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Abstract: Autophagy, an evolutionarily conserved cellular mechanism essential for maintaining
internal stability, plays a crucial function in female reproductive ability. In this review, we discuss the
complex interplay between autophagy and several facets of female reproductive health, encompassing
pregnancy, ovarian functions, gynecologic malignancies, endometriosis, and infertility. Existing
research emphasizes the crucial significance of autophagy in embryo implantation, specifically
in the endometrium, highlighting its necessity in ensuring proper fetal development. Although
some knowledge has been gained, there is still a lack of research on the specific molecular impacts
of autophagy on the quality of oocytes, the growth of follicles, and general reproductive health.
Autophagy plays a role in the maturation, quality, and development of oocytes. It is also involved in
reproductive aging, contributing to reductions in reproductive function that occur with age. This
review explores the physiological functions of autophagy in the female reproductive system, its
participation in reproductive toxicity, and its important connections with the endometrium and
embryo. In addition, this study investigates the possibility of emerging treatment approaches that
aim to modify autophagy, using both natural substances and synthetic molecules, to improve female
fertility and reproductive outcomes. Additionally, this review intends to inspire future exploration
into the intricate role of autophagy in female reproductive health by reviewing recent studies and
pinpointing areas where current knowledge is lacking. Subsequent investigations should prioritize the
conversion of these discoveries into practical uses in the medical field, which could potentially result
in groundbreaking therapies for infertility and other difficulties related to reproduction. Therefore,
gaining a comprehensive understanding of the many effects of autophagy on female fertility would
not only further the field of reproductive biology but also open new possibilities for diagnostic and
treatment methods.

Keywords: autophagy; female fertility; oocyte quality; follicular development; reproductive aging;
therapeutic interventions
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1. Introduction

Autophagy is crucial to cellular homeostasis in the complex network of cellular biology
and controls self-degradation and recycling of cellular components that are essential to cell
health [1]. Although its significance in cellular homeostasis is well established, recent in-
vestigations have demonstrated its complex participation in physiological and pathological
processes, including female reproductive health [2]. Autophagy-related genes (ATGs) lead
to complicated autophagic machinery. Beclin-1, ATG5, and ATG7 are key elements of this
ensemble, whereby they guide autophagosome formation and cellular cargo breakdown [3].
Recently, it has become well known that autophagy is crucial for understanding its complex
effects on female reproductive health [4]. With a delicately coordinated network of organs
and hormonal signals, the female reproductive system depends on cellular equilibrium [5].
Recent investigations have linked autophagy to oocyte maturation, embryonic develop-
ment, and placental function. Infertility and pregnancy difficulties have been linked to
autophagy dysregulation [6]. Autophagy has far-reaching effects beyond cellular mainte-
nance, and the complex role of autophagy in female reproductive health has not yet been
well studied.

The aim of this study was to explore the functional aspects of autophagy in the
female reproductive system beyond molecular details. This finding may explain the
complex interaction of ATG proteins and signaling networks that regulate autophagy.
An understanding of these molecular details is crucial for elucidating the reproductive
health effects of autophagy [7]. Autophagy protects reproductive systems and processes,
ranging from oocyte quality control to early embryonic development [8]. Autophagy also
affects neurological illnesses, carcinogenesis, diabetes, development, life expectancy, and
fertility [9]. During the process of follicular atresia, the remaining follicles undergo a
process of degeneration and finally disintegration. The quantity of remaining oocytes, as
well as their quality, continues to decrease with increasing age, which is the cause of the
age-related decrease in female fertility [10]. There is a correlation between the quality of
the oocyte and the development of the embryo and the fetus, as evidenced by the fact
that older women have a greater chance of miscarriage [11]. To investigate the effects
of autophagic dysregulation on polycystic ovary syndrome (PCOS), endometriosis, and
recurrent pregnancy loss, in this review, we explored autophagy and its effects on female
reproductive health in depth.

2. Crucial Relationship between Autophagy and Follicular Development

Follicular development is a complex process that is crucial for the fertility and repro-
duction of females. The follicles within the ovaries progress through a sequence of stages,
thus culminating in ovulation [12]. Autophagy has a notable impact on multiple physiolog-
ical processes, such as follicular growth [13]. An understanding of the complex interplay
between autophagy and follicular development is crucial for comprehending ovarian func-
tion and fertility. Autophagy has multiple functions at various stages of folliculogenesis in
ovarian follicles, ranging from the primordial to the preovulatory stages [14-17]. Primordial
follicles, which are inactive follicles, depend on autophagy to maintain their dormancy and
ensure their survival [18]. Autophagy inhibits the early activation of primordial follicles,
hence controlling both the quantity and quality of the follicular pool [19]. During the
shift from the dormant stage to the developing stage, autophagy becomes crucial for the
functioning of granulosa cells and the quality of oocytes [19,20]. The granulosa cells that
surround the oocyte play a vital role in supporting its development [21]. Autophagy in
granulosa cells is essential for the appropriate turnover of organelles, the generation of
energy, and the secretion of hormones, which are all crucial for the growth and maturation
of follicles [22]. Moreover, autophagy protects against damage caused by oxidative stress
throughout the process of follicular growth [23]. Oxidative stress caused by reactive oxygen
species (ROS) produced in the follicle can negatively affect the quality of oocytes and
reduce fertility [24]. Autophagy facilitates the reduction of oxidative stress by eliminating
impaired cellular elements, thereby protecting the health of follicles and enhancing the
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competence of oocytes [25]. However, the regulation of autophagy in the ovaries is rigor-
ously governed by many signaling pathways and molecular mechanisms. Autophagy is
controlled by important regulators such as mTOR and AMPK [26,27]. These regulators
use environmental cues and hormone signals to adjust autophagic activity based on the
availability of nutrients, energy levels, and stressful conditions. The control of autophagy
in the ovary is crucial, especially during the formation of follicles [28]. Gonadotropins,
which include follicle-stimulating hormone (FSH) and luteinizing hormone (LH), control
the process of autophagy in granulosa cells and theca cells, which correspondingly affects
the formation of follicles and the production of steroids [19]. Moreover, ovarian hormones
such as estrogen and progesterone have distinct impacts on autophagy in a specific manner
according to the stage, thus emphasizing the complex interaction between autophagy and
ovarian physiology [29].

Autophagy has diverse functions during folliculogenesis, including the regulation
of primordial follicle quiescence and the support of granulosa cell function and oocyte
quality [24]. An understanding of the control and abnormal function of autophagy in the
ovary will provide valuable insights into the underlying causes of ovarian diseases and
possible approaches for treating reproductive diseases [30]. Moreover, the recognition of
the essential connection between autophagy and follicular growth has important practical
implications for the fields of reproductive medicine, as well as fertility preservation [31].
Impaired autophagy has been associated with ovarian disorders, including premature
ovarian insufficiency (POI) and polycystic ovary syndrome (PCOS), thus highlighting the
significance of regulating autophagy as a potential treatment approach [32] (Figure 1).
Future studies should prioritize investigating the molecular processes that govern the
control of autophagy in the ovary and its influence on follicular development. Furthermore,
the exploration of the therapeutic possibilities of directing autophagic pathways toward
the treatment of ovarian diseases and infertility has potential for enhancing reproductive
outcomes and the well-being of women.
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Figure 1. Relationship between autophagy and follicular development. Autophagy has a significant
impact on follicular development ranging from primordial to preovulatory stages. Autophagy
inhibits early activation of primordial follicles thus controlling the quality and quantity of it. It acts
on granulosa cells resulting in the generation of energy and secretion of hormones controlled by
gonadotropins. Moreover, autophagy inhibits ROS, which is produced by follicles and negatively
affects the quality of oocytes. On the other hand, impaired autophagy may result in POI and PCOS.
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3. Emerging Role of Autophagy in Oocyte Quality Control

Egg cells, which are also known as oocytes, are essential for reproduction and have
a significant influence on both embryonic development and fertility [33]. It is essential
to understand the complex processes regulating oocyte quality (including the function of
autophagy) to advance reproductive medicine and fertility treatments [34]. Autophagy
in oocytes is involved in many phases of early embryonic growth, folliculogenesis, and
oogenesis [19]. Oocyte quality has been shown to be significantly impacted by autophagy,
which is a cellular process that is known for its ability to recycle and preserve cellular
homeostasis. Oogenesis is a highly regulated process in which oocyte maturation occurs
through complex molecular and cellular processes [35]. Autophagy plays a crucial role
in various important processes of oocyte development, such as removing excessive or
damaged organelles, such as mitochondria, which are necessary for maintaining oocyte
quality [36]. Malfunctioning mitochondria can result in oxidative stress, as well as impaired
oocyte quality, thus ultimately impacting the process of fertilization and the development
of embryos [37]. Autophagy is a cellular process that selectively eliminates damaged
mitochondria to maintain their integrity [38]. This process is known as mitophagy.

Moreover, autophagy also impacts the survival and development of oocytes by con-
trolling energy metabolism and nutrient availability [39]. Oocytes rely heavily on energy,
thus necessitating adequate levels of ATP and metabolic substrates to undergo appropriate
maturation and fertilization [40]. Autophagy is a process that breaks down and recycles
cellular components to provide nutrients, which helps in the metabolism and develop-
ment of oocytes [41]. Autophagy plays a significant role not only in the maturation of
oocytes but also in the early stages of embryonic development [42]. After fertilization, the
zygote undergoes a sequence of cellular divisions along with morphogenetic processes,
thus resulting in the creation of a blastocyst [43]. Autophagy plays a role in embryonic
development by facilitating the removal of paternal mitochondria, preserving the integrity
of the genome, and promoting cellular differentiation [44]. Autophagy impairment during
the initial stages of embryonic development can result in irregularities in development and
growth, as well as difficulties during pregnancy [45].

The regulation of autophagy in oocytes is controlled by a complex system of signaling
routes and molecular processes. Crucial controllers of autophagy, such as the mammalian
target of rapamycin (nTOR) pathway and the AMP-activated protein kinase (AMPK)
pathway, have essential functions in organizing autophagic activity in response to different
environmental signals and cellular stresses [19,46]. Autophagy in oocytes is influenced
by hormonal cues, growth factors, and nutrient availability, thus demonstrating the close
relationship between metabolic conditions and reproductive function [47]. Ultimately,
autophagy is crucial for controlling the quality of oocytes by participating in mitochondrial
dynamics, energy metabolism, and cellular homeostasis [48]. An understanding of the
complex relationship between autophagy and oocyte development has significant potential
for developing reproductive medicine and fertility treatments, which can ultimately help
people with infertility and reproductive diseases [49]. Although there have been notable
advancements in comprehending the function of autophagy in oocyte quality (Figure 2),
there are still several unresolved questions. Moreover, investigating prospective treatment
strategies that focus on autophagy has potential for enhancing reproductive outcomes and
addressing disorders associated with infertility.
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Figure 2. Autophagy control in oocyte quality via oogenesis, early embryonic growth and folliculoge-
nesis. Specific environmental, external, and internal factors activate mTOR and AMPK pathways
that result in the regulation and control of autophagy. Autophagy in oocytes is broadly involved in
three interconnected phases: (a) In oogenesis: Malfunctioning mitochondpria is eliminated, a process
known as mitophagy, to avoid oxidative stress and impaired oocyte quality. In addition, autophagy
provides adequate levels of ATP via metabolic substrates. Furthermore, it breaks down and recycles
cellular components for nutritional requirements. (b) In early embryonic growth: Autophagy removes
parental mitochondria since the mixture of parental mitochondria can lead to mitochondrial dysfunc-
tion. On the other hand, it preserves the integrity of the genome through removing damaged DNA,
clearing oxidative stress, and regulating the repair of DNA. It also promotes cellular differentiation.
(c) In folliculogenesis: Autophagy maintains cellular homeostasis by breaking down and recycling
cellular components or eliminating damaged organelles.

Recent study has emphasized the crucial significance of autophagy in the process
of oocyte maturation and follicle growth [50]. Investigations involving the deactivation
of autophagic genes in oocytes have yielded valuable knowledge on the processes that
determine the quality and developmental potential of oocytes [51]. For example, when
important autophagic genes like Atg5 and Beclin1 are deactivated, it has been demonstrated
that oocyte maturation is hindered, resulting in decreased fertility and worse embryonic
development. Autophagy is a crucial process for eliminating impaired organelles and
ensuring the stability of cellular conditions in oocytes. Nevertheless, despite these pro-
gressions, there is still a lack of literature that particularly focuses on the elimination of
autophagic genes in oocytes. To close this gap, additional study is required to clarify the
specific functions of several autophagic pathways and their interconnections in the process
of oocyte development. These investigations will not only improve our understanding of re-
productive biology but also potentially result in new therapeutic approaches for enhancing
oocyte quality and fertility outcomes.

4. Role of Autophagy in Reproductive Aging

Reproductive aging is an inherent process marked by a gradual decrease in repro-
ductive capacity as individuals grow older, and it impacts both males and females [52].
Although significant focus has been given to the hormonal and physiological transfor-
mations that occur throughout this period, recent studies have provided insight into the
involvement of autophagy in reproductive aging [53]. A comprehensive understanding of
the role of autophagy in the process of reproductive aging could provide valuable knowl-
edge about the fundamental mechanisms that are involved and potential approaches for
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treatment [54]. The quality of oocytes is a crucial factor in determining fertility and repro-
ductive success in females [55]. Oocytes are more susceptible to age-related deterioration
because of the gradual increase in cellular damage. Research has demonstrated that the
activity of autophagy declines in oocytes as they age, thus resulting in diminished quality
and decreased ability to develop [56]. Impaired autophagy can lead to the buildup of
impaired cell structures, such as mitochondria, and harmful clumps of proteins, which can
contribute to the aging of egg cells and infertility [57]. The use of pharmacological or genetic
methods to increase autophagic activity has been proposed as being a viable technique to
enhance oocyte quality and fertility in elderly females [58]. The decrease in reproductive
capacity due to aging is affected not only by internal factors but also by external factors
such as lifestyle, nutrition, and environmental exposures [59]. Recent research indicates
that dietary therapies and lifestyle changes that stimulate autophagy activation may have
positive impacts on reproductive aging [60]. Studies have demonstrated that restricting
caloric intake, practicing intermittent fasting, and supplementing the diet with chemicals
that promote autophagy can increase autophagic activity and enhance reproductive out-
comes in animal models [61,62]. Moreover, current research has demonstrated specific
molecular pathways and regulatory systems that control autophagy during the process
of reproductive aging (Figure 3). Autophagy is controlled by important regulators such
as mTOR and AMPK. These regulators have been found to play a role in controlling the
function of the ovaries and testes [63]. The exploration of the relationship between these
communication routes and autophagy may result in the identification of new treatment
targets for age-related loss of reproductive function [64].
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Figure 3. Role of autophagy in reproductive aging. Several internal and external factors upregulate
autophagy by decreasing mTOR and increasing AMPK. Increased autophagy maintains cellular
homeostasis that consequently inhibits reproductive aging. In contrast, impaired autophagy has
been linked to lower oocyte and sperm quality, infertility, impaired cell structure, and production of
harmful proteins that accelerate reproductive aging.

mTOR serves as a pivotal controller of cell growth, proliferation, and metabolism.
It combines signals from nutrients, growth factors, and cellular energy levels [65]. More
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precisely, mTOR signaling plays a vital role in initiating the growth of primordial follicles,
an essential process in the formation of ovarian follicles [66]. Primordial follicle activa-
tion refers to the transformation of inactive primordial follicles into developing primary
follicles [67]. This process is carefully controlled by an intricate network of signaling chan-
nels. mTOR facilitates this transition by augmenting protein synthesis, food absorption,
and energy generation, thereby supplying the essential resources for follicle growth and
development [68]. Furthermore, the mTOR signaling system interacts with the PI3K-Akt
pathway to guarantee accurate follicle activation and growth. Imbalance in mTOR activity
can result in conditions like premature ovarian failure or PCOS, underscoring its crucial
involvement in preserving ovarian function and fertility [69].

Autophagy is crucial in reproductive aging because it helps to maintain cellular
balance and protects reproductive function [64]. Impaired autophagy has been linked to
the deterioration of oocyte and sperm quality, thus resulting in age-related infertility in
both males and females [19]. Strategies focused on increasing autophagic activity show
potential for maintaining reproductive health and fertility in elderly people [53]. Additional
investigations are required to clarify the precise molecular pathways that underlie the
involvement of autophagy in reproductive aging. Therefore, further research is necessary to
identify specific therapies that can alleviate the reduction in fertility associated with aging.

5. Physiological Role of Autophagy in the Female Reproductive System

Autophagy has a complex impact on female reproductive physiology, whereby it af-
fects several elements of fertility, pregnancy, and reproductive health [6]. An understanding
of the complex relationship between autophagy and reproductive processes has the poten-
tial to identify the mechanisms that cause infertility, pregnancy problems, and reproductive
disorders [7] (Figure 4). Furthermore, directing attention toward autophagic pathways may
demonstrate innovative therapeutic approaches for the treatment of reproductive diseases
and the enhancement of reproductive outcomes in women. Additional investigations are
necessary to clarify the exact processes and therapeutic possibilities involved in manipu-
lating autophagy in female reproductive disorders. Recently, scientists examined the role
of autophagy in the complex processes of female reproductive physiology. This research
has provided insights into how autophagy affects fertility, pregnancy, and reproductive
diseases [7,70]. Autophagy plays a significant role in oogenesis, which is the process of
egg production and a crucial aspect of female reproductive physiology [33]. Autophagy
is essential for the growth and maintenance of oocytes, thus ensuring that they mature
correctly and are capable of fertilization [71]. Research has shown that when the process
of autophagy in oocytes is not properly regulated, it may result in a reduced ability for
oocytes to develop normally and increased vulnerability to abnormalities [72]. This can
potentially cause infertility or difficulties during pregnancy.

Moreover, autophagy plays a crucial role in maintaining ovarian function and fol-
liculogenesis, which refers to the recurring process of follicle growth and the release of
eggs [36]. The delicate equilibrium between autophagy and apoptosis in granulosa cells,
which encircle and provide support to the maturing oocyte within the follicle, is essential
for the growth and selection of follicles [28,73]. Dysregulation of autophagy in granulosa
cells has been linked to ovarian dysfunction, polycystic ovary syndrome (PCOS), and
premature ovarian failure (POF), thus underscoring its importance in reproductive ill-
nesses [74]. Autophagy plays diverse roles in sustaining the health of both the mother and
the fetus during pregnancy, thus helping them adapt to constant physiological changes [75].
It promotes the growth and development of the placenta, invasion of trophoblasts, and
delivery of nutrients, which are essential for healthy fetal growth and development [76]. In
addition, autophagy assists in reducing oxidative stress and inflammation, both of which
are elevated during pregnancy [6,77]. This correspondingly provides protection against
pregnancy problems such as pre-eclampsia and gestational diabetes.
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Figure 4. Physiological role of autophagy in female reproductive system. Autophagy has been linked
to playing a crucial role in four areas: fertility, reproductive health, pregnancy, and metabolic changes.
In fertility: autophagy helps in growth and maintenance of oocytes where impaired autophagy may
result in abnormal development of oocytes. In reproductive health: autophagy keeps equilibrium
in granulosa cell and impaired one causes ovarian distinction, PCOS, POF, cellular damage and
oxidative stress. In pregnancy: autophagy develops placenta, helps in invasion of trophoblasts, etc.,
where impaired autophagy is associated with preeclampsia and gestational diabetes. In metabolic
changes: normal autophagy regulates insulin sensitivity, lipid metabolism, and energy balance.
Infraction of autophagy leads to irregular menstrual cycle.

Furthermore, autophagy plays a role in controlling maternal metabolic changes dur-
ing pregnancy, including insulin sensitivity, lipid metabolism, and energy balance [78].
Abnormal autophagy has been linked to metabolic abnormalities during pregnancy, thus
indicating that it could be a useful target for treating difficulties related to metabolic dys-
function in pregnant women [79]. In addition to its role in reproduction, autophagy also
has an impact on hormone release, including effects on gonadotropins such as follicle-
stimulating hormone (FSH) and luteinizing hormone (LH), which play crucial roles in
regulating ovarian function and the menstrual cycle [80,81]. Imbalanced autophagy in
the hypothalamic—pituitary-gonadal (HPG) axis can disturb the equilibrium of hormones,
thus resulting in irregular menstrual cycles, infertility, or reproductive problems [81,82].
Moreover, there is growing evidence indicating a connection between autophagy and
reproductive aging, which refers to the gradual decrease in fertility and ovarian function as
one ages [83]. Decreases in autophagic activity associated with aging can lead to cellular
damage, oxidative stress, and genetic instability in the ovary [19,84]. This can ultimately
affect fertility and reproductive outcomes in older women.

6. Role of Autophagy in Female Reproductive System Toxicity

Granulosa cells, being the largest and most essential functional cells in the follicle,
produce various signaling factors, growth factors, and cytokines [85]. They proliferate, differ-
entiate, and regulate the microenvironment surrounding the follicle, which is crucial for its
development and maturation. During follicle development, the number of granulosa cells
increases, starting from early sinusoid follicles with only a few thousand cells to antral follicles
with a minimum of 100,000 cells [86,87]. Numerous toxicological experiments have been con-
ducted on ovarian granulosa cells to investigate the impact of toxic chemical pollutants such
as bisphenol A, acrylamide, pesticides, mycotoxins, zearalenone, BTEX, and microplastics
on granulosa cell proliferation and follicle development [15,17,88-92]. Reports showed that
chemicals’ toxic effects on the female reproductive system can lead to disorders in the ovarian
cycle, increased spontaneous abortion rates, abnormal development of offspring, and a decline
in fertility [92,93]. The developmental toxicological mechanisms of these chemicals involve
overproduction of reactive oxygen species (ROS), cellular oxidative damage, apoptosis, and
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autophagy ultimately leading to follicular atresia [17,92,94]. Studies have demonstrated the
significance of autophagy in granulosa cells for follicular atresia, as excessive ROS-induced
oxidative stress is a major inducer of autophagy in various ovarian cells [17,95]. In fact,
toxicants can induce reproductive toxicity through autophagy by increasing the levels of
autophagy-related proteins such as Beclin-1, LC3B-II, and the LC3B-II/LC3Bel ratio.

Autophagy and apoptosis play significant roles in hormonally regulated follicular
atresia [96]. The former serves as a dual-function mechanism that regulates the survival
and death of ovarian cells, resulting in different effects, such as cytoprotection or cytotox-
icity [97,98]. Under normal circumstances, autophagy levels in cells are low, promoting
cell survival. It acts as an intracellular degradation system that encapsulates unneces-
sary or malfunctioning cellular components within double-membraned structures called
autophagosomes, which are then degraded and recycled [99]. Transmission electron mi-
croscopy is the gold standard technique commonly used to observe double-membraned
autophagic vacuoles, providing convincing evidence of cell autophagy [17,98]. In TEM
images, ovarian cells exposed to toxic chemicals exhibit numerous autophagic vacuoles,
that in a later stage fuse with lysosomes for degradation and recycling (Figure 5). In-
creased autophagy is accompanied by elevated levels of malondialdehyde (MDA) and
reduced levels of SOD, GSH, and CAT, indicating that oxidative stress induces autophagy
in chemical-exposed ovaries [17,92]. In addition, ROS reportedly activate autophagy in fol-
licular granulosa cells via the mTOR pathway, highlighting the close relationship between
oxidative stress and autophagy in ovarian cells [15-17,95]. This autophagy’s activation
serves as an initial step in maintaining the balance between ROS and antioxidant scav-
engers, protecting cell viability and playing a cytoprotective role against chemical-induced
apoptosis in granulosa cells [100,101]. However, excessive ROS production can result in
cell death due to autophagy’s failure to repair ovarian cells. Thus, autophagy can act as an
antagonist against apoptosis but can also contribute to cell apoptosis under different con-
ditions [102,103]. This autophagy-induced reproductive toxicity is mediated through the
inhibition of the Akt-mTOR signaling pathway, which plays a significant role in autophagic
cell death [17,104]. It has also been reported that when autophagy is disrupted in ovarian
cells under the effect of toxicants, the transcription factor WT1 accumulated in granulosa
cells leads to the inhibition of their differentiation [96].

Figure 5. Transmission electron microscopy (TEM) images providing direct visual evidence of
the autophagic process occurring within the oocyte cytoplasm. (A) The ultrastructure of an ovary
from a rat shows the presence of autophagosomes (pink arrows) within the cytoplasm of an oocyte,
which appears to be a protective mechanism after in utero treatment with acrylamide. (B) A higher-
magnification microphotograph of the image in Figure (A) reveals large autophagosomes (APS)
engulfing extracellular material. These autophagosomes are surrounded by many lysosomes (yellow
arrowheads) at different stages of fusion, forming autophagolysosomes. APS: autophagosomes; G:
granulosa cells; OOP: ooplasm; ZP: zona pellucida.
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7. Crosstalk between Role of Autophagy on Endometrium and Embryo/Endometrium

Autophagy is a vital cellular process that is responsible for breaking down and reusing
cellular components. It has a notable impact on the reproductive system, specifically in the
endometrium and its interaction with the embryo [105]. The endometrium, which is the
inner lining of the uterus, experiences periodic alterations that are controlled by hormonal
signals to prepare for the attachment of an embryo [106]. Autophagy regulates cellular
turnover and preserves endometrial homeostasis, creating a favorable environment for the
embryo [107]. The interaction between autophagy in the endometrium and the embryo is
essential for the effective attachment of the embryo and the occurrence of pregnancy [108].
Autophagy in the endometrium plays a crucial role in mitigating cellular stress, eliminating
dysfunctional organelles, and controlling inflammation [109]. These processes are essential
for establishing a favorable environment for the embryo. Dysfunction in autophagic mech-
anisms in the endometrium can result in compromised receptivity, which can contribute
to disorders including infertility and recurrent pregnancy loss [110]. Autophagy plays a
crucial role in the survival of the embryo during the pre-implantation phase by breaking
down cellular components to provide nutrients and energy [111]. The embryonic signals
and endometrial autophagy combine to achieve synchrony, facilitating effective implan-
tation [112]. Factors derived from the embryo can influence the process of autophagy
in the endometrium, which in turn improves the ability of the endometrium to receive
the embryo and facilitates its invasion and attachment [113]. On the other hand, when
endometrial autophagy is suitable, it can impact the release of signaling molecules that aid
in the growth of an embryo [114]. Gaining insight into the interaction between autophagy
in the endometrium and embryo is crucial for the development of therapeutic approaches
to tackle reproductive diseases [115]. By specifically focusing on autophagic pathways, it
may be feasible to enhance the ability of the endometrium to accept and support embryos,
hence improving reproductive outcomes.

8. Recent Therapeutic Targets for Autophagy in Female Fertility and Treatment

The process of female fertility is complex and controlled by multiple molecular path-
ways, one of which is autophagy [58,72]. This process is essential for maintaining the
balance and functioning of cells. Recently, there has been a growing emphasis on the under-
standing of the significance of autophagy in female fertility and its potential as a target for
therapeutic intervention in diseases associated with fertility. Recent progress has been made
in discovering therapeutic targets of autophagy in female fertility and their implications
for treatment options [116]. Due to the significant role of autophagy in female reproductive
physiology, a focus on this pathway has become a promising strategy for addressing infer-
tility and associated diseases. Multiple recent studies have demonstrated specific targets
within the autophagy pathway that could be utilized for reproductive treatment [53,58]. An
example of a target is mTOR, which is a crucial regulator of autophagy and is responsible
for controlling cellular development and metabolism. Preclinical studies have demon-
strated that suppressing mTOR enhances autophagy and leads to improved egg quality,
ovarian function, and reproductive outcomes [117]. AMPK is a cellular energy sensor that
controls autophagy based on nutrient availability. AMPK activation has been shown to
induce autophagy and enhance oocyte maturation and embryo development [118,119]
(Figure 6). Furthermore, it has been suggested that manipulating the expression or function
of autophagy-related genes, such as Beclin-1 and Atg7, could be a method to improve
fertility in women who are undergoing assisted reproductive technology (ART) [120].
Moreover, recent findings indicate that the disruption of autophagy may play a role in
the development of certain fertility problems, such as polycystic ovary syndrome (PCOS),
endometriosis, and premature ovarian insufficiency (POI) [121,122]. The targeting of the au-
tophagy mechanisms associated with these diseases could provide new treatment strategies
for controlling infertility in affected individuals [123]. Moreover, more investigations are
required to clarify the exact mechanisms through which autophagy controls female fertility
and to discover other therapeutic targets within this system. The effective translation of
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these results into clinical practice and the development of autophagy-based medicines for
infertility will require collaborative efforts among fundamental scientists, doctors, and
pharmaceutical businesses.
Beclin-1
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Figure 6. Recent therapeutic targets for autophagy in female fertility and treatment. Genes and
proteins: Beclin-1 protein and Atg7 gene have an impact on autophagy that leads to improved
fertility in those undergoing ART. Pathways: downregulated mTOR increases autophagy that results
in improved egg quality, ovarian function, and reproductive outcomes. On the other hand, the
upregulation of AMPK is associated with oocyte maturation and embryo development.

8.1. Therapeutic Targets for Autophagy Modulation in Female Fertility and Embryo Implantation
via Natural Products

The modulation of autophagic activity using drugs or natural substances is a promising
strategy for enhancing fertility and optimizing reproductive outcomes. Various substances
have been found to be regulators of autophagy, with the ability to either inhibit or stimulate
autophagy. Plants, herbs, and traditional medical systems produce natural products that
contain a wide range of bioactive chemicals with various pharmacological actions. Several
of these substances have demonstrated the ability to regulate autophagy and have potential
therapeutic advantages for female fertility (Figure 7). Resveratrol, which is a polyphenolic
molecule present in red grapes and berries, has been shown to boost autophagic activity
and promote ovarian function in animal models of ovarian aging [124]. Curcumin, which
is a beneficial component found in turmeric, has been shown to trigger autophagy and
perhaps safeguard against oxidative stress-induced ovarian damage [125]. Furthermore,
scientific studies have examined the effects of herbal extracts, including ginseng, green
tea, and chasteberry, on the regulation of autophagy and the enhancement of female re-
productive health [126,127]. These naturally occurring substances contain phytochemicals
that possess antioxidant, anti-inflammatory, and hormone-modulating properties. These
features may play a role in their positive impacts on fertility. By specifically focusing on
autophagic pathways, these natural substances may provide a safe and efficient option
for women who want to improve their fertility and overcome difficulties related to repro-
duction [128]. Additional investigations are necessary to clarify the mechanisms by which
natural compounds impact autophagy and their potential use in reproductive medicine.
By utilizing the medicinal properties of organic substances, we can create new methods to
enhance women'’s reproductive well-being and pregnancy outcomes.
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Figure 7. Autophagy modulation via natural and synthetic compounds. Both natural and synthetic
compounds play a significant role in autophagy modulation. Natural compounds like resveratrol,
curcumin, EGCG, bioactive chemicals and herbal extracts have numerous positive impacts on au-
tophagy modulation including promotion of ovarian function, inhibition of oxidative stress, and
enhancement of female reproductive health. They also possess anti-inflammatory, antioxidant, and
hormone-modulating properties. One the other hand, synthetic compounds like rapamycin, spermi-
dine, and other new artificial substances with their carriers (nanoparticles and lysosome) activate
mTOR and AMPK pathways, lessen reproductive problems, and improve fertility by enhancing the
effectiveness and selectivity of autophagy-modulating drugs.

Plants, marine organisms, and microorganisms have a wide range of bioactive chemi-
cals with potential for use in therapy [129]. Various natural substances have been shown to
act as regulators of autophagy, thus presenting potential opportunities for improving the
process of embryo implantation [130]. Resveratrol, which is a type of polyphenol present
in red grapes and berries, has gained significant recognition for its ability to enhance
autophagy [131]. Research has shown that it can enhance the growth of embryos and their
attachment to the uterus by stimulating autophagic pathways in both embryos and endome-
trial cells [132]. Curcumin, which is a biologically active molecule extracted from turmeric,
has strong anti-inflammatory and antioxidant effects and can regulate autophagy [133].
Curcumin has been demonstrated to enhance autophagic flux, thus leading to improved
endometrial receptivity and facilitating embryo implantation in animal models [134]. More-
over, studies have shown that epigallocatechin gallate (EGCG), which is a type of catechin
found in green tea, may enhance autophagy and facilitate the process of embryo implan-
tation by exerting its antioxidative and anti-inflammatory effects [135]. Recent research
breakthroughs have demonstrated numerous natural substances that can effectively reg-
ulate autophagy to improve the process of embryo implantation [132]. Ginsenosides,
which are active components extracted from ginseng, have been demonstrated to enhance
autophagy and enhance the responsiveness of the endometrium, thereby promoting the
successful attachment of embryos [136]. Quercetin, which is a flavonoid found in fruits
and vegetables, has a positive impact on implantation by influencing autophagy-related
pathways [137]. Natural compounds can enhance embryo implantation by modifying
autophagy, and their therapeutic benefits extend beyond this specific property. These
chemicals have several effects, thereby affecting different signaling pathways that are
involved in the process of implantation and the formation of early pregnancy. For example,
polyunsaturated fatty acids, such as omega-3 fatty acids found in fish oil, not only control
autophagy but also have anti-inflammatory effects, which help with endometrial receptivity
and embryo implantation [138]. To fully utilize the therapeutic benefits of natural products
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in improving embryo implantation, it is crucial to have a thorough understanding of their
molecular mechanisms and pharmacological qualities. By incorporating sophisticated
methods such as omics approaches and bioinformatics, we can discover the complex rela-
tionships among natural products, autophagy, and implantation. Moreover, it is crucial to
conduct thorough preclinical investigations and clinical trials to confirm the effectiveness
and safety of therapies based on natural products in enhancing reproductive outcomes. The
utilization of the combined benefits of natural products on autophagy and other signaling
pathways has great potential for enhancing fertility therapies and reducing difficulties
related to implantation failure.

8.2. Targeting Autophagy Modulation in Female Fertility and Embryo Implantation via
Synthetic Compounds

Synthetic substances that specifically affect the process of autophagy show great potential
for use in medical treatments to improve female fertility and enhance the success of embryo
implantation (Figure 7). Preclinical studies have demonstrated that small compounds, such
as rapamycin and spermidine, can regulate autophagic activity and enhance reproductive
outcomes [139]. These drugs exert their effects by activating several signaling pathways,
including the mTOR and AMP pathways, which play crucial roles in regulating autophagy.
Furthermore, the development of new artificial substances that particularly target autophagy
in the female reproductive system has significant potential for clinical application [140]. By
specifically controlling the flow of autophagy in oocytes, granulosa cells, and endometrial cells,
these substances have the potential to alleviate reproductive problems and improve fertility.
In addition, the use of delivery vehicles, such as nanoparticles and liposomes, could enhance
the effectiveness and selectivity of autophagy-modulating drugs [141]. This scenario would
reduce unintended effects and maximize therapeutic advantages. Nevertheless, there are still
obstacles to overcome regarding the application of autophagy regulation in clinical settings for
the purpose of addressing female infertility and facilitating embryo implantation. Additional
investigations are required to clarify the exact mechanisms that cause autophagy dysreg-
ulation in reproductive diseases and to discover new targets for treatments. Furthermore,
comprehensive preclinical and clinical investigations are important for evaluating the safety,
effectiveness, and enduring impacts of synthetic drugs that specifically target autophagy
in the female reproductive system [142]. By optimizing autophagic activity in the oocyte
and the endometrium, these chemicals provide a new and effective treatment method for
reproductive diseases and may improve assisted reproductive procedures [143]. Continued
research endeavors in this domain are crucial for fully harnessing the potential of autophagy
modulation in female reproductive health.

8.3. Potential Diagnostic and Therapeutic Applications of Autophagy in Female Fertility

Monitoring autophagy indicators can offer vital information about the condition
of the ovaries and their ability to reproduce [4]. Autophagy-related genes (ATGs) and
proteins, including LC3, Beclin-1, and p62, play a vital role in the quality of oocytes and
the development of follicles [72,144]. Anomalous expression of these markers can suggest
hindered egg maturation or diminished ovarian reserve, assisting in the identification of
diseases such as PCOS and POF [145]. Moreover, assessing autophagic activity in granulosa
cells, which provide support for oocyte development, can function as a prognostic indicator
for the achievement of fertilization and the implantation of embryos in ART [146].

Targeting the mechanisms involved in autophagy has potential for improving female
fertility. Regulating autophagy can enhance the quality of oocytes and their ability to
mature, which is essential for achieving optimal pregnancy results [147]. Autophagy in-
ducers, like resveratrol and spermidine, have demonstrated promise in stimulating oocyte
maturation and safeguarding against oxidative stress [148]. On the other hand, inhibiting
autophagy could be advantageous in situations such as endometriosis, where excessive
autophagy promotes the survival of cells in abnormal endometrial tissues [149]. Moreover,
the manipulation of autophagy can aid in maintaining ovarian function while undergo-
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ing cancer treatments [50]. Chemotherapy and radiotherapy frequently result in ovarian
impairment and infertility [150]. Autophagy activators can alleviate these consequences
by safeguarding the ovarian reserve and bolstering tissue repair processes [151]. The dual
function of autophagy in both facilitating and impeding reproductive processes highlights
its potential as a diagnostic and therapeutic target in female fertility [152]. Further inves-
tigation is crucial to completely understand the mechanisms involved in autophagy in
reproductive biology, which would facilitate the development of new therapies that could
enhance fertility outcomes and promote ovarian health in women.

9. Limitations and Future Perspectives on Autophagy in Female Fertility

The connection between autophagy and female fertility has received considerable
attention in recent years. Autophagy plays a role in multiple reproductive processes, such as
egg development, folliculogenesis, and embryo implantation [153]. Nevertheless, despite
the progress made in comprehending this subject, there are still several constraints in
elucidating the complex interaction between autophagy and female fertility. The constraints
and deliberations on potential prospects and limitations for advancing research on the role
of autophagy in female fertility are subsequently discussed.

Insufficient comprehension of autophagic mechanisms in reproductive tissues is a
substantial obstacle due to the intricate control of autophagy. Although the importance
of autophagy in preserving oocyte quality and controlling follicular growth has been
acknowledged, the exact mechanisms underlying these processes are not fully understood.
Further research is needed to understand the specific molecular processes that control
autophagy in relation to female fertility. The investigation of autophagy in reproductive
tissues presents significant technological obstacles. Existing techniques for evaluating
autophagic activity, such as immunoblotting and immunofluorescence, suffer from a lack of
specificity and can produce inconsistent findings. It is crucial to develop more precise and
reliable methods that are specifically designed for evaluating autophagy in reproductive
tissues. Although preclinical studies have indicated a connection between the disruption
of autophagy and female infertility, there is a lack of clinical data to substantiate this
correlation. There is a need for extensive clinical investigations to examine biomarkers
related to autophagy in individuals who are unable to conceive to confirm the significance
of autophagy in human fertility and discover possible targets for diagnosis and treatment.
The impact of the reduction in autophagic activity associated with aging has been linked to
reproductive aging and age-related infertility [154]. Nevertheless, the specific consequences
of a decrease in autophagy on the quality of oocytes and the results of reproduction are
not yet fully understood. To understand the age-related alterations in autophagy and their
consequences for female fertility, it is necessary to conduct longitudinal research involving
animal models and human cohorts.

To overcome this limitation, advanced methods in molecular biology are used to eval-
uate autophagy. Novel molecular methodologies, such as single-cell RNA sequencing and
proteomics, have the potential to decipher the intricate regulatory networks of autophagy
in reproductive organs. By combining high-throughput methods with functional assays,
we can gain a thorough understanding of the dynamics of autophagy during oogenesis,
folliculogenesis, and embryogenesis [154]. Advances in targeted autophagy modulators,
which specifically target certain elements of the autophagic machinery, exhibit considerable
potential as therapeutic approaches for addressing female infertility. The development
of small compounds or biologics that selectively stimulate or suppress autophagy in cer-
tain tissues can boost the quality of oocytes, improve ovarian function, and optimize
reproductive results [155]. The utilization of CRISPR/Cas9-mediated genome editing has
exceptional potential for exploring the functional importance of autophagy-related genes
in female fertility [156]. Genetically modified animal models with precise modifications
in autophagy-related pathways will allow researchers to analyze the specific functions of
autophagy in reproductive processes [78,157]. Furthermore, the performance of longitudi-
nal studies that monitor autophagic activity over the entire lifespan of females is crucial
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for comprehending the loss in fertility that occurs with age. By integrating autophagy
assessments with clinical outcomes in various groups, we can clarify the causal connection
between autophagy malfunction and reproductive aging.

10. Conclusions

To understand female fertility, this review explored autophagy and its enormous
effects on reproductive health. Our study provides important insights into the intricacy
and potential of autophagy and female fertility. Dynamic autophagy modulation during
reproductive stages is a key discovery. Autophagy maintains cellular homeostasis through-
out follicular growth, fertilization, and implantation, thus allowing for adaptation to the
reproductive microenvironment [158]. This multifaceted overview of autophagy challenges
its static image and highlights its responsiveness to female fertility. The elucidation of this
link suggests new paths for therapies to improve oocyte quality, which is a key component
in age-related decreases in fertility and recurrent pregnancy loss [10]. An understanding
of the molecular mechanisms of autophagy and regulatory pathways involved in female
fertility provide opportunities for new treatments. Those with reproductive issues may find
hope in the targeting of autophagic systems to reduce age-related fertility. This extensive re-
search provides the groundwork for reproductive health-tailored treatments. The tailoring
of reproductive therapies to the individual’s autophagic profile can enhance success rates
and reduce dangers and negative effects. Its potential applications extend beyond assisted
reproductive technology, which can affect fertility-related diseases. However, the complex
relationship between autophagy and female fertility provides a promising scientific and
clinical picture. The dynamic nature of autophagy, its impact on oocyte quality, and its
translational implications necessitate further investigations. At the intersection of basic
science and practical innovation, the elucidation of autophagy in female fertility has en-
couraged researchers, clinicians, and policymakers to work together to develop customized,
effective reproductive treatments. We must acknowledge the gaps in our understanding of
autophagy in female reproductive health as we begin this exploration. Future research will
encounter obstacles and possibilities in understanding the role of autophagy in reproduc-
tion. By identifying these gaps, we hope to motivate future research into the function of
autophagy in reproductive biology and provide novel treatment possibilities.

Author Contributions: A.H.H.: Conceptualization, Writing—original draft, Writing—review and
editing, Visualization. M.A.R.: Writing—original draft, Data curation, Visualization. 5S.K.B.: Writing—
review and editing, Figure drawing. A.K.B.: Writing—review and editing, Figure drawing. M.H.R.:
Writing—review and editing, Figure drawing. M.].: Writing—review and editing, Visualization.
S.A.: Writing—review and editing, Visualization. S.K.: Writing—review and editing, Visualization.
M.N.P.: Writing—review and editing, Visualization. B.K.: Writing—review and editing, Visualization,
Funding. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2020R111A2066868),
the National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIT) (No.
2020R1A5A2019413), and Basic Science Research Program through the National Research Foundation
of Korea (NRF) grant funded by the Korea government (MSIT) (RS-2024-00350362).

Data Availability Statement: The datasets supporting the conclusions of this study are included
within the article.

Conflicts of Interest: There are no conflicts of interest to declare.

References

1.

Voronina, M.V; Frolova, A.S.; Kolesova, E.P,; Kuldyushev, N.A.; Parodi, A.; Zamyatnin, A.A. The Intricate Balance between Life and
Death: ROS, Cathepsins, and Their Interplay in Cell Death and Autophagy. Int. ]. Mol. Sci. 2024, 25, 4087. [CrossRef] [PubMed]
Salmeri, N.; Vigano, P.; Cavoretto, P.; Marci, R.; Candiani, M. The kisspeptin system in and beyond reproduction: Exploring
intricate pathways and potential links between endometriosis and polycystic ovary syndrome. Rev. Endocr. Metab. Disord. 2024,
25,239-257. [CrossRef]


https://doi.org/10.3390/ijms25074087
https://www.ncbi.nlm.nih.gov/pubmed/38612897
https://doi.org/10.1007/s11154-023-09826-0

Cells 2024, 13, 1354 16 of 21

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Nematisouldaragh, D. Autophagy Gene Regulation in Cardiac Myocytes and Cardiac Fibroblasts. 2024. Available online:
http:/ /hdl.handle.net/1993 /38063 (accessed on 15 July 2024).

Zhao, Y.;; Zhao, X,; Jiang, T.; Xi, H.; Jiang, Y.; Feng, X. A Retrospective Review on Dysregulated Autophagy in Polycystic Ovary
Syndrome: From Pathogenesis to Therapeutic Strategies. Horm. Metab. Res. 2024, 56, 547-558. [CrossRef] [PubMed]

Britto, T.I. Endocrine Equilibrium: Navigating the Hormonal Seas: Navigating the Whispers of Hormones: A Delicate Dance of Balance;
BookRix, 2023; ISBN 3755446073, 9783755446071.

Komijani, E.; Parhizkar, F.; Abdolmohammadi-Vahid, S.; Ahmadi, H.; Nouri, N. Autophagy-mediated immune system regulation
in reproductive system and pregnancy-associated complications. . Reprod. Immunol. 2023, 103973. [CrossRef] [PubMed]
Goudarzi, S.T.; Vousooghi, N.; Verdi, J.; Mehdizadeh, A.; Aslanian-Kalkhoran, L.; Yousefi, M. Autophagy genes and signaling
pathways in endometrial decidualization and pregnancy complications. J. Reprod. Immunol. 2024, 104223. [CrossRef]

Jiang, G.; Zhang, L.; Zhao, J.; Li, L.; Huang, Z.; Wang, Z. Dynamic autophagy map in mouse female germ cells throughout the
fetal to postnatal life. Reprod. Sci. 2023, 30, 169-180. [CrossRef]

Pavlova, J.A.; Guseva, E.A.; Dontsova, O.A.; Sergiev, P.V. Natural activators of autophagy. Biochemistry 2024, 89, 1-26. [PubMed]
Huang, W.; Li, X,; Yang, H.; Huang, H. The Impact of Maternal Age on Aneuploidy in Oocytes: Reproductive Consequences,
Molecular Mechanisms, and Future Directions. Ageing Res. Rev. 2024, 97, 102292. [CrossRef]

Farquhar, C.M.; Bhattacharya, S.; Repping, S.; Mastenbroek, S.; Kamath, M.S.; Marjoribanks, J.; Boivin, J. Female subfertility. Nat.
Rev. Dis. Primers 2019, 5, 7. [CrossRef]

Hernandez-Medrano, ].; Belmpa, M. Folliculogenesis and Oogenesis. In Mastering Clinical Embryology; CRC Press: Boca Raton, FL,
USA, 2024; pp. 75-81.

Han, X.-H.; Wang, M.; Pan, Y.-Y.; Fan, ].-F; Wang, ].-L.; Zhao, L.; Wang, Y.-Y.; Zhang, T.-X.; Zhao, T.; Ding, T.-Y.; et al. Effect of
follicle-stimulating hormone and luteinizing hormone on apoptosis, autophagy, and the release and reception of some steroid
hormones in yak granulosa cells through miR-23a/ASK1 axis. Cell. Signal. 2024, 115, 111010.

Lecot-Connan, T.; Boumerdassi, Y.; Magnin, F,; Binart, N.; Kamenicky, P.; Sonigo, C.; Beau, I. Anti-Miillerian hormone induces
autophagy to preserve the primordial follicle pool in mice. FASEB ]. 2024, 38, €23506. [CrossRef] [PubMed]

Harrath, A.H.; Alrezaki, A.; Jalouli, M.; Aldawood, N.; Aldahmash, W.; Mansour, L.; Alwasel, S. Ethylbenzene exposure disrupts
ovarian function in Wistar rats via altering folliculogenesis and steroidogenesis-related markers and activating autophagy and
apoptosis. Ecotoxicol. Environ. Saf. 2022, 229, 113081. [CrossRef]

Harrath, A.H.; Alrezaki, A.; Jalouli, M.; Al-Dawood, N.; Dahmash, W.; Mansour, L.; Sirotkin, A.; Alwasel, S. Benzene exposure
causes structural and functional damage in rat ovaries: Occurrence of apoptosis and autophagy. Environ. Sci. Pollut. Res. 2022, 29,
76275-76285. [CrossRef] [PubMed]

Jalouli, M.; Mofti, A.; Elnakady, Y.A.; Nahdi, S.; Feriani, A.; Alrezaki, A.; Sebei, K.; Bizzarri, M.; Alwasel, S.; Harrath, A.H.
Allethrin promotes apoptosis and autophagy associated with the oxidative stress-related PI3K/AKT/mTOR signaling pathway
in developing rat ovaries. Int. J. Mol. Sci. 2022, 23, 6397. [CrossRef]

Zhou, X.-Y,; Lai, Y.-H,; Zhang, ].; Li, Y.; Wu, X.-M.; Yang, Y.-Z.; Zhang, X.-F.; Ma, L.-Z.; Zheng, K.-M.; Liu, Y.-D. Advanced oxidation
protein products attenuate the autophagy-lysosome pathway in ovarian granulosa cells by modulating the ROS-dependent
mTOR-TFEB pathway. Cell Death Dis. 2024, 15, 161. [CrossRef]

Samare-Najaf, M.; Neisy, A.; Samareh, A.; Moghadam, D.; Jamali, N.; Zarei, R.; Zal, F. The constructive and destructive impact of
autophagy on both genders’ reproducibility, a comprehensive review. Autophagy 2023, 19, 3033-3061. [CrossRef]

Jiang, Y.; He, Y.; Pan, X.; Wang, P,; Yuan, X.; Ma, B. Advances in oocyte maturation in vivo and in vitro in mammals. Int. J. Mol.
Sci. 2023, 24, 9059. [CrossRef]

Sugiura, K.; Maruyama, N.; Akimoto, Y.; Matsushita, K.; Endo, T. Paracrine regulation of granulosa cell development in the antral
follicles in mammals. Reprod. Med. Biol. 2023, 22, €12538. [CrossRef]

Stringer, ] M.; Alesi, L.R.; Winship, A.L.; Hutt, K.J. Beyond apoptosis: Evidence of other regulated cell death pathways in the
ovary throughout development and life. Hum. Reprod. Update 2023, 29, 434-456. [CrossRef]

Xi, H.; Hu, Z.; Han, S.; Liu, X.; Wang, L.; Hu, J. FSH-inhibited autophagy protects against oxidative stress in goat Sertoli cells
through p62-Nrf2 pathway. Theriogenology 2023, 195, 103-114. [CrossRef] [PubMed]

Gao, Z.; He, W,; Liu, Y.; Gao, Y.; Fan, W.; Luo, Y.; Shi, X.; Song, S. Perinatal bisphenol S exposure exacerbates the oxidative burden
and apoptosis in neonatal ovaries by suppressing the mTOR/autophagy axis. Environ. Pollut. 2024, 349, 123939. [CrossRef]
[PubMed]

Bai, J.; Wang, X.; Chen, Y.; Yuan, Q.; Yang, Z.; Mi, Y.; Zhang, C. Nobiletin Ameliorates Aging of Chicken Ovarian Prehierarchical
Follicles by Suppressing Oxidative Stress and Promoting Autophagy. Cells 2024, 13, 415. [CrossRef] [PubMed]

Rahman, M.A; Cho, Y,; Nam, G.; Rhim, H. Antioxidant compound, oxyresveratrol, inhibits APP production through the
AMPK/ULK1/mTOR-mediated autophagy pathway in mouse cortical astrocytes. Antioxidants 2021, 10, 408. [CrossRef]
[PubMed]

Rahman, M.A,; Hannan, M.A.; Dash, R.; Rahman, M.H.; Islam, R.; Uddin, M.].; Sohag, A.A.M.; Rahman, M.H.; Rhim, H.
Phytochemicals as a complement to cancer chemotherapy: Pharmacological modulation of the autophagy-apoptosis pathway.
Front. Pharmacol. 2021, 12, 639628. [CrossRef] [PubMed]


http://hdl.handle.net/1993/38063
https://doi.org/10.1055/a-2280-7130
https://www.ncbi.nlm.nih.gov/pubmed/38565184
https://doi.org/10.1016/j.jri.2023.103973
https://www.ncbi.nlm.nih.gov/pubmed/37295066
https://doi.org/10.1016/j.jri.2024.104223
https://doi.org/10.1007/s43032-022-00940-z
https://www.ncbi.nlm.nih.gov/pubmed/38467543
https://doi.org/10.1016/j.arr.2024.102292
https://doi.org/10.1038/s41572-018-0058-8
https://doi.org/10.1096/fj.202302141R
https://www.ncbi.nlm.nih.gov/pubmed/38411466
https://doi.org/10.1016/j.ecoenv.2021.113081
https://doi.org/10.1007/s11356-022-21289-5
https://www.ncbi.nlm.nih.gov/pubmed/35666417
https://doi.org/10.3390/ijms23126397
https://doi.org/10.1038/s41419-024-06540-w
https://doi.org/10.1080/15548627.2023.2238577
https://doi.org/10.3390/ijms24109059
https://doi.org/10.1002/rmb2.12538
https://doi.org/10.1093/humupd/dmad005
https://doi.org/10.1016/j.theriogenology.2022.10.022
https://www.ncbi.nlm.nih.gov/pubmed/36332369
https://doi.org/10.1016/j.envpol.2024.123939
https://www.ncbi.nlm.nih.gov/pubmed/38593938
https://doi.org/10.3390/cells13050415
https://www.ncbi.nlm.nih.gov/pubmed/38474379
https://doi.org/10.3390/antiox10030408
https://www.ncbi.nlm.nih.gov/pubmed/33800526
https://doi.org/10.3389/fphar.2021.639628
https://www.ncbi.nlm.nih.gov/pubmed/34025409

Cells 2024, 13, 1354 17 of 21

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

Cacciottola, L.; Camboni, A.; Cernogoraz, A.; Donnez, ].; Dolmans, M.-M. Role of apoptosis and autophagy in ovarian follicle
pool decline in children and women diagnosed with benign or malignant extra-ovarian conditions. Hum. Reprod. 2023, 38, 75-88.
[CrossRef] [PubMed]

Koziel, M.].; Piastowska-Ciesielska, A.W. Estrogens, estrogen receptors and tumor microenvironment in ovarian cancer. Int. J.
Mol. Sci. 2023, 24, 14673. [CrossRef] [PubMed]

Shi, Y.-Q.; Zhu, X.-T.; Zhang, S.-N.; Ma, Y.-F,; Han, Y.-H.; Jiang, Y.; Zhang, Y.-H. Premature ovarian insufficiency: A review on the
role of oxidative stress and the application of antioxidants. Front. Endocrinol. 2023, 14, 1172481. [CrossRef] [PubMed]

Singh, A.K.; Kumar, S.L.; Beniwal, R.; Mohanty, A.; Kushwaha, B.; Prasada Rao, H. Influence of the Ovarian Reserve and Oocyte
Quality on Livestock Fertility. In Sustainable Agriculture Reviews 59: Animal Biotechnology for Livestock Production 3; Springer: Cham,
Switzerland, 2023; pp. 201-240. [CrossRef]

Li, P; Dou, Q.; Zhang, D.; Xiang, Y.; Tan, L. Melatonin regulates autophagy in granulosa cells from patients with premature
ovarian insufficiency via activating Foxo3a. Aging 2024, 16, 844. [CrossRef]

Yildirim, R.M.; Seli, E. The role of mitochondrial dynamics in oocyte and early embryo development. In Seminars in Cell &
Developmental Biology; Academic Press: Cambridge, MA, USA, 2024; pp. 52-61.

Fogliano, C.; Carotenuto, R.; Cirino, P.; Panzuto, R.; Ciaravolo, M.; Simoniello, P.; Sgariglia, I.; Motta, C.M.; Avallone, B.
Benzodiazepine Interference with Fertility and Embryo Development: A Preliminary Survey in the Sea Urchin Paracentrotus
lividus. Int. J. Mol. Sci. 2024, 25, 1969. [CrossRef]

Zhai, F.; Ma, X,; Yan, L.; Qiao, J. The molecular genetics of oogenesis. In Human Reproductive and Prenatal Genetics; Elsevier:
Amsterdam, The Netherlands, 2023; pp. 145-163.

Zhang, T.; He, M.; Zhang, J.; Tong, Y.; Chen, T.; Wang, C.; Pan, W.; Xiao, Z. Mechanisms of primordial follicle activation and new
pregnancy opportunity for premature ovarian failure patients. Front. Physiol. 2023, 14, 1113684. [CrossRef] [PubMed]

Costa, J.; Braga, P.C.; Rebelo, I; Oliveira, P.F; Alves, M.G. Mitochondria quality control and male fertility. Biology 2023, 12, 827.
[CrossRef] [PubMed]

Ahmed, K.R.; Rahman, M.M.; Islam, M.N.; Fahim, M.M.H.; Rahman, M. A ; Kim, B. Antioxidants activities of phytochemicals
perspective modulation of autophagy and apoptosis to treating cancer. Biomed. Pharmacother. 2024, 174, 116497. [CrossRef]
[PubMed]

El-Sheikh, M.; Mesalam, A.A.; Kang, S.-M.; Joo, M.-D.; Soliman, S.S.; Khalil, A.A.K.; Ahn, M.-].; Kong, I.-K. Modulation of
apoptosis and autophagy by melatonin in juglone-exposed bovine oocytes. Animals 2023, 13, 1475. [CrossRef] [PubMed]

Fan, J.; Liu, C,; Zhao, Y.; Xu, Q.; Yin, Z,; Liu, Z.; Mu, Y. Single-Cell RNA Sequencing Reveals Differences in Chromatin Remodeling
and Energy Metabolism among In Vivo-Developed, In Vitro-Fertilized, and Parthenogenetically Activated Embryos from the
Oocyte to 8-Cell Stages in Pigs. Animals 2024, 14, 465. [CrossRef] [PubMed]

He, H.; Wang, J.; Mou, X,; Liu, X,; Li, Q.; Zhong, M.; Luo, B.; Yu, Z.; Zhang, J.; Xu, T. Selective autophagic degradation of ACLY
(ATP citrate lyase) maintains citrate homeostasis and promotes oocyte maturation. Autophagy 2023, 19, 163-179. [CrossRef]
[PubMed]

Adel, N.; Abdulghaffar, S.; Elmahdy, M.; Nabil, M.; Ghareeb, D.; Maghraby, H. Autophagy-related gene and protein expressions
during blastocyst development. J. Assist. Reprod. Genet. 2023, 40, 323-331. [CrossRef]

Kljajic, M.; Saymé, N.; Krebs, T.; Wagenpfeil, G.; Baus, S.; Solomayer, E.-F,; Kasoha, M. Zygote Diameter and Total Cytoplasmic
Volume as Useful Predictive Tools of Blastocyst Quality. Geburtshilfe Und Frauenheilkd. 2023, 83, 97-105. [CrossRef]

Palozzi, ] M.E. The Role of Programmed Germline Mitophagy in mtDNA Quality Control. Ph.D. Thesis, University of Toronto,
Toronto, ON, Canada, 2023.

Zhou, P.; Wang, J.; Wang, J.; Liu, X. When autophagy meets placenta development and pregnancy complications. Front. Cell Dev.
Biol. 2024, 12, 1327167. [CrossRef]

Wang, Z.; Quan, W.; Zeng, M.; Wang, Z.; Chen, Q.; Chen, J.; Christian, M.; He, Z. Regulation of autophagy by plant-based
polyphenols: A critical review of current advances in glucolipid metabolic diseases and food industry applications. Food Front.
2023, 4, 1039-1067. [CrossRef]

Telfer, E.E.; Grosbois, J.; Odey, Y.L.; Rosario, R.; Anderson, R.A. Making a good egg: Human oocyte health, aging, and in vitro
development. Physiol. Rev. 2023, 103, 2623-2677. [CrossRef]

Leyria, J. Endocrine factors modulating vitellogenesis and oogenesis in insects: An update. Mol. Cell. Endocrinol. 2024, 587,
112211. [CrossRef]

Carrageta, D.E,; Pereira, S.C.; Ferreira, R.; Monteiro, M.P,; Oliveira, PE; Alves, M.G. Signatures of metabolic diseases on
spermatogenesis and testicular metabolism. Nat. Rev. Urol. 2024, 21, 477-494. [CrossRef]

Afzal, A.; Zhang, Y.; Afzal, H.; Saddozai, U.A K.; Zhang, L.; Ji, X.-Y.; Khawar, M.B. Functional role of autophagy in testicular and
ovarian steroidogenesis. Front. Cell Dev. Biol. 2024, 12, 1384047. [CrossRef]

Zhang, Q.; Zhang, J.; Chang, G.; Zhao, K;; Yao, Y,; Liu, L.; Du, Z.; Wang, Y.; Guo, X.; Zhao, Z. Decoding molecular features of
bovine oocyte fate during antral follicle growth via single-cell multi-omics analysis. Biol. Reprod. 2024, ioael14. [CrossRef]

Lee, R.; Chu, C.C. Theoretical perspectives on reproductive aging. Front. Ecol. Evol. 2023, 10, 934732. [CrossRef]

Raee, P; Tan, S.C.; Najafi, S.; Zandsalimi, F; Low, T.Y.; Aghamiri, S.; Fazeli, E.; Aghapour, M.; Mofarahe, Z.S.; Heidari, M.H.
Autophagy, a critical element in the aging male reproductive disorders and prostate cancer: A therapeutic point of view. Reprod.
Biol. Endocrinol. 2023, 21, 88. [CrossRef]


https://doi.org/10.1093/humrep/deac237
https://www.ncbi.nlm.nih.gov/pubmed/36346333
https://doi.org/10.3390/ijms241914673
https://www.ncbi.nlm.nih.gov/pubmed/37834120
https://doi.org/10.3389/fendo.2023.1172481
https://www.ncbi.nlm.nih.gov/pubmed/37600717
https://doi.org/10.1007/978-3-031-21630-5_4
https://doi.org/10.18632/aging.205424
https://doi.org/10.3390/ijms25041969
https://doi.org/10.3389/fphys.2023.1113684
https://www.ncbi.nlm.nih.gov/pubmed/36926197
https://doi.org/10.3390/biology12060827
https://www.ncbi.nlm.nih.gov/pubmed/37372112
https://doi.org/10.1016/j.biopha.2024.116497
https://www.ncbi.nlm.nih.gov/pubmed/38552443
https://doi.org/10.3390/ani13091475
https://www.ncbi.nlm.nih.gov/pubmed/37174512
https://doi.org/10.3390/ani14030465
https://www.ncbi.nlm.nih.gov/pubmed/38338108
https://doi.org/10.1080/15548627.2022.2063005
https://www.ncbi.nlm.nih.gov/pubmed/35404187
https://doi.org/10.1007/s10815-022-02698-4
https://doi.org/10.1055/a-1876-2231
https://doi.org/10.3389/fcell.2024.1327167
https://doi.org/10.1002/fft2.255
https://doi.org/10.1152/physrev.00032.2022
https://doi.org/10.1016/j.mce.2024.112211
https://doi.org/10.1038/s41585-024-00866-y
https://doi.org/10.3389/fcell.2024.1384047
https://doi.org/10.1093/biolre/ioae114
https://doi.org/10.3389/fevo.2022.934732
https://doi.org/10.1186/s12958-023-01134-1

Cells 2024, 13, 1354 18 of 21

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Wang, X.; Wang, L.; Xiang, W. Mechanisms of ovarian aging in women: A review. J. Ovarian Res. 2023, 16, 67. [CrossRef]

Fair, T.; Lonergan, P. The oocyte: The key player in the success of assisted reproduction technologies. Reprod. Fertil. Dev. 2023, 36,
133-148. [CrossRef]

Zhang, Y.; Bai, J.; Cui, Z,; Li, Y.; Gao, Q.; Miao, Y.; Xiong, B. Polyamine metabolite spermidine rejuvenates oocyte quality by
enhancing mitophagy during female reproductive aging. Nat. Aging 2023, 3, 1372-1386. [CrossRef]

Vertika, S.; Singh, K.K.; Rajender, S. Mitochondria, spermatogenesis, and male infertility—An update. Mitochondrion 2020, 54,
26-40. [CrossRef]

Peters, A.E.; Mihalas, B.P.; Bromfield, E.G.; Roman, S.D.; Nixon, B.; Sutherland, ] M. Autophagy in female fertility: A role in
oxidative stress and aging. Antioxid. Redox Signal. 2020, 32, 550-568. [CrossRef]

D’Argenio, V.; Dittfeld, L.; Lazzeri, P.; Tomaiuolo, R.; Tasciotti, E. Unraveling the balance between genes, microbes, lifestyle and
the environment to improve healthy reproduction. Genes 2021, 12, 605. [CrossRef] [PubMed]

Sciorio, R.; Tramontano, L.; Adel, M.; Fleming, S. Decrease in Sperm Parameters in the 21st Century: Obesity, Lifestyle, or
Environmental Factors? An Updated Narrative Review. J. Pers. Med. 2024, 14, 198. [CrossRef]

Strilbytska, O.; Klishch, S.; Storey, K.B.; Koliada, A.; Lushchak, O. Intermittent fasting and longevity: From animal models to
implication for humans. Ageing Res. Rev. 2024, 96, 102274. [CrossRef] [PubMed]

Wang, R.; Lv, X,; Xu, W,; Li, X; Tang, X.; Huang, H.; Yang, M.; Ma, S.; Wang, N.; Niu, Y. Effects of the periodic fasting-mimicking
diet on health, lifespan, and multiple diseases: A narrative review and clinical implications. Nutr. Rev. 2024, nuae003. [CrossRef]
Zhou, Y,; Yan, ]J.; Qiao, L.; Zeng, ]J.; Cao, E; Sheng, X.; Qi, X,; Long, C.; Liu, B.; Wang, X. Bone Marrow Mesenchymal Stem
Cell-Derived Exosomes Ameliorate Aging-Induced BTB Impairment in Porcine Testes by Activating Autophagy and Inhibiting
ROS/NLRP3 Inflammasomes via the AMPK/mTOR Signaling Pathway. Antioxidants 2024, 13, 183. [CrossRef]

Chang, Y.; Deng, H.; He, Y.; Zhou, B.; Yuan, D.; Wu, J.; Zhang, C.; Zhao, H. Wuzi Yanzong administration alleviates Sertoli
cell injury by recovering AKT/mTOR-mediated autophagy and the mTORC1-mTROC?2 balance in aging-induced testicular
dysfunction. J. Ethnopharmacol. 2024, 318, 116865. [CrossRef]

Zhao, T.; Fan, J.; Abu-Zaid, A.; Burley, SK.; Zheng, X.S. Nuclear mTOR Signaling Orchestrates Transcriptional Programs
Underlying Cellular Growth and Metabolism. Cells 2024, 13, 781. [CrossRef]

Xie, Q.; Liao, Q.; Wang, L.; Zhang, Y.; Chen, J.; Bai, H.; Li, K; Ai, J]. The dominant mechanism of cyclophosphamide-induced
damage to ovarian reserve: Premature activation or apoptosis of primordial follicles? Reprod. Sci. 2024, 31, 30—44. [CrossRef]
Castrillon, D.H. Development and Maldevelopment of the Ovaries. In Gynecologic and Obstetric Pathology; Springer:
Berlin/Heidelberg, Germany, 2024; pp. 1-23.

Athar, F; Karmani, M.; Templeman, N.M. Metabolic hormones are integral regulators of female reproductive health and function.
Biosci. Rep. 2024, 44, BSR20231916. [CrossRef]

Moruzzi, M.; Martinelli, I.; Micioni Di Bonaventura, M.V.; Giusepponi, M.E.; Gabrielli, G.; Fruganti, A.; Marchegiani, A.; Dini, E;
Marini, C.; Cuccioloni, M. Metabolic effects of Tart Cherries supplementation in an animal model of obesity. Ital. . Anat. Embryol.
2017, 122, 150.

Wang, B.; Gao, M,; Yao, Y.; Shen, H,; Li, H; Sun, ].; Wang, L.; Zhang, X. Enhancing endometrial receptivity: The roles of human
chorionic gonadotropin in autophagy and apoptosis regulation in endometrial stromal cells. Reprod. Biol. Endocrinol. 2024, 22, 37.
[CrossRef] [PubMed]

Li, C; Zhang, H.; Wu, H,; Li, J.; Liu, Q.; Li, Y;; Pan, M.; Zhao, X.; Wei, Q.; Peng, S. Intermittent fasting improves the oocyte quality
of obese mice through the regulation of maternal mRNA storage and translation by LSM14B. Free Radic. Biol. Med. 2024, 217,
157-172. [PubMed]

Zhu, J.-R,; Zhu, W.-]; Li, T,; Ou, ]J.-P. Autophagy activity is increased in the cumulus cells of women with poor ovarian response.
Taiwan. ]. Obstet. Gynecol. 2024, 63, 205-213. [PubMed]

Ojo, O.A.; Nwafor-Ezeh, P1; Rotimi, D.E.; Iyobhebhe, M.; Ogunlakin, A.D.; Ojo, A.B. Apoptosis, inflammation, and oxidative
stress in infertility: A mini review. Toxicol. Rep. 2023, 10, 448—-462. [PubMed]

Usman, M,; Li, A,; Wu, D.; Qinyan, Y.; Yi, L.X.; He, G.; Lu, H. The functional role of IncRNAs as ceRNAs in both ovarian processes
and associated diseases. Non-Coding RNA Res. 2023, 9, 165-177.

Ren, H.; Dai, R.; Nabil, WN.N.; Xi, Z.; Wang, F.; Xu, H. Unveiling the dual role of autophagy in vascular remodelling and its
related diseases. Biomed. Pharmacother. 2023, 168, 115643.

Burton, G.J.; Jauniaux, E. The human placenta: New perspectives on its formation and function during early pregnancy. Proc. R.
Soc. B 2023, 290, 20230191. [CrossRef]

Chaudhary, M.R.; Chaudhary, S.; Sharma, Y.; Singh, T.A.; Mishra, A K,; Sharma, S.; Mehdi, M.M. Aging, oxidative stress and
degenerative diseases: Mechanisms, complications and emerging therapeutic strategies. Biogerontology 2023, 24, 609-662.
Wang, L.; O’Kane, A.M.; Zhang, Y.; Ren, ]. Maternal obesity and offspring health: Adapting metabolic changes through autophagy
and mitophagy. Obes. Rev. 2023, 24, e13567. [CrossRef]

Fang, H.; Li, Q.; Wang, H.; Ren, Y.; Zhang, L.; Yang, L. Maternal nutrient metabolism in the liver during pregnancy. Front.
Endocrinol. 2024, 15, 1295677. [CrossRef]

Ma, L.; Shen, W.; Zhang, J.; Ma, L.; Shen, W.; Shen, W.; Ma, L.; Zhang, J.; Zhang, ]. The Life Cycle of the Ovary. In Ovarian Aging;
Springer: Berlin/Heidelberg, Germany, 2023; pp. 7-33.


https://doi.org/10.1186/s13048-023-01151-z
https://doi.org/10.1071/RD23164
https://doi.org/10.1038/s43587-023-00498-8
https://doi.org/10.1016/j.mito.2020.06.003
https://doi.org/10.1089/ars.2019.7986
https://doi.org/10.3390/genes12040605
https://www.ncbi.nlm.nih.gov/pubmed/33924000
https://doi.org/10.3390/jpm14020198
https://doi.org/10.1016/j.arr.2024.102274
https://www.ncbi.nlm.nih.gov/pubmed/38499159
https://doi.org/10.1093/nutrit/nuae003
https://doi.org/10.3390/antiox13020183
https://doi.org/10.1016/j.jep.2023.116865
https://doi.org/10.3390/cells13090781
https://doi.org/10.1007/s43032-023-01294-w
https://doi.org/10.1042/BSR20231916
https://doi.org/10.1186/s12958-024-01205-x
https://www.ncbi.nlm.nih.gov/pubmed/38576003
https://www.ncbi.nlm.nih.gov/pubmed/38552928
https://www.ncbi.nlm.nih.gov/pubmed/38485316
https://www.ncbi.nlm.nih.gov/pubmed/37125147
https://doi.org/10.1098/rspb.2023.0191
https://doi.org/10.1111/obr.13567
https://doi.org/10.3389/fendo.2024.1295677

Cells 2024, 13, 1354 19 of 21

81.

82.

83.

84.
85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Ramya, S.; Poornima, P; Jananisri, A.; Geofferina, I.P; Bavyataa, V.; Divya, M.; Priyanga, P; Vadivukarasi, J.; Sujitha, S.; Elamathi,
S. Role of hormones and the potential impact of multiple stresses on infertility. Stresses 2023, 3, 454—474. [CrossRef]

Fan, Y,; Jiang, X.; Xiao, Y.; Li, H.; Chen, J.; Bai, W. Natural antioxidants mitigate heavy metal induced reproductive toxicity:
Prospective mechanisms and biomarkers. Crit. Rev. Food Sci. Nutr. 2023, 1-13. [CrossRef]

Reiter, R.J.; Sharma, R.; Romero, A.; Manucha, W.; Tan, D.-X.; Zuccari, D.A.P.d.C.; Chuffa, L.G.d.A. Aging-Related Ovarian Failure
and Infertility: Melatonin to the Rescue. Antioxidants 2023, 12, 695. [CrossRef] [PubMed]

Xiang, W.; Qin, Y.; Feng, H.L.; Li, J. Ovarian Aging and Reproduction; Frontiers Media SA: Lausanne, Switzerland, 2023.

Cui, J.; Li, Y,; Zhang, W.; Qian, H.; Zhang, Z.; Xu, K. Alginic acid induces oxidative stress-mediated hormone secretion disorder,
apoptosis and autophagy in mouse granulosa cells and ovaries. Toxicology 2022, 467, 153099. [CrossRef]

Munakata, Y.; Kawahara-Miki, R.; Shiratsuki, S.; Tasaki, H.; Itami, N.; Shirasuna, K.; Kuwayama, T.; Iwata, H. Gene expression
patterns in granulosa cells and oocytes at various stages of follicle development as well as in in vitro grown oocyte-and-granulosa
cell complexes. J. Reprod. Dev. 2016, 62, 359-366. [CrossRef] [PubMed]

Havelock, J.C.; Rainey, W.E.; Carr, B.R. Ovarian granulosa cell lines. Mol. Cell. Endocrinol. 2004, 228, 67-78. [CrossRef] [PubMed]
An, R; Wang, X.; Yang, L.; Zhang, J.; Wang, N.; Xu, FE; Hou, Y,; Zhang, H.; Zhang, L. Polystyrene microplastics cause granulosa
cells apoptosis and fibrosis in ovary through oxidative stress in rats. Toxicology 2021, 449, 152665. [CrossRef]

Shi, J.; Liu, C.; Chen, M.; Yan, J.; Wang, C.; Zuo, Z.; He, C. The interference effects of bisphenol A on the synthesis of steroid
hormones in human ovarian granulosa cells. Environ. Toxicol. 2021, 36, 665-674. [CrossRef]

Liu, X.-L.; Wu, R.-Y;; Sun, X.-E; Cheng, S.-F; Zhang, R.-Q.; Zhang, T.-Y.; Zhang, X.-F.; Zhao, Y.; Shen, W,; Li, L. Mycotoxin
zearalenone exposure impairs genomic stability of swine follicular granulosa cells in vitro. Int. J. Biol. Sci. 2018, 14, 294. [CrossRef]
[PubMed]

Aldawood, N.; Alrezaki, A.; Alanazi, S.; Amor, N.; Alwasel, S.; Sirotkin, A.; Harrath, A.H. Acrylamide impairs ovarian function
by promoting apoptosis and affecting reproductive hormone release, steroidogenesis and autophagy-related genes: An in vivo
study. Ecotoxicol. Environ. Saf. 2020, 197, 110595. [CrossRef] [PubMed]

Alhelaisi, A.; Alrezaki, A.; Nahdi, S.; Aldahmash, W.; Alwasel, S.; Harrath, A.H. Early-Life Exposure to the Mycotoxin Fumonisin
B1 and Developmental Programming of the Ovary of the Offspring: The Possible Role of Autophagy in Fertility Recovery. Toxics
2023, 11, 980. [CrossRef] [PubMed]

He, H.; Wan, N,; Li, Z.; Zhang, Z.; Gao, Z.; Liu, Q.; Ma, X.; Zhang, Y.; Li, R.; Fu, X. Short-term effects of exposure to ambient PM2.
5 and its components on hospital admissions for threatened and spontaneous abortions: A multicity case-crossover study in
China. Chemosphere 2024, 350, 141057. [CrossRef]

Al-Gubory, K.H. Environmental pollutants and lifestyle factors induce oxidative stress and poor prenatal development. Reprod.
Biomed. Online 2014, 29, 17-31. [CrossRef] [PubMed]

Choi, J.Y,; Jo, M.W,; Lee, E.Y;; Yoon, B.-K.; Choi, D.S. The role of autophagy in follicular development and atresia in rat granulosa
cells. Fertil. Steril. 2010, 93, 2532-2537. [CrossRef] [PubMed]

Shao, T.; Ke, H.; Liu, R.; Xu, L.; Han, S.; Zhang, X.; Dang, Y.; Jiao, X.; Li, W.; Chen, Z.-]. Autophagy regulates differentiation of
ovarian granulosa cells through degradation of WT1. Autophagy 2022, 18, 1864-1878. [CrossRef] [PubMed]

Kumariya, S.; Ubba, V.; Jha, RK,; Gayen, ].R. Autophagy in ovary and polycystic ovary syndrome: Role, dispute and future
perspective. Autophagy 2021, 17, 2706-2733. [CrossRef]

Gozuacik, D.; Kimchi, A. Autophagy as a cell death and tumor suppressor mechanism. Oncogene 2004, 23, 2891-2906. [CrossRef]
Klionsky, D.J. Autophagy revisited: A conversation with Christian de Duve. Autophagy 2008, 4, 740-743. [CrossRef]

Liu, T.; Di, Q.-N.; Sun, J.-H.; Zhao, M.; Xu, Q.; Shen, Y. Effects of nonylphenol induced oxidative stress on apoptosis and
autophagy in rat ovarian granulosa cells. Chemosphere 2020, 261, 127693. [CrossRef] [PubMed]

Lou, Y,; Yu, W,; Han, L,; Yang, S.; Wang, Y.; Ren, T.; Yu, J.; Zhao, A. ROS activates autophagy in follicular granulosa cells via
mTOR pathway to regulate broodiness in goose. Anim. Reprod. Sci. 2017, 185, 97-103. [CrossRef] [PubMed]

Sun, Y; Shen, J.; Zeng, L.; Yang, D.; Shao, S.; Wang, J.; Wei, ].; Xiong, J.; Chen, J. Role of autophagy in di-2-ethylhexyl phthalate
(DEHP)-induced apoptosis in mouse Leydig cells. Environ. Pollut. 2018, 243, 563-572. [CrossRef] [PubMed]

Meng, L.; Jan, S.Z.; Hamer, G.; van Pelt, AM.; van der Stelt, I.; Keijer, ].; Teerds, K.J. Preantral follicular atresia occurs mainly
through autophagy, while antral follicles degenerate mostly through apoptosis. Biol. Reprod. 2018, 99, 853-863. [CrossRef]
[PubMed]

Hasanain, M.; Bhattacharjee, A.; Pandey, P.; Ashraf, R,; Singh, N.; Sharma, S.; Vishwakarma, A.; Datta, D.; Mitra, K.; Sarkar, J.
a-Solanine induces ROS-mediated autophagy through activation of endoplasmic reticulum stress and inhibition of Akt/mTOR
pathway. Cell Death Dis. 2015, 6, €1860. [CrossRef]

Xiao, L.; Zuo, Z.; Zhao, F. Microbiome in Female Reproductive Health: Implications for Fertility and Assisted Reproductive
Technologies. Genom. Proteom. Bioinform. 2024, 22, qzad005. [CrossRef] [PubMed]

Ahmadi, F; Eshrati, B.; Hassani, F.; Hosseini, R.; Pooransari, P.; Ramazanali, F; Tavalaee, M.; Barra, F. International journal of
fertility and sterility. Int. J. Fertil. Steril. 2024, 18.

Liu, C. Analysis of the microRNAs MiR-34a/b/c as Mediators of the Effects of Curcumin and Aspirin on Colorectal Cancer; LMU: Munich,
Germany, 2024. [CrossRef]

Jiang, L.; Fernando, S.R.; Kodithuwakku, S.P; Cao, D.; Yeung, W.S.; Lee, K.-F. Stromal cell decidualization and embryo
implantation: A vulnerable step leading to successful pregnancy. Reprod. Dev. Med. 2024, 8, 101-110. [CrossRef]


https://doi.org/10.3390/stresses3020033
https://doi.org/10.1080/10408398.2023.2240399
https://doi.org/10.3390/antiox12030695
https://www.ncbi.nlm.nih.gov/pubmed/36978942
https://doi.org/10.1016/j.tox.2022.153099
https://doi.org/10.1262/jrd.2016-022
https://www.ncbi.nlm.nih.gov/pubmed/27108636
https://doi.org/10.1016/j.mce.2004.04.018
https://www.ncbi.nlm.nih.gov/pubmed/15541573
https://doi.org/10.1016/j.tox.2020.152665
https://doi.org/10.1002/tox.23070
https://doi.org/10.7150/ijbs.23898
https://www.ncbi.nlm.nih.gov/pubmed/29559847
https://doi.org/10.1016/j.ecoenv.2020.110595
https://www.ncbi.nlm.nih.gov/pubmed/32304918
https://doi.org/10.3390/toxics11120980
https://www.ncbi.nlm.nih.gov/pubmed/38133381
https://doi.org/10.1016/j.chemosphere.2023.141057
https://doi.org/10.1016/j.rbmo.2014.03.002
https://www.ncbi.nlm.nih.gov/pubmed/24813750
https://doi.org/10.1016/j.fertnstert.2009.11.021
https://www.ncbi.nlm.nih.gov/pubmed/20149359
https://doi.org/10.1080/15548627.2021.2005415
https://www.ncbi.nlm.nih.gov/pubmed/35025698
https://doi.org/10.1080/15548627.2021.1938914
https://doi.org/10.1038/sj.onc.1207521
https://doi.org/10.4161/auto.6398
https://doi.org/10.1016/j.chemosphere.2020.127693
https://www.ncbi.nlm.nih.gov/pubmed/32736244
https://doi.org/10.1016/j.anireprosci.2017.08.008
https://www.ncbi.nlm.nih.gov/pubmed/28866373
https://doi.org/10.1016/j.envpol.2018.08.089
https://www.ncbi.nlm.nih.gov/pubmed/30216888
https://doi.org/10.1093/biolre/ioy116
https://www.ncbi.nlm.nih.gov/pubmed/29767707
https://doi.org/10.1038/cddis.2015.219
https://doi.org/10.1093/gpbjnl/qzad005
https://www.ncbi.nlm.nih.gov/pubmed/38862423
https://doi.org/10.5282/edoc.33458
https://doi.org/10.1097/RD9.0000000000000076

Cells 2024, 13, 1354 20 of 21

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Arora, R.; Baldi, A. Revolutionizing Neurological Disorder Treatment: Integrating Innovations in Pharmaceutical Interventions
and Advanced Therapeutic Technologies. Curr. Pharm. Des. 2024, 30, 1459-1471. [CrossRef]

Muhammad, T.; Wan, Y.; Lv, Y;; Li, H.; Naushad, W.; Chan, W.Y; Lu, G.; Chen, Z].; Liu, H. Maternal obesity: A potential disruptor
of female fertility and current interventions to reduce associated risks. Obes. Rev. 2023, 24, €13603. [CrossRef]

Lee, S.H.; Rinaudo, P.F. Metabolic Regulation of preimplantation Embryo Development in vivo and in vitro: Molecular Mecha-
nisms and insights. Biochem. Biophys. Res. Commun. 2024, 726, 150256. [CrossRef] [PubMed]

Chettiar, V.; Patel, A.; Chettiar, S.S.; Jhala, D.D. Meta-analysis of endometrial transcriptome data reveals novel molecular targets
for recurrent implantation failure. J. Assist. Reprod. Genet. 2024, 41, 1417-1431. [CrossRef] [PubMed]

Zipponi, M.; Cacciottola, L.; Dolmans, M.-M. Overview of crosstalk between stromal and epithelial cells in the pathogenesis of
adenomyosis and shared features with deep endometriotic nodules. Hum. Reprod. 2024, 39, deael16. [CrossRef] [PubMed]

Liu, Y.; Sun, Y.; Cheng, S. Advances in the use of organoids in endometrial diseases. Int. . Gynecol. Obstet. 2024, 166, 502-511.
[CrossRef] [PubMed]

Brinca, A.T; Peir6, A.M.; Evangelio, PM.; Eleno, I.; Oliani, A.H.; Silva, V.; Vicente, L.F.; Ramalhinho, A.C.; Gallardo, E. Follicular
Fluid and Blood Monitorization of Infertility Biomarkers in Women with Endometriosis. Int. J. Mol. Sci. 2024, 25, 7177. [CrossRef]
Wang, X; Li, ].; Lu, W.; Gao, E; Zhang, S.; Li, ]J. Therapeutic roles of platelet-rich plasma to restore female reproductive and
endocrine dysfunction. Front. Endocrinol. 2024, 15, 1374382. [CrossRef] [PubMed]

Liang, J.; Huang, F; Song, Z.; Tang, R.; Zhang, P.; Chen, R. Impact of NAD+ metabolism on ovarian aging. Immun. Ageing 2023,
20, 70. [CrossRef] [PubMed]

Zhang, T.; Wang, L.; Pan, Y.; He, H.; Wang, J.; Zhao, T.; Ding, T.; Wang, Y.; Zhao, L.; Han, X. Effect of rapamycin treatment
on oocyte in vitro maturation and embryonic development after parthenogenesis in yaks. Theriogenology 2022, 193, 128-135.
[CrossRef]

Lin, M.; Hua, R;; Ma, J.; Zhou, Y.; Li, P,; Xu, X.; Yu, Z.; Quan, S. Bisphenol A promotes autophagy in ovarian granulosa cells by
inducing AMPK/mTOR/ULK1 signalling pathway. Environ. Int. 2021, 147, 106298. [CrossRef]

Wu, C.; Du, X;; Liu, H,; Chen, X,; Ge, K.; Meng, R.; Zhang, Z.; Zhang, H. Advances in polychlorinated biphenyls-induced female
reproductive toxicity. Sci. Total Environ. 2024, 918, 170543. [CrossRef]

Gao, M,; Shen, H.; Li, Q.; Gu, X,; Jia, T.; Wang, Y. Perfluorooctane sulfonate (PFOS) induces apoptosis and autophagy by inhibition
of PI3K/AKT/mTOR pathway in human granulosa cell line KGN. Environ. Pollut. 2024, 344, 123333. [CrossRef] [PubMed]
Xiao, S.; Du, J.; Yuan, G.; Luo, X.; Song, L. Granulosa Cells-Related MicroRNAs in Ovarian Diseases: Mechanism, Facts and
Perspectives. Reprod. Sci. 2024, 1-16. [CrossRef] [PubMed]

Li, L.; Zhang, Y.; Zhou, ].; Wang, ].; Wang, L. A systematic review of the mechanistic actions of microRNAs within integrated
traditional Chinese medicine and western medical treatment for endometriosis. Drug Discov. Ther. 2024, 18, 1-9. [CrossRef]
[PubMed]

Podgrajsek, R.; Ban Frangez, H.; Stimpfel, M. Molecular Mechanism of Resveratrol and Its Therapeutic Potential on Female
Infertility. Int. . Mol. Sci. 2024, 25, 3613. [CrossRef] [PubMed]

Hao, M.; Chu, Y;; Lei, J.; Yao, Z.; Wang, P,; Chen, Z.; Wang, K.; Sang, X.; Han, X.; Wang, L. Pharmacological mechanisms and
clinical applications of curcumin: Update. Aging Dis. 2023, 14, 716. [CrossRef]

Song, L.; Zhang, S. Anti-Aging Activity and Modes of Action of Compounds from Natural Food Sources. Biomolecules 2023,
13, 1600. [CrossRef] [PubMed]

Rahman, M.A.; Hwang, H.; Nah, S.-Y.; Rhim, H. Gintonin stimulates autophagic flux in primary cortical astrocytes. J. Ginseng Res.
2020, 44, 67-78. [CrossRef] [PubMed]

Shen, Y.-L.; Cheng, L.-Y.; Meng, X.-R.; Li, Q.; Du, L.-Y,; Wang, E.-P.; Chen, C.-B. Effects of ginseng continuous soil crop on growth
development and antioxidant system of ginseng at different fertility stages. Chin. J. Appl. Chem. 2023, 40, 109-115.

Rahman, M.A.; Dash, R.; Sohag, A.A.M.; Alam, M.; Rhim, H.; Ha, H.; Moon, LS.; Uddin, M.].; Hannan, M.A. Prospects of marine
sterols against pathobiology of Alzheimer’s disease: Pharmacological insights and technological advances. Mar. Drugs 2021, 19,
167. [CrossRef]

Wang, C.-R;; Ji, H-W.; He, S.-Y; Liu, R.-P.; Wang, X.-Q.; Wang, J.; Huang, C.-M.; Xu, Y.-N.; Li, Y.-H.; Kim, N.-H. Chrysoeriol
improves in vitro porcine embryo development by reducing oxidative stress and autophagy. Vet. Sci. 2023, 10, 143. [CrossRef]
Buljeta, I.; Pichler, A.; Simunovig, J.; Kopjar, M. Beneficial effects of red wine polyphenols on human health: Comprehensive
review. Curr. Issues Mol. Biol. 2023, 45, 782-798. [CrossRef] [PubMed]

Park, H.; Cho, M.; Do, Y.; Park, ].-K.; Bae, S.-J.; Joo, J.; Ha, K.-T. Autophagy as a therapeutic target of natural products enhancing
embryo implantation. Pharmaceuticals 2021, 15, 53. [CrossRef] [PubMed]

Peng, Y.; Ao, M.; Dong, B.; Jiang, Y,; Yu, L.; Chen, Z.; Hu, C.; Xu, R. Anti-inflammatory effects of curcumin in the inflammatory
diseases: Status, limitations and countermeasures. Drug Des. Dev. Ther. 2021, 15, 4503-4525. [CrossRef] [PubMed]

Temre, M.K.; Kumar, A.; Singh, S.M. An appraisal of the current status of inhibition of glucose transporters as an emerging
antineoplastic approach: Promising potential of new panGLUT inhibitors. Front. Pharmacol. 2022, 13, 1035510. [CrossRef]
[PubMed]

Hung, SW.; Li, Y.; Chen, X.; Chu, K.O.; Zhao, Y,; Liu, Y.; Guo, X.; Man, G.C.-W.; Wang, C.C. Green tea epigallocatechin-3-gallate
regulates autophagy in male and female reproductive cancer. Front. Pharmacol. 2022, 13, 906746. [CrossRef] [PubMed]


https://doi.org/10.2174/0113816128284824240328071911
https://doi.org/10.1111/obr.13603
https://doi.org/10.1016/j.bbrc.2024.150256
https://www.ncbi.nlm.nih.gov/pubmed/38909536
https://doi.org/10.1007/s10815-024-03077-x
https://www.ncbi.nlm.nih.gov/pubmed/38456991
https://doi.org/10.1093/humrep/deae116
https://www.ncbi.nlm.nih.gov/pubmed/38885960
https://doi.org/10.1002/ijgo.15422
https://www.ncbi.nlm.nih.gov/pubmed/38391201
https://doi.org/10.3390/ijms25137177
https://doi.org/10.3389/fendo.2024.1374382
https://www.ncbi.nlm.nih.gov/pubmed/38654928
https://doi.org/10.1186/s12979-023-00398-w
https://www.ncbi.nlm.nih.gov/pubmed/38041117
https://doi.org/10.1016/j.theriogenology.2022.09.017
https://doi.org/10.1016/j.envint.2020.106298
https://doi.org/10.1016/j.scitotenv.2024.170543
https://doi.org/10.1016/j.envpol.2024.123333
https://www.ncbi.nlm.nih.gov/pubmed/38211877
https://doi.org/10.1007/s43032-024-01523-w
https://www.ncbi.nlm.nih.gov/pubmed/38594585
https://doi.org/10.5582/ddt.2024.01004
https://www.ncbi.nlm.nih.gov/pubmed/38417896
https://doi.org/10.3390/ijms25073613
https://www.ncbi.nlm.nih.gov/pubmed/38612425
https://doi.org/10.14336/AD.2022.1101
https://doi.org/10.3390/biom13111600
https://www.ncbi.nlm.nih.gov/pubmed/38002283
https://doi.org/10.1016/j.jgr.2018.08.004
https://www.ncbi.nlm.nih.gov/pubmed/32148391
https://doi.org/10.3390/md19030167
https://doi.org/10.3390/vetsci10020143
https://doi.org/10.3390/cimb45020052
https://www.ncbi.nlm.nih.gov/pubmed/36825997
https://doi.org/10.3390/ph15010053
https://www.ncbi.nlm.nih.gov/pubmed/35056110
https://doi.org/10.2147/DDDT.S327378
https://www.ncbi.nlm.nih.gov/pubmed/34754179
https://doi.org/10.3389/fphar.2022.1035510
https://www.ncbi.nlm.nih.gov/pubmed/36386187
https://doi.org/10.3389/fphar.2022.906746
https://www.ncbi.nlm.nih.gov/pubmed/35860020

Cells 2024, 13, 1354 21 of 21

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Tao, F.; Zhai, Q.; Cao, Y.; Gao, H.; Cai, Y.; Jia, W.; Ma, H.; Xue, P. Inhibition of p38 MAPK/NF-«B p65 signaling pathway activity
by rare ginsenosides ameliorates cyclophosphamide-induced premature ovarian failure and KGN cell injury. J. Ethnopharmacol.
2024, 326, 117944. [CrossRef] [PubMed]

Xiong, Y.; Huang, C.-W.; Shi, C.; Peng, L.; Cheng, Y.-T.; Hong, W.; Liao, J. Quercetin suppresses ovariectomy-induced osteoporosis
in rat mandibles by regulating autophagy and the NLRP3 pathway. Exp. Biol. Med. 2023, 248, 2363-2380. [CrossRef] [PubMed]
Sengupta, P.; Dutta, S.; Hassan, M.F. Polycystic ovary syndrome (PCOS) and oxidative stress. J. Integr. Sci. Technol. 2024, 12, 752.
[CrossRef]

Jiang, D.; Ji, C.; Zhou, X.; Wang, Z.; Sun, Q.; Wang, X.; An, X,; Ling, W.; Kang, B. Pathway analysis of spermidine anti-oxidative
stress and inducing autophagy in granulosa cells of Sichuan white geese. Theriogenology 2024, 215, 290-301. [CrossRef]

Tenchov, R.; Sasso, ].M.; Wang, X.; Zhou, Q.A. Antiaging Strategies and Remedies: A Landscape of Research Progress and Promise.
ACS Chem. Neurosci. 2024, 15, 408-446. [CrossRef]

Liu, Z,; Lu, T;; Qian, R.; Wang, Z.; Qi, R.; Zhang, Z. Exploiting Nanotechnology for Drug Delivery: Advancing the Anti-Cancer
Effects of Autophagy-Modulating Compounds in Traditional Chinese Medicine. Int. . Nanomed. 2024, 19, 2507-2528. [CrossRef]
[PubMed]

Islam, M.R.; Rahman, M.M.; Dhar, P.S.; Nowrin, ET,; Sultana, N.; Akter, M.; Rauf, A.; Khalil, A.A.; Gianoncelli, A.; Ribaudo,
G. The role of natural and semi-synthetic compounds in ovarian cancer: Updates on mechanisms of action, current trends and
perspectives. Molecules 2023, 28, 2070. [CrossRef] [PubMed]

Dash, S.; Kanungo, S.K.; Mishra, B.; Sahoo, A.C.; Senapati, A K,; Pattnaik, S. Evaluation of classical ayurvedic medicine
“Sukumaram Kasayam” in a rat model of letrozole induced polycystic ovaries. Adv. Tradit. Med. 2021, 21, 675-683. [CrossRef]
Zheng, Y.; Qiu, Y.; Wang, Q.; Gao, M.; Cao, Z.; Luan, X. ADPN Regulates Oxidative Stress-Induced Follicular Atresia in Geese by
Modulating Granulosa Cell Apoptosis and Autophagy. Int. J. Mol. Sci. 2024, 25, 5400. [CrossRef] [PubMed]

Kusumaningtyas, I.; Dasuki, D.; Harjana, S.M.; Sadewa, A.H.; Sweety, M.C.; Septiani, L. Unraveling the microRNAs, key players
in folliculogenesis and ovarian diseases. Middle East Fertil. Soc. ]. 2024, 29, 13. [CrossRef]

Meirelles, L.v.M.; Klamt, F.; Smitz, J. Redox biology of human cumulus cells: Basic concepts, impact on oocyte quality, and
potential clinical use. Antioxid. Redox Signal. Larchmt. 2020, 32, 522-535.

Ren, C.; Zhang, S.; Chen, Y.; Deng, K.; Kuang, M.; Gong, Z.; Zhang, K.; Wang, P.; Huang, P.; Zhou, Z. Exploring nicotinamide
adenine dinucleotide precursors across biosynthesis pathways: Unraveling their role in the ovary. FASEB . 2024, 38, e23804.
[CrossRef] [PubMed]

Khan, M.Z.; Khan, A.; Huang, B.; Wei, R.; Kou, X.; Wang, X.; Chen, W.; Li, L.; Zahoor, M.; Wang, C. Bioactive Compounds Protect
Mammalian Reproductive Cells from Xenobiotics and Heat Stress-Induced Oxidative Distress via Nrf2 Signaling Activation: A
Narrative Review. Antioxidants 2024, 13, 597. [CrossRef] [PubMed]

Ji,]J.; Cheng, X.; Du, R; Xie, Y.; Zhang, Y. Advances in research on autophagy mechanisms in resistance to endometrial cancer
treatment. Front. Oncol. 2024, 14, 1364070. [CrossRef]

Guo, Y,; Xue, L.; Tang, W.; Xiong, J.; Chen, D.; Dai, Y.; Wu, C.; Wei, S.; Dai, ].; Wu, M. Ovarian microenvironment: Challenges and
opportunities in protecting against chemotherapy-associated ovarian damage. Hum. Reprod. Update 2024, dmae(020. [CrossRef]
Wang, X,; Liu, Y,; Wang, J.; Lu, X,; Guo, Z,; Lv, S.; Sun, Z.; Gao, T.; Gao, E; Yuan, J. Mitochondrial Quality Control in Ovarian
Function: From Mechanisms to Therapeutic Strategies. Reprod. Sci. 2024. [CrossRef] [PubMed]

Li, M.-Y,; Shen, H.-H.; Cao, X.-Y,; Gao, X.-X,; Xu, F-Y,; Ha, S.-Y,; Sun, ].-S,; Liu, S.-P; Xie, F;; Li, M.-Q. Targeting a mTOR/autophagy
axis: A double-edged sword of rapamycin in spontaneous miscarriage. Biomed. Pharmacother. 2024, 177, 116976. [CrossRef]
[PubMed]

Kobayashi, H.; Yoshimoto, C.; Matsubara, S.; Shigetomi, H.; Imanaka, S. Altered energy metabolism, mitochondrial dysfunction,
and redox imbalance influencing reproductive performance in granulosa cells and oocyte during aging. Reprod. Sci. 2024, 31,
906-916. [CrossRef] [PubMed]

Feuz, M.B.; Nelson, D.C.; Miller, L.B.; Zwerdling, A.E.; Meyer, R.; Meyer-Ficca, M.L. Current Insights and a Potential Role of
NAD in the Reproductive Health of Aging Fathers and Their Children. Reproduction 2024, 167, €230486. [CrossRef]

Zhu, Y,; Liu, H.,; Zheng, L.; Luo, Y.; Zhou, G; Li, J.; Hou, Y,; Fu, X. Vitrification of Mammalian Oocytes: Recent Studies on
Mitochondprial Dysfunction. Biopreservation Biobanking 2024. [CrossRef]

Tek, M.; Calis, O. Gene-drive based strategy for engineering disease resistance with creating heritable mutation by using
CRISPR/Cas9. In Proceedings of the 2nd International Molecular Plant Protection Congress, Bursa, Turkey, 15-18 May 2023;
Volume 1, p. 111.

Mao, M,; Song, S.; Li, X,; Lu, J.; Li, J.; Zhao, W,; Liu, H.; Liu, J.; Zeng, B. Advances in epigenetic modifications of autophagic
process in pulmonary hypertension. Front. Immunol. 2023, 14, 1206406. [CrossRef]

Diez-Juan, A.; Vladimirov, LK. Perspective Chapter: Ovarian Reproductive Aging and Rejuvenation Strategies. In IVF Technologies
and Infertility-Current Practices and New Perspectives; IntechOpen: London, UK, 2023.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jep.2024.117944
https://www.ncbi.nlm.nih.gov/pubmed/38382656
https://doi.org/10.1177/15353702231211977
https://www.ncbi.nlm.nih.gov/pubmed/38240215
https://doi.org/10.62110/sciencein.jist.2024.v12.752
https://doi.org/10.1016/j.theriogenology.2023.12.020
https://doi.org/10.1021/acschemneuro.3c00532
https://doi.org/10.2147/IJN.S455407
https://www.ncbi.nlm.nih.gov/pubmed/38495752
https://doi.org/10.3390/molecules28052070
https://www.ncbi.nlm.nih.gov/pubmed/36903316
https://doi.org/10.1007/s13596-020-00474-2
https://doi.org/10.3390/ijms25105400
https://www.ncbi.nlm.nih.gov/pubmed/38791438
https://doi.org/10.1186/s43043-024-00173-x
https://doi.org/10.1096/fj.202400453R
https://www.ncbi.nlm.nih.gov/pubmed/39037422
https://doi.org/10.3390/antiox13050597
https://www.ncbi.nlm.nih.gov/pubmed/38790702
https://doi.org/10.3389/fonc.2024.1364070
https://doi.org/10.1093/humupd/dmae020
https://doi.org/10.1007/s43032-024-01634-4
https://www.ncbi.nlm.nih.gov/pubmed/38981995
https://doi.org/10.1016/j.biopha.2024.116976
https://www.ncbi.nlm.nih.gov/pubmed/38906022
https://doi.org/10.1007/s43032-023-01394-7
https://www.ncbi.nlm.nih.gov/pubmed/37917297
https://doi.org/10.1530/REP-23-0486
https://doi.org/10.1089/bio.2023.0062
https://doi.org/10.3389/fimmu.2023.1206406

	Introduction 
	Crucial Relationship between Autophagy and Follicular Development 
	Emerging Role of Autophagy in Oocyte Quality Control 
	Role of Autophagy in Reproductive Aging 
	Physiological Role of Autophagy in the Female Reproductive System 
	Role of Autophagy in Female Reproductive System Toxicity 
	Crosstalk between Role of Autophagy on Endometrium and Embryo/Endometrium 
	Recent Therapeutic Targets for Autophagy in Female Fertility and Treatment 
	Therapeutic Targets for Autophagy Modulation in Female Fertility and Embryo Implantation via Natural Products 
	Targeting Autophagy Modulation in Female Fertility and Embryo Implantation via Synthetic Compounds 
	Potential Diagnostic and Therapeutic Applications of Autophagy in Female Fertility 

	Limitations and Future Perspectives on Autophagy in Female Fertility 
	Conclusions 
	References

