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Abstract

Metformin, a first-line treatment for type 2 diabetes, has gained potential for its anti-cancer properties. Evidence suggests that
metformin suppresses tumour growth and induces apoptosis, particularly through its effects on mitochondrial pathways. This
review explores three interconnected mechanisms by which metformin promotes mitochondrial-induced apoptosis and inhibits
tumorigenesis in breast cancer: AMPK activation, reduced Bcl-2 protein activity, and ROS accumulation. These processes
contribute to apoptotic reactivation mechanisms such as mitochondrial outer membrane permeabilization (MOMP),
cytochrome c release, and cell death, offering insight into how metformin may help overcome treatment resistance in hormone
receptor-positive and triple-negative breast cancers. Breast cancer was selected for this study due to its high global incidence
and marked variability in treatment response, making it an ideal framework to evaluate metformin’s effects across different
breast cancer subtypes. A systematic review was conducted to review metformin’s role in inducing apoptosis, focusing on its
effects on mitochondrial processes related to AMPK activation, reduced Bcl-2 protein activity, and ROS production. The
review draws research from databases such as PubMed, ScienceDirect, and the National Institutes of Health, using keywords
such as metformin, mitochondrial apoptosis, tumorigenesis, and anticancer pathways. Studies were selected based on relevance
to AMPK signaling, Bcl-2 modulation, and ROS involvement, with emphasis on apoptosis markers, breast cancer subtypes,
and metformin dosage-response outcomes. Metformin’s role to activate AMPK, reduce Bcl-2 protein activity , and increase
ROS collectively promote BAX/BAK oligomerization, mitochondrial outer membrane permeabilization (MOMP, and both
caspase-dependent and caspase-independent apoptosis). These effects are expected to vary across breast cancer subtypes based
on p53 status, ER expression, and metabolic profile. This review highlights metformin's potential as an anti-cancer agent by
targeting various mitochondrial mechanisms, each contributing to apoptosis and inhibiting tumorigenesis. The findings can
guide clinicians in integrating metformin into targeted cancer treatments to overcome cancer resistance. This research can
support the development of metformin-based therapies that selectively target cancer cell vulnerabilities and guide future efforts
in personalizing treatment based on tumour metabolism and genetic context.
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Introduction

Breast cancer is the most common cancer affecting
women globally, with 2.3 million women diagnosed with
breast cancer in 2022 [1]. By 2050, diagnoses and deaths
associated with breast cancer are expected to rise by 38% and
68%, respectively [2]. This jarring projection necessitates an
investigation into the mechanisms underlying breast cancer
to guide therapeutic endeavours. Recent research for breast
cancer therapies has focused on drug repurposing as a
promising strategy. Metformin, an antidiabetic drug
prescribed for type 2 diabetes, has emerged as a candidate
with potential anti-cancer properties [3]. Evidence from
observational studies suggests that metformin use is
associated with reduced breast cancer incidence and
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improved survival in diabetic patients. Preclinical studies
demonstrate its ability to suppress tumour growth and
promote apoptosis across breast cancer subtypes [4]. These
effects are mediated through several interconnected
mechanisms involving AMP-activated protein kinase
(AMPK) activation, B-cell lymphoma 2 (Bcl-2) protein level
reduction, and reactive oxygen species (ROS) generation [5].

Metformin has gained attention due to its ability to target
mitochondria-induced apoptosis, a key pathway often
disrupted in cancer that many cancer cells evade through
overexpression of anti-apoptotic proteins like Bcl-2 [5].
Mitochondria are central regulators of intrinsic apoptosis.
When the mitochondrial outer membrane is permeabilized,
pro-apoptotic factors like cytochrome c are released,
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triggering caspase activation and programmed cell death.
Cancer cells evade this process, supporting uncontrolled
growth [5]. Metformin re-engages this apoptotic pathway
through three interconnected mechanisms: activation of
AMPK, reduced Bcl-2 protein activity , and increased ROS
production [6].

Despite promising findings, the therapeutic implications
of metformin in breast cancer remain context-dependent [8].
Metformin’s effectiveness varies with tumour characteristics
such as p53 mutational status and estrogen receptor
expression (ER+), and some cancer cells may leverage
AMPK activation to support survival through autophagy [9].
Given these nuanced and contradictory findings, further
research is needed to elucidate metformin’s mechanisms of
action and clinical utility in breast cancer. This review
synthesizes current evidence on metformin’s role in
modulating AMPK, Bcl-2 protein expression, and ROS
pathways, aiming to clarify its potential as a therapeutic
adjunct and identify directions for future investigation.

Methods

A comprehensive review was conducted utilizing
PubMed, ScienceDirect, and the National Institutes of Health
databases to identify relevant studies on metformin’s role in
inducing apoptosis, focusing on its effects on mitochondrial
processes related to AMPK activation, reduced Bcl-2 protein
activity, and ROS production. Search terms such as
metformin, mitochondrial apoptosis, AMPK, Bcl-2, ROS,
breast cancer, ER+, TNBC, cytochrome c, and therapeutic
resistance were used to find appropriate research studies.
Furthermore, eligible studies focused on metformin’s impact
on mitochondrial apoptotic pathways, including ROS
generation, Bcl-2 protein modulation, and AMPK activation,
with human-derived breast cancer cell lines or mouse models
used. Research papers used were clinical trials and
experimental-based studies. Key variables, such as apoptotic
markers and tumour-specific responses, were extracted from
the articles. This study aims to comprehensively review
existing literature on metformin’s role in inducing apoptosis
in breast cancer and its effects on mitochondrial pathways
involving AMPK activation, Bcl-2 protein suppression, and
ROS production.

Results

Metformin activates AMPK, a central regulator of
cellular energy homeostasis. AMPK activation enables
metformin to inhibit mMTORC1 signaling, suppressing cell
proliferation and enhancing apoptotic  signaling.
Downstream of AMPK, metformin modulates the expression
of Bcl-2 family proteins by downregulating the anti-
apoptotic protein Bcl-2. This shift in the balance of pro- and
anti-apoptotic proteins promotes mitochondrial outer
membrane permeabilization (MOMP), a crucial step in
apoptosis initiation. Simultaneously, metformin disrupts
mitochondrial respiration by inhibiting complex | of the
electron transport chain. This inhibition increases ROS
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production, contributing to oxidative stress within cancer
cells. Elevated ROS levels destabilize the mitochondrial
membrane, induce cytochrome c release, and activate
caspase-dependent apoptosis. While high ROS levels drive
cell death, moderate levels of ROS can paradoxically
activate survival pathways, highlighting the complexity of
metformin’s effects [7].

AMPK Activation and the Survival of Dormant ER+ Breast
Cancer Cells

AMPK helps to regulate cellular energy homeostasis,
impacting cancer cell metabolism, survival, and apoptosis.
AMPK activation elicits pro-apoptotic and pro-survival
responses depending on the cellular context. This duality
makes AMPK a complex yet promising target in breast
cancer therapy. Studies have explored the effects of
pharmacological AMPK activation through agents such as
metformin in estrogen receptor-positive (ER+) breast cancer.
These investigations revealed outcomes based on estrogen
levels, whether the p53 gene is mutated or working properly,
and how the cell processes energy, highlighting the
importance of tailored therapeutic strategies [10, 11].

Hampsch et al. investigated the role of AMPK in the
survival of ER+ breast cancer cells under estrogen
deprivation, mimicking the effects of aromatase inhibitor
(Al) therapy [10]. In long-term estrogen-deprived (LTED)
ER+ cell lines, AMPK activity was significantly elevated
compared to estrogen-supplemented controls, as shown by
increased phosphorylation of AMPKa (Thr172) and its
downstream target, acetyl-CoA carboxylase [10]. These
metabolically adapted, dormant cells displayed increased
fatty acid oxidation (FAQ), evidenced by elevated CPT1A
expression and oxygen consumption rates. In vivo metformin
treatment during the estrogen-rich phase, when estrogen was
supplemented to support active tumour growth, reduced
tumour volume in ovariectomized NSG mice bearing ER+
tumour xenografts. However, when metformin was given
during the estrogen-deprived phase (mimicking post-Al
therapy), it promoted the survival of dormant tumour cells
without stimulating proliferation. This led to increased
residual tumour burden, an indicator that under long-term
conditions, these dormant cells may contribute to recurrence
[10]. These results suggest that while AMPK activation via
metformin can suppress tumour growth in high-estrogen
conditions, it may also support the persistence of dormant
cells under estrogen-deprived conditions, cells that could
later contribute to recurrence.

AMPK  Activation and Apoptosis: Influence of Genetic
Background

A complementary study by EI-Masry et al. examined
how activation of AMPK by AICAR, an AMP analog that
mimics cellular energy stress, influences apoptosis and cell
cycle regulation in breast cancer cells with different TP53
mutations and ER expression levels [11]. The tumour
suppressor protein p53, which plays a key role in DNA
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damage response and apoptosis, is the most frequently
mutated gene in human cancers, and its inactivation often
impairs apoptotic signaling. The study compared three breast
cancer cell lines: MCF-7 (TP53 wild-type, ER+), MDA-MB-
231 (TP53 mutant, ER—), and T47D (TP53 mutant, ER+).
AMPK activation led to pro-apoptotic effects in all cell lines,
but responses varied with p53 status [11]. Cells with mutant
p53 (MDA-MB-231 and T47D) showed delayed or reduced
PARP cleavage compared to MCF-7. Also, differences in
BAX translocation and caspase dependency suggested
distinct apoptosis pathways. MDA-MB-231 (TP53 mutant,
low baseline P21 expression) showed the most robust
apoptotic response, while T47D (TP53, high baseline P21
expression) responded weakly, indicating that TP53-
independent pathways might be at play. In contrast, MCF-7
cells (TP53 wild-type) displayed early PARP cleavage and
increased P21 expression, linking AMPK activation to
apoptosis and TP53-dependent cell cycle arrest. In fact, the
high basal p21 level in T47D cells appears to bias AMPK
activation toward cell cycle arrest rather than apoptosis,
whereas the low p21 in MDA-MB-231 permits a stronger
activation of the intrinsic apoptotic machinery, exemplifying
p21 as a key switch in determining AMPK-driven outcomes
in these breast cancer models [11] This study reveals that
AMPK activation induces apoptosis across breast cancer
subtypes, and the mechanisms, whether TP53-dependent or
independent, are shaped by the genetic context of the cells
[11]. This is further supported by findings that AMPK can
stabilize p53 by phosphorylation at Serl5. In this manner,
AMPK activation by metformin may reinforce p53-mediated
cell death as well. [12].

Bcl-2 Family Modulation and Mitochondrial Outer
Membrane Permeabilization (MOMP)

The Bcl-2 family consists of both pro-apoptotic and
anti-apoptotic proteins. Anti-apoptotic proteins like Bcl-2,
which bind to and inhibit pro-apoptotic proteins like BAX
and BAK. When a cell receives apoptotic signals (e.g., DNA
damage, oxidative stress), these signals activate pro-
apoptotic proteins, such as BAX and BAK, forming pores in
the mitochondrial outer membrane, leading to membrane
permeabilization [9]. The formation of pores by BAX and
BAK allows the release of mitochondrial contents, leading to
mitochondrial-induced apoptosis [13].

In breast cancer cells, the overexpression of the Bcl-2
protein shifts cells to a pro-survival phenotype. Bcl-2
directly binds to BAK and BAX, preventing oligomerization
and blocking MOMP [14]. Mutated p53 or disruptions in the
Bcl-2 signaling pathway disrupt apoptotic regulation. Thus,
BCL-2 overexpression in breast cancer cells has been linked
to enhanced tumour cell proliferation [15]. Targeting the
Bcl-2 protein for breast cancer therapies with metformin has
shown potential for modulating this pathway to restore
apoptosis in breast cancer cells.
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Dose-Dependent Bcl-2 Protein Suppression and Enhanced
Apoptosis by Metformin

Metformin inhibits Bcl-2 protein expression, enhancing
signaling for pro-apoptotic proteins such as BAX and BAK
[14]. Gao et al. (2016) determined that treatment with 5 mM
metformin reduced the expression of Bcl-2 protein in breast
cancer cells. The reduction was associated with increased
apoptosis, indicating metformin’s role in promoting cell
death through Bcl-2 protein downregulation. Higher
concentrations of metformin, specifically 5 mM to 10 mM,
reduced Bcl-2 levels and induced more apoptosis than lower
concentrations (1 to 2 mM) [16, 17]. A marked reduction in
mitochondrial membrane permeability (MMP), indicative of
mitochondrial dysfunction and the initiation of apoptosis,
was primarily observed at higher doses of metformin (>5
mM), suggesting a dose-dependent effect on mitochondrial
integrity [16].

Sharma and Kumar (2019) found that metformin reduced
Bcl-2 protein levels in both MCF-7 (ER+, TP53 wild-type)
and MDA-MB-231 (triple-negative breast cancer (TNBC),
ER-, TP53mutant) breast cancer cell lines in a dose-dependent
manner while increasing BAX (Bcl-2-associated X protein)
and BAK expression. In MCF-7 cells, this reduction in Bcl-2
led to increased apoptosis. Similarly, in MDA-MB-231 cells,
metformin's reduction of Bcl-2 promoted apoptosis despite
their aggressive nature [17]. Metformin is predicted to have a
minimal impact on Bcl-2 expression in HER2-positive SK-
BR-3 cells since the strong association between HER2 and
insulin-like growth factor 1 receptor (IGF-1R) signaling is
indirectly inhibited by metformin [18]. However, the presence
of HER2 may confer resistance to metformin's effects on Bcl-
2 expression [18].

Bcl-2 protein expression is often higher in ER-positive
breast cancers, as it is frequently co-expressed with the
estrogen receptor, reflecting a positive correlation between
Bcl-2 levels and ER expression across different breast cancer
subtypes [19]. However, in ER- breast cancer cell lines,
metformin downregulated Bcl-2 protein, promoting apoptosis
independently of estrogen receptor status [16]. The variability
in Bcl-2 protein expression is influenced by the genetic and
molecular characteristics of the cancer cells, including
mutations in key regulatory genes like p53, the presence or
absence of hormone receptors, and HER2 [15]. Metformin
further enhances p53 activity, downregulating Bcl-2 protein,
promoting pro-apoptotic proteins such as PUMA and
BAX/BAK [16]. Increasing MMP allows metformin to
enhance the formation of apoptotic pores, disrupting
mitochondrial integrity and promoting apoptosis [20].

ROS Accumulation and Mitochondrial Dysfunction in
Apoptosis Initiation

ROS are highly reactive oxygen derivatives that are by-
products of cellular metabolism. Aerobic cells require a
balance between ROS and antioxidants to ensure survival.
ROS, at low doses, is necessary for normal cell functions
such as cell cycle progression. When the antioxidant
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detoxification systems fail to maintain tolerable levels of
ROS, oxidative stress can cause damage to DNA and cellular
proteins or activate apoptosis [21].

ROS play a role in mitochondrial apoptosis, triggered by
intracellular stress signals. The mitochondria are a site of ROS
production due to the leakage from the respiratory electron
transport chain. This source of excessive intracellular ROS
oxidatively damages structures such as mtDNA, resulting in
apoptosis. Increased ROS triggers mitochondrial membrane
hyperpolarization and cytochrome c release, further generating
ROS. ROS-mediated apoptosis proceeds via both caspase-
dependent and caspase-independent pathways. The caspase-
dependent process involves the caspase-9-mediated activation
of caspase-3, whereas the caspase-independent process
involves translocating the apoptosis-inducing factor (AIF) to
the nucleus. Moreover, ROS can modulate the balance between
pro-apoptotic (e.g. BAX, BAK) and anti-apoptotic proteins
(e.g. Bcl-2, Bel-xL) [21, 22].

The excessive production of ROS has been associated
with the development of breast cancer and modulation of the
tumour microenvironment. Oshi et al. found that elevated
ROS levels in breast cancer cells significantly enhanced cell
proliferation and expression of pro-cancer gene sets [23].
High ROS levels were also linked to increased mutations,
greater clinical aggressiveness, and poorer survival
outcomes. In normal breast cells, pro-apoptotic and anti-
apoptotic factors help balance cell proliferation and
apoptosis [23].
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Gao et al. described metformin as inducing apoptosis via
the mitochondrial pathway in human breast cells. They
determined that a decrease in mitochondrial membrane
potential increased ROS generation. Following incubation with
metformin for 24 hours, cells displayed a dose-dependent
increase in their extent of apoptosis. Metformin partially inhibits
complex | of the mitochondrial respiratory chain. A greater flow
of electrons to oxygen led to ROS accumulation within the
mitochondrial matrix, which was observed. The accumulation
of ROS in breast cancer cells initiated the mitochondrial
pathway of apoptosis through a caspase-dependent process, as
demonstrated by decreases when treated with the pan-caspase
inhibitor z-VAD-FMK [16].

Schexnayder et al. performed a study demonstrating that
MDA-MB-231 breast cancer cells were incubated with 100
UM metformin for 48h and measured ROS production.
Metformin-exposed cells showed 40% lower ROS production
compared to untreated control cells. As such, these findings
support that metformin can attenuate endogenous ROS
production and the subsequent stress signaling, thereby
reducing metastasis [24]. Similarly, Sharma and Kumar
demonstrated that metformin decreased ROS levels in a
concentration-dependent manner that varied between cell
types. At a 20 mmol/L concentration, ROS levels were
decreased 3-, 4.31- and 3.11-fold in MCF-7, MDA-MB-231,
and T47D cells, respectively [17].

Bcl-2 Suppression

| _—A  BAX/BAK
g Oligomerization
Cytochrome
Crelease

Caspase

MOMP

Apoptosis

Cytochrome C release

Caspase-independent
apoptosis

Mitochondria

Figure 1. Metformin-Induced Mitochondrial Apoptosis in Breast Cancer Cells via AMPK Activation, Bcl-2 Protein
Suppression, and ROS Accumulation. Metformin induces apoptosis in breast cancer cells through three mitochondrial
pathways. AMPK activation enhances oxidative phosphorylation and ROS production, which promotes BAX/BAK
oligomerization, while also upregulating p21 and PUMA in TP53 wild-type (WT) cells (facilitating BAX/BAK activation).
Concurrently, suppression of the Bcl-2 protein releases inhibition on BAX/BAK, promoting cytochrome c release and caspase-
mediated apoptosis. Together, these pathways converge to drive cell death in ER+ and TNBC (triple-negative breast cancer)

breast cancer subtypes. Figure created using BioRender.com.
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Together, these mechanisms converge to trigger
mitochondrial-induced apoptosis. Figure 1 below illustrates
how metformin activates AMPK, suppresses Bcl-2, and
increases ROS levels to promote apoptosis in ER+ and
TNBC cells.

Discussion

Hampsch et al. (2020) observed that metformin-
activated AMPK promoted survival in dormant ER+ breast
cancer cells under estrogen deprivation by enhancing fatty
acid oxidation [10]. EI-Masry et al. (2019) demonstrated that
AMPK activation via AICAR induces apoptosis and cell
cycle arrest dependent on p53 protein and ER presence [11].
Complementary studies by Gao et al. (2016) and Sharma and
Kumar (2019) revealed that metformin downregulates anti-
apoptotic Bcl-2 protein and enhances BAX/BAK-mediated
mitochondrial permeabilization, particularly in ER+ and
TNBC cells [16, 17]. The associated loss of MMP and cell
death was partially reversed by caspase inhibition, indicating
that metformin’s pro-apoptotic effects involve both caspase-
dependent and caspase-independent mitochondrial pathways
[16]. By regulating survival and apoptotic pathways,
metformin presents a potential strategy to exploit metabolic
vulnerabilities, specifically in ER+ and TNBC cells.

The observation that metformin's effects vary across
different breast cancer cell lines highlights the complexity of
its therapeutic impact and the necessity for personalized
treatment approaches. Metformin has been shown to induce
apoptosis in ER+ MCF-7 and p53 mutant MDA-MB-231
TNBC cells while having minimal effects on HER2+ SK-BR-
3 cells [17]. In ER+ MCF-7 cells, metformin's activation of
AMPK inhibits the mTOR pathway, which is essential for cell
growth and proliferation, leading to apoptosis [14]. In
addition, p53 mutant MDA-MB-231 TNBC cells have a
compromised DNA repair mechanism, which makes them
more susceptible to metformin-induced oxidative stress [11].
However, HER2-+ SK-BR-3 cells, which rely on the HER2
signaling pathway for growth and survival rather than AMPK,
may not be significantly affected by AMPK activation alone,
explaining the minimal impact of metformin on these cells
[18]. This wvariability highlights the importance of
understanding genetic mutation and metabolic differences
among different cell lines to determine their response to
metformin. Accounting for patient-specific molecular and
metabolic profiles is essential when evaluating metformin’s
potential as a therapeutic agent.

Furthermore, extending the diversity observed in cell
lines to a patient context is crucial for translating preclinical
findings into clinical use. The genetic and metabolic
heterogeneity in cell lines mirrors the diversity in patient
tumours, which can shape therapeutic responsiveness.
Specific mutations, such as those in the TP53 gene, or
variations in the expression of pro-apoptotic and anti-
apoptotic proteins, can influence a patient's tumour response
to metformin [15, 25]. Additionally, the tumour
microenvironment, including factors such as hypoxia,
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immune cell infiltration, and stromal interactions, plays a
significant role in modulating drug efficacy [26-28].
Understanding these complex interactions is essential for
developing personalized treatment strategies and improving
clinical outcomes.

One major limitation is the potential for inconsistent
responses with patients, complicating the development of
standardized treatment protocols [25]. Clinical trials must
account for this diversity in potential patient health outcomes
by including various breast cancer subtypes and patient
demographics to ensure the findings are broadly applicable.
The tumour microenvironment, consisting of various factors,
can affect metformin’s activity and needs to be considered in
clinical studies. By addressing the individual genetic profiles
and considering the metabolic diversity of tumours,
researchers can develop more effective and personalized
treatment approaches that maximize the clinical benefits of
metformin.

While this review demonstrates metformin’s potential in
promoting mitochondrial-induced apoptosis through AMPK
activation, Bcl-2 modulation, and ROS accumulation, its
translational relevance is a challenge. The findings are based
on preclinical xenograft models and in vitro studies, where
metformin concentrations often exceed clinically achievable
levels [10, 29]. This raises concerns about whether similar
effects can be observed in human patients. Non-clinically safe
doses used in preclinical studies may not accurately reflect the
drug's efficacy and safety in humans, leading to potential
difficulties when translating these findings to clinical settings
[30]. High concentrations in these studies result in off-target
effects not observed at therapeutic doses, complicating the
interpretation of results and their applicability to patient care
[31]. Conducting clinical trials using established, clinically
safe doses of metformin, already well-characterized from its
decades-long use in diabetes management, is critical to
determine whether its observed anti-cancer effects can be
replicated in patient populations [32]. Furthermore, few cell
lines were compared, leading to inconclusive data regarding
the correlation between non-TNBC or ER+ cell lines and
metformin [24]. Alternatively, emerging evidence suggests
that long-term metformin may induce resistance in ER* breast
cancer cells. In one instance, chronic metformin treatment to
ER* MCF-7 cells developed resistance to metformin and
tamoxifen via ERa suppression and constitutive activation of
Akt/Snaill signaling [33]. These implications can manifest in
future studies through preemptively monitoring molecular
markers such as Snaill as well as refining patient stratification
for those predisposed to metformin resistance [34]. Future
research should refine dosing strategies and assess
metformin’s pharmacokinetics in combination with targeted
therapies. Investigating co-administration with  Bcl-2
inhibitors like venetoclax could help optimize therapeutic
efficacy while minimizing potential resistance mechanisms.
Studies have indicated that combining metformin with
venetoclax enhanced anti-tumour activity by exploiting
metabolic vulnerabilities in cancer cells, suggesting a
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promising avenue for combination therapy [31]. A study by
Haikala et al. found that metformin and venetoclax effectively
killed breast cancer cells in culture and suppressed tumour
growth in mice models [3]. Another study highlighted the
potential of combining metformin with histone deacetylase
inhibitors (HDACI) to enhance anti-tumour effects in triple-
negative breast cancer [36]. Long-term in vivo studies using
patient-derived xenograft models will be critical in bridging
the gap between preclinical findings and clinical applications
[37]. Unlike MCF-7, MDA-MB-231 and T47D cultures -
which, although they are established breast cancer cell lines,
cannot capture the full spectrum of genetic, epigenetic, and
microenvironmental heterogeneity seen in patient tumours -
PDX and organoid systems more universally recapitulate
human breast cancer biology. Future studies employing
patient-derived xenografts or organoid systems are essential to
validate these AMPK-mediated effects across diverse tumour
contexts and to better inform clinical translation. [32]. This
ensures that metformin’s potential as an adjunct therapy in
breast cancer treatment is fully explored.

Conclusions

Overall, metformin induces mitochondrial apoptosis
through AMPK activation, Bcl-2 protein suppression, and
ROS accumulation; however, its effects vary depending on
p53 status, ER expression, and tumour metabolism. Key gaps
include limited long-term in vivo data, inconsistent
responses across subtypes like HER2+ cells, and reliance on
supra-physiological dosing. Addressing these gaps through
subtype-specific trials and dose optimization could better
define metformin’s role in breast cancer therapy.
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