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Abstract

Background: Metformin, a first-line therapy for type 2 diabetes mellitus, has recently attracted
attention for its potential anticancer properties. Preclinical and clinical evidence suggests that
it modulates cancer cell metabolism, proliferation and survival pathways, indicating its possible
role as an adjunct therapeutic agent, particularly in breast cancer.

Aim: To summarize current knowledge on the mechanisms of action, preclinical outcomes and
clinical implications of metformin use in breast cancer.

Material and methods: A comprehensive literature search was conducted in PubMed, Scopus,
Web of Science and Google Scholar databases, including publications up to 2025. Eligible
sources encompassed preclinical studies, clinical trials, observational data, meta-analyses and
reviews addressing metformin in breast cancer.
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Results: Metformin demonstrates multifaceted antitumor activity, including inhibition of cell
proliferation, reduced angiogenesis, downregulation of the PI3K/AKT/mTOR pathway,
depletion of cancer stem cell populations and improved chemotherapy response. Clinical
benefits are most evident in patients with type 2 diabetes and HER2-positive tumors, although
findings in the general population remain inconsistent.

Conclusions: Metformin appears to be a promising supportive therapy in selected breast cancer
subgroups, particularly in metabolically burdened patients. Further high-quality randomized
trials are essential to clarify its clinical relevance and identify biomarkers predicting treatment
response.

Keywords: metformin, breast cancer, AMPK, mTOR, cancer therapy, chemotherapy, T2DM

Introduction

Metformin, which belongs to the biguanide group, has been the cornerstone of pharmacotherapy
for type 2 diabetes (T2DM) for many decades. It is the most commonly used oral hypoglycemic
drug in the world and remains the first-line therapy in most international diabetes guidelines. It
is estimated that more than 200 million patients currently use it, making it one of the most
widely prescribed metabolic drugs [1].

The history of metformin dates back to the early 20th century. As early as 1918, it was observed
that guanidine - a natural component of the plant Galega officinalis, used in traditional
European medicine - has glucose-lowering properties. Research by Paton and Findlay showed
that administering guanidine hydrochloride to rabbits caused hypoglycemia in most of the tested
animals [2]. Based on these findings, the synthesis of guanidine derivatives was initiated,
among which metformin distinguished itself by having the most favorable safety and efficacy
profile. In the 1950s, it was introduced into the treatment of type 2 diabetes mellitus (T2DM)
by Jean Sterne, and in the following decades, it established itself as the first-line drug of
choice [3].

Chemically, metformin is a biguanide composed of two linked guanidine molecules. Despite
its long-term use, its mechanism of action remains the subject of ongoing research, particularly
due to its broad, pleiotropic biological effects. In addition to its hypoglycemic action, metformin
also has a beneficial effect on body weight, lipid profile, blood pressure, inflammatory
processes, and reduces the risk of cardiovascular complications [4-7]. A growing body of
evidence also points to its potential role in the treatment of obesity, non-alcoholic fatty liver
disease (NAFLD), and metabolic disorders associated with aging processes [8, 9]. In recent
years, metformin has become the subject of intensive oncological research. Preclinical data
indicate that this drug may modulate key cellular processes associated with tumor
transformation, including energy metabolism, proliferation, apoptosis, and angiogenesis. Its
antitumor effects involve both indirect mechanisms - resulting from the reduction of
insulinemia and inhibition of insulin and IGF-1 signaling - and direct mechanisms, related to
the activation of AMPK kinase and inhibition of the mTOR pathway. [10-12]. These
mechanisms have prompted researchers to consider metformin as a potential adjunctive therapy
in oncology.



Particular interest has focused on the potential role of metformin in the treatment of breast
cancer - a malignancy that, according to GLOBOCAN 2022, remains the most commonly
diagnosed cancer among women worldwide. In 2022, approximately 2.3 million new cases
were reported, accounting for 23.8% of all cancer diagnoses in women. In that year, breast
cancer also remained one of the leading causes of cancer-related mortality in this population,
with an estimated 670,000 deaths, representing 15.4% of all cancer deaths among women [13].
Increasing evidence indicates that metabolic disorders play a significant role in its pathogenesis,
and type 2 diabetes increases the risk of developing breast cancer by approximately 10-20%
[14]. This phenomenon is primarily explained by the excessive activation of insulin, insulin-
like growth factor (IGF), and estrogen receptor signaling pathways, which promote the
proliferation and survival of cancer cells [15]. Metformin, as a drug that reduces insulin
resistance and lowers insulin levels, may limit the activation of these pathways, which is one
of the biological rationales for its potential anticancer effects.

The aim of this article is to provide a concise overview of the current state of knowledge
regarding the potential significance of metformin in breast cancer - including the molecular
mechanisms of its action, preclinical and epidemiological data, and the results of clinical studies
- in order to assess whether this drug may serve as a valuable component of adjunctive therapy
in oncology.

Materials and Methods

A comprehensive literature search was conducted to collect and analyze studies evaluating the
role of metformin in breast cancer, with particular emphasis on its molecular mechanisms,
preclinical evidence and clinical outcomes. Scientific databases PubMed, Scopus, Web of
Science, and Google Scholar were searched to identify peer-reviewed publications available up
to 2025.

The search strategy included the following keywords and their combinations:

"metformin", "breast cancer", "anti-cancer", "AMPK", "mTOR", "insulin-IGF-1", "HER2-
positive", "ER-positive", "triple-negative breast cancer (TNBC)", "clinical trial", "pCR",
"survival", "molecular mechanisms"

Studies were screened based on title, abstract and full-text relevance. Articles were included if
they met the criteria of (1) examining the effects of metformin on breast cancer biology or
treatment response, (2) presenting preclinical or clinical data, and (3) being published in English
or Polish. Reviews, mechanistic reports, meta-analyses, randomized trials, observational
studies, in vitro and in vivo experiments were all considered eligible.

Publications were excluded if they lacked oncologic relevance, reported insufficient data, or
focused solely on glycemic control without mechanistic or clinical connection to cancer.
Reference lists of included papers were additionally reviewed to ensure completeness of data
collection.



Mechanisms of the Anticancer Action of Metformin

Metformin exhibits effects that go far beyond the classical regulation of carbohydrate
metabolism, modulating numerous signaling, metabolic, and immunological processes
important for the initiation and progression of cancers. Population data indicate that its use may
reduce the risk of developing certain cancers in a dose-dependent manner, which results both
from the drug’s impact on the body’s metabolic environment and its direct effects on cancer
cells [16, 17].

The central site of metformin’s action are the mitochondria. Inhibition of complex I of the
respiratory chain leads to a decrease in ATP levels, an increase in the AMP/ATP ratio, and
subsequent activation of AMPK kinase - a key cellular energy sensor [18, 19]. AMPK activation
initiates a broad adaptive response, including inhibition of gluconeogenesis, increased glucose
uptake, reduced lipogenesis, enhanced B-oxidation, and decreased glucose absorption in the
gastrointestinal tract [20, 21]. These processes form the basis of metformin’s metabolic effects
and at the same time contribute to its anticancer properties.

In the oncological context, metformin operates through both indirect and direct mechanisms,
with the former primarily driven by modulation of the insulin—IGF-1 axis. This insulin-
dependent anticancer activity results from the inhibition of gluconeogenesis and enhanced
glucose utilization in peripheral tissues, which lowers blood glucose levels and subsequently
reduces circulating insulin and IGF-1. Under physiological conditions, insulin regulates cellular
metabolism and growth, whereas IGF-1 supports proliferation, differentiation, and survival.
Upon ligand binding, the insulin receptor (IR) and the insulin-like growth factor 1 receptor
(IGF-1R) phosphorylate the IRS-1 and IRS-2 adaptor proteins, thereby triggering the activation
of key pro-mitogenic signaling cascades, including the PI3K/AKT/mTOR and
RAS/RAF/MAPK pathways, which are frequently hyperactivated in cancer cells [22].
Hyperinsulinemia and elevated IGF-1 levels further augment the expression of cyclin D1 and
other key regulators of the cell cycle, thereby fostering a microenvironment conducive to tumor
initiation and progression.

Of particular importance, breast cancer cells exhibit elevated expression of IR and IGF-1R
compared to normal mammary epithelium, rendering them especially sensitive to insulin
signaling. Metformin-induced reductions in insulin and IGF-1 levels limit IR/IGF-1R activation
and IRS-1 phosphorylation, thereby suppressing the PI3K/AKT/mTOR and RAS/RAF/MAPK
pathways and ultimately inhibiting cancer cell proliferation. Additionally, the attenuation of
insulin—IGF-1 signaling reduces the production of pro-mitogenic mediators, including pro-
inflammatory cytokines, sex hormones, and growth factors, further amplifying the metabolic
anticancer effects of metformin [23].

In addition to its effects on the hormonal environment, metformin also acts directly on cancer
cells, with suppression of mTOR signaling, which regulates proliferation, growth, and survival
of cancer cells, being a key component of this action. Activation of AMPK inhibits the
mTORCI1 complex, leading to G1-phase cell cycle arrest, reduced cyclin D1 expression, and
suppression of protein biosynthesis, thereby inhibiting cancer cell proliferation [24].



This mechanism is further reinforced by metformin’s inhibition of mitochondrial complex I of
the electron transport chain, which lowers ATP levels and increases the AMP/ATP ratio,
thereby further activating AMPK. Inhibition of complex I also reduces hypoxia-induced
activation of HIF-1, impairing cancer cells’ adaptation to hypoxic conditions and shifting their
metabolism toward glycolysis as the primary energy source, thereby reducing their
survival [25].

Metformin also affects additional pathways regulating cell proliferation and survival. Through
p53-dependent induction of the REDDI protein (regulated in DNA damage and development
1), it enhances the inhibition of mTOR, thereby reinforcing cell cycle arrest [26]. Importantly,
it may also promote ferroptosis - an iron-dependent form of cell death - by destabilizing the
cystine transporter SLC7A11 and increasing the generation of lipid ROS. This mechanism is
particularly important in eliminating cells that are resistant to apoptosis [27].

At the level of the tumor microenvironment, metformin exhibits immunomodulatory effects,
including inhibition of immunosuppressive cell activity, reduction of inflammation, and - in
breast cancer - limitation of estrogen synthesis in peripheral tissues. The combination of
metabolic, cytotoxic, cytostatic, and immunological effects forms the rationale for considering
metformin as a promising agent in multi-modal oncology therapies [28].

Preclinical Research on Metformin in Breast Cancer: Current Insights

Following the demonstration of metformin’s potential anticancer properties, numerous research
groups began investigating its use as an adjunctive therapy in breast cancer. Both in vitro and
in vivo studies demonstrate its multifaceted activity across various tumor subtypes. Metformin
inhibits breast cancer cell proliferation, limits clonogenic potential, and induces G1-phase cell-
cycle arrest, characterized by reduced cyclin D1 and E2F1 levels and inhibition of the MAPK,
AKT, and mTOR pathways [29]. Apoptotic induction is generally minimal at therapeutically
relevant concentrations; however, in animal models, prolongation of tumor latency has been
observed, along with greater efficacy in xenografts representing progressive disease [30].

An important and well-documented mechanism of metformin’s action is its impact on the tumor
microenvironment. In models of metastatic breast cancer, it normalized aberrant angiogenesis
- reducing vessel density and leakiness, decreasing hypoxia, and enhancing vessel maturation.
This effect was linked to a marked reduction in the expression of PDGF-B, a key regulator of
vascular stabilization. The normalization of the microcirculation resulted in fewer metastases
and improved chemotherapy effectiveness due to enhanced tumor perfusion [31].

Strong evidence also supports the synergistic activity of metformin with anticancer agents. In
combination with paclitaxel, it enhanced AMPK activation, which resulted in more pronounced
mTOR inhibition, an increased proportion of cells in the G2/M phase, and augmented apoptosis.
In mouse models, the combined therapy inhibited tumor growth more effectively than
monotherapy [32].

The effect of metformin on breast cancer stem cells (CSCs), which are responsible for treatment
resistance and disease relapse, is of particular importance. Studies by Hirsch et al. demonstrated
that low doses of metformin selectively eliminate CSCs and inhibit their transformation. The
combination of metformin with doxorubicin exhibited strong synergistic activity - leading to
the elimination of both CSCs and differentiated tumor cells, resulting in long-term remission in
xenograft models, whereas doxorubicin monotherapy was associated with rapid relapse [33].



Metformin also exhibits synergism with tamoxifen in ER-positive tumors. The combination of
both agents enhanced the inhibition of cell proliferation and migration, reduced clonogenic
capacity, and more strongly induced apoptosis through modulation of the AMPK/mTOR/p70S6
pathway and the Bax/Bcl-2 ratio [34].

In studies on triple-negative breast cancer (TNBC), metformin inhibited cell proliferation,
clonogenicity, and migration, induced S-phase cell cycle arrest, and enhanced the cytotoxic
effect of cisplatin. Downregulation of RADS51 - a key protein involved in homologous DNA
repair - further sensitized TNBC cells to cytotoxic treatment [35].

The strongest preclinical evidence indicates that metformin affects key biological processes
involved in breast cancer development: it inhibits proliferation, normalizes angiogenesis, acts
synergistically with chemotherapy and hormonal therapy, and reduces the population of cancer
stem cells. According to the current state of knowledge, metformin represents a promising
component of combination therapies, warranting further clinical validation.

The effect of metformin on breast cancer in humans

One of the first clinical studies suggesting the anticancer effects of metformin reported a higher
rate of pathological complete response (pCR) in breast cancer patients receiving metformin
concurrently with neoadjuvant chemotherapy. Among a cohort of 2,539 patients, pCR was
achieved in 24% of diabetic women treated with metformin, compared to 8% of those receiving
other hypoglycemic agents and 16% of non-diabetic patients. The difference between the
metformin group and patients receiving other antidiabetic medications was statistically
significant (P = 0.007). In multivariate analysis, metformin remained an independent predictor
of pCR (odds ratio, OR 2.95; P = 0.04), indicating a potential anticancer effect that extends
beyond its glucose-lowering action [36].

In the METTEN trial, the addition of metformin to neoadjuvant chemotherapy combined with
trastuzumab in patients with early HER2-positive breast cancer resulted in a higher pCR rate in
the metformin arm (65.5%) compared with the control group (58.6%), although this difference
did not reach statistical significance (P = 0.589), likely due to the limited sample size. Breast-
conserving surgery was more frequent in the metformin group (79.3% vs. 58.6%) [37]. Further
analysis revealed a significant reduction in residual tumor proliferation, assessed by Ki-67
expression, in the metformin arm (P = 0.025), particularly among patients with high baseline
Ki-67 levels [38].

As the presence of residual invasive disease correlates with an increased risk of recurrence,
these findings may have important prognostic implications. Large meta-analyses suggest that
metformin use reduces the overall risk of cancer-related death and cancer incidence (OR 0.65
and 0.73, respectively) [39]. This effect was confirmed in a study by Liuboty et al., in which
metformin increased the rate of clinical response (77.5% vs 25%) as well as pCR (26.5% vs
6%) in patients with metabolic syndrome [40].

A meta-analysis by Hong Xu et al., including 5,464 patients with diabetes and breast cancer,
demonstrated a higher rate of pCR and a 47% reduction in the risk of death (overall survival,
OS; hazard ratio, HR 0.53). After accounting for hormone receptor status, the benefits were
even more pronounced (OS; HR 0.35) [41]. Similar results were reported by Behrouzi et al.,
where metformin reduced the risk of death by 85% (HR 0.15) and the risk of recurrence by 77%
(HR 0.23) in women with type 2 diabetes [42].



In a study by Azazy et al. involving 60 non-diabetic patients, the addition of metformin
increased both clinical and pathological response rates, particularly in the luminal B subtype,
although statistical significance was not reached due to the small sample size [43]. Similarly,
in another randomized study including 80 patients, a slight advantage of metformin was
observed in overall response rate (ORR), clinical complete response (cCR), and pathological
complete response (pCR), along with a higher rate of breast-conserving surgeries [44].

In a large retrospective analysis involving 3,757 Chinese patients, five-year disease-free
survival (DFS) and overall survival (OS) were the highest in the group receiving metformin
(96.1% and 97.1%, respectively), surpassing outcomes observed both in non-diabetic women
and in those treated with insulin [45].

Similarly, a meta-analysis by Zhonghua Wu et al. demonstrated an increase in overall response
rate (ORR) following the addition of metformin in patients with advanced breast cancer,
although no improvement was observed in progression-free survival (PFS) or overall survival
(OS) [46].

Evidence further suggests that the effectiveness of metformin may vary by molecular subtype.
In a subgroup analysis of the ALTTO trial, patients with HER2-positive breast cancer and
diabetes treated with metformin achieved better DFS, distant disease-free survival (DDFS),
and OS outcomes compared with those receiving insulin [47].

In patients with metastatic estrogen receptor—positive (ER-positive) breast cancer, the addition
of metformin did not improve response rate, progression-free survival (PFS), or overall survival
(OS) (HR 1.2) [48]. Similarly, in the MA.32 trial, metformin did not prolong invasive disease-
free survival (IDFS) or OS in the overall study population, although a potential benefit was
observed in the HER2-positive subgroup (HR 0.64) [49, 50].

In triple-negative breast cancer (TNBC), meta-analyses report a reduction in overall mortality
(HR 0.55), with no effect on recurrence risk [51, 52]. Moreover, adding metformin to erlotinib
therapy in patients with metastatic TNBC did not yield clinical benefit [53].

Clinical data suggest that metformin may improve prognosis in selected breast cancer patient
groups, particularly those with type 2 diabetes and HER2-positive tumors. In contrast, outcomes
in non-diabetic populations and in triple-negative breast cancer remain inconsistent. Although
the current evidence is insufficient to support routine use of metformin in breast cancer
treatment, the observed benefits in specific subgroups underscore the need for further clinical
investigation.

DISCUSSION

Available evidence indicates that metformin - a long-established first-line therapy for type 2
diabetes - may also hold therapeutic relevance in oncology, particularly in breast cancer. Its
activity 1s multidirectional, encompassing both systemic metabolic effects and direct
modulation of proliferative signaling pathways within tumor cells. The most consistently
described mechanisms include suppression of insulin—IGF-1 signaling and AMPK-mediated
inhibition of the mTOR pathway, ultimately reducing proliferation, angiogenesis and tumor
growth. These anticancer effects have been demonstrated across numerous in vitro and in vivo
models.



Preclinical studies further show that metformin interferes with several critical stages of breast
cancer progression: it decreases cell division, migration and clonogenic capacity, reduces the
population of cancer stem cells (CSC), and improves tumor perfusion by normalizing
pathological angiogenesis - a feature that may enhance chemotherapy delivery and response.
Particularly noteworthy is the selective reduction of CSCs, which are responsible for
therapeutic resistance and recurrence. These findings support the concept that metformin does
not replace standard treatment, but may potentiate its efficacy when used as an adjunct.
Clinical results, however, are less uniform than laboratory data. Benefits appear more
pronounced in patients with type 2 diabetes and in HER2-positive disease, whereas outcomes
in non-diabetic populations, especially in triple-negative breast cancer (TNBC), remain
inconsistent. This pattern suggests that therapeutic response may depend on metabolic status
and intrinsic tumor biology, potentially shaped by factors such as AMPK activation, GLUT-1
expression or TP53 mutational status. Such variability underscores the need for individualized
treatment strategies and identification of predictive biomarkers.

Given the current evidence, metformin should be regarded as a promising therapeutic candidate
rather than a clinically established standard. Future research should focus on refining patient
selection and delineating which molecular subgroups derive the greatest benefit. Priority
directions include:

« identification of predictive biomarkers for treatment response

* clinical evaluation of combination strategies (especially HER2-targeted and immunotherapies)
* optimization of dosage, bioavailability and treatment duration

» multicenter randomized trials to validate clinical benefit

Metformin therefore remains an emerging yet highly compelling agent in breast cancer therapy
- one whose integration into routine clinical practice will depend on the availability of further
high-quality evidence and a more precise definition of therapeutic indications.

CONCLUSIONS

Metformin represents one of the most promising adjuvant agents in breast cancer therapy,
particularly in patients with metabolic dysregulation and in the HER2-positive subtype.
Preclinical findings consistently demonstrate antiproliferative and anti-angiogenic effects, as
well as a reduction in cancer stem cell populations, although clinical outcomes remain variable.
Therapeutic benefit appears to be strongly shaped by tumor biology and patient’s metabolic
phenotype, underscoring the need for precise patient selection. At this stage, metformin should
not be regarded as standard of care but rather as a promising component of multimodal therapy.
Successful clinical implementation will require large, multicenter randomized trials, biomarker-
guided stratification, as well as optimized dosing and exposure strategies.



Disclosure

Author’s Contribution:

Conceptualization: Ewelina Nowicka

Methodology: Klaudia Martyna Patrzykat, Kinga Popielarska, Kamila Wréblewska, Paula
Marcinkowska, Marta Krzyzaniak

Formal analysis:Michat Jezierski, Paula Marcinkowska, Kinga Popielarska, Kamila
Wroblewska, Ewelina Nowicka

Investigation: Klaudia Martyna Patrzykat, Izabela Brynczka, Julia Puzio, Zofia Gorzoch-
Burduk

Writing — rough preparation: Ewelina Nowicka, Michat Jezierski, Zofia Gorzoch-Burduk, Julia
Puzio

Writing — review and editing: Ewelina Nowicka, Izabela Brynczka, Marta Krzyzaniak
Supervision: Ewelina Nowicka

Funding: no specific funding.

All authors have read and agreed with the published version of the manuscript.

Financing Statement
This research received no external funding.

Institutional Review Board Statement
Not applicable.

Informed Consent Statement
Not applicable.

Data Availability Statement
Not applicable.

Conflict of Interest
The authors declare no conflict of interest.

References

1. Bailey CJ. Metformin: historical overview. Diabetologia. 2017 Sep;60(9):1566-1576. doi:
10.1007/s00125-017-4318-z. Epub 2017 Aug 3. PMID: 28776081.

2. Watanabe CK. Studies in the metabolic changes induced by administration of guanidine bases. J
Biol Chem. 1918;33:253-265.

3. Fenn K, Maurer M, Lee SM, Crew KD, Trivedi MS, Accordino MK, Hershman DL, Kalinsky K.
Phase 1 Study of Erlotinib and Metformin in Metastatic Triple-Negative Breast Cancer. Clin Breast
Cancer. 2020 Feb;20(1):80-86. doi: 10.1016/j.clbc.2019.08.004. Epub 2019 Aug 29. PMID:
31570268; PMCID: PMC7304226.

4. Rena G, Hardie DG, Pearson ER. The mechanisms of action of metformin. Diabetologia.
2017;60:1577-1585.

10



5. Foretz M, Guigas B, Bertrand L, et al. Metformin: from mechanisms of action to therapies. Cell
Metab. 2014;20(6):953-966.

6. UK Prospective Diabetes Study Group. Effect of intensive blood-glucose control with metformin
on complications in overweight patients with type 2 diabetes. Lancet. 1998;352:854-865.

7. Viollet B, Guigas B, Garcia NS, et al. Cellular and molecular mechanisms of metformin: an
overview. Clin Sci. 2012;122(6):253-270.

8. Kulkarni AS, Gubbi S, Barzilai N. Benefits of metformin in attenuating the hallmarks of aging.
Cell Metab. 2020;32(1):15-30.

9. Li Y, Liu L, Wang B, Wang J, Chen D. Metformin in non-alcoholic fatty liver disease: A
systematic review and meta-analysis. Biomed Rep. 2013 Jan;1(1):57-64. doi: 10.3892/br.2012.18.
Epub 2012 Oct 9. PMID: 24648894; PMCID: PMC3956897.

10. Dowling RJO, Goodwin PJ, Stambolic V. Understanding the benefit of metformin use in cancer
treatment. BMC Med. 2011;9:33.

11. Zakikhani M, Dowling R, Fantus IG, et al. Metformin is an AMP kinase—dependent growth
inhibitor for breast cancer cells. Cancer Res. 2006;66(21):10269-10273.

12. Kalender A et al. Metformin, independent of AMPK, inhibits mTORCI in a rag GTPase—
dependent manner. Cell Metab. 2010;11:390—-401.

13. Zhang Y, Ji Y, Liu S, LiJ, Wu J, Jin Q, Liu X, Duan H, Feng Z, Liu Y, Zhang Y, Lyu Z, Song
F, Song F, Yang L, Liu H, Huang Y. Global burden of female breast cancer: new estimates in 2022,
temporal trend and future projections up to 2050 based on the latest release from GLOBOCAN. J
Natl Cancer Cent. 2025 Feb 13;5(3):287-296. doi: 10.1016/j.jncc.2025.02.002. PMID: 40693239;
PMCID: PMC12276554.

14. Wolf I, Sadetzki S, Catane R, Karasik A, Kaufman B. Diabetes mellitus and breast cancer.
Lancet Oncol. 2005 Feb;6(2):103-11. doi: 10.1016/S1470-2045(05)01736-5. PMID: 15683819.
15. Jalving M, Gietema JA, Lefrandt JD, de Jong S, Reyners AK, Gans RO, de Vries EG. Metformin:
taking away the candy for cancer? Eur J Cancer. 2010 Sep;46(13):2369-80. doi:
10.1016/j.€jca.2010.06.012. Epub 2010 Jul 23. PMID: 20656475.

16. Goodwin PJ, Pritchard KI, Ennis M, Clemons M, Graham M, Fantus IG. Insulin-lowering
effects of metformin in women with early breast cancer. Clin Breast Cancer. 2008 Dec;8(6):501-5.
doi: 10.3816/CBC.2008.n.060. PMID: 19073504.

17. Goodwin PJ, Ligibel JA, Stambolic V. Metformin in breast cancer: time for action. J Clin Oncol.
2009 Jul 10;27(20):3271-3. doi: 10.1200/JC0O.2009.22.1630. Epub 2009 Jun 1. PMID: 19487373.
18. Rena G, Hardie DG, Pearson ER. The mechanisms of action of metformin. Diabetologia.
2017;60(9):1577—1585.

19. Viollet B, Guigas B, Garcia NS, et al. Cellular and molecular mechanisms of metformin: an
overview. Clin Sci (Lond). 2012;122(6):253-270.

20. Foretz M, Guigas B, Bertrand L, et al. Metformin: From mechanisms of action to therapies. Cell
Metab. 2014;20(6):953-966.

21. Miller RA, Birnbaum MJ. An energetic tale of AMPK-dependent control of T cell metabolism.
Immunity. 2015;42(4):425-427.

11



22. Samuel SM, Varghese E, Koklesova L, Liskova A, Kubatka P, Biisselberg D. Counteracting
Chemoresistance with Metformin in Breast Cancers: Targeting Cancer Stem Cells. Cancers (Basel).
2020 Sep 1;12(9):2482. doi: 10.3390/cancers12092482. PMID: 32883003; PMCID: PMC7565921.
23. Biello F, Platini F, D'Avanzo F, Cattrini C, Mennitto A, Genestroni S, Martini V, Marzullo P,
Aimaretti G, Gennari A. Insulin/IGF Axis in Breast Cancer: Clinical Evidence and Translational
Insights. Biomolecules. 2021 Jan 19;11(1):125. doi: 10.3390/biom11010125. PMID: 33477996;
PMCID: PMC7835955.

24. Ben Sahra I, Laurent K, Loubat A, Giorgetti-Peraldi S, Colosetti P, Auberger P, Tanti JF, Le
Marchand-Brustel Y, Bost F. The antidiabetic drug metformin exerts an antitumoral effect in vitro
and in vivo through a decrease of cyclin D1 level. Oncogene. 2008 Jun 5;27(25):3576-86. doi:
10.1038/sj.onc.1211024. Epub 2008 Jan 21. PMID: 18212742.

25. Wheaton WW, Weinberg SE, Hamanaka RB, Soberanes S, Sullivan LB, Anso E, Glasauer A,
Dufour E, Mutlu GM, Budigner GS, Chandel NS. Metformin inhibits mitochondrial complex I of
cancer cells to reduce tumorigenesis. Elife. 2014 May 13;3:¢02242. doi: 10.7554/eLife.02242.
PMID: 24843020; PMCID: PMC4017650.

26. Feng Y, Ke C, Tang Q, Dong H, Zheng X, Lin W, Ke J, Huang J, Yeung SCJ, Zhang H.
Metformin promotes autophagy and apoptosis in esophageal squamous cell carcinoma by
downregulating Stat3 signaling. Cell Death Dis. 2014;5(3):e1088.

27.Yang J, Zhou Y, Xie S, Wang J, Li Z, Chen L, Mao M, Chen C, Huang A, Chen Y, Zhang X,
Khan NUH, Wang L, Zhou J. Metformin induces Ferroptosis by inhibiting UFMylation of
SLC7AT11 in breast cancer. J] Exp Clin Cancer Res. 2021 Jun 23;40(1):206. doi: 10.1186/s13046-
021-02012-7. PMID: 34162423; PMCID: PM(C8223374.

28. Cameron AR, Morrison VL, Levin D, Mohan M, Forteath C, Beall C, McNeilly AD, Balfour
DJ, Savinko T, Wong AK, Viollet B, Sakamoto K, Fagerholm SC, Foretz M, Lang CC, Rena G.
Anti-Inflammatory Effects of Metformin Irrespective of Diabetes Status. Circ Res. 2016 Aug
19;119(5):652-65. doi: 10.1161/CIRCRESAHA.116.308445. Epub 2016 Jul 14. PMID: 27418629;
PMCID: PM(C4990459.

29. Alimova IN, Liu B, Fan Z, Edgerton SM, Dillon T, Lind SE, Thor AD. Metformin inhibits
breast cancer cell growth, colony formation and induces cell cycle arrest in vitro. Cell Cycle. 2009
Mar 15;8(6):909-15. doi: 10.4161/cc.8.6.7933. Epub 2009 Mar 26. PMID: 19221498.

30. Grossmann ME, Yang DQ, Guo Z, Potter DA, Cleary MP. Metformin Treatment for the
Prevention and/or Treatment of Breast/Mammary Tumorigenesis. Curr Pharmacol Rep. 2015 Apr
1;1(5):312-323. doi: 10.1007/s40495-015-0032-z. PMID: 26405648; PMCID: PMC4577062.

31. Wang JC, Li GY, Wang B, Han SX, Sun X, Jiang YN, Shen YW, Zhou C, Feng J, Lu SY, Liu
JL, Wang MD, Liu PJ. Metformin inhibits metastatic breast cancer progression and improves
chemosensitivity by inducing vessel normalization via PDGF-B downregulation. J Exp Clin Cancer
Res. 2019 Jun 4;38(1):235. doi: 10.1186/s13046-019-1211-2. PMID: 31164151; PMCID:
PMC6549289.

32. Rocha GZ, Dias MM, Ropelle ER, Osorio-Costa F, Rossato FA, Vercesi AE, Saad MJ,
Carvalheira JB. Metformin amplifies chemotherapy-induced AMPK activation and antitumoral
growth. Clin Cancer Res. 2011 Jun 15;17(12):3993-4005. doi: 10.1158/1078-0432.CCR-10-2243.
Epub 2011 May 4. PMID: 21543517.

12



33. Hirsch HA, Iliopoulos D, Tsichlis PN, Struhl K. Metformin selectively targets cancer stem cells,
and acts together with chemotherapy to block tumor growth and prolong remission. Cancer Res.
2009 Oct 1;69(19):7507-11. doi: 10.1158/0008-5472.CAN-09-2994. Epub 2009 Sep 14. Erratum
in: Cancer Res. 2009 Nov 15;69(22):8832. PMID: 19752085; PMCID: PMC2756324.

34. Ma J, Guo Y, Chen S, Zhong C, Xue Y, Zhang Y, Lai X, Wei Y, Yu S, Zhang J, Liu W.
Metformin enhances tamoxifen-mediated tumor growth inhibition in ER-positive breast carcinoma.
BMC Cancer. 2014 Mar 11;14:172. doi: 10.1186/1471-2407-14-172. PMID: 24612549; PMCID:
PMC3976359.

35. Lee JO, Kang MJ, Byun WS, Kim SA, Seo IH, Han JA, Moon JW, Kim JH, Kim SJ, Lee EJ, In
Park S, Park SH, Kim HS. Metformin overcomes resistance to cisplatin in triple-negative breast
cancer (TNBC) cells by targeting RADS51. Breast Cancer Res. 2019 Oct 22;21(1):115. doi:
10.1186/s13058-019-1204-2. PMID: 31640742; PMCID: PMC6805313.

36. Jiralerspong S, Palla SL, Giordano SH, Meric-Bernstam F, Liedtke C, Barnett CM,

Hsu L, Hung MC, Hortobagyi GN, Gonzalez-Angulo AM. Metformin and pathologic

complete responses to neoadjuvant chemotherapy in diabetic patients with breast

cancer. J Clin Oncol. 2009 Jul 10;27(20):3297-302. doi: 10.1200/JC0.2009.19.6410.

Epub 2009 Jun 1. PMID: 19487376; PMCID: PMC2736070.

37. Martin-Castillo B., Pernas S., Dorca J., Alvarez 1., Martinez S., Pérez-Garcia J.

Manuel, Batista-Lopez N., Rodriguez-Sanchez C. A., Amillano K., Dominguez S.,

Luque M., Stradella A., Morilla L., et al A phase 2 trial of neoadjuvant metformin in

combination with trastuzumab and chemotherapy in women with early HER2-positive

breast cancer: the METTEN study. Oncotarget. 2018; 9: 35687-35704.

38. Lopez-Bonet E, Bux6o M, Cuyas E, Pernas S, Dorca J, Alvarez I, Martinez S, Pérez-

Garcia JM, Batista-Lopez N, Rodriguez-Sanchez CA, Amillano K, Dominguez S,

Luque M, Morilla I, Stradella A, Vinas G, Cortés J, Oliveras G, Meléndez C, Castillo

L, Verdura S, Brunet J, Joven J, Garcia M, Saidani S, Martin-Castillo B, Menendez

JA. Neoadjuvant Metformin Added to Systemic Therapy Decreases the Proliferative

Capacity of Residual Breast Cancer. J Clin Med. 2019 Dec 11;8(12):2180. doi:
10.3390/jcm8122180. PMID: 31835708; PMCID: PMC6947627.

39. Franciosi M, Lucisano G, Lapice E, Strippoli GFM, Pellegrini F, Nicolucci A (2013) Metformin
Therapy and Risk of Cancer in Patients with Type 2 Diabetes: Systematic Review. PLoS ONE 8(8):
e71583. https://doi.org/10.1371/journal.pone.0071583.

40. Liubota R, Cheshuk V, Zotov O, Vereshchako R, Anikusko M, Liubota I, Gur’yanov V.
Metformin in neoadjuvant systemic therapy of breast cancer patients with metabolic syndrome.
Arch Oncol. 2018;24(1):1-5.

41. Xu H, Chen K, Jia X, Tian Y, Dai Y, Li D, Xie J, Tao M, Mao Y. Metformin Use Is
Associated With Better Survival of Breast Cancer Patients With Diabetes: A Meta-

Analysis. Oncologist. 2015 Nov;20(11):1236-44. doi: 10.1634/theoncologist.2015-

0096. Epub 2015 Oct 7. PMID: 26446233; PMCID: PM(C4718443.

13



42. Behrouzi B, Zokaasadi M, Mohagheghi MA, Emami AH, Sadighi S. The Effect of Metformin
on Survival Outcomes of Non-Metastatic Breast Cancer Patients with Type 2 Diabetes. Asian Pac
J Cancer Prev. 2021 Feb 1;22(2):611-616. doi: 10.31557/APJCP.2021.22.2.611. PMID: 33639681;
PMCID: PMC8190344.

43. Azazy H.A. et al, 204P Metformin with neoadjuvant chemotherapy in stage II-I1I breast cancer:
A phase II clinical trial. Annals of Oncology, Volume 31, S323 - S324.

44. Barakat HE, Hussein RRS, Elberry AA, Zaki MA, Ramadan ME. The impact of metformin use
on the outcomes of locally advanced breast cancer patients receiving neoadjuvant chemotherapy:
an open-labelled randomized controlled trial. Sci Rep. 2022 May 10;12(1):7656. doi:
10.1038/s41598-022-11138-3. PMID: 35538143; PMCID: PMC9091204.

45. Hui T, Shang C, Yang L, Wang M, Li R, Song Z. Metformin improves the outcomes in Chinese
invasive breast cancer patients with type 2 diabetes mellitus. Sci Rep. 2021 May 11;11(1):10034.
doi: 10.1038/s41598-021-89475-y. PMID: 33976288; PMCID: PMC8113316.

46. Wu Z, Qu B, Huang X, Song Y, Gao P, Shi J, Zhou C, Wang Z. The potential adjunctive benefit
of adding metformin to standard treatment in inoperable cancer patients: a meta-analysis of
randomized controlled trials. Ann Transl Med. 2020 Nov;8(21):1404. doi: 10.21037/atm-20-4441.
PMID: 33313149; PMCID: PMC7723600.

47. Sonnenblick A, Agbor-Tarh D, Bradbury I, Di Cosimo S, Azim HA Jr, Fumagalli D, Sarp S,
Wolff AC, Andersson M, Kroep J, Cufer T, Simon SD, Salman P, Toi M, Harris L, Gralow J, Keane
M, Moreno-Aspitia A, Piccart-Gebhart M, de Azambuja E. Impact of Diabetes, Insulin, and
Metformin Use on the Outcome of Patients With Human Epidermal Growth Factor Receptor 2-
Positive Primary Breast Cancer: Analysis From the ALTTO Phase III Randomized Trial. J Clin
Oncol.2017 May 1;35(13):1421-1429. doi: 10.1200/JC0O.2016.69.7722. Epub 2017 Mar 13. PMID:
28375706; PMCID: PMC5455460.

48. Pimentel [, Lohmann AE, Ennis M, Dowling RJO, Cescon D, Elser C, Potvin KR, Haq R, Hamm
C, Chang MC, Stambolic V, Goodwin PJ. A phase II randomized clinical trial of the effect of
metformin versus placebo on progression-free survival in women with metastatic breast cancer
receiving standard chemotherapy. Breast. 2019 Dec;48:17-23. doi: 10.1016/j.breast.2019.08.003.
Epub 2019 Aug 22. PMID: 31472446.

49. Goodwin PJ, Dowling RJO, Ennis M, Chen BE, Parulekar WR, Shepherd LE, Gelmon KA,
Whelan TJ, Ligibel JA, Hershman DL, Mayer IA, Hobday TJ, Rastogi P, Rabaglio-Poretti M,
Lemieux J, Thompson AM, Rea DW, Stambolic V. Cancer Antigen 15-3/Mucin 1 Levels in CCTG
MA.32: A Breast Cancer Randomized Trial of Metformin vs Placebo. JNCI Cancer Spectr. 2021
Jul 28;5(5):pkab066. doi: 10.1093/jncics/pkab066. PMID: 34485814; PMCID: PMC8410139.

50. Goodwin PJ, Chen BE, Gelmon KA, Whelan TJ, Ennis M, Lemieux J, Ligibel JA,

Hershman DL, Mayer IA, Hobday TJ, Bliss JM, Rastogi P, Rabaglio-Poretti M,

Mukherjee SD, Mackey JR, Abramson VG, Oja C, Wesolowski R, Thompson AM,

Rea DW, Stos PM, Shepherd LE, Stambolic V, Parulekar WR. Effect of Metformin vs

Placebo on Invasive Disease-Free Survival in Patients With Breast Cancer: The

MA.32 Randomized Clinical Trial. JAMA. 2022 May 24;327(20):1963-1973. doi:
10.1001/jama.2022.6147. PMID: 35608580; PMCID: PMC9131745.

14



51. Bayraktar S, Hernadez-Aya LF, Lei X, Meric-Bernstam F, Litton JK, Hsu L,

Hortobagyi GN, Gonzalez-Angulo AM. Effect of metformin on survival outcomes in

diabetic patients with triple receptor-negative breast cancer. Cancer. 2012 Mar

1;118(5):1202-11. doi: 10.1002/cncr.26439. Epub 2011 Jul 28. PMID: 21800293;

PMCID: PMC3207034,

52. Tang GH, Satkunam M, Pond GR, Steinberg GR, Blandino G, Schiinemann HJ, Muti P.
Association of Metformin with Breast Cancer Incidence and Mortality in Patients with Type II
Diabetes: A4 GRADE-Assessed Systematic Review and Meta-analysis. Cancer Epidemiol
Biomarkers Prev. 2018 Jun;27(6):627-635. doi: 10.1158/1055-9965.EPI-17-0936. Epub 2018 Apr
4. PMID: 29618465,

53. Essa NM, Salem HF, Elgendy MO, Gabr A, Omran MM, Hassan NA, Tashkandi HM, Harakeh
S, Boshra MS. Efficacy of Metformin as Adjuvant Therapy in Metastatic Breast Cancer Treatment.
J Clin Med. 2022 Sep 20;11(19):5505. doi: 10.3390/jcm11195505. PMID: 36233373; PMCID:
PMC(C9572354.

15



