIPK1 kinase domain
(Degterev et al., 2008), preventing its dimerization and necroptosis
activation. This underscores the potential value of structure-based
design and rational modification of natural products for targeting

necroptosis, warranting further exploration in this emerging area.

8 The interactive mechanisms of
different PCD forms in DOR

In the previous sections, we systematically analyzed the
regulatory roles of various molecular patterns of PCD in the
pathological process of DOR. Although these PCD forms differ
in execution mechanisms and signaling pathways, they are not
isolated from each other. They form a complex network of
interregulation through shared mitochondrial functional networks
and oxidative stress signals.
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Firstly, apoptosis, autophagy, and ferroptosis primarily establish
an interactive regulatory network via mitochondrial dysfunction, a
key hub. During the occurrence of DOR, the deterioration of
mitochondrial function and the intensification of oxidative stress
provide a platform for signaling crosstalk among various PCD forms
(Seli et al, 2019). Mitochondrial damage can trigger apoptosis
cascades through BAX/BAK oligomerization (Zhu et al, 2016;
Zhu et al,, 2015), while also increasing lipid peroxidation levels,
which synergistically induces ferroptosis (Zhang S. et al., 2023).
Additionally, under normal conditions, mitophagy helps suppress
PCD by clearing damaged mitochondria. However, during ovarian
aging, defects in PINKI/Parkin-mediated mitophagy further
promote ferroptosis and apoptosis (Khan et al, 2023; Zhang Y.
et al., 2023). Moreover, under oxidative stress, although autophagy
initiation signals are activated in granulosa cells, impaired lysosomal
acidification and mitophagy defects disrupt autophagic flux (Xu G.
et al,, 2023; Zheng et al., 2023). This blockage in autophagic flux
ultimately leads to BAX/BAK oligomerization, activation of
Caspase-3-mediated apoptosis, as verified in a POF model rat
(Zhou et al, 2023). Notably, the ROS generated during
ferroptosis further exacerbate mitochondrial damage (Jiang et al.,
2021), forming a positive feedback loop of ‘mitochondrial
ROS-mitochondrial

ovarian

dysfunction-ferroptosis-excessive
These  studies the
induced by PCD.

Secondly, complex signaling interactions and transformations

damage’.

emphasize reserve  decline

occur between apoptosis, necroptosis, and pyroptosis, with Caspase-
8 serving as a critical switch point. Activation of Caspase-8 promotes
Caspase-3-mediated apoptosis (Legembre et al, 2002), while
inhibiting the RIPKI1/RIPK3 axis (necroptosis) (Newton and
Manning, 2016) and the NLRP3/Caspase-1 axis (pyroptosis)
(Frank and Vince, 2019). When Caspase-8 is inhibited, cells are
more prone to shift toward necroptosis or pyroptosis. Mitochondrial
dysfunction can induce Cyt C release (promoting apoptosis) (Zhu
et al,, 2016; Zhu et al., 2015), NLRP3 inflammasome activation
(promoting pyroptosis) (Hou et al., 2021), and RIPK1 activation
(promoting necroptosis) (Jo et al., 2015), accelerating granulosa cell
death. Overall, these three forms of cell death interact and transform
during DOR progression, collectively driving the loss of follicular
granulosa cells and the decline of ovarian reserve.

Additionally, different forms of PCD may dominate at different
stages of DOR progression, but research on their temporal sequence
remains limited. For instance, early oxidative stress may primarily
induce mitochondrial damage and ferroptosis, subsequently
triggering compensatory activation of mitophagy (Gross, 2024).
However, due to blocked autophagic flux, this eventually leads to
the initiation of apoptosis or pyroptosis (Xu G. et al, 2023; Zheng
et al, 2023). Notably, dynamic transitions between PCD forms may be
regulated by molecules such as p53, Beclin-1, and GPX4. For example,
p53 can induce apoptosis and ferroptosis under DNA damage
conditions (Suh et al., 2006; Gonfloni et al., 2009; Kerr et al.,, 2012;
Liu and Gu, 2022). Beclin-1 promotes autophagy but can also facilitate
ferroptosis by inhibiting System Xc™ activity (Cao et al., 2017; Sun et al,,
2018; Song et al, 2018). GPX4 prevents ferroptosis by reducing
phospholipid peroxidation (Liang et al., 2022). GPX4 deficiency can
induce apoptosis, necroptosis, and pyroptosis in certain cells (Xie et al,,
2023). However, specific studies on the roles of these key molecules at
different stages of DOR progression are still lacking.
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future research should further

mechanisms of PCD transitions, key regulatory factors, and the

Therefore, explore the
influence of the ovarian microenvironment on PCD interactions.
This will help reveal the core molecular events underlying DOR
progression and provide new intervention strategies for targeting
PCD-mediated granulosa cells dysfunction.

9 Comparative study of natural
products regulating PCD in the
treatment of DOR

In previous sections, we systematically discussed the role of
natural products in regulating PCD processes related to DOR.
However, most studies focus on the mechanisms of individual
natural products, lacking direct comparative studies. Only three
studies have compared the relative efficacy of different natural
products in PCD pathways. For example, quercetin and
coenzyme Q10 both have been reported to exert inhibitory
effects on pyroptosis and apoptosis in a CTX-induced ovarian
injury animal model (Chen et al., 2022). These effects may
involve the modulation of mitochondrial function, inhibition of
NLRP3 inflammasome activation, and regulation of the BAX/BCL-
2 pathway. However, conclusive evidence regarding their relative
effectiveness in preserving ovarian reserve is lacking, and the precise
molecular mechanisms remain to be fully elucidated. Additionally,
combined Citrus x limon (L.) Osbeck peel extract and resveratrol
have been shown to reduce iNOS/Caspase-3-mediated apoptosis in a
CTX-induced POI model, regulate oxidative stress markers, and
restore hormone levels (Mobasher et al., 2022). Moreover, the
combined treatment of these two agents proved more effective
than single interventions, suggesting potential synergistic effects
(Mobasher et al.,, 2022). Furthermore, capsaicin combined with
quercetin has been suggested to attenuate the inflammatory
response through the TRPVI1 signaling and reduce oxidative
P53-related  apoptotic potentially
contributing to improved ovarian function (Saman et al.,, 2023).

stress  and signaling,
Despite these promising findings, current evidence is preliminary,
and the mechanistic basis for any comparative or synergistic
advantages remains speculative. Robust, head-to-head studies are
needed to clarify the therapeutic potential and mechanistic diversity
of these compounds before their clinical application in DOR
management can be meaningfully assessed.

10 Focus on natural products in assisted
reproductive technology

DOR-associated infertility is primarily linked to a reduction in
both the number and quality of oocytes, which significantly limits a
woman’s ability to conceive (Steiner et al., 2017). In reproductive
clinics, controlled ovarian hyperstimulation is recommended for
patients with DOR to rapidly obtain usable embryos. However,
despite advancements in in vitro fertilization and embryo transfer
(IVE-ET) techniques, the challenges of retrieving a low number of
oocytes and obtaining low-quality oocytes persist, presenting
ongoing difficulties for the reproductive medicine community
(Butts et al., 2014; Butts et al., 2013). There is a growing interest
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in the potential benefits of adjuvant therapeutic approaches to
In 2024, the results
systematic review showed that among women with DOR, only

optimize infertility treatments. of a

controlled ovarian stimulation protocols with the use of
testosterone as an adjunct therapy demonstrated better clinical
outcomes in terms of achieving pregnancy (Conforti et al., 2025).

Current research indicates that four natural metabolites
[coenzyme Q10 (Xu et al.,, 2018), DHEA (Wiser et al., 2010; Kara
et al,, 2014; Yeung et al.,, 2014; Zhang et al.,, 2014; Tartagni et al.,
2015; Kotb et al., 2016; Narkwichean et al.,2017), melatonin (Bao
etal., 2022; Espino et al., 2019; Fernando et al., 2018), and resveratrol
(Conforti et al., 2024)] may be helpful in improving ART outcomes
(Table 2). Oral administration of coenzyme Q10 at a dose of 600 mg/
day for 2 months prior to IVF treatment was found to increase the
number of high-quality embryos in women with poor ovarian
reserve and aged < 35 years old (Xu et al, 2018). DHEA is
typically administered orally at 75 mg/day for 2-6 months before
ovarian stimulation, although its effectiveness varies across clinical
trials (Wiser et al., 2010; Kara et al., 2014; Yeung et al., 2014; Zhang
etal,, 2014; Tartagni et al., 2015; Kotb et al., 2016; Narkwichean et al.,
2017). Two studies reported that DHEA contributed to increased
live birth rates (Wiser et al., 2010; Tartagni et al., 2015). Melatonin is
used before ovarian stimulation through to egg retrieval, but the
dosage and effectiveness are highly variable (Espino et al., 2019;
Fernando et al., 2018). Melatonin added at a concentration of 107" M
in IVF culture media has been shown to improve clinical pregnancy
rates (Bao et al,, 2022). Resveratrol, administered at 150 mg/day for
3 months before IVF in women aged > 35 years with good ovarian
reserve (AMH > 1.2 ng/mL), did not show any improvement in
clinical pregnancy rates or live birth rates (Bao et al., 2022).

In the meta-analysis of this study, eight randomized controlled
trials (RCTs) met the inclusion criteria, all of which examined the
effects of coenzyme Q10 or DHEA on ART outcomes in DOR/POR
patients (Xu et al.,, 2018; Wiser et al., 2010; Kara et al., 2014; Yeung
et al,, 2014; Zhang et al., 2014; Kotb et al., 2016; Narkwichean et al.,
2017; Wang Z. et al, 2022). Studies involving melatonin and
resveratrol were excluded due to high heterogeneity in their
populations and because they were not specifically focused on
DOR/POR patients (Bao et al, 2022; Espino et al, 2019
Fernando et al, 2018; Conforti et al, 2024). Unfortunately,
supplementation with DHEA or coenzyme QI0 did not show
higher live birth rates (odds ratio: 1.207, 95% confidence interval
[CI] = 0.875-1.665, P = 0.25) or clinical pregnancy rates (odds ratio:
1.162,95% CI = 0.949-1.424, P = 0.15) compared to women who did
not receive supplementation (Figure 7). It is important to note that
the timing of use, dosage, and specific target populations for these
natural products in IVF treatments lack standardized protocols,
which may hinder the ability to draw definitive conclusions. Further
research is needed to determine their impact on clinical
treatment outcomes.

11 Outlook

Delayed childbearing has become a global trend due to
economic and social developments. At the same time, the
detrimental effects of adverse factors such as aging, obesity,
alcohol psychological ~ stress, and

smoking, consumption,
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TABLE 2 Clinical application of natural products as supplements for the treatment of DOR.

Natural product

Type of
research

Patients

Number of
cases

Protocol

Treatment

10.3389/fphar.2025.1546041

References

Coenzyme Q10 Multi-center Poor ovarian 169 patients IVF, ICSI Coenzyme Q10 Statistically Xu et al. (2018)
randomized reserve women (76 treated with 600 mg/d for 60 days = significant
controlled trial with age < CoQ10 vs. via p.o increases in

35 years old 93 controls) number of
retrieved oocyte,
fertilization rate,
high-quality
embryos, available
cryopreserved
embryos, and a
statistically
significant decrease
in cancelled
embryo transfer
rate

Dehydroepiandrosterone | Single-center Poor ovarian 33 patients IVF DHEA 75 mg/d for A significantly Wiser et al.
randomized reserve women (17 treated with 6 or 16-18 weeks higher live birth (2010)
controlled trial DHEA vs. via p.o rate and improved

16 controls) embryo quality

Dehydroepiandrosterone = Single-center DOR patients 208 patients IVF, ICSI DHEA 75 mg/d for No statistical Kara et al. (2014)
randomized (104 treated with 12 weeks via p.o difference
controlled trial DHEA vs.

104 controls)

Dehydroepiandrosterone | Single-center Poor ovarian 32 patients IVF DHEA 75 mg/d for No statistical Yeung et al.
randomized reserve women (16 treated with 12 weeks via p.o difference (2014)
controlled trial DHEA vs.

16 controls)

Dehydroepiandrosterone = Single-center DOR patients 95 patients IVF DHEA 75 mg/d for Statistically Zhang et al.
randomized (42 treated with 3 months via p.o significant (2014)
controlled trial DHEA vs. increases in BMP-

53 controls) 15 in follicular
fluid, and the
accumulated score
of embryos

Dehydroepiandrosterone = Single-center Infertile women 109 patients IVF DHEA 75 mg/d A significantly Tartagni et al.
randomized aged 36-40 years | (53 treated with 8 weeks before higher live birth (2015)
controlled trial with normal DHEA vs. starting the IVF cycle = rate, and a

ovarian reserve 56 controls) and during treatment | significantly

via p.o decrease in
miscarriage rate

Dehydroepiandrosterone = Multi-center Poor ovarian 140 patients IVF, ICSI DHEA 75 mg/d for Statistically Kotb et al. (2016)
randomized reserve women (70 treated with 12 weeks via p.o significant
controlled trial DHEA vs. increases in the

70 controls) number of oocytes,
fertilization rate,
fertilized oocytes,
clinical pregnancy
rate and ongoing
pregnancy rate

Dehydroepiandrosterone | Single-center Poor ovarian 52 patients IVF DHEA 75 mg/d for No statistical Narkwichean
randomized reserve women (27 treated with 12 weeks via p.o difference et al. (2017)
controlled trial DHEA vs.

25 controls)

Dehydroepiandrosterone = Multi-center Poor ovarian 811 patients IVF DHEA 75 mg/d for No statistical Wang et al.
randomized reserve women (410 treated with 4-12 weeks via p.o difference (2022¢)
controlled trial DHEA vs.

411 controls)

Melatonin Multi-center Repeated-poor- 42 patients IVF 107 M melatonin A statistically Bao et al. (2022)

randomized
controlled trial

quality-embryo
patients

(48 melatonin
cycles vs. 133 non-
melatonin cycles)

added to the culture
medium

significant increase
in high-quality
embryos, the rate of
available
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TABLE 2 (Continued) Clinical application of natural products as supplements for the treatment of DOR.

Natural product

Type of
research

Patients

Number of
cases

Protocol

Treatment

10.3389/fphar.2025.1546041

References

blastocysts and
clinical pregnancy
rate

Melatonin Single-center
randomized

controlled trial

Melatonin Single-center
randomized

controlled trial

Resveratrol Single-center
randomized

controlled trial

Patients with
unexplained
infertility

Infertile women

Women >

35 years with
good ovarian
reserve (AMH >

30 patients (10 took
a daily dose of 3 mg
of melatonin,

10 took a daily dose
of 6 mg of
melatonin, 10 did
not take melatonin)

160 patients

(41 took a daily
dose of 4 mg of
melatonin, 39 took
a daily dose of 8 mg
of melatonin,

40 took a daily dose
of 16 mg of
melatonin, 40 did
not take melatonin)

70 patients

(37 treated with
resveratrol vs.
33 controls)

IVF Melatonin 3 mg/day  Statistically Espino et al.
or 6 mg/day significant (2019)
increases in average
retrieved oocytes,
mature oocytes,
and fertilized
oocytes
IVF, ICSI Melatonin 4 mg/day, = No statistical Fernando et al.
8 mg/day or difference (2018)
16 mg/day
IVF Resveratrol A statistically Conforti A et al.
supplementation significant increase  (2024)
150 mg/d for in the follicle

3 months via p.o

output rate (FORT)

1.2 ng/mL)

environmental or occupational exposures on female ovarian
function are increasingly recognized (Sharma et al, 2013).
Fertility preservation has thus emerged as a critical global health
concern. Throughout a woman’s reproductive lifespan, only about
400 primordial follicles progress to preovulatory follicles and
undergo ovulation, releasing oocytes capable of fertilization. The
process of follicle formation and selection are highly complex, and it
is widely accepted that various types of PCD are involved. Premature
depletion of ovarian reserve leads to an early cessation of ovulation
and subsequent infertility—events that are intricately associated
with the activation of PCD pathways (Marcozzi et al., 2018).
Current clinical studies on DOR primarily focus on genome
sequencing and mutation identification, while the underlying disease
signaling  pathways
Encouragingly, in vitro and in vivo models have facilitated the

mechanisms and remain  underexplored.
identification of several PCD-related genes and regulatory pathways
implicated in DOR. Apoptosis, the most common form of PCD, is
particularly significant, as granulosa cells apoptosis deprives oocytes of
the hormones and survival factors essential for their meiotic and
developmental competence, which increases the susceptibility of
oocytes to apoptotic factors, ultimately impairing ovarian reserve
function. Autophagy exhibits a dual role in DOR, influencing
follicular development and atresia in different ways. Ferroptosis, on
the other hand, accelerates follicular depletion and is closely associated
with common adverse factors implicated in DOR, such as aging, genetic
mutations, OS, radiation, and cancer therapies. While the mechanisms
of pyroptosis and necroptosis in DOR are less understood, they are
known to contribute to follicular atresia. Natural products that
modulate PCD have shown promise in alleviating DOR symptoms
through several PCD-dependent mechanisms, offering new directions
for clinical research and treatment.
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and follicle-to
oocyte index (FOI)

It is important to acknowledge that several challenges and
unresolved. Current DOR research
such as

controversies remain

primarily relies on animal models, aged mice,
spontaneously aging rats, and chemotherapy-induced DOR
models, as well as in vitro granulosa cell cultures. However, due
to physiological differences between species, future studies should
further optimize in vitro and organoid models of DOR to better
replicate the human ovarian microenvironment. Additionally,
integrating gene editing and single-cell sequencing technologies
will be crucial for systematically elucidating the specific roles of
PCD-related genes in the progression of DOR. Current knowledge
of PCD is largely based on hallmark signaling pathways, such as
BAX-mediated mitochondrial apoptosis and GPX4-mediated
ferroptosis. However, different PCD pathways exhibit crosstalk
and mutual regulation. For example, autophagy can induce
apoptosis (Marifio et al, 2014), and ferroptosis can trigger
autophagy (Park and Chung, 2019). Accurately measuring a
specific form of PCD remains challenging. Therefore, future
research should explore the interplay among various PCD
pathways, identify key molecular nodes, and leverage multi-omics
technologies to construct a comprehensive PCD regulatory network
associated with DOR. Until an efficient and precise method for
detecting PCD is established, its value as a diagnostic and
therapeutic ~ evaluation marker for DOR will remain
underappreciated.

Understanding the relationship between PCD and declining
fertility remains a significant challenge. In certain genetic
disorders, such as TP63 and CLPP mutations, dysregulated PCD
is associated with infertility as a clinical manifestation (Huang et al.,
2023; 2023). Additionally,

exposures—including air pollution and chemical toxins—have

Yuan et al, environmental
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Meta analysis results of natural product treatment for DOR. (A) Risk bias analysis; (B) Forest Plot of live birth rate; (C) Forest Plot of clinical

pregnancy rate.

been linked to premature menopause, premature ovarian failure,
and reduced fertility (Sharma et al., 2013). Unhealthy lifestyle
factors—such as and
These

detrimental factors, which damage ovarian tissue, can influence

extreme dieting, sedentary behavior,

smoking—can contribute to ovarian dysfunction.
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multiple PCD pathways. For example, cigarette smoke exposure has
been shown to reduce ovarian reserve in mice by inducing apoptosis
(Xuetal, 2024; Gannon et al.,, 2013). Similarly, cyclophosphamide, a
widely used chemotherapeutic agent, inhibits autophagy while
simultaneously triggering apoptosis and pyroptosis, ultimately

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1546041

Ju et al.

leading to DOR (Liu W. et al., 2021; Chen et al.,, 2024; Chi et al,,
2023). of PCD are
interconnected, collectively shaping follicular fate. For instance,

Moreover, different forms intricately
autophagy in granulosa cells is predominantly observed in
medium-sized porcine follicles (2-6 mm in diameter), whereas
apoptosis is more commonly seen in large follicles (>6 mm in
diameter) (Zheng et al., 2019). Autophagy suppresses the induction
of apoptosis, while the activation of apoptosis-associated
cystathionase halts the autophagic process (Marino et al., 2014).
In certain scenarios, autophagy or autophagy-related proteins may
paradoxically promote cellular apoptosis or necrosis. This interplay
highlights that dysregulated PCD is likely a key contributor to the
pathogenesis of DOR, rather than a singular causative factor. DOR, a
form of reproductive dysfunction often resulting from prolonged
exposure to adverse factors, cannot likely be treated by targeting a
single PCD pathway. Therefore, the intricate relationship between
PCD-induced reproductive dysfunction and genetic, environmental,
and lifestyle factors warrants further investigation. To elucidate the
role of PCD in DOR development, it is essential to conduct long-
term epidemiological studies, establish correlations between
reproductive health and PCD-related biomarkers, and develop
predictive models. Ultimately, these efforts should guide the
development of targeted preventive strategies and more precise
interventions to protect fertility.

Currently, natural products remain a critical source for the
discovery of novel therapeutics for various diseases. In this
review, we systematically summarize the latest research on the
regulation of PCD by natural products in DOR-related animal
and cell models, highlighting their potential roles in preserving
oocyte quality and mitigating ovarian function decline. These
preliminary findings contribute to a deeper understanding of the
biological processes underlying DOR and may offer a theoretical
basis for the future development of targeted therapeutic strategies.
Compared with chemically synthesized drugs, natural product-
derived therapeutics offer significant advantages, including
superior biocompatibility and functional diversity, attributes
shaped by evolutionary optimization through long-term natural
selection (Chen et al., 2020b). However, natural products also
present challenges such as structural complexity, poor stability,
and limited bioavailability (Yao et al, 2017). Moreover, most
natural products interact with multiple protein targets, exerting
intricate biological effects in vivo (Wang Z. et al, 2023). With
ongoing advancements in screening technologies, chemical
modification techniques, and drug delivery systems, future
research should aim to optimize the structure and function of
natural products to improve their bioavailability, specificity, and
therapeutic index. Additionally, the adoption of standardized DOR
models would facilitate more consistent and reproducible
evaluations across studies. Head-to-head comparisons and
combination therapy investigations are particularly needed to
better understand the relative efficacy and potential synergistic
interactions among different natural products. Such approaches
could ultimately support their clinical translation and expand
therapeutic options in reproductive medicine.

Before clinical application, the safety of natural products should
be a primary concern. Current research on the regulation of PCD by
natural products primarily focuses on their short-term effects, while

comprehensive safety evaluations for long-term wuse remain
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insufficient. Although few studies have examined the potential
side effects of natural products, some experimental data indicate
that they may exhibit dose-dependent cytotoxicity. For instance,
5 pg/mL of grape seed extract (GSE) inhibited d-galactose-induced
apoptosis in vitro, but higher concentrations (50 and 100 pg/mL) of
GSE and GSPB2 for 24 h reduced the survival rates of hGC cells and
KGN cell lines by approximately 20% and 50%, respectively (Barbe
et al,, 2019). Additionally, resveratrol has been shown to inhibit
apoptosis, promote autophagy, and restore ovarian reserve in mice.
However, resveratrol administration during pregnancy led to a 42%
increase in fetal pancreatic mass in nonhuman primates (Roberts
etal,, 2014). Given the complexity of the female reproductive system,
it is essential to thoroughly investigate the effects of natural products
on maternal metabolic processes before clinical use. Furthermore,
individual metabolic differences and potential interactions between
natural products and ART-related drugs are critical factors that
require careful consideration. Future large-scale, long-term
observational studies should be conducted to assess the potential
adverse effects of natural products and ensure their safety and
clinical Furthermore,

efficacy in applications.

investigations into the pharmacological interactions between

systematic

natural products and ART-related drugs is necessary to optimize
their combined application strategies.

Currently, there are a small number of randomized controlled
trials exploring the effects of natural products as adjuncts to IVF
treatment. Due to inconsistencies in DOR diagnostic criteria, small
sample sizes, and limited follow-up durations, the results should be
interpreted with caution. In 2016, the POSEIDON criteria
introduced a new stratification system based on oocyte quantity
and quality to define poor ovarian reserve, but implementing large
randomized controlled trials using this criterion presents significant
Patient-Oriented
Encompassing IndividualizeD Oocyte Number et al, 2016).

challenges  (Poseidon  Group Strategies
Furthermore, poor ovarian response, characterized by low
follicular sensitivity to hormonal signals and impaired ovulation,
does not fully capture the reduction in follicular numbers associated
with DOR. These definitional differences may affect the applicability
of studies. Our meta-analysis indicates that while supplementation
with DHEA and CoQ10 did not significantly improve live birth or
clinical pregnancy rates in unselected DOR/POR patients, these
supplements may still hold clinical value for specific patient
subgroups. Future research should focus on precise patient
stratification, optimizing dosage and treatment timing, and
exploring their potential for combination with ART. Establishing
standardized usage protocols will be crucial for successful clinical
translation. Future clinical trials should refine DOR diagnostic
criteria and advocate for the standardized use of the POSEIDON
scoring system to stratify IVF patients, thereby reducing
heterogeneity. To enhance the quality of evidence, larger sample
sizes and multi-center, double-blind RCTs should be conducted.
Additionally, standardized protocols for integrating natural
products with ART should be developed, clearly defining optimal
dosages, administration timing, and treatment durations. To ensure
a comprehensive evaluation of the long-term effects of natural
products on ovarian function, pregnancy outcomes, and offspring
health, trials should incorporate a follow-up period of at least
12 months. Furthermore, the integration of omics technologies
and biomarker-based screening strategies may aid in identifying
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patient subgroups most likely to benefit from natural product-based
interventions, ultimately enabling more precise and personalized
IVF management for DOR patients.

In conclusion, a growing body of evidence suggests that various
natural products may exert beneficial effects on DOR by modulating
PCD-related pathways. We call for more comprehensive studies to
deepen our understanding of how PCD influences ovarian reserve
function in both physiological and pathological conditions. Future
research should also prioritize the identification and optimization of
natural compounds with favorable pharmacokinetic profiles, low
toxicity, and minimal risk to reproductive function. While
preliminary findings are encouraging, the integration of PCD-
targeting natural products into therapeutic strategies for DOR
remains in the exploratory stage. Rigorous preclinical and clinical
evaluations will be essential to determine their safety, efficacy, and
potential contribution to improving reproductive outcomes in
patients with DOR.
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