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Metformin, the most widely used anti-diabetic drug, has been demonstrated to
exert various effects, including antioxidant, anti-inflammatory, anti-tumor, and
cardioprotective properties. Due to its affordability and low toxicity profile,
metformin is increasingly used to prevent or treat a wide range of
gynecological disorders, as evidenced by epidemiological studies, clinical
trials, and animal and in vitro studies. Trial findings for non-cancer conditions
such as endometriosis, premature ovarian failure (POF), and uterine fibroids
remain controversial and insufficient. However, most current clinical trials for
polycystic ovarian syndrome (PCOS) and gynecological malignancies are
ongoing phase Il-lll trials. The pharmacological effects of metformin have
been shown to target the insulin-like growth factor (IGF), AMP-activated
protein kinase (AMPK), phosphatidylinositol 3-kinase (PI3K)/AKT, MAPK, NF-«B,
and other signal transduction pathways, highlighting its potential in the treatment
of gynecological disorders. In this review, we discuss the biological impacts of
metformin and the mechanisms of action pertinent to the treatment of different
gynecological disorders.

KEYWORDS
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1 Introduction

Gynecological conditions often determine a woman’s reproductive health and quality of
life. However, there is a very high prevalence of gynecological disease worldwide,
particularly in developing countries (Bigambo et al.,, 2022). In China, 45.96% of women
suffer from dysmenorrhea, a prevalence lower than that reported in countries such as
Ghana (68.1%) and Greece (89.2%). However, the prevalence of ovarian dysfunction in
China (11.16%) is notably higher than the global prevalence (3.7%). Most women with
gynecological disorders are treated with combination therapies, including surgery,
chemotherapy, radiotherapy, and endocrine therapy, which could have serious side
effects (He et al,, 2024). Thus, it is important to reduce the burden of disease and
improve global women’s health through an effective intervention using cheap and
widely available drugs (Mousa et al., 2021).
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Metformin (N,N-dimethylbiguanide), a standard clinical drug for
type 2 diabetes mellitus (T2DM) for over 60 years (Foretz et al., 2023),
has been shown to have multiple biological effects beyond its
hypoglycemic properties, such as antioxidant, anti-inflammatory,
anti-tumor, anti-fibrotic, and antiviral activities (Du et al, 2022;
Petrasca et al,, 2023; Wang et al, 2023). Recently, metformin has
been increasingly acknowledged for its efficacy in the treatment of
non-diabetic conditions, such as obesity, cirrhosis of the liver, heart
failure, brain damage, and various cancers, including gynecological
cancers (Top et al, 2022; Wang et al, 2023). Mechanistically,
metformin specifically inhibits mitochondrial respiratory chain
complex 1 in a range of tissues, leading to the activation of AMP-
activated protein kinase (AMPK) in various tissues, including
hepatocytes, muscles, and neurons (Top et al., 2022). Although it is
considered an activator of AMPK, evidence supports the involvement of
alternative  AMPK-independent pathways, suggesting that further
research is warranted (Top et al,, 2022).

Furthermore, several studies have reported that metformin is
effective for the treatment of gynecological disorders, including
polycystic ovarian syndrome (PCOS) (Li, Wu et al.), endometriosis,
premature ovarian failure (POF), and uterine fibroids. In addition,
metformin contributes to a reduction in the risk of gynecologic
malignancies, including ovarian, cervical, and endometrial cancers
(Shi et al, 2019; Kim et al,, 2022; Drevinskaite et al.,, 2023). Notably,
metformin has been established to have treatment efficacy, with several
ongoing phase II-III clinical trials in gynecological disorders (Bae-Jump
et al, 2020; Garcia-Beltran et al, 2023). This review aims to
comprehensively delineate the effects of metformin on gynecological
diseases, focusing on its biological mechanisms and therapeutic
implications in clinical practice.

2 Effects of metformin on PCOS

PCOS is a common disorder of hormonal and metabolic imbalance,
characterized by hyperandrogenism, dysfunctional ovulation, and
polyfollicular ovaries and accompanied by metabolic abnormalities,
such as insulin resistance (IR) and obesity (Zhao et al, 2023),
affecting women during their reproductive years, with potential long-
term cardiovascular, metabolic, and reproductive health outcomes (Zhu
et al, 2022; Anbar et al, 2023). Although the exact cause of PCOS
remains unclear, factors such as genetics, oxidative stress, chronic
inflammation, and metabolic dysfunction are believed to be involved
(Gu et al,, 2016; Zhao et al., 2023). Oral contraceptives and hormone
therapy are commonly used to manage PCOS, but they carry higher
risks of side effects such as venous thromboembolism and reduced bone
density, especially in postmenopausal women (Beksinska et al., 2018;
Bachrach, 2020). Due to the interconnected nature of IR, obesity, and
hyperandrogenism in PCOS, insulin-sensitizing agents, especially
metformin, have been frequently studied (Cassar et al., 2016) (Figure 1).

2.1 Effects of metformin on IR and
hyperandrogenemia in PCOS

PCOS is frequently associated with IR and hyperandrogenemia,

affecting 65%-95% of women with the condition (Cassar et al., 2016;
Zhao et al, 2023). IR, a defect in insulin signaling that impairs
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glucose utilization, is a key contributor to metabolic disturbances in
PCOS. In addition, sex-hormone-binding globulin (SHBG) is a
glycoprotein that transports androgens and estrogens. Androgen
excess, a common feature of PCOS, exacerbates IR and is linked to
elevated testosterone levels and a decrease in SHBG levels (Xing
et al, 2021). Metformin primarily targets IR by enhancing insulin
sensitivity, reducing hepatic gluconeogenesis, and increasing muscle
glucose uptake (Cassar et al., 2016). It also lowers androgen levels by
increasing SHBG, addressing both IR and hyperandrogenemia in
PCOS (Diamanti-Kandarakis et al., 1998; Xing et al., 2021).

Metformin also reduces pregnancy-related risks for women with
PCOS, such as miscarriage, preeclampsia, and preterm delivery, by
improving menstrual regularity and promoting ovulation. A meta-
analysis of randomized trials has demonstrated that metformin
lowers the incidence of miscarriage (RR = 0.86, 95% CIL:
0.67-1.12), preeclampsia (RR = 0.45, 95% CI: 0.24-0.83), and
preterm delivery (RR = 0.37, 95% CI: 0.23-0.61) in PCOS
patients (Moghetti et al,, 2000; Zhu et al,, 2022). In addition,
metformin treatment greatly reduced gestational diabetes mellitus
(GDM) incidence (RR = 0.59, 95% CI 0.43-0.80) compared to
placebo, which was attributed to improved -cell responsiveness
and reduced hepatic gluconeogenesis (Yu et al., 2024). Notably, the
GDM trial demonstrated that metformin had comparable efficacy to
insulin in managing established GDM cases, with additional benefits
including attenuated maternal weight gain (mean difference
[MD] -2.3 kg, p < 0.001) and a 76% reduction in the incidence
of preeclampsia (Syngelaki et al., 2016).

Metformin’s effects also extend to cardiovascular risk reduction
as it influences key metabolic pathways to improve lipid metabolism
and endothelial function, potentially lowering the risk of
cardiovascular events (Lan et al, 2015). It has been suggested
that metformin displays potential beneficial effects by reducing
several cardiovascular dysfunction risk factors, such as body mass
index (BMI) (MD: —0.53 kg/m?, 95% CI -0.95, —0.12), insulin-
resistance (HOMA-IR) (MD:-0.50, 95% CI -0.91, -0.09),
triglyceride (MD: —0.11 mmol/L, 95% CI -0.20, —-0.02), plasma
plasminogen activator inhibitor-1 (Ruth, Day et al.) (MD: —4.99 ng/
mL, 95% CI -6.78, —3.21) (Li and Li, 2023), carotid intima-media
thickness (CIMT), and flow-mediated dilation (FMD) (Wang et al.,
2024) in PCOS patients. Taken together, these data suggest that
metformin may help reduce cardiovascular events in PCOS patients.
At the molecular level, metformin activates the AMPK or PI3K/
mammalian target of rapamycin (mTOR) signaling pathways via
oxidative stress, thereby improving glucose and lipid metabolism,
and it also contributes to improved endothelial function, which is
associated with higher levels of high-density lipoprotein cholesterol
(HDL-C); lower levels of low-density lipoprotein cholesterol (LDL-
C), triglycerides, and total cholesterol; and reduced risk of
cardiovascular events (Anbar et al, 2023; Wang et al, 2024).
Animal models reveal that metformin upregulated placental
growth factor (PIGF) while suppressing soluble fms-like tyrosine
kinase-1 (sFlt-1) production through AMPK-mediated pathways
(Tong et al., 2022).

Hyperandrogenism, characterized by elevated androgen levels
and typical of PCOS, is often exacerbated by increased ovarian
androgen production. Metformin has been shown to directly reduce
ovarian androgen levels, independent of its effects on insulin
sensitivity (Kurzthaler et al,, 2014). This provides a dual therapeutic
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benefit for both insulin-sensitive and insulin-resistant women with
PCOS (la Marca et al, 1999; Vrbikova et al, 2001). Long-term
metformin therapy reduces both steroidogenic and metabolic
enzyme activities in the ovaries and the adrenal response to
adrenocorticotrophin (ACTH), helping mitigate hyperandrogenism
in women with PCOS (Lan et al., 2015; LaMoia and Shulman, 2021).

In addition, decreased activity of ERK1/2 with elevated
androgens was found in women with PCOS (Guney et al., 2022).
In vitro, metformin appears to activate ERK1/2 and decrease the
activity of CYP19 (P450 aromatase) for estrogen production (Hirsch
et al, 2012). The ERK1/2 pathway is activated by luteinizing
hormone (LH) in the ovaries, and this activation increases
androgen synthesis in theca cells. However, metformin suppresses
ERK1/2 activation, reducing androgen levels and improving
hormonal balance (Li et al., 2025). In addition, in PCOS rat
models, metformin also improves hormonal balance by
upregulating the phosphatidylinositol 3-kinase (PI3K) pathway,
further demonstrating its multifaceted action on IR and

metabolic dysregulation (Guo et al., 2022).

2.2 Effects of metformin on inflammation
in PCOS

PCOS has
inflammation disease, evidenced by elevated cytokine levels and

been recognized as a low-degree chronic
macrophage infiltration. The inflammatory markers include
C-reactive protein (CRP), interleukin-6 (IL-6), interleukin-1p (IL-
1B), tumor necrosis factor-alpha (TNF-a), neutrophil-to-
lymphocyte ratio (NLR), and platelet-to-lymphocyte ratio (PLR)
(Duleba and Dokras, 2012). The increased inflammatory markers
are associated with IR-related metabolic dysfunction in PCOS
(Gonzalez et al., 2014). Specifically, metformin ameliorates IR
and enhances clinical outcomes by reducing the expression of
inflammatory markers IL-6 and TNF-a in PCOS in humans
(Victor et al.,, 2015) and animal models (Rabah et al., 2023).

Although the exact etiology of the chronic inflammation process
associated with PCOS is not known, it is believed that in adipose tissue,
adipocytes and immune cells are the primary sources of cytokine release
(Lonardo et al, 2024). Obesity and IR are common risk factors for
inflammation, and chronic low-grade inflammation may be more severe
in obese and IR women with PCOS (Gonzalez et al., 2014). Macrophages
produce inflammatory cytokines that could trigger IR in metabolic tissues.
The suppression of macrophages may reduce inflammatory cytokine
levels, which are associated with a decrease in IR (Hyun et al, 2013).
Furthermore, there is a high prevalence of excess adiposity in PCOS,
characterized by enlarged adipocytes and the accumulation of
macrophages within adipose tissue (Echiburu et al, 2018).

Previous studies have indicated that metformin exerts anti-
inflammatory effects through the inhibition of several pro-inflammatory
signaling pathways, such as MAPK, nucleotide-binding oligomerization
domain (NOD)-like receptors, leucine-rich repeats (LRRs), and NLR family
pyrin domain containing 3 (NLRP3) inflammasome (Jia et al, 2020; Jin
et al, 2022). NF-«B is a key factor in determining the inflammatory
condition in PCOS, and the activation of NF-kB leads to increased
inflammation. Metformin suppresses the PI3K-AKT-NF-kB signaling
pathway and reduces the expression of inflammatory genes in PCOS-
like rats (Zhang et al,, 2017). In addition, Toll-like receptors (TLRs) mediate
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inflammatory responses associated with increased interleukin accumulation
and contribute to the pathogenesis of PCOS (Gu et al, 2016). Metformin
treatment effectively attenuates the release of inflammatory cytokines in
endometrial tissues via the TLR4/NF-kB signaling pathway (Hu et al,
2021). Additionally, metformin reduces inflammatory cytokines by
decreasing  leukocyte-endothelium interactions in PCOS  (Victor
et al,, 2015).

2.3 Effects of metformin on oxidative stress
in PCOS

Oxidative stress, an imbalance between oxidants and antioxidants,
is caused by excessive reactive oxygen species (ROS) production. It has
been suggested that ROS levels are elevated in women with PCOS
(Duleba and Dokras, 2012). Mitochondrial dysfunction is the main
source of ROS, and it is especially important for ovarian function and
metabolic activity (Rabah et al.,, 2023; Wu et al,, 2023; Chen et al., 2024).
ROS may directly lead to IR and hyperandrogenism through the p47°"
(@ NADPH oxidase subunit) component, which is related to the
response of immune cells within adipose tissue in women with
PCOS (Gonzalez et al, 2019). On the other hand, ROS activates the
NF-«B signaling pathway, which stimulates an inflammatory response
that further increases IR and hyperandrogenism (Rudnicka et al., 2022).
IR in the skeletal muscle of women with PCOS is associated with
reduced expression of genes involved in mitochondrial oxidative
metabolism and reduced expression of peroxisome proliferator-
activated receptor y coactivator o (PGC-la), which interacts with
AMPK or proliferator-activated receptor y (PPARy) and controls
proteins involved in the regulation of mitochondrial function and
metabolism, including oxidative phosphorylation (OXPHOS) gene
and mitochondrial DNA (mtDNA) replication (Skov et al, 2007;
Abu Shelbayeh et al., 2023).

Metformin, with its antioxidant properties, reduces ROS levels and
improves mitochondrial function and insulin sensitivity (Udono and
Nishida, 2022). In clinical trials, metformin therapy in PCOS women
improves oxidative stress markers, including a decrease in
malondialdehyde (MDA) levels and an increase in glutathione
(GSH) levels and superoxide dismutase (SOD) enzyme activity (Xu
et al,, 2022). Moreover, metformin improves mitochondrial function
and contributes to helping restore hormonal balance and insulin
sensitivity in PCOS patients (Rabah et al, 2023). The PI3K/AKT/
mTOR signaling pathway has been demonstrated to be the most
disturbed pathway in ovarian granulosa cells (GCs) under oxidative
stress and in PCOS (Abuelezz et al., 2020). Metformin decreases ROS
levels, resulting in reduced autophagy via the PI3K/AKT/mTOR
signaling pathway in H,O,-induced GCs and a PCOS rat model (Xu
et al, 2022). Studies in the PCOS-IR rat model demonstrate that
metformin reduces ROS levels, resulting in improved mitochondrial
function and insulin sensitivity and upregulated PI3K and AKT gene
expression (Rabah et al., 2023).

3 Effects of metformin on
endometriosis

Endometriosis is a common gynecological condition affecting
5%-15% of women of reproductive age worldwide, leading to pain,
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[llustration of the signaling pathway by which metformin affects PCOS.

infertility, and systemic inflammation (Taylor et al, 2021). The
condition is characterized by altered lipid metabolism in the liver
and adipose tissue, contributing to elevated levels of inflammatory
markers such as IL-6, TNF-a, and CRP (Taylor et al., 2021). The
recommended first-line treatments for endometriosis, such as
nonsteroidal anti-inflammatory drugs (NSAIDs) and hormonal
therapies, are often poorly tolerated due to their side effects and
limited efficacy in reducing ectopic lesions (Brown et al.,, 2017;
Peitsidis et al, 2023). Although studies in women with
endometriosis treated with metformin are scarce, it has been
demonstrated that metformin may avoid the main side-effects of
other treatments and exert anti-inflammatory, anti-proliferative,
antioxidative, and anti-angiogenic effects on endometriosis,
suggesting  its role in the

potential management  of

endometriosis (Figure 2).

3.1 Effects of metformin on hormonal
regulation in endometriosis

Endometriosis is a hormone-dependent condition with estrogen
dependency and progesterone resistance. Elevated estrogen
production and marked progesterone resistance are the key
events that promote the ectopic implantation of endometrial cells
(Vannuccini et al., 2022). Metformin modulates steroid hormone
levels, inhibiting the secretion of follicle-stimulating hormone
(FSH), LH,

ovarian GCs (Rice et al., 2013). Endometriosis is characterized by

estradiol, progesterone, and androstenedione in

the ectopic growth of endometrial stromal cells and glands.
Metformin has been shown to have inhibitory effects on the
growth of progesterone-resistant endometrial epithelial cells and
peritoneal adhesions in animal models (Zhuo et al, 2016; Hu
et al., 2018).

Importantly, aromatase is a member of the cytochrome P450
(CYP) superfamily and induces the aromatization of androgens into
estrogens. High levels of steroidogenic acute regulatory protein and
aromatase are expressed in endometriotic stromal cells (ESCs),
contributing to the growth of endometrial implants (Xu et al,
2014). The inhibition of aromatase is one of the targets of
available and emerging drugs for endometriosis. Several findings
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have shown that metformin could suppress aromatase activity by
inhibiting prostaglandin E2 (PGE2)-induced CYP19A1 and StAR
expression in endometriotic stromal cells; thus, it appears to be
effective in the medical management of endometriosis (Xu et al.,
2014; Zhou et al., 2015).

3.2 Effects of metformin on inflammation in
endometriosis

In patients with endometriosis, aberrant inflammatory
responses are observed, with elevated levels of pro-inflammatory
cytokines, including TNF-a, IL-1p, and IL-6, found in the serum,
peritoneal fluid, and ectopic lesions (Zhou et al., 2019; Sapmaz et al.,
2022). Metformin therapy may relieve the clinical symptoms of
endometriosis (pelvic pain and menstrual disorders), accompanied
by a reduction in the levels of inflammatory cytokines in the serum
and peritoneal fluid in women with endometriosis due to its anti-
inflammatory effects (Omer, 2016).

NF-kB has been extensively reported to play a role in the
progression of endometriosis, particularly in lesion
development, cell proliferation, and angiogenesis. In patients
with endometriosis, activation of NF-«B is found in endometrial
cells, macrophages, and peritoneal fluid (Liu et al., 2022),
contributing to the proliferation of endometriotic cells (Wang
et al, 2022) and the polarization of peritoneal macrophages
(Lousse et al., 2008). In addition to inflammatory cells, other
cell types, such as stromal cells, fibroblasts, and endothelial cells,
could produce inflammatory cytokines and contribute to pro-
inflammatory effects (Mohebbi et al., 2022). Studies on
endometriosis have shown that metformin exerts potent anti-
NF-xB effects, alleviating disease progression, and it has
demonstrated the

potential to target

molecules in endometriotic cells (Takemura et al., 2007),

pro-inflammatory

macrophages, and vascular smooth muscle cells in vitro (Isoda
et al., 2006), in obese mice (Hyun et al., 2013), and in rat models
of endometriosis (Jamali et al., 2021; Sapmaz et al., 2022). These
findings indicate the significant therapeutic potential of
endometriosis targeting

metformin in management by

inflammatory pathways.
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[lustration of the effects of metformin in endometriosis.

3.3 Effects of metformin on angiogenesis in
endometriosis

Angiogenesis is fundamental to the growth of endometriotic
tissue, which starts with the destabilization of the pre-existing
vasculature, and is driven by the release of pro-angiogenic factors
and the degradation of the extracellular matrix (ECM). Matrix
metalloproteinases (MMPs), regulated by their endogenous
inhibitors—tissue inhibitors of metalloproteinases (TIMPs) (Ruth,
Day et al.) (Ruth, Day et al.)—are critical for ECM breakdown and
the promotion of angiogenesis (Zafrakas et al., 2020). Higher levels
of vascular endothelial growth factor (VEGF), MMPs, and reduced
TIMPs have been observed in endometriotic lesions, serum, and
peritoneal fluid from endometriosis patients (Zafrakas et al., 2020; Li
et al,, 2021) and in animal models (Lu et al., 2006; Maoga et al.,
2023). Suppression of MMPs has been reported to inhibit the
establishment of ectopic lesions derived from human
endometrium in nude mice (Bruner et al, 1997). The potential
effect of metformin on angiogenesis in endometriosis may be
mediated through the regulation of MMP activity. Metformin
reduces the expression of MMP2 and MMP9 and enhances
TIMP expression, accompanied by increased expression of
angiogenesis-related genes, such as HIF-la and VEGFA, in
human ectopic endometrial cells (Yari et al, 2021) and
endometriotic implants of endometriosis rat models (Yilmaz
et al., 2010; Cheng et al.,, 2022).

Furthermore, vascular dysfunction is associated with the
upregulation of endothelin-1 (ET-1) and reduced endothelial
nitric oxide synthase (eNOS) production and contributes to

endothelial damage in endometriosis (Wu et al, 2003). In a
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mouse model of endometriosis, daily metformin for 3 months led
to a significant reduction in ET-1 expression, an increase in eNOS
expression, and diminished endometriosis-associated endothelial
dysfunction (Martins et al, 2022; Yang et al, 2024). Studies
with
endometriosis are scarce. However, it has been demonstrated that

involving  metformin  administration in  women

metformin treatment has an impact on the angiogenic,
inflammatory, and ECM-related genes, suggesting its potential

role in the regulation of angiogenesis in endometriosis.

3.4 Effects of metformin on apoptosis and
autophagy in endometriosis

Endometriosis is characterized by enhanced proliferation and
apoptosis
endometrial cells show an overexpression of anti-apoptotic genes

diminished of endometrial cells. Endometriotic
such as Bcl-2 and insufficient expression of pro-apoptotic factors
such as Bax (Braun et al., 2007), and an apoptosis-inducing agent is
considered to be a promising therapeutic strategy for endometriosis.
Apoptosis is controlled by NF-«B transcription factors in a wide
range of cell types, including endometrial cells. Metformin increases
the apoptotic index by modulating the Bcl-2/Bax ratio in
endometrial cells via NF-kB activation (Sapmaz et al., 2022;
Wang et al., 2022).

Autophagy has been considered an efficient regulator of
apoptosis (Kobayashi et al., 2024). Beclin-1 is an important
autophagic factor and can interact with Bcl-2. The levels of the
Beclin-1 and Bcl-2 proteins in endometriotic lesions suggest the

existence of an autophagy and apoptosis dysfunction in
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[llustration of the effects of metformin in POF.

endometriosis in humans (Li et al., 2021) and induced rodent
models (Li et al., 2023). The autophagy process is associated with
the PI3K/AKT/mTOR signaling pathway and downstream target
molecules, including autophagy-related proteins (Kobayashi et al.,
2024). mTOR is the main suppressor of autophagy (Kim and Guan,
2015; Jamali et al., 2021), and metformin has a strong inhibitory
effect on mTOR by stimulating AMPK or NF-kB (Lu et al., 2021;
Saber and El-Kader, 2021). In in vitro cultured human endometrial
stromal cells (HESCs), overexpression of HIF-1a results in enhanced
cell migration, invasion ability, and autophagy, and Beclin-1 and
light chain 3 (LC3) are upregulated (Liu et al., 2017; Zhang et al.,
2024). In endometriotic lesions of mice, the PI3K/AKT/mTOR
pathway was activated, and metformin administration was
associated with the enhanced autophagy process through mTOR
inhibition (Jamali et al., 2021). These observations suggest an anti-
endometriotic effect of metformin through autophagy-related
pathways. To date, clinical studies on metformin’s effects on
autophagy have been conducted in patients with T2DM, PCOS,
and cancer (Lu et al, 2021). Further investigation is needed to
effects of metformin on

determine the pharmacological

endometriosis via autophagy.

4 Effects of metformin on POF

POF is an important cause of infertility characterized by the
functional decline of the ovary. POF affects 3%-7% of reproductive-
aged women, particularly those undergoing chemotherapy (Golezar
et al,, 2019). During folliculogenesis, GCs play a crucial role in
supporting oocyte growth and maturation. Dysfunction of GCs is a
key factor in the development of POF (Wu et al, 2023). The
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etiologies of POF are heterogeneous and multifactorial, and
traditional therapies have limited effectiveness, benefiting only a
small proportion of patients. Metformin, with its low cost and
established safety profile, has demonstrated promising effects in
improving ovarian function. It exerts anti-inflammatory,
antioxidant, and anti-apoptotic effects, which contribute to the
restoration of ovarian hormonal function. These effects suggest
that metformin could be a potential therapeutic option for
fertility preservation in POF, offering a novel approach for
managing this condition in the near future. Despite promising
results, further research is needed to optimize metformin’s

efficacy in POF treatment (Figure 3).

4.1 Effects of metformin on follicular
development in POF

POF occurs due to the exhaustion of a number of ovarian
follicle-associated endocrine dysfunctions (Wu et al, 2023).
Female germline stem cells (FGSCs) are stem cells that can
differentiate into mature oocytes and remodel ovarian function.
Some studies have shown that replenishing exhausted FGSCs is a
promising approach to restore ovarian function (Hong et al., 2022).
It has been demonstrated that metformin treatment can promote
FGSC proliferation and facilitate follicular maturation, thus
enhancing ovarian reserve capabilities (Chen et al., 2023).

There exists abnormal GC damage in the ovary of POF patients
(Lin et al., 2022). GCs play a crucial role in follicle initiation and
development, and abnormal GC proliferation or apoptosis is an
important factor causing POF. Steroid hormone secretion is one of
the key functions of GCs. In vitro studies using cultured ovarian cells
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have demonstrated a direct metformin effect on ovarian
steroidogenesis ~ (Kurzthaler et al,  2014).
cyclophosphamide (CTX) increased apoptosis and
reduced cellular proliferation of GCs, and metformin can exert

Moreover,
induces

anti-apoptotic and cell proliferative effects against chemotoxicity
via the AMPK-dependent p53
et al.,, 2021).

Recent studies using a chemotherapy- and D-galactose-induced

signaling pathway (Huang

POF mouse model have reinforced the beneficial effects of
metformin in enhancing ovarian function (Du et al, 2022;
Ellibishy et al., 2024). Cisplatin exposure directly induces follicle
loss, while metformin treatment encourages the resumption of
follicular growth and development in the ovaries, showing that
primordial follicles and growing follicles are largely restored and
atretic follicles are significantly reduced in cisplatin-treated ovaries.
In the CTX- and D-galactose-exposed mouse model, the use of
metformin is associated with improved serum hormonal levels and
follicle numbers, exhibiting mTOR-inhibitory and anti-apoptotic
effects (Huang et al,, 2021). Additionally, the effect of metformin
may also be achieved through an improvement in anti-inflammatory
and antioxidant properties on GCs, and the activation of the PI3K/
AKT/mTOR or AMPK/PPAR-y/SIRT1 signaling pathway is
involved (Ellibishy et al., 2024; Yang et al., 2024).

In addition to the hormonal and metabolic dysfunctions
commonly associated with POF, genetic factors also play a
significant role in its pathogenesis. Genetic mutations, such as in
the FMRI gene (fragile X messenger ribonucleoprotein 1), have been
linked to genetically induced POF (Ojavee et al., 2023). There is also
some evidence that metformin may be effective in improving
aberrant  behavior and  correcting electrophysiological
abnormalities in patients with fragile X syndrome, but no clinical
trials have tested its effects on ovary function in these patients
(Proteau-Lemieux et al, 2021). Further research is needed to
evaluate the therapeutic limitations and potential effects of
induced POF.
causing POF may impair

metformin in patients with genetically

Furthermore, genetic mutations
follicular development and function independently of insulin or
metabolic regulation, and metformin may aid in managing

secondary metabolic complications.

4.2 Metformin as an anti-aging agent in POF

Metformin has been identified as an anti-aging agent in a clinical
trial-TAME (targeting aging by metformin) and can relieve age-
associated pathologies (Kulkarni et al., 2020). Beyond its use in
cardiovascular diseases, cancer, osteoarthritis, Alzheimer’s disease,
and obesity, metformin could alleviate aging and age-related
phenotypes by suppressing senescence through mechanisms such
as redox balance, autophagy, and immune and inflammation
response in the ovary (Qin et al, 2019; Lu et al, 2021; Landry
et al., 2022; Yang et al., 2024).

In vitro cultures of cisplatin-treated GCs to which metformin
was added have displayed a significant reduction in the expression of
senescence markers (p21, pl6, and NF-kB) and senescence-
associated secretory phenotype (SASP) markers, IL-6 and IL-1p,
and in a number of senescence-associated beta-galactosidase (SA[-
gal)-staining cells, and ultimately, improved functional and

Frontiers in Pharmacology

10.3389/fphar.2025.1526709

structural changes occurred in cisplatin-induced POF mice (Du
et al, 2022). Oxidative stress promoting aging in GCs was
considered the primary pathogenesis of POF (Lin et al, 2022).
Metformin could attenuate H,O,-induced oxidative stress and
further decrease excessive autophagy caused by oxidative stress
via the PI3K/AKT/mTOR pathway in rat GCs (Xu et al, 2022).
Additionally, metformin significantly reduces macrophage-induced
ROS accumulation and senescence in primary GCs by inducing the
expression of the AMPK pathway and protects against CTX-induced
POF (Yang et al., 2024).

4.3 Effects of metformin on fibrosis in POF

POF is associated with significant changes in the structural
organization of collagen, characterized by excessive deposition of
the ECM, resulting in ovarian fibrosis (Pellicer et al., 2023).
Metformin has been demonstrated to effectively treat and prevent
fibrosis in various organs, including the lungs (Cheng et al., 2021),
kidneys (Wang et al., 2016), liver (Pinyopornpanish et al., 2021), and
heart (Li et al,, 2023). In the fibrotic ovary, several studies have
demonstrated that metformin attenuates ovarian fibrosis through
the modulation of immune cells, fibroblasts, and angiogenesis, and
pro-fibrotic and inflammation signaling pathways were involved,
particularly in aged or high-fat diet-induce mouse models
(McCloskey et al., 2020; Landry et al., 2022; Velazquez et al.,, 2023).

Fibrosis is associated with a pro-inflammatory cascade
characterized by enhanced M1-like macrophages, reduced M2-
like macrophage infiltration, and elevated pro-inflammatory
chemokines, which are believed to damage GCs in aged and POF
ovaries (McCloskey et al., 2020; Yang et al.,, 2024). Transforming
growth factor-p (TGF-B) is known to promote fibrosis and
contribute to POF (Persani et al, 2011), and collagen content
and fibroblast proliferation are significantly reduced, which is
related to AMPK-mediated suppression of TGF-B production
after metformin administration (McCloskey et al., 2020). In
addition, mitochondrial dysfunction in stromal cells is the key
causal factor triggering fibrosis-induced ovarian decline, and
metformin’s reversal of ovarian fibrosis converges on related
mitochondrial metabolic pathways that are upstream of oxidative
stress and inflammation (Umehara et al., 2022). Ovarian fibrosis has
been established in human chemotherapy-induced POF, but the
effect of metformin on POF-associated murine ovarian fibrosis has
yet to be extended to human POF (Meirow et al., 2007).

5 Effects of metformin on
uterine fibroids

Uterine leiomyomata or fibroids are extremely common
that 80% of
reproductive-aged women, and they are commonly associated

benign gynecological tumors occur in
with heavy menstrual bleeding (Moravek and Bulun, 2015;
George, 2023). Recent studies have suggested that the drug
metformin might exert a beneficial effect on the management
of uterine fibroids through mechanisms including anti-
proliferative actions, promotion of apoptosis, and angiogenesis

inhibition (Li et al., 2013; Tadakawa et al., 2015).
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A population-based retrospective cohort study supports a
reduced risk of uterine fibroids associated with metformin use in
Taiwanese female patients with T2DM (Tseng, 2019). In vitro,
metformin has anti-tumor properties, inhibiting proliferation and
inducing apoptosis on uterine leiomyoma cells via the activation of
AMPK, followed by the inhibition of the mTOR pathway (Li et al.,
2013; Tadakawa et al.,, 2015). Metformin has also been shown to
inhibit the proliferation of leiomyoma cells to reduce tumor size in
clinical trials (Wang et al., 2019).

Additionally, fibroid growth is primarily dependent on the levels
of circulating estrogen and the regulation of estrogen signaling
(Borahay et al., 2017). 17B-hydroxysteroid dehydrogenase (17§3-
HSD) and aromatase are the major enzymes catalyzing the
conversion of androstenedione to estrone and are found to be
overexpressed in fibroid tissue than in normal myometrium, and
this suggests that fibroids convert circulating androstenedione into
estrone in situ (Sumitani et al., 2000). In contrast, metformin could
suppress the expression of HSD and aromatase (P450 arom) in
uterine fibroid cells and reduce estrogen synthesis, thereby
inhibiting the growth of fibroids (Wang et al., 2019).

Angiogenesis and vascularization have been regarded as crucial
factors controlling the growth of tumors. Multiple angiogenic factors,
such as VEGF and its receptors, are overexpressed in leiomyoma tissue
compared to the adjacent myometrium (Di Tommaso et al., 2013). In
addition, metformin suppresses VEGF expression through the
mTORCI/HIF-1a pathway, further indicating its anti-angiogenic
properties in uterine fibroids (Tadakawa et al., 2015).

6 Effects of metformin on gynecologic
malignhancies

6.1 Ovarian cancer

Based on population-based retrospective studies and meta-
analysis, there is a markedly reduced risk of ovarian cancer
incidence associated with metformin use by patients with T2DM
(Tseng, 2015; Shi et al, 2019). Additionally, in clinical trials,
metformin treatment enhances the survival of ovarian cancer
2013).
metformin on ovarian cancer are attributed primarily to its

patients (Kumar et al, The anti-tumor effects of
ability to inhibit cancer cell proliferation, enhance the sensitivity
of cancer cells to chemotherapeutic agents, modulate the cell cycle,
and promote apoptosis in cancerous cells.

Extensive research has demonstrated that metformin treatment
can suppress the proliferation, chemoresistance, and metastasis of
ovarian cancer cells (Rattan et al., 2011; Min et al., 2020). The anti-
proliferation effect of metformin may involve p53 protein
ubiquitination or the NF-kB signaling pathway (Min et al., 2020;
Zheng et al., 2022). Moreover, metformin induces cell cycle arrest
and apoptosis through the Bcl-2-family of proteins in primary
human ovarian carcinoma cells, isolated from ascitic fluid or
omental metastases (Liu et al., 2018). In addition, metformin
significantly inhibits angiogenesis through downregulated VEGF
activity induced by the IL-6/STAT3 or AMPK/mTOR signaling
pathways (Rattan et al., 2011; Yang et al.,, 2021).

Furthermore, metformin enhances the anti-tumor efficacy by
diminishing tumor resistance in vivo and in vitro. Several studies
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suggest that metformin induces growth inhibition and shows
synergistic effects in overcoming chemoresistance, especially in
cisplatin-resistant ovarian cancer cells (Lee et al, 2019), and the
chemosensitizing effect of metformin seems to be dependent on
p53 function (Han et al.,, 2019). Increased Bcl-2-protein family-
linked to
chemosensitizing effects in ovarian cancer (Yasmeen et al., 2011).

dependent apoptosis was  also metformin’s
In cisplatin-resistant ovarian cancer patient-derived xenograft
models, in vivo treatment with metformin partially reversed
platinum resistance (Ricci et al., 2019). Furthermore, metformin
sensitization of drug-resistant ovarian cancer to chemotherapeutic
agents is possibly through the induction of autophagy (Yang et al.,
2019). These clinical and laboratory studies support the essential
role of metformin in the development and growth of ovarian cancer,
highlighting its potential as a therapeutic agent against
ovarian cancer.

6.2 Cervical cancer

Retrospective cohort studies demonstrated that metformin use
in patients with diagnosed T2DM was associated with a lower risk of
cervical cancer (Kim et al, 2022). Although there is one study
demonstrating no association between metformin use and the
survival outcome of women with cervical cancer (Takiuchi et al.,
2017), several studies revealed that metformin treatment decreased
cervical cancer-specific and overall mortality in older women with
T2DM (Han et al., 2016) and reduced the recurrence rate in patients
with T2DM (Hanprasertpong et al., 2017).

It has been reported that metformin inhibits cell viability, migration,
and metastasis and induces cell-cycle arrest, autophagy, and apoptosis in
cervical cancer cell lines and cervical cancer xenografts (Cheng and Hao,
2016; Xia et al.,, 2018). These actions of metformin are mediated via
various mechanisms, such as PI3K/AKT/mTOR inhibition and AMPK
pathway activation (Xia et al., 2020; Chen et al., 2021). Metformin has
been reported to inhibit heme oxygenase-1 (HO-1) expression in
cervical cancer Hela cells, contributing to the regulation of
angiogenesis and cell proliferation (Do et al,, 2013).

By targeting the PI3K/AKT and p53 pathways, metformin could
also enhance NK cell cytotoxicity and may be used as an
therapy with
immunotherapy (Xia et al., 2020). By targeting mitochondria,

immunopotentiator for combination
metformin suppresses the malignant phenotype and metastatic
potential of cervical cancer cells due to the modulation of
mitochondrial respiration and glucose metabolism through the
citric acid cycle (Tyszka-Czochara et al, 2017). Furthermore,
metformin is found to amplify chemotherapy-induced AMPK
activation and sensitize cervical cancer cells to the action of
cisplatin (Tyszka-Czochara et al, 2017). These results suggest
that metformin exerted a synergistic action in chemotherapy-
based strategies for cervical cancer treatment.

6.3 Endometrial carcinoma
The incidence of endometrial cancer is increasing in parallel

with the rising prevalence of metabolic syndrome, obesity, and
T2DM (Drevinskaite et al., 2023). Metformin is used as a first-
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line therapy to target risk factors that contribute to endometrial
cancer, such as PCOS and obesity, due to its effects on IR and
glucose metabolism. Although epidemiologic studies evaluating the
relationship between metformin use and endometrial cancer risk are
conflicting (Tang et al., 2017; Drevinskaite et al., 2023), other studies
demonstrated that metformin could improve endometrial cancer
outcomes, reducing mortality risk and prolonging overall survival of
endometrial cancer patients (Xie et al., 2024).

Endometrial cancers are traditionally classified as type 1
(estrogen-dependent) and type 2 (estrogen-independent)
categories, and type 1 cancers, which are usually endometrioid in
histology, account for ~90% of all endometrial cancer cases .
Endometrioid endometrial cancer is driven by obesity and IR
(Kitson et al.,, 2019). Metformin improves IR, and evidence has
suggested that its use is associated with improved glucose
metabolism in women with endometrial cancer (Davis et al,
2018). In endometrial cancer cell cultures, metformin treatment
reduces the secretion of insulin-like growth factor (IGF-1) and
downregulates the expression of the insulin receptor and IGF-1R
(Sarfstein et al., 2013). In addition to IGF pathways, anti-tumor
effects on PI3K/AKT/mTOR and MAPK/ERK pathways with
metformin exposure were observed, leading to the upregulation
of markers of cell cycle arrest, apoptosis, and autophagy and
downregulation of markers associated with senescence and the
inhibition of cell migration (Hanna et al., 2012; Lee et al., 2018;
Cao et al, 2019; Ruiz-Mitjana et al., 2023).

More importantly, metformin exhibits properties of sensitizing
cancer cell to chemotherapy and hormone therapies. Progesterone is
a key hormone in the endometrium that opposes estrogen-driven
growth, and insufficient progesterone action strikingly increases the
risk of endometrial cancer (Alhujaily et al, 2021). Glyoxalase I
(GLOI) and ten-eleven translocation 1 (TET1), along with 5-
(5-hmC), contribute to

hydroxymethylcytosine progestin

10.3389/fphar.2025.1526709

resistance and chemotherapeutic resistance in endometrial cancer
(Lv et al,, 2017; Alhujaily et al., 2021; Liu et al., 2021). It has been
reported that metformin treatment increased the sensitivity of
endometrial cells to cisplatin and paclitaxel, an effect that was
associated with reduced levels of GLOI expression (Hanna et al.,
2012). Additionally, metformin sensitizes progestin and exerts anti-
estrogen capacity in endometrial cancer through the TET1-5hmC-
GLOI signaling pathway (Jiang et al, 2019).
dehydrogenase 1 (IDH1) is an enzyme that catalyzes isocitrate to
produce a-ketoglutarate (a-KG), a substrate of TET1, which
controls TET1-mediated progestin- and chemotherapy-resistant

Isocitrate

genes in endometrial cancer (Li et al., 2024). Metformin could
mediate the induction of chemosensitivity resulting from the
downregulation of Nrf2, leading to the inhibition of IDHI-a-KG-
TET1-Nrf2 signaling (Bai et al., 2018; Jiang et al., 2019). Overall, the
efficacy of metformin use in endometrial cancer is promising.
However, in one multi-center, randomized phase-III trial, short-
term treatment with metformin did not reduce tumor proliferation
in women with endometrioid endometrial cancer (Kitson et al.,
2019); therefore, clinical trials to confirm the effects of metformin on
endometrial cancer are warranted (Figure 4).

7 Conclusion

Many in vitro, in vivo, and pre-clinical studies have
demonstrated various effects of metformin, such as anti-diabetic,
antioxidant, anti-inflammatory, anti-tumor, and cardioprotective
effects in gynecological disorders, which are mainly due to the
effects on the IGF system and several intracellular signaling
transduction pathways, such as AMPK, PI3K/AKT/mTOR, and
MAPK/ERK pathways. Although clinical studies confirm the
efficacy of metformin in treating conditions such as PCOS, the

Metformin

chemotherapeutic
sensitivity

respiration
glucose
metabolism

l migration |

FIGURE 4

cell cycle

[llustration of the signaling pathway by which metformin affects ovarian, cervical, and endometrial cancers.
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evidence for its role in endometriosis, POF, myomas, and
gynecological cancers is limited. In terms of gynecological
cancers, while some clinical trials have shown mixed results
activity,
emerging evidence suggesting its role in enhancing chemotherapy

regarding metformin’s  anti-proliferative there 1is
sensitivity and improving insulin sensitivity in cancer patients.
However, the specific contribution of metformin in the treatment
of endometrial cancer remains unclear, and further research is
needed to clarify its potential as an adjunct to existing cancer
therapies. In conclusion, while metformin has shown promise in
several gynecological disorders, more targeted clinical trials are
necessary to establish its role in endometriosis, POF, myomas,

and gynecological malignancies.
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