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Abstract

The adenosine monophosphate (AMP)-activated protein kinase (AMPK) signalling path-
way regulates cell metabolism, inflammation and the immune response. This signalling
pathway is essential for maintaining reproductive homeostasis and influencing steroido-
genesis, implantation, and embryonic development. The central sensor, AMPK, regulates
cell function in response to metabolic stress. The dysregulation of AMPK signalling has
been implicated in several female reproductive disorders, including polycystic ovary syn-
drome (PCOS), endometriosis, infertility, and reproductive ageing. This review provides an
overview of the role of AMPK in reproductive function and disorders, as well as potential
therapeutic targets to restore balance in this signalling pathway. It discusses AMPK sig-
nalling in folliculogenesis, oocyte maturation, pregnancy maintenance, pre-eclampsia (PE)
pathogenesis, PCOS, preterm birth, endometriosis, dysmenorrhoea and other disorders
related to female reproduction. A deeper understanding of AMPK signalling in these
contexts could provide new insights for the development of therapeutic interventions for
reproductive health.

Keywords: AMP-activated protein kinase (AMPK); folliculogenesis; pregnancy;
pre-eclampsia; polycystic ovarian syndrome

1. Introduction
AMP-activated protein kinase (AMPK) is a central regulator of cellular energy home-

ostasis. It is a heterotrimeric serine/threonine protein kinase consisting of a catalytic
α-subunit and two regulatory subunits (β and γ) that exist in multiple isoforms and splice
variants [1]. This diversity leads to 12 possible heterotrimeric combinations. AMPK regu-
lates metabolic homeostasis throughout the body by responding to hormones and nutrient
signalling. In addition, AMPK is activated in response to energy deprivation or stress,
such as low glucose levels or hypoxia. This is regulated by the competitive binding of
AMP, adenosine diphosphate (ADP), and adenosine triphosphate (ATP) to three sites on
the γ-subunit, which modulates the kinase activity of the α-subunit [2,3]. When AMPK is
activated, it promotes catabolic pathways that generate ATP and inhibits anabolic pathways
that consume ATP, thus restoring cellular energy balance [4–6].

Structural evidence shows that the differential binding of nucleotides modulates the
activation or inhibition of AMPK and improves our understanding of the mechanisms
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involved in energy production [3,7]. The binding of AMP and ADP to the γ-regulatory
domain modulates the phosphorylation of the AMPK activation loop, allosteric activation
(AMP only), and protection from dephosphorylation. In addition, AMPK can regulate
metabolism depending on the ratio of AMP and ATP or ADP and ATP [8]. Regulation
via adenine nucleotide binding and phosphorylation and interactions with upstream
kinases/phosphatases and direct activators lead to conformational changes. Advances in
the structural biology of AMPK show that synthetic activators selectively activate certain
AMPK isoforms and protect them from dephosphorylation [8].

It has been shown that the activation of AMPK and its related kinases is primarily
mediated by liver kinase B1 (LKB1), which is an upstream kinase [9]. These kinases,
including NUAK family kinase 1/2 (NUAK1/2), salt-inducible kinase 1/2/3 (SIK1/2/3),
maternal embryonic leucine zipper kinase (MELK), and BR serine/threonine kinase 1/2
(BRSK1/2), play an important role in the maintenance of cellular energy homeostasis
and the regulation of essential reproductive processes such as embryogenesis, follicle
development, and oocyte maturation. In particular, the dysregulation of this signalling
axis has been linked to aberrant cellular processes in cancer, including impaired apoptosis
and enhanced epithelial–mesenchymal transitions, both of which contribute to tumour
progression [10].

AMPK is involved in the regulation of reproductive function via several mechanisms
and influences hormone production, mitochondrial biogenesis, and cellular proliferation in
gonadal tissue [11]. For example, AMPK activation has been shown to regulate steroido-
genesis in ovarian granulosa cells and Leydig cells, thereby modulating oestrogen and
testosterone production [12]. Moreover, AMPK regulates oocyte maturation and follicle de-
velopment, which are important for female fertility. The dysregulation of AMPK signalling
is increasingly recognised in reproductive disorders. Understanding the role of AMPK
signalling pathways in the reproductive system holds great promise for understanding the
pathophysiology of reproductive disorders and exploring novel therapeutic strategies. This
review, therefore, examines the role of this signalling pathway in reproductive biology and
provides insights into potential avenues for future research and intervention.

2. AMPK in the Female Reproductive System
As a key enzyme of energy metabolism, AMPK responds to fluctuations in intracellular

energy levels by modulating various physiological processes, including glucose uptake,
lipid metabolism and mitochondrial function. The properties of AMPK as an energy sensor
enable it to couple with the energy status of reproductive function [13]. In recent years, there
has been increasing evidence that AMPK plays an important role in the female reproductive
system, where it influences ovarian function, uterine receptivity, and overall reproductive
longevity [14]. AMPK is widely distributed in reproductive tissues, including the ovaries
and uterus, where it regulates reproductive processes such as folliculogenesis, ovulation,
implantation, and decidualisation [15]. By responding to metabolic stress and energy
availability, AMPK integrates systemic metabolic cues with reproductive function to ensure
optimal conditions for fertility. The dysregulation of AMPK signalling has been implicated
in reproductive disorders such as PCOS, premature ovarian failure, and endometrial
dysfunctions, highlighting its importance in female reproductive health. Understanding
the role of AMPK in reproductive physiology may provide valuable insights into the
potential therapeutic targets for reproductive disorders.
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2.1. AMPK in Female Reproductive Function
2.1.1. AMPK and Hypothalamus Pituitary Gonadal Axis

The gonadotropin-releasing hormone (GnRH) stimulates the release of luteinising hor-
mone (LH) from the pituitary gland, which is essential for reproductive function. Ependy-
mocytes are cells that sense energy and regulate reproduction in animals by responding
to changes in extracellular glucose levels and expressing pancreatic-type glucokinase and
glucose transporter 2 [16]. When AMPK is activated in the ependymocytes of the lower
brainstem in response to low energy levels, it suppresses the release of GnRH and LH, thus
impairing reproductive processes [12,16]. In addition, a previous study has shown that the
administration of an AMPK activator, 5-Aminoimidazole-4-carboxamide ribonucleotide
(AICAR) resulted in reduced pulsatile LH release in female rats [16]. This suggests that
AMPK can influence the timing of female reproduction and that GnRH neurons play an im-
portant role in regulating LH secretion [17]. Furthermore, the inhibition of the mechanistic
target of rapamycin (mTOR) signalling pathway by AMPK in low-energy states leads to
the reduced production of reproductive hormones, highlighting its role in the adaptation
of reproductive functions to energy availability [18]. Therefore, understanding energy-
sensitive signalling pathways could provide valuable insights into female reproductive
health, particularly in obesity and metabolic syndrome, which impact fertility.

AMPK in GnRH neurons mediates the metabolic suppression of LH surges by hind-
brain lactoprivine signalling, but lactate restores GnRH expression without affecting
AMPK activity in steroid-primed ovariectomised female rats exposed to insulin-induced
hypoglycaemia [19]. In this study, hypoglycaemia inhibited the LH surge in steroid-primed
female rats, but this inhibition was reversed by lactate infusion into the hindbrain. Hypo-
glycaemia decreased GnRH-I protein and phosphorylated-AMPK (Pampk) levels in rostral
preoptic GnRH neurons. In addition, lactate restored GnRH-I protein levels but had no
effect on hypoglycaemia-induced GnRH AMPK activation.

In addition to its role in metabolism, AMPK exerts notable anti-inflammatory effects
and contributes to the maintenance of a stable and physiologically balanced microenviron-
ment in the gonads. This is particularly significant, as chronic or excessive inflammation
is known to impair fertility and disrupt normal reproductive processes. By attenuating
inflammatory responses, AMPK helps maintain optimal gonadal activity and supports
overall reproductive health. Furthermore, AMPK is involved in modulating the interac-
tion between germ cells and their supporting somatic cells, which are fundamental for
successful reproduction. In particular, AMPK influences germ cell morphology and nuclear
maturation, which explains its importance in the formation and development of functional
germ cells [12,20].

Inflammation can disrupt the hormonal balance, which is important for reproductive
function. AMPK plays a regulatory role in maintaining this balance, which is crucial for
processes such as ovulation. By modulating inflammatory responses, AMPK supports
the hormonal signalling necessary for fertility [12]. AMPK also plays a crucial role in the
regulation of progesterone production in the corpus luteum of cattle, the activation of which
reduces progesterone secretion [21,22]. Furthermore, the activation of AMPK appears to be
a key factor in the response of the mature corpus luteum to prostaglandin F2α (PGF2α),
a process that is essential for the involution of the corpus luteum [21]. Thus, targeting
AMPK could be a potential strategy to improve reproductive management, particularly
to improve oestrus synchronisation. In addition, AMPK is an important mediator of the
effects of PGF2α on progesterone production [23]. In vitro studies have shown that AMPK
activators, including metformin and AICAR, significantly reduce progesterone synthesis
in the mature corpus luteum, suggesting that AMPK activation inhibits progesterone
production, which is a crucial aspect of luteal function and involution [23]. In addition,
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there may be therapeutic applications for the treatment of luteal insufficiency in women
undergoing in vitro fertilisation.

2.1.2. AMPK in Folliculogenesis and Oocyte Maturation

AMPK also plays a crucial role in female gametogenesis. Folliculogenesis takes place
in a highly dynamic and regulated ovarian microenvironment. In mammals, the ovary
consists of follicles, which are its basic functional units. Follicular development begins
in humans during the foetal period and in rodents during the neonatal period with the
formation of primordial follicles. After activation, primordial follicles are characterised by
a single layer of flattened granulosa cells that envelop the oocyte. The follicles pass through
various stages of development and develop into primary, secondary and, finally, antral
follicles [24].

In women, the preovulatory or Graafian follicles are the main source of cyclical oestro-
gen secretion from the ovaries. Triggered by the preovulatory gonadotrophin surge in each
reproductive cycle, the dominant Graafian follicle releases a mature oocyte for potential
fertilisation. The remaining theca and granulosa cells differentiate into the corpus luteum,
which then produces circulating progesterone [24]. The cyclic recruitment of follicles,
neoangiogenesis, spatial reorganisation, follicular atresia, and ovulation are controlled by
a complex interplay between mechanical forces and molecular signalling pathways [25].
These processes involve both structural and functional changes in the developing follicle
and its surrounding ovarian tissue, which are essential for the generation of oocytes that
support pre-implantation development up to the blastocyst stage [26].

Studies have shown that AMPK activity influences follicular development, including
granulosa cell proliferation and oocyte meiotic progression. Oocyte quality and matura-
tion are not only critical for successful fertilisation and embryonic development but also
influence long-term foetal growth and developmental outcomes [27,28]. As female fertility
declines with age, this reflects a decline in the quality and quantity of oocytes [28,29]. The
activation of AMPK in the ovary has been linked to the modulation of follicular growth
under metabolic stress and may mediate the effects of metabolic disorders associated with
female infertility, such as obesity and PCOS.

The study by Lu et al. (2017) in mice showed that AMPK inhibits mTOR signalling
activities via the AMPK/mTOR pathway [30]. AMPK inhibition stimulates follicle devel-
opment in mouse ovaries via the AMPK-mTOR/Hippo-Yes-associated protein (AMPK-
mTOR/Hippo-YAP) interaction. AMPK inhibition increases ovulation and oocyte fertilisa-
tion during in situ intrabursal injection with gonadotropin stimulation in mouse ovaries. In
addition, AMPK has both positive and negative effects on angiogenesis [31]. The differential
effects of AMPK on angiogenesis are mediated by cell-specific responses, environmen-
tal factors, and the balance between pro- and anti-angiogenic signalling downstream of
AMPK [32]. AMPK activation regulates angiogenesis by promoting stress-induced au-
tophagy, stabilising hypoxia-inducible factor-1 alpha (HIF-1α) and increasing vascular
endothelial growth factor (VEGF) expression. At the same time, AMPK can inhibit the
angiogenesis caused by tumour-promoting and pro-metastatic factors such as phosphoinosi-
tide 3-kinase/protein kinase B/mTOR (PI3K/Akt/mTOR), hepatocyte growth factor (HGF),
and transforming growth factor-beta/bone morphogenetic protein (TGF-β/BMP) signalling
pathways. It has been shown that AMPK inhibition promotes ovarian angiogenesis via the
AMPK–HIF-1α/vascular endothelial growth factor A/vascular endothelial growth factor
receptor 2/connective tissue growth factor (AMPK-Hif-1α/Vegfa/Vegfr2/Ctgf) signalling
pathway [30,33]. Furthermore, treatment with compound C, an AMPK inhibitor, increased
the number of ovulated oocytes that were successfully fertilised and resulted in healthy
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offspring. This shows that AMPK inhibition promotes folliculogenesis and angiogenesis in
the ovaries and thus supports ovarian development.

In addition, AMPK regulates ovarian primordial follicle activation via the AMPK-
Wingless-related integration site–forkhead box O-β-catenin) (AMPK–Wnt–FOXO–β-
catenin) signalling pathway in murine ovaries [34]. The pharmacological modulation
of metformin and dorsomorphin in vitro showed that AMPK activation using metformin
inhibited primordial follicle activation in the ovarian cortex of mice and humans, whereas
AMPK inhibition using dorsomorphin promoted activation. AMPK inhibition reduces
β-catenin phosphorylation, suggesting that dorsomorphin reduces β-catenin phosphory-
lation and promotes follicle activation through the AMPK–β-catenin interaction [35]. In
addition, AMPK inhibition regulates Wnt and FOXO gene expression in mouse ovaries
via the AMPK-Wnt-FOXO pathway [36]. This increased Wnt and FOXO gene expression
after AMPK inhibition supports follicular activation. However, AMPK inhibition does
not induce oxidative stress or apoptosis in mouse ovaries via the AMPK–reactive oxygen
species (AMPK-ROS) mitochondrial function. Ovaries treated with dorsomorphin showed
no increase in ROS, apoptosis, or mitochondrial dysfunction in mouse ovaries [37–39].

In a recent study it was shown that AMPK plays a role in the regulation of
oxidative stress, mitochondrial function, and follicle development in preantral folli-
cles through AMPK/peroxisome proliferator-activated receptor gamma coactivator-1
alpha (AMPK/PGC-1α), nuclear factor erythroid 2–related factor 2/heme oxygenase-1
(NRF2/HO-1), mitophagy (PTEN-induced kinase 1; (PINK1), Parkin, and microtubule-
associated protein 1 light chain 3-II; LC3-II), mitochondrial biogenesis (nuclear respiratory
factor 1/transcription factor A mitochondrial; NRF1/TFAM), apoptosis (B-cell lymphoma
2; Bcl-2, Bcl-2-associated X protein; Bax, tumor protein P53; P53, cleaved caspase 3), and
steroidogenesis (steroidogenic acute regulatory protein; StAR and cytochrome P450 side-
chain cleavage enzyme; P450scc) [40,41]. In this study, astaxanthin was shown to promote
antrum formation, oocyte maturation, follicle attachment, and estradiol secretion. This
study also showed an increased expression of proteins involved in the AMPK signalling
pathway, markers of mitochondrial biogenesis and antioxidant defence proteins. However,
these effects were reversed by an AMPK inhibitor, confirming the involvement of the
AMPK signalling pathway.

In maturing bovine oocytes, AMPK and β-fatty acid oxidation enzymes (carnitine
palmitoyltransferase 1A; CPT1A, carnitine palmitoyltransferase 1B; CPT1B and carnitine
palmitoyltransferase 2; CPT2) play a key role in the regulation of lipid metabolism and
mitochondrial function [42]. The study showed that β-aminoisobutyric acid (BAIBA)
improved blastocyst formation and embryo quality without affecting the extrusion rate
of the first polar body. In addition, BAIBA regulated the expression of CPT1A, CPT1B,
and CPT2, which promoted fatty acid β-oxidation, reduced lipid accumulation and im-
proved mitochondrial membrane potential. Importantly, increased AMPK phosphorylation
was observed, and the pharmacological inhibition of AMPK blocked BAIBA-induced im-
provements in lipid metabolism, resulting in a decreased oocyte maturation rate, zygote
cleavage, and blastocyst formation [42]. It was, therefore, hypothesised that BAIBA im-
proves the developmental competence of oocytes through the AMPK-mediated regulation
of lipid metabolism.

Another recent study by Cheng et al. (2025) on the maternal exposure of pregnant Kun-
ming mice to polystyrene nanoplastics during gestation and lactation showed that AMPK
plays a role in regulating primary follicle activation and ovarian function in response to
exposure to nanoplastics through AKT-FOXO3a, AMPK, mTOR, and calcium/calmodulin-
dependent protein kinase II beta (CAMKIIβ) [43]. It has been shown that the downregula-



Int. J. Mol. Sci. 2025, 26, 6833 6 of 21

tion of AMPK phosphorylation and upregulation of mTOR activity are associated with the
activation of the AKT-FOXO3a signalling pathway.

AMPK also supports the survival and proliferation of gonadal cells, including granu-
losa cells in women, which are important for the development of oocytes. By dampening
inflammation, AMPK promotes a more favourable microenvironment for these cells, which
is crucial for successful reproduction [12]. In addition, AMPK plays a key role in regulating
mitochondrial function, which is essential for cellular energy production. Mitochondrial
health is particularly important for cell survival and function in the gonads. By promoting
mitochondrial integrity and reducing inflammation, AMPK ensures that gonadal cells
produce the energy they need to effectively fulfil their physiological functions [1].

2.1.3. AMPK in Pregnancy

AMPK plays a critical role in maternal and foetal wellbeing by influencing cell growth,
nutrient transport, angiogenesis, and the response to oxidative stress for a healthy preg-
nancy. Impaired AMPK signalling may contribute to the metabolic and vascular abnor-
malities observed in pregnancy, including mitochondrial dysfunction, increased oxidative
stress, and dysregulated trophoblast invasion [44–46].

AMPK expression is found throughout the female reproductive system and is impor-
tant for the maintenance of female fertility. There is evidence that the removal of AMPK
subunits in experimental mice leads to smaller litters and an early decline in reproductive
capacity [14]. AMPK is also essential for the postpartum endometrium, as its absence leads
to severe fibrosis and an impaired uterine structure [47]. In addition, AMPK activity is
essential for endometrial remodelling, which is required for successful implantation and
pregnancy. AMPK also regulates the response to steroid hormones, the proliferation of
epithelial cells and the receptivity of the uterus during implantation [48]. The dysregulation
of AMPK can impair uterine receptivity, trigger uterine inflammation, and alter the timing
of embryo implantation [15,49].

In a mouse model, AMPK was found to regulate embryo implantation and survival un-
der environmental stress induced by harmful environmental exposure to carbon disulphide
via the AKT/AMPK/mTOR signalling pathway [50]. Supplementation with N-carbamoyl
glutamic acid reversed these effects by increasing mTOR and phosphorylated protein
kinase B (pAKT) levels and decreasing pAMPK levels; it also significantly increased the
implantation rate of embryos. This suggests that mTOR activity is regulated by AMPK,
the upstream molecule of the mTOR signalling pathway, and it has been demonstrated
that AMPK can regulate embryo implantation during the normal fertility process [50,51].
This mechanistic relationship is also supported by clinical findings that showed differential
changes in placental concentrations of total and phosphorylated Akt, AMPKα, and mTOR
in women with normal pregnancies compared to those with pregnancies complicated
by foetal growth restriction (FGR) or gestational diabetes (GDM) with children large-for-
gestational-age (LGA) [52]. Functional validation using primary cytotrophoblasts exposed
to oxygen–glucose deprivation (OGD) confirmed that Akt and AMPK signalling pathways
regulate trophoblast mTOR activity under pathological conditions. Taken together, these
in vivo and clinical data highlight the critical role of the AMPK–mTOR signalling pathway
in controlling functions and its potential dysregulation in pregnancy complications such as
FGR and GDM.

AMPK activation regulates the mTOR-mediated reprogramming of glycolysis, pro-
motes Treg differentiation and improves pregnancy outcomes both in mouse models of
unexplained recurrent spontaneous abortion (URSA) and in clinical decidual tissue from
URSA patients [53]. The study revealed significant differences in gene expression related
to pregnancy-associated signalling pathways, with increased Th17 cell differentiation
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observed in URSA samples. The activation of AMPK and inhibition of glycolysis signif-
icantly reduced the abortion rate and enhanced Treg differentiation while suppressing
Th17 differentiation [54]. In addition, treatment with metformin and 2-deoxy-D-glucose
(2-DG) further promoted Treg differentiation, restored immune balance, and improved
pregnancy outcomes. These findings suggest that the AMPK-mTOR signalling pathway
regulates glycolysis-driven immune reprogramming and that Met/2-DG therapies may
offer promising clinical interventions for URSA [55].

In addition, AMPK signalling modulates hypothalamic fatty acid metabolism and
brown adipose tissue thermogenesis, which contribute to hyperphagia and regulate en-
ergy balance during pregnancy in rats [56]. The findings demonstrated that pregnancy
alters hypothalamic AMPK signalling, resulting in reduced sensitivity to anorexigenic and
thermogenic mechanisms. This adaptation promotes hyperphagia and facilitates energy
storage to support foetal development.

2.1.4. AMPK in Ovarian Ageing

Ovarian ageing is a progressive and continuous physiological process characterised
by a decrease in both the quantity and quality of ovarian follicles, eventually leading to
decreased ovarian function and menopause. Ovarian reserves play a central role throughout
a woman’s life, with reduced ovarian reserves being closely linked to reduced fertility. It
influences reproductive capacity in earlier years and overall health in later stages [57].

AMPK has been shown to regulate mitophagy and glycophagy in D-galactose (D-
Gal)-induced senescent granulosa cells (GCs) in ageing chickens. In this study, follicle-
stimulating hormone (FSH) was shown to stimulate mitophagy, reduce mitochondrial
oedema, and increase the colocalisation of mitophagosomes with mitochondrial light chain
3 (LC3) through the activation of AMPK-PI3K/AKT pathways. The disruption of FSH-
mediated autophagy impaired GC proliferation and glycolysis, while the simultaneous
inhibition of PI3K/AKT and AMPK abolished the protective effect on ovarian energy
regulation. These results suggest that FSH prevents ovarian ageing by promoting AMPK-
and PI3K/AKT-mediated mitophagy and glycophagy [58].

Ageing has been shown to lead to mitochondrial abnormalities in oocytes that im-
pair fertility. A previous study has shown that the transplantation of human amniotic
mesenchymal stem cells (hAMSCs) in mice with age-related diminished ovarian reserves
(AR-DORs) led to a significant improvement in ovarian function, while the apoptosis of
granulosa and stromal cells in the ovaries was significantly reduced. In addition, both
the expression of AMPK and the ratio of phosphorylated FoxO3a to total FoxO3a were
significantly increased, demonstrating the crucial role of the AMPK/FoxO3a signalling
pathway in improving ovarian function [59].

In another study, treatment with the plant flavonoid nobiletin (Nob) activated cell
autophagy through AMPK and sirtuin-1 (SIRT1) in senescent SWF granulosa cells (SWF-
GCs) induced by D-galactose. This activation restored the expression of proliferation-
related molecules and proteins and reduced the inflammation-related protein NF-κB in
senescent GCs. Nob could potentially prevent ovarian ageing by promoting mitophagy,
antioxidant capacity, and reduced apoptosis-related gene expression and preserving cellular
health through AMPK and SIRT1 activation in laying hens (Bai et al., 2024) [60]. Figure 1
summarises the role of AMPK in female reproductive function, while Table 1 summarises
the studies addressing the role of AMPK in female reproductive function.
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Figure 1. The physiological roles of AMPK in female reproductive function. Abbreviations: AMPK,
AMP-activated protein kinase; GnRH, gonadotropin-releasing hormone; LH, luteinising hormone.

Table 1. A summary of the studies addressing the role of AMPK in female reproductive function.

Experimental Model Intervention Key Findings AMPK-Related
Pathway Reference

Rat model
2 µmol/8 µL, 200
µM AICAR infusion
into 4th ventricle

↓ LH pulsatility
↑ ependymocytes Ca2+ AMPK [16]

Ovariectomized,
steroid-primed
adult female
Sprague–Dawley rats

12.5 U/kg
subcutaneous
insulin injection
25 µM/2.0 µL/h
continuous infusion
of L-lactate into
the caudal
fourth ventricle

↓ pAMPK, Fos protein profiles
↑ DbH protein AMPK/GnRH [19]

In vitro
mouse ovaries

0, 3, 10, 30 and
100µM compound C
treatment for 0, 1, 4,
8, 24 and 96 h

↑ phosphorylation of ovarian
mTOR, ribosomal protein
S6, eIF4B
↓ TSC2 phosphorylation
↑ ovarian weights
↑ ovarian angiogenesis
↑ antral and
preovulatory follicles
↑ Hif1a, Vegfa, Vegfr2 and Ctgf

AMPK/TSC2/mTOR/
eIF4B/S6;
AMPK/mTOR;
AMPK/CTGF

[30]

In vitro juvenile
mice ovaries

Dorsomorphin or
metformin treatment

↑ activation of
primordial follicles AMPK/Foxo/Wnt [34]
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Table 1. Cont.

Experimental Model Intervention Key Findings AMPK-Related
Pathway Reference

In vitro mice
preantral follicles

2.5 nM astaxanthin
treatment for 10 days

↑ antrum formation and
maturation rates
↑ area of follicle attachment
↑ estradiol
↓ follicular malondialdehyde
↑ GSH, SOD
↓ ROS
↑ p-AMPK, PGC-1α, NRF2,
HO-1, CO1, CO2, CO3, ATP6,
ATP8, TOM20, PINK1, Parkin,
LC3-II, Bcl-2, StAR, P450scc
↑ mitochondrial
membrane potential
↓ caspase 3, Bax, P53

AMPK/PGC-1α,
NRF2/HO-1;
PINK1/Parkin/
LC3-II; NRF1/TFAM;
Bcl-2/Bax/P53/
caspase 3;
StAR/P450scc

[40,41]

In vitro maturation
bovine oocyte

10, 20, 50, 100, and
200 µmol/L
BAIBA treatment

↑ oocyte maturation
↑ CPT1A, CPT1B, CPT2
↑ lipid metabolism
↓ lipid content
↑ mitochondrial membrane
potential and active content

AMPK [42]

Pregnant Kunming
mice (F0 generation)

30 mg/kg/day
polystyrene
nanoplastics via
intragastric
administration from
0.5 gestation day to
21 days postpartum

↓ fertility of female
F1 offspring
↑ rates of miscarriage and
premature delivery
↓ litter size in the F0 generation
↓ primordial follicles
↑ growing follicles
↓ transzonal projections (TZPs)
in the ovaries of adult F1 mice
↓ CAMKIIβ, Smad3
phosphorylation, E-cadherin
↑ oestrous phase duration
↓ diestrus phase duration
↓ serum levels of AMH and E2
in adult F1 progeny
during proestrus
↓ body weight in offspring mice

AKT-FOXO3a [43]

URSA mouse model
(CBA/J × DBA/2)

50 mg/kg/day
subcutaneous
metformin for
14 days
2 mg and
8 mg/kg/day
intraperitoneal 2-DG
for 14 days

↓ rate of abortion
↓ cell degeneration
and necrosis
↓ trophoblast inflammatory
cell infiltration
↓ mTOR, GLUT1, and HK2
↑ Foxp3 and IL-10, Tregs cells
↓ RORγt, IL-17, Th17 cells
↑ Treg/Th17 ratio

AMPK/mTOR [53]

In vitro ageing
chicken granulosa
cells (GCs)

D-galactose (0, 12.5,
25, 50, 100, 200 mM)
for 12 h or 24 h; FSH
(0, 0.001, 0.01, 0.1,
1 IU/mL) for a
further 24 h

Activates mitophagy
Relieves mitochondrial
oedema
↑ number of mitophagosomes
↑ mitochondrial light chain
3 (LC3)

AMPK-PI3K/AKT [58]
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Table 1. Cont.

Experimental Model Intervention Key Findings AMPK-Related
Pathway Reference

Age-related
diminished ovarian
reserve mice

low dose (LD,
5.0 × 106 cells/kg),
middle dose (MD,
7.5 × 106 cells/kg),
and high dose (HD,
10.0 × 106 cells/kg)
of human
amnion-derived
mesenchymal stem
cells (hAMSCs)

↑ ovarian function
↓ apoptosis of granulosa and
stromal cells
↑ AMPK and the ratio of
phosphorylated FoxO3a to
total FoxO3a
↑ SOD2

AMPK/FoxO3a [59]

In vitro
D-galactose-
generated senescent
SWFs granulosa cells

1 to 100 µg/mL
nobiletin treatment

Activates cell autophagy
↑ antioxidant capacity
↓ expression genes associated
with cell apoptosis
alleviates mitochondrial
oedema

AMPK/SIRT1 [60]

Abbreviations: AICAR, 5-Aminoimidazole-4-carboxamide ribonucleotide, AKT, protein kinase B; AMPK, adeno-
sine monophosphate (AMP)-activated protein kinase; ATP6/8, ATP synthase F0 subunit 6/8; Bax, Bcl-2-associated
X protein; Bcl-2, B-cell lymphoma 2; CAMKIIβ, calcium/calmodulin-dependent protein kinase II beta; CPT,
carnitine palmitoyltransferase;CTGF, connective tissue growth factor; DbH, dopamine β-hydroxylase; eIF4B,
eukaryotic translation initiation factor 4B; E-cadherin, epithelial cadherin; FoxO3a, forkhead box O3a; Foxp3,
forkhead box P3; GLUT1, glucose transporter 1; GnRH, gonadotropin-releasing hormone; HK2, hexokinase 2;
Hif1a, hypoxia-inducible factor 1-alpha; HO-1, heme oxygenase 1; IL-, interleukin-; LC3-II, microtubule-associated
protein 1 light chain 3-II; mTOR, mechanistic target of rapamycin; NF-κB, nuclear factor kappa-light-chain-
enhancer of activated B cells; NRF1, nuclear respiratory factor 1; NRF2, nuclear factor erythroid 2-related factor 2;
P53, tumor protein p53; Parkin, E3 ubiquitin-protein ligase Parkin; PGC-1α, peroxisome proliferator-activated
receptor gamma coactivator 1-alpha; PINK1, PTEN-induced kinase 1; P450scc, cytochrome P450 side-chain
cleavage enzyme; ROS, reactive oxygen species; RORγt, RAR-related orphan receptor gamma t; S6, ribosomal
protein S6; SIRT1, sirtuin 1; Smad3, mothers against decapentaplegic homolog 3; SOD2, superoxide dismutase 2;
StAR, steroidogenic acute regulatory protein; TOM20, translocase of outer mitochondrial membrane 20; Tregs,
regulatory T cells; TSC2, tuberous sclerosis complex 2; TZPs, transzonal projections; UCP1, uncoupling protein 1;
Vegfa, vascular endothelial growth factor A; Vegfr2, vascular endothelial growth factor receptor 2; ↑, increase;
↓, decrease.

2.2. AMPK in Female Reproductive Diseases
2.2.1. AMPK in Pre-Eclampsia

AMPK has received considerable attention as a potential therapeutic target for the
prevention and treatment of pre-eclampsia due to its role in energy sensing and vascular
homeostasis. Pre-eclampsia is a pregnancy-related condition characterised by a new onset
of hypertension, typically associated with proteinuria and usually presenting after 20 weeks
of pregnancy [61]. It affects around 4–5% of all pregnancies worldwide and is one of the
most common complications of pregnancy [62–65].

In a rat model of pre-eclampsia, homeobox A9 (HOXA9) directly activates chemerin
transcription, which subsequently triggers AMPK activation. This leads to the upregula-
tion of thioredoxin-interacting protein (TXNIP) and activation of the NOD-like receptor
family pyrin domain-containing 3 (NLRP3) inflammasome, promoting pyroptosis and
inflammation in trophoblasts through the HOXA9-chemerin- chemokine-like receptor 1-
AMPK-TXNIP-NLRP3 (HOXA9-chemerin-CMKLR1-AMPK-TXNIP-NLRP3) pathway [66].
This study showed that chemerin signalling via CMKLR1 activates AMPK and upregu-
lates TXNIP expression in trophoblasts, which contributes to the inflammatory response.
AMPK/TXNIP activation stimulates the NLRP3 inflammasome, increases interleukin(IL)-
1β and IL-18 levels, and promotes trophoblast pyroptosis [67,68]. Importantly, the in-
hibition of chemerin or its downstream components (CMKLR1, HOXA9 and AMPK)
reduced inflammation and pyroptosis, suggesting a promising therapeutic strategy for pre-
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eclampsia [66,69,70]. In support of these findings, clinical data showed that serum AMPK
levels were significantly elevated in patients with severe PE compared to healthy pregnant
women and those with non-severe PE, suggesting that AMPK not only mediates disease
pathogenesis but may also serve as a biomarker for disease severity and prognosis [71].
This convergence of in vivo mechanistic data and clinical observations emphasises the
translational importance of the chemerin–AMPK–TXNIP–NLRP3 axis in pre-eclampsia.

Similarly, Ma et al. (2021) investigated the role of AMPK in decidualised tissue from
pre-eclampsia and healthy pregnancies [72]. Using an in vitro decidualisation model, they
found that AMPK, ATP synthase (ATPS), and stress-70 protein (STRESS-70) regulate both
cellular energy metabolism and the decidualisation process in pre-eclampsia [73]. Changes
in the expression of cytidine triphosphate synthase (CTPS) during in vitro decidualisation
were inversely related to AMPK signalling activity. The downregulation of CTPS led to
impaired decidualisation and reduced AMPK signalling. During in vitro decidualisation,
CTPS changes correlated with opposite fluctuations in AMPK signalling. On the third
day of decidualisation, CTPS interacted with ATPS to maintain ATP levels, while its
association with STRESS-70 decreased ATP production. Abnormal CTPS expression impairs
decidualisation and has been linked to the pathogenesis of pre-eclampsia [72,74].

2.2.2. AMPK in Premature Birth

A premature birth is defined as a live birth that occurs before 37 weeks of
pregnancy [75]. Worldwide, around 15 million babies are affected, and the preterm birth
rate is around 11% R. This condition is a major cause of mortality in children under the age
of five, with around one million people dying each year as a result of premature birth. Low-
and middle-income countries, particularly in Southeast Asia and sub-Saharan Africa, bear
a disproportionate burden of these cases [76].

AMPK is involved in various pregnancy complications, including gestational diabetes
mellitus, pre-eclampsia, intrauterine growth restriction, and premature birth [77]. The acti-
vation of the mTOR signalling pathway induces decidual cell senescence in early pregnancy,
and phosphorylated mTOR increases cyclooxygenase-2 (COX2)-derived prostaglandin
levels, leading to spontaneous preterm birth in 50–60% of p53-deficient mice [78,79].
In addition, AMPK activators such as AICAR, resveratrol, and metformin have been
shown in preclinical studies to alleviate pregnancy complications. However, in mice with
catechol-O-methyltransferase (COMT), an enzyme that metabolises catechol, metformin,
failed to activate AMPK, suggesting that COMT is necessary for AMPK activation via
2-methoxyestradiol [80]. These findings suggest that AMPK may be a potential therapeutic
target in pregnancy disorders, although excessive activation may pose a risk for foetal
malformations [81].

A previous study has shown that the smooth muscle-specific deficiency of AMPK-
α1/α2 leads to persistent pulmonary hypertension in neonates [82]. In addition, mice
lacking both isoforms of AMPK-α1 or AMPK-α2 exhibited premature postnatal death,
reduced alveolar number, thickened alveolar membranes without oedema, and extensive
muscularisation and remodelling of the pulmonary artery tree. Interestingly, the deletion
of AMPK-α1 or AMPK-α2 alone reduced hypoxic pulmonary vasoconstriction without
inducing pulmonary hypertension, suggesting distinct roles for these isoforms in the
regulation of pulmonary vasculature.

2.2.3. AMPK in Polycystic Ovary Syndrome (PCOS)

Polycystic ovary syndrome (PCOS) is one of the most common hormonal disorders in
women of reproductive age, affecting 5.5% to 19.9% of this population [83,84]. It is a combi-
nation of endocrine, metabolic, and reproductive disorders that lead to irregular menstrual
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cycles, dyslipidaemia, excessive body weight, oxidative stress, hyperandrogenism, and
infertility [85,86]. In addition, around 40% of affected women are infertile, making this
condition the most common cause of anovulatory infertility [87,88].

The regulatory effects of AMPK on metabolic and inflammatory processes were inves-
tigated in a letrozole-induced PCOS rat model [89]. It was shown that the pathophysiology
of PCOS involves hormonal imbalance, metabolic dysfunction, and inflammation via the ac-
tivation of nuclear factor kappa-light-chain-enhancer of activated B cells p65 subunit/IL-1β
(NF-κB p65/IL-1β) and AMPK/PI3K/AKT, as well as the downregulation of nuclear factor
erythroid 2–related factor 2 (Nrf2) and upregulation of the NLRP3 inflammasome [90,91].
In addition, histopathological analysis confirmed that treatment with fisetin, a polyphenolic
flavonoid, alleviated PCOS symptoms, suggesting its therapeutic potential through the
modulation of AMPK/PI3K/AKT-mediated antioxidant and inflammatory signalling [89].

Similarly, a recent study has demonstrated that Woxuanzhongzhou (WXZZ) alleviates
insulin resistance and anovulation, restores the oestrus cycle, and reduces body weight
and serum levels of testosterone, the luteinising hormone, and homeostatic model assess-
ment for insulin resistance (HOMA-IR) [92]. These improvements were associated with
increased irisin secretion via the upregulation of AMPK/peroxisome proliferator-activated
receptor gamma coactivator-1 alpha/fibronectin type III domain-containing protein 5
(AMPK/PGC1-α/FNDC5) in skeletal muscle and CaMKK/AMPK/PGC1-α/uncoupling
protein 1 (CaMKK/AMPK/PGC1-α/UCP1) in adipose tissue. These findings also show
that the therapeutic effect of WXZZ in PCOS may be mediated by the activation of the
AMPK/PGC1-α signalling pathway [93].

In a DHEA-induced PCOS rat model, AMPK is involved in autophagy and insulin
resistance [94]. In primary granulosa cells, the AMPK/AKT/mTOR signalling pathway
has been implicated in the regulation of autophagy and ovarian function. Treatment with
berberine, metformin, or their combination affected autophagy-related proteins. In particu-
lar, granulosa cell autophagy was suppressed, as evidenced by the decreased expression
of Beclin1 and LC3II/LC3I and increased expression of p62 [95]. These findings suggest
that the activation of the AMPK/AKT/mTOR signalling pathway may play a key role in
alleviating PCOS by modulating autophagy.

2.2.4. AMPK in Endometriosis

Endometriosis is a widespread gynaecological disease that affects more than 10% of
women and is one of the main causes of infertility and chronic pelvic pain. Historically,
Rokitansky first described endometriosis in the 1860s as endometrial-like cells within
the myometrium. In 1897, Cullen expanded this understanding by identifying severe
lesions in the vaginal septum, which he termed adenomyomas, and Sampson (1921) further
characterised the disease by describing “chocolate cysts” in the ovaries and classic black,
furrowed lesions. Endometriotic lesions consist of clonal populations of specific cells that
have different characteristics, such as progesterone resistance and aromatase activity [96].

In an in vivo mouse model of surgically induced endometriosis in female B6CBA/F1
mice, increased phospho-AMPKα expression was detected in the metformin-treated en-
dometriosis (EM) group, indicating partial AMPK activation under oxidative conditions [97].
Although metformin increased GPx1 expression in endometriotic mice, other components
of the AMPK/SIRT1/PGC-1α/SIRT3 signalling pathway in cardiac tissue remained largely
unaffected. Thus, the antioxidant effect of metformin may be glutathione peroxidase 1
(GPx1)-specific and dependent on an antioxidant effect.

A recent study has shown that AMPK signalling is altered in endometriotic lesions in
human endometrial tissue [98]. This dysregulation, particularly in perivascular and stromal
cells, appears to promote metabolic reprogramming and lesion propagation. Similarly,
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Qi et al. (2022) proposed that the AMPK/mTOR signalling pathway mediates endometrial
energy metabolism and receptivity in patients with a thin endometrium [99]. They observed
that the downregulation of AMPK increases endometrial receptivity, promotes embryo
implantation and improves pregnancy outcomes. Assaf et al. (2022) further emphasised
that the disruption of AMPK/mTOR signalling promotes cell proliferation, migration,
and lesion survival under energy stress and mitochondrial dysfunction [100]. Increased
mitochondrial output and ROS production associated with hormonal and oxidative stress
further drive disease progression [101]. These mechanisms provide a valuable framework
for the development of future diagnostic and therapeutic approaches for endometriosis.

2.2.5. AMPK in Dysmenorrhea

Dysmenorrhoea is defined as a common disorder in adolescent girls, young women,
and those of school and university age [102,103]. It contributes significantly to absenteeism
from school and work. Primary dysmenorrhoea is characterised by cramp-like pain in the
lower abdomen and/or pelvis that occurs shortly before or during menstruation and is
usually due to increased prostaglandin production without the presence of an underlying
condition such as endometriosis [104]. In contrast, secondary dysmenorrhoea may be due
to conditions such as endometriosis, structural pelvic abnormalities or infection and often
manifests as progressively worsening pain, abnormal uterine bleeding, vaginal discharge,
or dyspareunia [102].

AMPK activation by AICAR significantly inhibits IL-1β-induced inflammatory re-
sponses in primary cultured human endometrial stromal cells (ESCs) [105]. In partic-
ular, AICAR reduces the production of inflammatory cytokines (IL-8 and MCP-1) and
prostaglandins (PGE2 and PGF2α) and inhibits the COX-2 expression and phosphorylation
of downstream targets. This anti-inflammatory effect is attributed to the AMPK-mediated
suppression of the NF-κB and mTOR signalling pathways. These results suggest that
AMPK activators could be potential therapeutic candidates for the treatment of inflam-
matory gynaecological diseases such as dysmenorrhoea. Figure 2 summarises the role of
AMPK in female reproductive diseases, while Table 2 summarises the studies addressing
the role of AMPK in female reproductive diseases.

Table 2. A summary of the studies addressing the role of AMPK in female reproductive diseases.

Experimental Model Intervention Key Findings AMPK-Related
Pathway Reference

p-53 deficient
mice model

1 mg/kg of oral
metformin on days 8,
10, and 12
30 mg/kg of oral
resveratrol on days 8,
10, 12, and 14

↓ premature decidual senescence
↓ spontaneous and
inflammation-induced
preterm birth
↓ AMPK and mTORC1
signalling in decidual cells

AMPK/mTOR [78]

Letrozole-induced
PCOS rat model

1.25 or 2.5 mg/kg/day
of oral fisetin for
14 days

↓ LH and FSH
↑ AMH
↑ Nrf2
↓ NLRP3

AMPK/PI3K/AKT;
NLRP3/NF-κB
p65/IL-1β

[89]
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Table 2. Cont.

Experimental Model Intervention Key Findings AMPK-Related
Pathway Reference

DHEA and
HFD-induced
PCOS-IR mice model

270 mg/kg/day of
gavage WXZZ for
2 weeks

↓ body weight
↓ serum testosterone
↓ LH and LH/FSH ratio
↓ FINS
↓ HOMA-IR
↓ serum NEFA levels
↓ serum irisin levels
↓ lipid accumulation
↑ AMPK, PGC-1α, FNDC5, and
irisin in gastrocnemius
↑ CaMKK, AMPK, PGC1-α, and
UCP1 in subcutaneous fat

AMPK/PGC1-
α/FDNC5;
CaMKK/AMPK/UCP1

[92]

DHEA-induced
PCOS rat model

150 mg/kg/day of
gavage berberine,
300 mg/kg/day of
gavage metformin or
a combination of
both for 30 days

↓ body weight
↓ ovarian weight
↑ number of primordial and
primary follicles
↓ number of secondary and
atretic follicles
Normalised the oestrous cycle
Improved insulin resistance,
androgen biosynthesis, oxidative
stress and lipid
metabolism disorders
↑ oestrogen
↓ autophagosomes in
granulosa cells
↓ Beclin1 and LC3II/LC3I levels
↑ p62

AMPK/AKT/mTOR [94]

Surgically induced
endometriosis female
B6CBA/F1 mouse
model

50 mg/kg/day of
oral metformin for 3
months

↑ pAMPKα
↑ GPx1
↑ miR-34a, miR-195, miR-155,
and miR-421

AMPK/SIRT1/PGC1-
α/SIRT3 [97]

Human endometrial
stromal cells (ESCs) AICAR treatment

↓ inflammatory cytokines (IL-8
and MCP-1)
↓ prostaglandins (PGE2
and PGF2α)
↓ COX-2
↓ phosphorylation of IκB,
4EBP-1, p70S6K and S6
ribosomal protein

AMPK/NF-
κB/mTOR [105]

Abbreviations: 4EBP-1, eukaryotic translation initiation factor 4E-binding protein 1; AKT, protein kinase B;
AMH, anti-Müllerian hormone; AMPK, adenosine monophosphate (AMP)-activated protein kinase; CaMKK,
calcium/calmodulin-dependent protein kinase kinase; COX-2, cyclooxygenase-2; FINS, fasting insulin; FNDC5,
fibronectin type III domain-containing protein 5; FSH, follicle-stimulating hormone; GPx1, glutathione peroxidase
1; HOMA-IR, homeostatic model assessment for insulin resistance; IκB, inhibitor of nuclear factor kappa B;
IL-, interleukin-; LC3I/II, microtubule-associated protein 1 light chain 3-I/II; LH, luteinising hormone; MCP-1,
monocyte chemoattractant protein-1; miR-, microRNA-; mTOR, mechanistic target of rapamycin; mTORC1,
mechanistic target of rapamycin complex 1; NEFA, non-esterified fatty acids; NF-κB, nuclear factor kappa-light-
chain-enhancer of activated B cells; NLRP3, NOD-like receptor family pyrin domain-containing 3; Nrf2, nuclear
factor erythroid 2-related factor 2; P70S6K, ribosomal protein S6 kinase beta-1; PGE2, prostaglandin E2; PGF2α,
prostaglandin F2 alpha; PGC1-α, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; p62,
sequestosome-1; phospho-AMPKα, phosphorylated AMP-activated protein kinase alpha subunit; S6, ribosomal
protein S6; SIRT, sirtuin; UCP1, uncoupling protein 1; ↑, increase; ↓, decrease.
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Figure 2. The role of AMPK in female reproductive disorders. Abbreviations: AKT, protein kinase
B; AMPK, AMP-activated protein kinase; CaMKK, calcium/calmodulin-dependent protein kinase
kinase; CMKLR1, chemerin chemokine-like receptor 1; CTPS, cytidine triphosphate synthase; COX2,
cyclooxygenase-2; FNDC5, fibronectin type III domain-containing protein 5; HOMA-IR, homeostatic
model assessment of insulin resistance; HOXA9, homeobox A9; LH, luteinizing hormone; mTOR,
mechanistic target of rapamycin; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B
cells; NLRP3, NOD-like receptor family pyrin domain containing 3; PGC1-α, peroxisome proliferator-
activated receptor gamma coactivator 1-alpha; PI3K, phosphoinositide 3-kinase; TXNIP, thioredoxin-
interacting protein; UCP1, uncoupling protein 1.

3. Limitations and Future Directions
To provide an appropriate context for interpreting the results and identifying areas

for future research, several limitations of this review should be considered. First, although
substantial mechanistic insights have been gained from in vivo and in vitro studies, there
is a notable lack of clinical data directly validating these signalling pathways and targets in
human populations. This gap limits the immediate translational relevance of the reviewed
findings and emphasises the need for well-designed clinical studies to confirm these
mechanistic relationships. In addition, species-specific differences need to be considered,
particularly with respect to AMPK isoforms. Rodents and humans have different AMPK
subunit composition and regulatory mechanisms, which may influence their responses
to pharmacological agents and physiological stimuli. These interspecies differences may
limit the extrapolation of the findings from animal models to human physiology and
disease contexts.

To improve the understanding of AMPK signalling in reproductive health, several
important research directions are of interest. One promising avenue is the investigation of
epigenetic regulation by AMPK in reproductive cells. Future studies should investigate
whether AMPK directly affects DNA methylation, histone modifications, and the expres-
sion of non-coding RNAs, especially under metabolic stress conditions, and how these
epigenetic changes affect gametogenesis, implantation, and embryonic development. An-
other important area of research is the role of AMPK in mitochondrial function and energy
metabolism in oocytes and spermatocytes. Investigating how AMPK modulates mitochon-
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drial quality control, biogenesis, and oxidative stress may reveal therapeutic strategies to
improve fertility and optimise the outcomes of assisted reproductive technologies (ARTs).
In the context of age-related reproductive decline, targeted studies are needed to clarify
how AMPK activity changes over time and whether the modulation of AMPK could delay
or reverse reproductive decline in both sexes. It is important that clinical trials of AMPK
modulators, both activators and inhibitors, are conducted to evaluate their therapeutic
efficacy, safety, and specificity in the treatment of reproductive disorders, such as PCOS,
endometriosis, and dysmenorrhea.

4. Conclusions
The AMP-activated protein kinase (AMPK) signalling pathway has been shown to be

a central regulator of female reproductive physiology, closely linking cellular energy home-
ostasis to reproductive function. It plays a central role in critical reproductive processes
such as folliculogenesis, oocyte maturation, the maintenance of pregnancy, and placen-
tal development. Its involvement in the reproductive system emphasises its importance
in maintaining reproductive health. The dysregulation of AMPK signalling is increas-
ingly recognised as a contributing factor to a spectrum of female reproductive disorders
such as polycystic ovary syndrome (PCOS), endometriosis, infertility, and reproductive
ageing, primarily through the disruption of metabolic and inflammatory balance. This
review highlights the potential of targeting AMPK to restore physiological balance and
treat these complex diseases. A better understanding of the multiple functions of AMPK
could offer a promising pathway for novel interventions aimed at preventing and treating
female reproductive dysfunction to ultimately improve fertility and enhance women’s
reproductive wellbeing.

Author Contributions: Conceptualization, M.H.M., N.A.K.B. and I.Z.A.R.; methodology, M.H.M.,
N.A.K.B. and I.Z.A.R.; validation, N.A.K.B., A.A.H. and S.H.A.; writing—original draft preparation,
N.A.K.B., A.A.H., S.H.A., F.H.F.J., I.Z.A.R. and M.H.M.; writing—review and editing, N.A.K.B.,
A.A.H., S.H.A., F.H.F.J., I.Z.A.R. and M.H.M.; visualisation, A.A.H., S.H.A. and I.Z.A.R.; supervision,
A.A.H., F.H.F.J. and M.H.M.; project administration, I.Z.A.R. and M.H.M.; funding acquisition,
M.H.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Universiti Kebangsaan Malaysia under grant number FF-2023-
061 and GUP-2024-034.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Garcia, D.; Shaw, R.J. AMPK: Mechanisms of Cellular Energy Sensing and Restoration of Metabolic Balance. Mol. Cell 2017, 66,

789–800. [CrossRef] [PubMed]
2. Marino, A.; Hausenloy, D.J.; Andreadou, I.; Horman, S.; Bertrand, L.; Beauloye, C. AMP-activated protein kinase: A remarkable

contributor to preserve a healthy heart against ROS injury. Free Radic. Biol. Med. 2021, 166, 238–254. [CrossRef] [PubMed]
3. Yan, Y.; Zhou, X.E.; Xu, H.E.; Melcher, K. Structure and Physiological Regulation of AMPK. Int. J. Mol. Sci. 2018, 19, 3534.

[CrossRef] [PubMed]
4. Grahame Hardie, D. AMP-activated protein kinase: A key regulator of energy balance with many roles in human disease. J.

Intern. Med. 2014, 276, 543–559. [CrossRef] [PubMed]
5. Villanueva-Paz, M.; Cotán, D.; Garrido-Maraver, J.; Oropesa-Ávila, M.; de la Mata, M.; Delgado-Pavón, A.; de Lavera, I.;

Alcocer-Gómez, E.; Álvarez-Córdoba, M.; Sánchez-Alcázar, J.A. AMPK Regulation of Cell Growth, Apoptosis, Autophagy,
and Bioenergetics. In AMP-Activated Protein Kinase; Cordero, M.D., Viollet, B., Eds.; Springer International Publishing: Cham,
Switzerland, 2016; pp. 45–71. [CrossRef]

https://doi.org/10.1016/j.molcel.2017.05.032
https://www.ncbi.nlm.nih.gov/pubmed/28622524
https://doi.org/10.1016/j.freeradbiomed.2021.02.047
https://www.ncbi.nlm.nih.gov/pubmed/33675956
https://doi.org/10.3390/ijms19113534
https://www.ncbi.nlm.nih.gov/pubmed/30423971
https://doi.org/10.1111/joim.12268
https://www.ncbi.nlm.nih.gov/pubmed/24824502
https://doi.org/10.1007/978-3-319-43589-3_3


Int. J. Mol. Sci. 2025, 26, 6833 17 of 21

6. Guigas, B.; Viollet, B. Targeting AMPK: From Ancient Drugs to New Small-Molecule Activators. In AMP-Activated Protein Kinase;
Cordero, M.D., Viollet, B., Eds.; Springer International Publishing: Cham, Switzerland, 2016; pp. 327–350. [CrossRef]

7. Gu, X.; Yan, Y.; Novick, S.J.; Kovach, A.; Goswami, D.; Ke, J.; Tan, M.H.E.; Wang, L.; Li, X.; de Waal, P.W.; et al. Deconvoluting
AMP-activated protein kinase (AMPK) adenine nucleotide binding and sensing. J. Biol. Chem. 2017, 292, 12653–12666. [CrossRef]
[PubMed]

8. Kurumbail, R.G.; Calabrese, M.F. Structure and Regulation of AMPK. In AMP-Activated Protein Kinase; Cordero, M.D., Viollet, B.,
Eds.; Springer International Publishing: Cham, Switzerland, 2016; pp. 3–22. [CrossRef]

9. Baumgartner, C.; Yadav, A.K.; Chefetz, I. Chapter Ten—AMPK-like proteins and their function in female reproduction and
gynecologic cancer. In Advances in Protein Chemistry and Structural Biology; Academic Press: Cambridge, MA, USA, 2023;
Volume 134, pp. 245–270.

10. Liang, M.; Li, J.W.; Luo, H.; Lulu, S.; Calbay, O.; Shenoy, A.; Tan, M.; Law, B.K.; Huang, S.; Xiao, T.S.; et al. Epithelial-Mesenchymal
Transition Suppresses AMPK and Sensitizes Cancer Cells to Pyroptosis under Energy Stress. Cells 2022, 11, 2208. [CrossRef]
[PubMed]

11. Yang, W.; Wang, L.; Wang, F.; Yuan, S. Roles of AMP-Activated Protein Kinase (AMPK) in Mammalian Reproduction. Front. Cell
Dev. Biol. 2020, 8, 593005. [CrossRef] [PubMed]

12. Bertoldo, M.J.; Faure, M.; Dupont, J.; Froment, P. AMPK: A master energy regulator for gonadal function. Front. Neurosci. 2015,
9, 235. [CrossRef] [PubMed]

13. Duval, D.L. PRKA/AMPK: Integrating Energy Status with Fertility in Pituitary Gonadotrophs. Biol. Reprod. 2010, 84, 205–206.
[CrossRef] [PubMed]

14. McCallum, M.L.; Pru, C.A.; Smith, A.R.; Kelp, N.C.; Foretz, M.; Viollet, B.; Du, M.; Pru, J.K. A functional role for AMPK in female
fertility and endometrial regeneration. Reproduction 2018, 156, 501–513. [CrossRef] [PubMed]

15. Griffiths, R.M.; Pru, C.A.; Behura, S.K.; Cronrath, A.R.; McCallum, M.L.; Kelp, N.C.; Winuthayanon, W.; Spencer, T.E.; Pru, J.K.
AMPK is required for uterine receptivity and normal responses to steroid hormones. Reproduction 2020, 159, 707–717. [CrossRef]
[PubMed]

16. Minabe, S.; Deura, C.; Ikegami, K.; Goto, T.; Sanbo, M.; Hirabayashi, M.; Inoue, N.; Uenoyama, Y.; Maeda, K.-i.; Tsukamura, H.
Pharmacological and Morphological Evidence of AMPK-Mediated Energy Sensing in the Lower Brain Stem Ependymocytes to
Control Reproduction in Female Rodents. Endocrinology 2015, 156, 2278–2287. [CrossRef] [PubMed]

17. Franssen, D.; Barroso, A.; Ruiz-Pino, F.; Vázquez, M.J.; García-Galiano, D.; Castellano, J.M.; Onieva, R.; Ruiz-Cruz, M.; Poutanen,
M.; Gaytán, F.; et al. AMP-activated protein kinase (AMPK) signaling in GnRH neurons links energy status and reproduction.
Metab. Clin. Exp. 2021, 115, 154460. [CrossRef] [PubMed]

18. Estienne, A.; Bongrani, A.; Ramé, C.; Kurowska, P.; Błaszczyk, K.; Rak, A.; Ducluzeau, P.-H.; Froment, P.; Dupont, J. Energy
sensors and reproductive hypothalamo-pituitary ovarian axis (HPO) in female mammals: Role of mTOR (mammalian target of
rapamycin), AMPK (AMP-activated protein kinase) and SIRT1 (Sirtuin 1). Mol. Cell. Endocrinol. 2021, 521, 111113. [CrossRef]
[PubMed]

19. Shrestha, P.K.; Briski, K.P. Hindbrain lactate regulates preoptic gonadotropin-releasing hormone (GnRH) neuron GnRH-I protein
but not AMPK responses to hypoglycemia in the steroid-primed ovariectomized female rat. Neuroscience 2015, 298, 467–474.
[CrossRef] [PubMed]

20. Santiquet, N.; Sasseville, M.; Laforest, M.; Guillemette, C.; Gilchrist, R.B.; Richard, F.J. Activation of 5′ adenosine monophosphate-
activated protein kinase blocks cumulus cell expansion through inhibition of protein synthesis during in vitro maturation in
Swine. Biol. Reprod. 2014, 91, 51. [CrossRef] [PubMed]

21. Bowdridge, E.C.; Goravanahally, M.P.; Inskeep, E.K.; Flores, J.A. Activation of Adenosine Monophosphate-Activated Protein
Kinase Is an Additional Mechanism that Participates in Mediating Inhibitory Actions of Prostaglandin F2Alpha in Mature, but
Not Developing, Bovine Corpora Lutea. Biol. Reprod. 2015, 93, 7. [CrossRef] [PubMed]

22. Hou, X.; Arvisais, E.W.; Davis, J.S. Luteinizing hormone stimulates mammalian target of rapamycin signaling in bovine luteal
cells via pathways independent of AKT and mitogen-activated protein kinase: Modulation of glycogen synthase kinase 3 and
AMP-activated protein kinase. Endocrinology 2010, 151, 2846–2857. [CrossRef] [PubMed]

23. Plewes, M.R.; Przygrodzka, E.; Monaco, C.F.; Snider, A.P.; Keane, J.A.; Burns, P.D.; Wood, J.R.; Cupp, A.S.; Davis, J.S. Prostaglandin
F2α regulates mitochondrial dynamics and mitophagy in the bovine corpus luteum. Life Sci. Alliance 2023, 6, e202301968.
[CrossRef] [PubMed]

24. Hsueh, A.J.W.; Kawamura, K.; Cheng, Y.; Fauser, B.C.J.M. Intraovarian Control of Early Folliculogenesis. Endocr. Rev. 2015, 36,
1–24. [CrossRef] [PubMed]

25. Zhang, S.; Wei, Y.; Gao, X.; Song, Y.; Huang, Y.; Jiang, Q. Unveiling the Ovarian Cell Characteristics and Molecular Mechanism of
Prolificacy in Goats via Single-Nucleus Transcriptomics Data Analysis. Curr. Issues Mol. Biol. 2024, 46, 2301–2319. [CrossRef]
[PubMed]

https://doi.org/10.1007/978-3-319-43589-3_13
https://doi.org/10.1074/jbc.M117.793018
https://www.ncbi.nlm.nih.gov/pubmed/28615457
https://doi.org/10.1007/978-3-319-43589-3_1
https://doi.org/10.3390/cells11142208
https://www.ncbi.nlm.nih.gov/pubmed/35883651
https://doi.org/10.3389/fcell.2020.593005
https://www.ncbi.nlm.nih.gov/pubmed/33330475
https://doi.org/10.3389/fnins.2015.00235
https://www.ncbi.nlm.nih.gov/pubmed/26236179
https://doi.org/10.1095/biolreprod.110.089722
https://www.ncbi.nlm.nih.gov/pubmed/21084710
https://doi.org/10.1530/REP-18-0372
https://www.ncbi.nlm.nih.gov/pubmed/30328345
https://doi.org/10.1530/REP-19-0402
https://www.ncbi.nlm.nih.gov/pubmed/32191914
https://doi.org/10.1210/en.2014-2018
https://www.ncbi.nlm.nih.gov/pubmed/25822714
https://doi.org/10.1016/j.metabol.2020.154460
https://www.ncbi.nlm.nih.gov/pubmed/33285180
https://doi.org/10.1016/j.mce.2020.111113
https://www.ncbi.nlm.nih.gov/pubmed/33301839
https://doi.org/10.1016/j.neuroscience.2015.04.049
https://www.ncbi.nlm.nih.gov/pubmed/25934033
https://doi.org/10.1095/biolreprod.113.116764
https://www.ncbi.nlm.nih.gov/pubmed/25031357
https://doi.org/10.1095/biolreprod.115.129411
https://www.ncbi.nlm.nih.gov/pubmed/25972015
https://doi.org/10.1210/en.2009-1032
https://www.ncbi.nlm.nih.gov/pubmed/20351317
https://doi.org/10.26508/lsa.202301968
https://www.ncbi.nlm.nih.gov/pubmed/37188480
https://doi.org/10.1210/er.2014-1020
https://www.ncbi.nlm.nih.gov/pubmed/25202833
https://doi.org/10.3390/cimb46030147
https://www.ncbi.nlm.nih.gov/pubmed/38534763


Int. J. Mol. Sci. 2025, 26, 6833 18 of 21

26. Fiorentino, G.; Cimadomo, D.; Innocenti, F.; Soscia, D.; Vaiarelli, A.; Ubaldi, F.M.; Gennarelli, G.; Garagna, S.; Rienzi, L.; Zuccotti,
M. Biomechanical forces and signals operating in the ovary during folliculogenesis and their dysregulation: Implications for
fertility. Hum. Reprod. Update 2022, 29, 1–23. [CrossRef] [PubMed]

27. Keefe, D.; Kumar, M.; Kalmbach, K. Oocyte competency is the key to embryo potential. Fertil. Steril. 2015, 103, 317–322. [CrossRef]
[PubMed]

28. 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] [PubMed]

29. Vollenhoven, B.; Hunt, S. Ovarian ageing and the impact on female fertility [version 1; peer review: 2 approved]. F1000Research
2018, 7, 1835. [CrossRef] [PubMed]

30. Lu, X.; Guo, S.; Cheng, Y.; Kim, J.H.; Feng, Y.; Feng, Y. Stimulation of ovarian follicle growth after AMPK inhibition. Reproduction
2017, 153, 683–694. [CrossRef] [PubMed]

31. Li, Y.; Sun, R.; Zou, J.; Ying, Y.; Luo, Z. Dual Roles of the AMP-Activated Protein Kinase Pathway in Angiogenesis. Cells 2019,
8, 752. [CrossRef] [PubMed]

32. Li, X.; Han, Y.; Pang, W.; Li, C.; Xie, X.; Shyy, J.Y.; Zhu, Y. AMP-activated protein kinase promotes the differentiation of endothelial
progenitor cells. Arter. Thromb. Vasc. Biol. 2008, 28, 1789–1795. [CrossRef] [PubMed]

33. Liu, L.; Hao, M.; Zhang, J.; Chen, Z.; Zhou, J.; Wang, C.; Zhang, H.; Wang, J. FSHR-mTOR-HIF1 signaling alleviates mouse
follicles from AMPK-induced atresia. Cell Rep. 2023, 42, 113158. [CrossRef] [PubMed]

34. Madsen, J.F.; Ernst, E.H.; Amoushahi, M.; Dueholm, M.; Ernst, E.; Lykke-Hartmann, K. Dorsomorphin inhibits AMPK, upregulates
Wnt and Foxo genes and promotes the activation of dormant follicles. Commun. Biol. 2024, 7, 747. [CrossRef] [PubMed]

35. Zhao, J.; Yue, W.; Zhu, M.J.; Sreejayan, N.; Du, M. AMP-activated protein kinase (AMPK) cross-talks with canonical Wnt signaling
via phosphorylation of beta-catenin at Ser 552. Biochem. Biophys. Res. Commun. 2010, 395, 146–151. [CrossRef] [PubMed]

36. Li, L.; Ji, S.Y.; Yang, J.L.; Li, X.X.; Zhang, J.; Zhang, Y.; Hu, Z.Y.; Liu, Y.X. Wnt/β-catenin signaling regulates follicular development
by modulating the expression of Foxo3a signaling components. Mol. Cell. Endocrinol. 2014, 382, 915–925. [CrossRef] [PubMed]

37. Qi, L.; Chen, X.; Wang, J.; Lv, B.; Zhang, J.; Ni, B.; Xue, Z. Mitochondria: The panacea to improve oocyte quality? Ann. Transl. Med.
2019, 7, 789. [CrossRef] [PubMed]

38. May-Panloup, P.; Boucret, L.; Chao de la Barca, J.M.; Desquiret-Dumas, V.; Ferré-L’Hotellier, V.; Morinière, C.; Descamps, P.;
Procaccio, V.; Reynier, P. Ovarian ageing: The role of mitochondria in oocytes and follicles. Hum. Reprod. Update 2016, 22, 725–743.
[CrossRef] [PubMed]

39. Sasaki, H.; Hamatani, T.; Kamijo, S.; Iwai, M.; Kobanawa, M.; Ogawa, S.; Miyado, K.; Tanaka, M. Impact of Oxidative Stress on
Age-Associated Decline in Oocyte Developmental Competence. Front. Endocrinol. 2019, 10, 811. [CrossRef] [PubMed]

40. He, J.; Zhong, Y.; Li, Y.; Liu, S.; Pan, X. Astaxanthin Alleviates Oxidative Stress in Mouse Preantral Follicles and Enhances
Follicular Development Through the AMPK Signaling Pathway. Int. J. Mol. Sci. 2025, 26, 2241. [CrossRef] [PubMed]

41. Nishida, Y.; Nawaz, A.; Hecht, K.; Tobe, K. Astaxanthin as a Novel Mitochondrial Regulator: A New Aspect of Carotenoids,
beyond Antioxidants. Nutrients 2021, 14, 107. [CrossRef] [PubMed]

42. Lu, C.; Li, Z.; Xia, F.; Jia, R.; Wang, Y.; Bai, Y.; Wei, C.; Chen, Y.; Lu, M.; Shi, D.; et al. Beta-aminoisobutyric acid improves bovine
oocyte maturation and subsequent embryonic development by promoting lipid catabolism. Theriogenology 2025, 234, 153–163.
[CrossRef] [PubMed]

43. Cheng, X.; Xue, Y.; Wang, H.; Ma, Z.; Hu, N.; Zhang, C.; Gao, Y.; Fan, R.; Hu, L.; Li, J.; et al. Maternal exposure to polystyrene
nanoplastics during gestation and lactation caused fertility decline in female mouse offspring. Ecotoxicol. Environ. Saf. 2025,
289, 117632. [CrossRef] [PubMed]

44. Jahan, F.; Vasam, G.; Green, A.E.; Bainbridge, S.A.; Menzies, K.J. Placental Mitochondrial Function and Dysfunction in Preeclamp-
sia. Int. J. Mol. Sci. 2023, 24, 4177. [CrossRef] [PubMed]

45. Afrose, D.; Alfonso-Sánchez, S.; McClements, L. Targeting oxidative stress in preeclampsia. Hypertens. Pregnancy 2025, 44, 2445556.
[CrossRef] [PubMed]

46. Yang, X.; Xu, P.; Zhang, F.; Zhang, L.; Zheng, Y.; Hu, M.; Wang, L.; Han, T.-l.; Peng, C.; Wang, L.; et al. AMPK Hyper-Activation
Alters Fatty Acids Metabolism and Impairs Invasiveness of Trophoblasts in Preeclampsia. Cell. Physiol. Biochem. 2018, 49, 578–594.
[CrossRef] [PubMed]

47. Hong, L.; Xiao, S.; Diao, L.; Lian, R.; Chen, C.; Zeng, Y.; Liu, S. Decreased AMPK/SIRT1/PDK4 induced by androgen excess
inhibits human endometrial stromal cell decidualization in PCOS. Cell. Mol. Life Sci. 2024, 81, 324. [CrossRef] [PubMed]

48. Singh, M.; Chaudhry, P.; Asselin, E. Bridging endometrial receptivity and implantation: Network of hormones, cytokines, and
growth factors. J. Endocrinol. 2011, 210, 5–14. [CrossRef] [PubMed]

49. Saben, J.; Lindsey, F.; Zhong, Y.; Thakali, K.; Badger, T.M.; Andres, A.; Gomez-Acevedo, H.; Shankar, K. Maternal obesity is
associated with a lipotoxic placental environment. Placenta 2014, 35, 171–177. [CrossRef] [PubMed]

50. Huang, F.; Sun, Y.; Gao, H.; Wu, H.; Wang, Z. Carbon disulfide induces embryo loss by perturbing the expression of the mTOR
signalling pathway in uterine tissue in mice. Chem. Biol. Interact. 2019, 300, 8–17. [CrossRef] [PubMed]

https://doi.org/10.1093/humupd/dmac031
https://www.ncbi.nlm.nih.gov/pubmed/35856663
https://doi.org/10.1016/j.fertnstert.2014.12.115
https://www.ncbi.nlm.nih.gov/pubmed/25639967
https://doi.org/10.3390/ijms24109059
https://www.ncbi.nlm.nih.gov/pubmed/37240406
https://doi.org/10.12688/f1000research.16509.1
https://www.ncbi.nlm.nih.gov/pubmed/30542611
https://doi.org/10.1530/REP-16-0577
https://www.ncbi.nlm.nih.gov/pubmed/28250241
https://doi.org/10.3390/cells8070752
https://www.ncbi.nlm.nih.gov/pubmed/31331111
https://doi.org/10.1161/ATVBAHA.108.172452
https://www.ncbi.nlm.nih.gov/pubmed/18599796
https://doi.org/10.1016/j.celrep.2023.113158
https://www.ncbi.nlm.nih.gov/pubmed/37733588
https://doi.org/10.1038/s42003-024-06418-9
https://www.ncbi.nlm.nih.gov/pubmed/38902324
https://doi.org/10.1016/j.bbrc.2010.03.161
https://www.ncbi.nlm.nih.gov/pubmed/20361929
https://doi.org/10.1016/j.mce.2013.11.007
https://www.ncbi.nlm.nih.gov/pubmed/24246780
https://doi.org/10.21037/atm.2019.12.02
https://www.ncbi.nlm.nih.gov/pubmed/32042805
https://doi.org/10.1093/humupd/dmw028
https://www.ncbi.nlm.nih.gov/pubmed/27562289
https://doi.org/10.3389/fendo.2019.00811
https://www.ncbi.nlm.nih.gov/pubmed/31824426
https://doi.org/10.3390/ijms26052241
https://www.ncbi.nlm.nih.gov/pubmed/40076863
https://doi.org/10.3390/nu14010107
https://www.ncbi.nlm.nih.gov/pubmed/35010981
https://doi.org/10.1016/j.theriogenology.2024.12.016
https://www.ncbi.nlm.nih.gov/pubmed/39708666
https://doi.org/10.1016/j.ecoenv.2024.117632
https://www.ncbi.nlm.nih.gov/pubmed/39755092
https://doi.org/10.3390/ijms24044177
https://www.ncbi.nlm.nih.gov/pubmed/36835587
https://doi.org/10.1080/10641955.2024.2445556
https://www.ncbi.nlm.nih.gov/pubmed/39726411
https://doi.org/10.1159/000492995
https://www.ncbi.nlm.nih.gov/pubmed/30165353
https://doi.org/10.1007/s00018-024-05362-5
https://www.ncbi.nlm.nih.gov/pubmed/39080028
https://doi.org/10.1530/JOE-10-0461
https://www.ncbi.nlm.nih.gov/pubmed/21372150
https://doi.org/10.1016/j.placenta.2014.01.003
https://www.ncbi.nlm.nih.gov/pubmed/24484739
https://doi.org/10.1016/j.cbi.2018.12.001
https://www.ncbi.nlm.nih.gov/pubmed/30521784


Int. J. Mol. Sci. 2025, 26, 6833 19 of 21

51. Dunlop, E.A.; Tee, A.R. The kinase triad, AMPK, mTORC1 and ULK1, maintains energy and nutrient homoeostasis. Biochem. Soc.
Trans. 2013, 41, 939–943. [CrossRef] [PubMed]

52. Hung, T.H.; Wu, C.P.; Chen, S.F. Differential Changes in Akt and AMPK Phosphorylation Regulating mTOR Activity in the
Placentas of Pregnancies Complicated by Fetal Growth Restriction and Gestational Diabetes Mellitus with Large-For-Gestational
Age Infants. Front. Med. 2021, 8, 788969. [CrossRef] [PubMed]

53. Chen, Y.; Gan, B.; Zheng, S.; Zhao, X.; Jin, L.; Wei, J. AMPK-mTOR pathway modulates glycolysis reprogramming in unexplained
recurrent spontaneous abortion. BMC Pregnancy Childbirth 2024, 24, 840. [CrossRef] [PubMed]

54. Zhu, L.; Chen, H.; Liu, M.; Yuan, Y.; Wang, Z.; Chen, Y.; Wei, J.; Su, F.; Zhang, J. Treg/Th17 Cell Imbalance and IL-6 Profile in
Patients with Unexplained Recurrent Spontaneous Abortion. Reprod. Sci. 2017, 24, 882–890. [CrossRef] [PubMed]

55. Hu, M.; Chen, Y.; Ma, T.; Jing, L. Repurposing Metformin in hematologic tumor: State of art. Curr. Probl. Cancer 2023, 47, 100972.
[CrossRef] [PubMed]

56. Martínez de Morentin, P.B.; Lage, R.; González-García, I.; Ruíz-Pino, F.; Martins, L.; Fernández-Mallo, D.; Gallego, R.; Fernø,
J.; Señarís, R.; Saha, A.K.; et al. Pregnancy Induces Resistance to the Anorectic Effect of Hypothalamic Malonyl-CoA and the
Thermogenic Effect of Hypothalamic AMPK Inhibition in Female Rats. Endocrinology 2015, 156, 947–960. [CrossRef] [PubMed]

57. Cavalcante, M.B.; Sampaio, O.G.M.; Câmara, F.E.A.; Schneider, A.; de Ávila, B.M.; Prosczek, J.; Masternak, M.M.; Campos, A.R.
Ovarian aging in humans: Potential strategies for extending reproductive lifespan. GeroScience 2023, 45, 2121–2133. [CrossRef]
[PubMed]

58. Dong, J.; Guo, C.; Yang, Z.; Wu, Y.; Zhang, C. Follicle-Stimulating Hormone Alleviates Ovarian Aging by Modulating Mitophagy-
and Glycophagy-Based Energy Metabolism in Hens. Cells 2022, 11, 3270. [CrossRef] [PubMed]

59. Liu, H.; Jiang, C.; La, B.; Cao, M.; Ning, S.; Zhou, J.; Yan, Z.; Li, C.; Cui, Y.; Ma, X.; et al. Human amnion-derived mesenchymal
stem cells improved the reproductive function of age-related diminished ovarian reserve in mice through Ampk/FoxO3a
signaling pathway. Stem Cell Res. Ther. 2021, 12, 317. [CrossRef] [PubMed]

60. 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]

61. Phipps, E.A.; Thadhani, R.; Benzing, T.; Karumanchi, S.A. Pre-eclampsia: Pathogenesis, novel diagnostics and therapies. Nat. Rev.
Nephrol. 2019, 15, 275–289. [CrossRef] [PubMed]

62. Wallis, A.B.; Saftlas, A.F.; Hsia, J.; Atrash, H.K. Secular Trends in the Rates of Preeclampsia, Eclampsia, and Gestational
Hypertension, United States, 1987–2004. Am. J. Hypertens. 2008, 21, 521–526. [CrossRef] [PubMed]

63. Duley, L. The Global Impact of Pre-eclampsia and Eclampsia. Semin. Perinatol. 2009, 33, 130–137. [CrossRef] [PubMed]
64. Abalos, E.; Cuesta, C.; Grosso, A.L.; Chou, D.; Say, L. Global and regional estimates of preeclampsia and eclampsia: A systematic

review. Eur. J. Obstet. Gynecol. Reprod. Biol. 2013, 170, 1–7. [CrossRef] [PubMed]
65. Ananth, C.V.; Keyes, K.M.; Wapner, R.J. Pre-eclampsia rates in the United States, 1980–2010: Age-period-cohort analysis. BMJ

2013, 347, f6564. [CrossRef] [PubMed]
66. Quan, X.-Z.; Ye, J.-H.; Yang, X.-Z.; Xie, Y. HOXA9-induced chemerin signals through CMKLR1/AMPK/TXNIP/NLRP3 pathway

to induce pyroptosis of trophoblasts and aggravate preeclampsia. Exp. Cell Res. 2021, 408, 112802. [CrossRef] [PubMed]
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