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Abstract

Metformin has been the first-line drug for the treatment of type II diabetes mellitus for decades, being presently the most widely
prescribed antihyperglycemic drug. Retrospective studies associate the use of metformin with a reduction in cancer incidence and
cancer-related death. However, despite extensive research about the molecular effects of metformin in cancer cells, its mode of
action remains controversial. The major molecular targets of metformin include complex I of the mitochondrial electron transport
chain, adenosine monophosphate (AMP)-activated protein kinase (AMPK), and mechanistic target of rapamycin complex 1
(mTORC1), but AMPK-independent effects of metformin have also been described. Breast cancer is one of the leading causes of
cancer-related morbidity and mortality among women worldwide. Several studies have reinforced a link between breast cancer
risk and diabetes. Moreover, metformin significantly reduces breast cancer risk, compared to patients who are not using metfor-
min and is independent of diabetes status. In this review, we summarize the current molecular evidence to elucidate metformin’s

mode of action against breast cancer cells.
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Introduction

Metformin, a biguanide, has been for decades the first-line
treatment for type II diabetes mellitus (T2DM), as noted in
several international guidelines, including the ADA-EASD
guidelines [1]. This drug is presently the most widely pre-
scribed antihyperglycemic drug, due to its ability to suppress
hepatic gluconeogenesis and reduce blood glucose levels [2].
Metformin is also prescribed for treating some metabolic dis-
orders such as polycystic ovary syndrome [3] and gestational
diabetes mellitus [4]. The extensive use of this drug with near-
ly 120 million prescriptions worldwide each year is due to its
favorable benefit-risk profile [5]. Indeed, it is widely recog-
nized that metformin improves glycemic control with a good
safety profile, weight neutrality or weight loss, lack of associ-
ated hypoglycemia, lower propensity for hyperlactatemia [6,
7] when compared with other biguanides such as phenformin
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and buformin (that led to their withdrawal in the 1970s, due to
toxicity related to lactic acidosis) [7, 8], reduced cardiovascu-
lar mortality and low cost [1].

Epidemiological studies have demonstrated a correlation
between T2DM and a higher incidence of malignancies, es-
pecially cancers of the liver, pancreas and endometrium (with
approximately a twofold increased risk), as well as cancer of
the colon, kidneys, bladder and breast (with smaller associa-
tions; about 1.2—1.5 fold) [9, 10].

Among these, breast cancer affects more than one million
women every year, and although survival rates are improving,
it still represents a major public health issue [11]. It is the most
common cancer and the second cause of death from cancer in
women [12]. Several studies have reinforced a link between
breast cancer risk and T2DM [13]. Interestingly, in 2005, a
first report of a reduced risk of cancer in T2DM patients treat-
ed with metformin, in comparison with patients treated with
other hypoglycemic therapies, was published [14]. Since then,
numerous preclinical, epidemiological and clinical studies
have clearly associated the use of metformin with a reduction
in cancer incidence and cancer-related death, and in vitro stud-
ies have provided mechanisms that explained the antitumor
effects of this drug [15-21].

In relation to breast cancer, numerous studies reported an
in vitro negative effect of metformin on the growth of breast
cancer cell lines [22]. Additionally, rodent studies have shown
protective effects of metformin in estrogen receptor (ER) -
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xenograft experiments and human epidermal growth factor
receptor-2 (HER-2) + transgenic mammary carcinoma models
[22]. However, in vivo human studies provided, to a certain
degree, contradictory results. For example, in a phase II clin-
ical trial evaluating the association of metformin with aroma-
tase inhibitors in pretreated postmenopausal patients with hor-
mone receptor positive metastatic breast cancer, metformin
did not enhance the efficacy of aromatase inhibitors [23]. In
contrast, in a phase III clinical trial evaluating the use of met-
formin on the outcome of patients with HER-2 + breast cancer
it was shown that metformin could improve the prognosis of
these patients [24]. Furthermore, in a recent systematic review
with meta-analysis evaluating the association of metformin
and breast cancer incidence and mortality in patients with
T2DM, no effect of metformin on the incidence of breast
cancer was observed; however, metformin could improve
overall survival in T2DM patients with breast cancer [25]. In
contrast, a population-based study evaluating long-term met-
formin use and breast cancer stage at diagnosis failed to show
any association between these outcomes [26]. Thus, even if
these studies are promising and support the concept that met-
formin possesses anticancer effects, there is still a lack of
conclusive results from clinical trials corroborating the origi-
nal epidemiological studies and the multiple antitumor effects
verified in vitro. Additionally, clinical evidence for metformin
antitumor activity in non-diabetic patients is also missing.
Presently, more than 200 ongoing clinical trials, in almost all
type of cancers, assessing the potential of metformin as an
adjuvant or neoadjuvant chemotherapy agent or as an enhanc-
er of classic chemotherapy, are registered on www.
clinicaltrials.gov. Of these, many clinical trials evaluating
metformin use in breast cancer are underway. Hopefully,
these studies will shed light on the anticancer properties of
metformin.

Despite extensive research about the molecular effects of
metformin in cancer cells, the mode of action explaining its
anti-tumor and chemopreventive effects remains controver-
sial. In this review, we summarize the current knowledge
concerning the molecular mechanisms involved in the anti-
cancer effect of metformin in breast cancer.

Metformin as an Anticancer Agent

Accumulating evidence from in vitro and in vivo studies sup-
ports the fact that anticancer effects of metformin can be di-
vided into two non-exclusive categories: an indirect/systemic
effect, by reducing blood glucose and insulin levels (i.e., an
antidiabetic effect), which involves both AMPK (AMP-de-
pendent kinase)-dependent and -independent mechanisms,
and a direct effect on cancer cells, involving also AMPK-
dependent and -independent mechanisms [18] (Fig. 1).
AMPK thus plays a major role in the anticancer effect of
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metformin, but mechanisms not involving AMPK have also
been described. For this reason, we will describe the mecha-
nisms of action/molecular targets involved in the beneficial
effect of metformin against breast cancer in two separate cat-
egories: AMPK-dependent and AMPK-independent.

AMPK-Dependent Mechanisms of Action
of Metformin

Metformin enters the cells primarily through the Organic
Cation Transporter family of transporters (OCT1, OCT2 and
OCT3) [27-31]. However, it is also a substrate for human
multidrug and toxin extrusion 1 (MATE1) and 2 (MATE2)
expressed in the liver, kidney and skeletal muscle [32].
Metformin limits oxidative phosphorylation by directly
inhibiting complex I of the mitochondrial respiratory chain
[19, 27-29, 33, 34], thus reducing the amount of ATP pro-
duced. This decrease in ATP levels leads to the accumulation
of AMP with a consequent increase in the AMP-to-ATP ratio,
resulting in the activation of LKB1, an upstream kinase, that
phosphorylates and activates AMPK [20, 21, 27-29, 35, 36].
AMPK is a key regulator of energy homeostasis that plays a
major role in sensing the overall energy state of the cell and
shifting the metabolism accordingly [20, 35, 37, 38]. AMPK
activation leads to a shift from anabolism, which consumes
ATP, to catabolism, that generates it [18, 20, 21, 35, 37-39].
This AMPK-dependent effect is involved in the
antihyperglycemic effect of metformin [23, 40]. However, this
same mechanism could partially explain some of its anticancer
properties, either by disrupting the cancer cell bioenergetics or
by interfering with cell proliferation.

Effects on Metabolism

The most well-known and famous effect of metformin is its
antidiabetic effect. Although some controversy exists
concerning the role of AMPK in the antidiabetic effect of
metformin [41], activation of this key energy-sensing enzyme
seems to play a crucial role [20].

Metformin-mediated AMPK activation leads to the modu-
lation of targets that restore energy homeostasis by enhancing
glucose uptake into the skeletal muscle [42] and by inhibiting
hepatic gluconeogenesis [43], resulting in an
antihyperglycemic effect. Moreover, AMPK phosphorylates
and inhibits several enzymes involved in lipid and sterol bio-
synthesis, such as acetyl-CoA carboxylase (ACC), fatty acid
synthase (FAS) and HMG-CoA reductase (14,16,19,25). By
inhibiting lipogenesis and sterol biosynthesis, metformin,
through AMPK, not only limits ATP consumption, but also
limits the production of new cell membranes, essential for cell
cycle progression and tumor proliferation [21, 28].
Furthermore, by preventing the synthesis of phospholipids,
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Fig. 1 Two distinct but not exclusive mechanisms contribute to the
antitumoral effect of metformin: an indirect/systemic effect, mediated
by a decrease in insulinemia and glycaemia, and a direct effect on cancer
cells, by targeting various pathways including tumor metabolism,

metformin inhibits the formation of lipid rafts, which are
membrane microdomains used, in breast cancer cells, to over-
express HER-2 receptors and that thus promote cell growth
[21].

Aromatase (CYP19A1) is an enzyme capable of converting
circulating androgens into estrogen in a process known as
aromatization. The stromal cells of the breast tissue contain
aromatase in their endoplasmic reticulum, making them capa-
ble of producing estrogen locally, which is known to stimulate
cell growth and proliferation [44]. In ER-positive breast can-
cer cells, aromatase is overexpressed, leading to excessive
estrogen production and cell proliferation [44]. AMPK phos-
phorylates aromatase and inhibits it, thereby inhibiting tissue-
specific estrogen production and paracrine signaling [28, 44].

Nevertheless, recent advances demonstrate that metformin
could also exert its glucose-lowering effect by mechanisms
other than AMPK activation, namely targeting glycerophos-
phate dehydrogenase, reducing cAMP levels and altering the
gut microbiome [45]. In relation to the first of these effects, in
the liver, metformin directly inhibits mitochondrial glycero-
phosphate dehydrogenase, reducing the conversion of lactate
and glycerol to glucose and thus reducing gluconeogenesis
[46, 47]. Moreover, metformin also indirectly inhibits gluco-
neogenesis: the accumulation of AMP directly inhibits ade-
nylate cyclase, reducing the amount of cAMP, which in turn
greatly reduces glucagon-mediated gluconeogenesis [47].

A caveolin-1
miRNA modulation

, Anti-tumoral effect '

inflammation and angiogenesis. Both the indirect and the direct effects
of metformin on cancer cells include adenosine monophosphate (AMP)-
activated protein kinase (AMPK)-dependent and -independent
mechanisms

The metformin-induced reduction in gluconeogenesis,
coupled with the increased glucose consumption in the muscle
and other tissues [18, 20, 40], leads to an indirect reduction in
insulin production and signaling [27, 36, 40]. Since epidemi-
ological data highlight an association between T2DM and
cancer, it is not a surprise that metformin can exert an antitu-
mor effect through its action on hyperinsulinemia [18].
Several plausible explanations link hyperinsulinemia and can-
cer. First, insulin may act as a growth factor promoting cancer
development [48]. Indeed, insulin has mitogenic properties
and excessive activity leads to an increased breast cancer risk
[27, 49]. Of note, high levels of insulin can interfere with and
generate resistance to transtuzumab, a HER-2 specific mono-
clonal antibody used in breast cancer treatment. Therefore,
metformin can be combined with transtuzumab to prevent
insulin resistance and create a new therapeutic alternative
[21, 39]. Furthermore, hyperinsulinemia originates increased
levels of insulin-like growth factors (IGFs), leading to an in-
crease in IGF-1 levels and activation of IGF-1 receptors [50,
51]. IGF-1 plays a pivotal role in fetal development, adoles-
cent growth, and adult tissue homeostasis; it also regulates
glucose and lipid metabolism [52]. In agreement with its mi-
togenic action, IGF-1 is frequently overexpressed in cancer
cells, including breast cancers [53].

Insulin/ IGF-1 signaling is therefore a mechanism mediat-
ing the promoting effect of T2DM on cancer. Activation of
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insulin and IGF-1 receptors induces two major intracellular
transduction cascades, resulting in cell growth and enhanced
cell survival: the phosphoinositide3-kinase (PI3K) and the
mitogen-activated protein-kinase (MAPK) signaling path-
ways [54]. Metformin has been found to inhibit IGF-1, with
a consequent decrease in PI3K and mTOR signaling, in both
in vitro and in vivo breast cancer models [55, 56].

Moreover, cancer cells typically take up high levels of glu-
cose in order to create a fuel-rich environment for cancer pro-
gression [48]. Metformin, as a glucose-lowering agent, cuts
off supplies for cancer cells, thus leading to an inhibition of
tumor growth [57]. To conclude, a decrease in blood glucose,
insulin and IGF-1 levels is involved in the antitumor effect of
metformin in T2DM.

Effects on Cell Cycle

One of the best characterized pathways that explains the anti-
tumor effect of metformin consists in the inhibition of mTOR
through AMPK-mediated phosphorylation [20, 27, 36, 40].
mTOR is a serine/threonine kinase that regulates a plethora
of cellular processes [58]. Most importantly, mTOR is activat-
ed by growth-promoting stimuli, such as an abundance of
nutrients or insulin signaling, and regulates cell cycle progres-
sion and cell proliferation [58]. Activation of the mTOR path-
way through ER signaling leads to cell survival and resistance
to chemotherapy, tamoxifen and HER-2-targeted therapy in
breast cancer cells [21].

mTOR forms two macromolecular complexes, mTORC1
and mTORC?2, each with different effects [21, 58]. mTORC1
regulates protein synthesis and ribosome biogenesis, therefore
modulating the temporal control of cell growth, and mTORC2
regulates the actin cytoskeleton, thus playing a role in the
spatial control of cell growth [58]. AMPK leads to inhibition
of mTORCI1 through several distinct mechanisms. First,
AMPK phosphorylates the Raptor protein, part of mTORCI,
which results in its inhibition [18, 28, 36, 58]. Furthermore,
AMPK also phosphorylates and activates TSC2, which is a
negative modulator of mTORCI [18, 19, 36, 58]. Moreover,
because both mTORC1 and mTORC?2 are stimulated by insu-
lin [59], the indirect reduction in insulin release caused by
metformin, secondary to the inhibition of gluconeogenesis
by AMPK, can lead to mTORC1 and mTORC?2 inactivation.
Contrary to mTORCI, the effects of metformin on mTORC2
are not so clear, because mTORC2 is positively modulated by
TSC2 [60]; these opposing effects can contribute to the con-
flicting effects of metformin. Nevertheless, the combination of
these effects results in an inhibition of protein synthesis and in
cell cycle arrest in GO/G1 phase [19, 36, 40]. In both ER+ and
ER- breast cancer cell lines, metformin has been shown to lead
to cell cycle arrest [27], which could potentially be explained
through this mechanism.
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Apart from mTOR inhibition, AMPK is also known to
phosphorylate p53, which stabilizes its conformation and
leads to its activation [18-20, 28, 39]. pS3 is a tumor suppres-
sor that plays a major role in apoptosis, cellular senescence
and autophagy. p53 acts on a positive-feedback loop with
AMPK in which it activates AMPK subunit 31, resulting in
increased AMPK activity [20]. In addition, p53 acts in a syn-
ergic manner with AMPK to inhibit mTOR and arrest cell
cycle progression [20]. In a work by Li et al, p53
knockdown/mutation in MCF-7 breast cancer cells led to re-
sistance to the antitumor effects of both metformin and
phenformin; however, MDA-MB-231 breast cancer cells
treated with CP/31398, a p53 reactivator, were highly suscep-
tible to metformin-induced growth inhibition, apoptosis and
senescence. This observation suggests that p53 expression is
required so that metformin can exert its antitumor effects [61].
However, the precise mechanism by which p53 responds to
AMPK activation is not fully elucidated and requires further
studies.

Effects on Gene Expression

FOXO3 is a transcription factor that regulates the expression
of multiple genes associated with DNA repair, apoptosis, en-
ergy metabolism, stress resistance and regulation of cell cycle
progression [40, 49]. After being synthesized in the cell cyto-
plasm, FOXO3 needs to be translocated to the nuclear com-
partment [38]. It has been established that FOXO3 loss of
function, with cytoplasmic sequestration, leads to tumorigen-
esis [49]. mTORC?2 phosphorylates and activates AKT, a
serine/threonine kinase that plays a critical role in cell survival
and glucose homeostasis [21, 38]; among the three existing
AKT isoforms (AKT1, AKT2 and AKT3), AKT2 is most
often involved in breast cancer cell survival and proliferation
[62]. AKT phosphorylates FOXO3 at the Ser253 residue,
leading to its inactivation and cytoplasmic sequestration
[40]. Metformin, through an AMPK-mediated gluconeogene-
sis inhibition, reduces insulin release and activity, which pre-
vents the activation of mTORC2 which, in turn, keeps
FOXO3 active [38]. Furthermore, AMPK phosphorylates
FOXO3 at the Ser413 residue, which leads to an increase in
its activity [40, 49].

In a work by Hu et al, the administration of low-dose met-
formin to breast (BT-549 cell line) and ovarian cancer cells
(OVCA429 cell line) resulted in increased FOXO3 nuclear
localization together with p53, which led to cell cycle arrest
and downregulated the expression of the stemness markers
CD44, Nanog, Oct-4 and c-Myc. This observation led to the
suggestion that low-dose metformin could induce a
reprogramming of cancer cells into their non-cancerous phe-
notype [49]. However, this hypothesis warrants further explo-
ration and confirmation.
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AMPK-dependent mechanisms are also involved in the
epigenetic effect of metformin. Indeed, there is evidence that
AMPK modulates histone acetylation, both directly and indi-
rectly, thus altering gene expression patterns through epige-
netic regulation of various chromatin functions [35, 37]. After
being translocated from the cytoplasm to the nucleus, AMPK
can phosphorylate specific histone residues, which directly
triggers the activation of histone acetyltransferases (HAT), in
turn enhancing histone acetylation [35, 49]. However, AMPK
can also phosphorylate histone deacetylases (HDAC), which
promotes their export from the nucleus towards the cytoplasm,
and thus HAT activity is not counteracted [35]. Finally, as
mentioned previously, AMPK phosphorylates and inactivates
ACC. By inhibiting the carboxylation of acetyl-CoA to
malonyl-CoA, AMPK leads to an increase in the acetyl-CoA
available as a substrate for HAT, which leads to increased
histone acetylation and alteration of gene expression [37].

AMPK-Independent Mechanisms of Action
of Metformin

miRNAs

MiRNAs, which regulate gene expression at the post-
transcriptional level, are key regulators of many biological
processes, such as cell proliferation, differentiation, apoptosis,
stress response and angiogenesis. Accordingly, miRNAs have
an important role in the regulation and development of many
cancers, such as breast cancer [63]. Indeed, miRNAs behave
either as oncogenes or tumor suppressor genes, thereby pro-
moting or inhibiting cancer progression [28].

Growing evidence shows that metformin can exert antican-
cer effects through miRNA modulation [64—67]. Particularly
in breast cancer cells, metformin has been found to interfere
with the expression of several distinct miRNA that modulate
the activity of distinct molecules, as shown next.

A recent work concluded that metformin inhibits the
growth and invasiveness of breast cancer cells by upregulating
miR-200c expression, which targets AKT2 [62]; as stated
above, AKT?2 promotes breast cancer cell survival and prolif-
eration. Also, metformin was found to cause a reduction in
miR-21-5p expression in breast cancer cell lines, mouse breast
cancer xenografts and breast cancer patients, which enhanced
the expression of critical upstream activators of the AMPK,
calcium-binding protein 39-like and Sestrin-1, leading to
AMPK activation and inhibition of mTOR signaling [68]. In
addition, downregulation of miR-27a (which targets
AMPK «2) appears to play a vital role in metformin-induced
inhibition of MCF-7 cell growth [69]. In another work,
metformin-reduced breast cancer cell viability and its effect
on PTEN and EZH2 expression were concluded to be related
to increased miR-26a expression [70]. Additionally,

metformin induced an increase in the expression of miR-193
family members in triple negative breast cancer cells, and
miR-193b directly targets and inhibits FAS [64], thus acting
synergistically with the AMPK-dependent effects.

In breast cancer cells, upregulation of the oncogene c-Myc
promotes the expression of lactate dehydrogenase A, a detox-
ifying enzyme whose expression is linked to cancer
chemoresistance. Metformin was found to modulate the levels
of ¢-Myc and IRS-2, and this correlated with changes of
miRNA-33a levels [71].

Dicer, an enzyme belonging to the RNase III family,
cleaves pre-miRNA into miRNA. DICER modulation, mir33a
upregulation and c-MYC targeting were concluded to have an
important role in the anticancer effects of metformin in human
breast cancer cell lines [72]. The transcriptional axis including
DICER and miRNAs could thus be one of molecular mecha-
nisms underlying the anticancer effects exerted by metformin.

Oxidative Cellular Status

Reactive oxygen species (ROS), which are chemically reac-
tive species that cause damage to cellular structures such as
DNA, lipids and proteins, are produced intracellularly through
multiple mechanisms, one of their main cellular sources being
the mitochondrial respiratory chain [73].

Several studies have shown that metformin not only re-
duces ROS generation induced by stressors, but also activates
endogenous repair systems, preventing ROS toxicity. Indeed,
metformin can detoxify ROS as a direct or indirect free radical
scavenger, and by AMPK-FOXO3-dependent up-regulation
of thioredoxin activity [34]. However, in breast cancer cells,
metformin was shown to increase oxidative stress levels [40,
74]. There is therefore no consensus concerning the role of the
drug in oxidative stress in breast cancer cells and further stud-
ies are warranted.

Antifolate Activity

Folate metabolism is an important target for chemotherapeutic
drugs. Antifolate drugs such as methotrexate and pemetrexed
exert antiproliferative and cytotoxic effects in several types of
tumor cells and are presently used as therapy against several
common cancers including breast cancer. The importance of
folate metabolism in cancer cells involves its relationship with
important processes for tumor cell survival and/or chemother-
apy resistance in “one-carbon” metabolism: nucleotide syn-
thesis, the methionine cycle, glutathione synthesis and poly-
amine metabolism [75].

The relationship between metformin and folate metabolism
alterations is based on the observation of an increase in homo-
cysteine and a decrease in folate and B;, vitamin levels in
patients with T2DM treated with metformin [76—78]
(Fig. 2). However, only a few works investigated the

@ Springer



116

J Mammary Gland Biol Neoplasia (2019) 24:111-123

relationship between folate metabolism and the antitumor ef-
fect of metformin in breast cancer. Metformin was found to
alter folate metabolism in several distinct breast cancer cell
lines (MCF-7, BT-474 and MDA-MB-231 cell lines), causing
inhibition of de novo synthesis of thymidine and purine nu-
cleotides and an accumulation of homocysteine, but decreased
levels of reduced glutathione [79]. In another work, metformin
induced an increase in homocysteine levels and a significant
decrease in levels of triphosphate nucleotides in breast cancer
stem cells [80]. Finally, metformin was shown to cause a de-
crease in intracellular levels of glutathione in chemotherapy-
resistant breast cancer cells (derived from MCF-7, BT-474 and
SUM 159 cell lines) [71]. Although specific enzyme inhibi-
tion mediated by metformin has not yet been proven in breast
cancer cells, inhibition of methionine synthase might be the
molecular target of metformin [81].

Angiogenesis

Cancer cells establish important interactions with the sur-
rounding cells, promoting the development of a crucial envi-
ronment important to their survival, growth and proliferation.
This interaction is mediated by the secretion of molecules that
promote angiogenesis (pro-angiogenic factors) into the sur-
rounding environment [82—84]. In early stages of tumorigen-
esis, these molecules (including TNF-«, NF-kB, ICAM-1,
VCAM-1 and E-selectin) promote the formation of a large
number of vessels that penetrate deep in the tumor in order
to suppress its needs [82—84].

In breast cancer, HER2 is commonly overexpressed and is
positively correlated with vascular endothelial growth factor
(VEGF) [20, 36]. VEGEF is associated with high vascularity in
solid tumors [84] and is directly regulated by hypoxia induc-
ible factor 1 (HIF-1) [84]. A few works indicate that metfor-
min is able to suppress breast tumor angiogenesis through
various effects [84, 85]. The first effect was concluded to
involve a mechanism linked to targeting of HER2/HIF-1/
VEGF secretion axis [84]. The second effect involves
mTORCI inhibition through AMPK-dependent mechanisms
described above, as HIF-1a production is also stimulated by
mTORCI [86].

JNK and STAT3

JNK and STAT3 are key regulators of many cellular events,
promoting cell proliferation, differentiation and apoptosis and,
consequently, the progression of cancer. Accordingly,
prolonged upregulation of some members of STAT family,
such as STAT3, has been associated with some breast cancers
[87].

Recent research demonstrated that IL-6 contributes to in-
vasion and growth in breast cancer via JAK and STAT3 sig-
naling pathway [87-89]. Interestingly enough, metformin was
reported to inhibit the expression of pro-inflammatory medi-
ators such as IL-6 and I1-17, reducing the activation of NF-kB
and consequently tumor development [34]. Metformin can
also block the phosphorylation of STAT3, which can induce
apoptosis in some breast cancers [79, 87, 88].
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NF-kB

Inflammation contributes to carcinogenesis via stimulation of
ROS and NO production. As a result, inflammation causes
accumulation of DNA damage and mutations of tumor sup-
pressor genes, which may result in genetic instability and
carcinogenesis.

In relation to breast cancer, increased circulating levels of
TNF« and IL-6 are found in obese women and have been
associated with breast cancer development and progression
[90, 91]. TNF«x is one of the most potent physiological in-
ducers of the nuclear transcription factor NF-kB, and activa-
tion of NF-kB supports progression of breast cancer growth
and it is dependent of degradation of IkB-alpha [90, 91].

In in vitro, in vivo, and human studies, metformin was
found to reduce inflammation by decreasing the levels of the
inflammatory cytokines I1-6 and TNF-«, the activity of COX-
2, the proinflammatory transcription factors NF-kB and
STAT3 and of Saal and Saa2. Stimulation of the SIRT1 sig-
naling pathway seems to be also involved in the anti-
inflammatory effect of metformin [34]. In relation to breast
cancer cells, metformin was shown to inhibit the inflammato-
ry response in cancer stem cells in breast cancer cell lines,
associated with inhibition of NF-KB activation [92].

mTOR

Although AMPK-mediated phosphorylation is the most fre-
quently described mechanism for metformin-induced mTOR
inhibition and anticancer effect (see above), AMPK is not
mandatory for metformin’s anticancer effects [93—95], and
alternative mechanisms could be at play in metformin-
induced mTOR inhibition and anticancer effect.

An alternative mechanism described in the literature is
AMPK-independent but Rag GTPase-dependent metformin-
induced mTORCI inhibition [95]. Rag GTPases mediate ami-
no acid stimulation of mTORCI1 signaling by inducing trans-
location of mTORCI1 to a perinuclear intracellular compart-
ment [96].

Wau et al proposed a mechanistic model connecting metfor-
min with mTORC1 through metformin’s effect on the Nuclear
Pore Complex (NPC), based on data from consecutive genetic
screens in C. elegans, validated in human cell lines [97].
Biguanides inhibit the mitochondrial respiratory capacity
and therefore promote lower ATP levels, leading to impaired
transport through the NPC and thus restricting RagA-RagC
GTPase transit. Exclusion of RagC from the nucleus prevents
it from attaining a GDP-bound state that is necessary for
mTORCI stimulation. In this manner, biguanides are able to
inhibit cell growth and proliferation by inhibiting mTORCI in
an AMPK-independent but NPC- and Rag GTPase-dependent
way [97].

This AMPK-independent mechanism could be relevant for
metformin’s action in breast cancer, as in breast cancer cells,
RAG GTPase/mTORC signaling was found to promote can-
cer proliferation via GO/GI cell-cycle progression by activa-
tion of the cyclin D1/Rb/E2F pathway [98].

Another proposed mechanism for metformin-induced
AMPK-independent mTOR inhibition is the activation of a
chronic energy-depletion response mediated by the tumor sup-
pressor, Regulated in Development and DNA Damage re-
sponses (REDD1), described to act in a TSC1/TSC2-
dependent manner [99, 100].

Specificity Protein (SP) Transcription Factors 1, 3
and 4

Metformin is associated with down-regulation of SP transcrip-
tion factors, namely SP1, SP3 and SP4 [101]. These SP pro-
teins regulate the transcription of many genes associated with
the ‘hallmarks of cancer’(sustained proliferative signaling,
replicative immortality, resistance to cell death, avoidance of
immune destruction, induction of angiogenesis, invasion and
metastasis, and deregulation of cellular energetics) [102] and
are further implicated in the regulation of cancer-associated
long non-coding RNAs (IncRNAs) [103].

Metformin’s effect on the expression of SP transcription
factors could be particularly relevant in the context of breast
cancer. SP1 expression is increased in breast cancer and asso-
ciated with a poor prognosis [102]. SP1 and its direct interac-
tion with STAT6 is implicated in the modulation of cell cycle
proteins in breast cancer cells, in particular cyclin-dependent
kinase inhibitors p21 and p27 [102, 104]. SP1 and SP3 are
also implicated in the hormone-dependent regulation of
VEGF expression in breast cancer cells [102, 105]. In basal-
like breast cancer (BLBC) cells, SP1 can regulate the tran-
scription of FOXF2, which is associated with epithelial-
mesenchymal transition and enhanced metastatic ability in this
subtype of breast cancer. This effect is impaired by FOXF2
promoter methylation [106].

Caveolin-1

Reduced caveolin-1 mRNA level was shown to be significant-
ly associated with increased tumor size in human breast cancer
[107]. Interestingly, metformin has shown promising results in
promoting the efficacy of an antibody drug conjugate,
trastuzumab emtansine, also known as T-DM1, in the HER-
2-positive breast cancer cell line BT-474, and this effect was
shown to be partially caveolin-1-dependent. Caveolin-1 is a
membrane protein implicated in endocytosis and vesicle traf-
ficking, whose expression levels could be a limiting factor in
promoting antibody drug conjugate permeation and efficacy
in breast cancer cells. Treatment with metformin induced
caveolin-1 up-regulation, leading to an enhanced antibody
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drug conjugate internalization and thus to a significantly
greater cytotoxic effect on T-DM1-treated breast cancer cells.
Metformin, a low cost and safe drug, could therefore be very
promising in current and future targeted antibody drug conju-
gate treatments for breast cancer by enhancing caveolin-1-
mediated internalization [108].

Cell-Cycle Regulatory Proteins

Cyclin G2 (CycQG2) is negatively regulated by estrogen (E2)-
bound ER, and CycG2 overexpression induces a p53-
dependent G1-phase cell cycle arrest. Thus, in the presence
of E2, ER+ breast cancer cells express lower levels of CycG2,
which contributes to their mitotic activity. Interestingly, met-
formin was found to promote G1 cell cycle arrest in a CycG2-
dependent way in the estrogen-sensitive breast cancer cell line
MCF7 [109, 110].

Growth factor receptor tyrosine kinase (RTK) signaling
pathways trigger hyperactivation of growth promoting
PI3K/AKT/mTOR signaling, in turn inducing ER phosphor-
ylation, a modification that promotes ligand-independent ER
activity and CycG2 inhibition. Consequently, suppression of
RTK signaling or of its downstream PI3K or mTOR signaling,
for instance with metformin (through mTOR inhibition), is
thus expected to promote higher expression of CycG2, con-
tributing to cell cycle arrest [110].

Metformin’s CycG2 dependent effect was further shown to
enhance cell cycle arrest when in co-treatment with the selec-
tive ER downregulator fulvestrant in MCF7 cells [110].
Metformin upregulation of CycG2 and potentiation of
fulvestrant-induced CycG2 expression leading to G1 cell cy-
cle arrest supports the possible application of metformin as an
adjuvant in ER+ breast cancer therapy.

Glucose Cellular Uptake

An inhibitory effect of metformin on glucose cellular uptake
by breast cancer cells was recently described. Interestingly,
this inhibitory effect was verified after a short-term exposure
of'the cells to the drug, but longer exposures increased the rate
of glucose cellular uptake and lactate production, most prob-
ably to compensate for the energy depletion associated with
inhibition of oxidative phosphorylation [111].

Future Perspectives

While in recent years light has been shed on the mechanisms
through which metformin exerts its antitumor effects, a lot
remains unanswered or unclarified. In an article by
Corominas-Faja et al, those authors proposed that metformin
does not inhibit mitochondrial complex I and instead acts as
an antifolate drug [79]. In fact, in a phase III randomized
clinical trial, it was shown that non-diabetic breast cancer
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patients in the metformin arm of the study have lower plasma
vitamin B12 levels, despite not being associated with clinical
vitamin B12 deficiency [112]. These clinical results add con-
sistency to the proposed mechanism of action. However, they
do not invalidate the possibility that metformin might have
both antifolate effects and mitochondrial complex I inhibitory
activity. The fact that metformin’s main mechanism of action
is not universally accepted warrants further studies to fully
clarify what should be the basis of any future research into
the antitumor effects of metformin. It is possible that, because
of this uncertainty, much information in the literature is con-
tradictory, namely the articles referring to the effects of
AMPK on histone acetylation [19, 34, 113]. Given that chang-
es in the epigenetic regulation lead to altered patterns of gene
expression, the influence of metformin in epigenetic mecha-
nisms is a research topic that shows much promise in
explaining metformin’s antitumor effects and thus should be
adequately resolved.

Both systemic/indirect and direct (on tumor cell) effects are
known to contribute to the antitumor effect of metformin.
However, there is a critical gap in knowledge concerning these
two types of effects. Indeed, although the effects of metformin
in whole-body metabolism are well characterized, less is
known concerning the direct effects of metformin on cancer
cells. For instance, few in vitro and in vivo studies quantified
uptake and intratumor accumulation of the drug. As previous-
ly stated, metformin enters the cell through OCT1 and, to a
lesser extent, OCT2 and OCT3 [30, 31, 114]. These trans-
porters are primarily expressed in enterocytes, hepatocytes
and renal epithelium, having a lower, yet significant expres-
sion in other target tissues, such as the breast epithelium or the
lung [32, 114]. However, not all breast tumors express these
transporters, and metformin’s possible antitumor effect in non-
OCT-expressing tumors will be severely diminished [114].
Highlighting the importance of these transporters, Lord et al
showed that the highest metformin tumor levels were detected
in the patient with the highest OCT1 tumor expression [115].
Also, Checkley et al found that the amount of metformin ac-
cumulated in mammary tumors in the rat correlated with
mammary tumor regression and with tumor expression of
OCT?2 [116]. So far, most preclinical in vitro studies and clin-
ical trials have not taken these transporters into consideration
when evaluating metformin’s effects [114], which could ex-
plain the lack of agreement between pre-clinical and clinical
studies. Therefore, a future possibility would be a clinical trial
evaluating and comparing the clinical outcomes of metformin
administration to breast cancer patients after screening for
OCT expression. Moreover, genetic variants in metformin
transporter genes such as OCT1 have been associated with
variation in the antidiabetic clinical response to metformin
[117]. Therefore, identification of variants within the tumor
could also be interesting by helping to predict which patient
groups might respond clinically to metformin.
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While the dose required for metformin to exert its antidia-
betic effects is very well established, the same cannot be said
for its antitumor effects [29]. Indeed, most studies using cell
lines or animal models use extremely high metformin doses
that far exceed the ones used to treat T2DM in clinical practice
[31, 115]. It is therefore possible that non-specific or toxic
effects of metformin are observed in vitro, because supra ther-
apeutic doses are used. This fact could be a strong argument to
explain why most clinical trials have failed to show associa-
tions so far; moreover, clinical trials are quite heterogeneous
regarding metformin dosage. For example, in the ALTTO
phase III trial, the standard, currently administrated dose of
metformin as an antidiabetic drug improved the prognosis
associated with diabetes in patients with HER-2-positive and
hormone receptor-positive breast cancer [24]. However, in a
cohort study by Chang et al, in which the relationship between
metformin and colorectal cancer occurrence among patients
with T2DM was evaluated, it was shown that the risk of co-
lorectal cancer was lower when the dose of metformin
employed was higher, expressed as the cumulative defined
daily dose and the intensity of metformin use [118]. There
seems to be no consensus regarding the ideal, most adequate
dose to be used as a neoadjuvant or adjuvant therapy.
Therefore, it is important that in vitro, in vivo and clinical
trials are performed to clarify such an important parameter
that could have serious implications in future clinical trials,
not only in terms of metformin’s antitumor effects and the
occurrence of serious adverse effects, such as lactic acidosis
[31], but also in terms of drug interactions.

Another aspect that should be clarified in the future is the
efficacy of metformin in relation to breast cancer subtype
and/or receptor status. For instance, in vitro studies with the
ER+ MCF-7 cell line consistently reported reduced prolif-
eration as well as increased apoptosis in response to metfor-
min. In contrast, studies using the triple-negative MDA-
MB-231 cell line have not reported consistent findings
[22]. Discrepancies in the in vivo effect of metformin in
breast cancers with distinct ER/PR/HER?2 status have also
been reported. In one study, metformin-treated diabetic pa-
tient women compared to nonusers had a significantly lower
incidence of grade III tumor, a lower incidence of triple
negative and a higher incidence of ER+ and PR+ cancers
[119]. In another study, it was concluded that, while the
number of years under metformin treatment was not associ-
ated with the risk of triple-negative tumors, a negative as-
sociation with the risk of hormone-receptor+/HER2— breast
cancer was observed [120]. Still another study found that
long-term use of metformin correlates with molecular sub-
type of breast cancer in diabetics on metformin in compar-
ison to diabetics not on metformin and patients without di-
abetes mellitus [121]. All these observations thus reinforce
the need to correctly classify breast cancers when studying
their association with diabetes.

Another point worth discussing is the reason for the dis-
crepancies found between the in vitro and the in vivo effect of
metformin and between distinct epidemiological studies.
Besides the reasons already mentioned (distinct effects of met-
formin in different breast cancer subtypes, distinct accumula-
tion of the drug in different tumors due to transporter variabil-
ity, the high doses of metformin used in in vitro studies and the
heterogeneity in metformin doses used in clinical trials), some
other reasons can be advocated. These include distinct basal
autophagy and mTOR activity in different cancer cells [122]
and the need to better select patients and disease outcome,
because multiple and heterogeneous features from both the
patients and disease are currently considered.

It is also possible that, to be effective in cancer treatment,
new strategies of drug delivery must be employed [19, 123].
For example, in a study by Qian et al, it was shown that a
metformin delivery vehicle based on metformin-loaded
glyconanoparticles (MGNPs) significantly improved the anti-
proliferative effect of metformin over standard use against
MCEF-7 breast cancer cells [123]. This observation could have
an impact both in future research, but also in the clinical setting.

To conclude, metformin appears as an effective anticancer
drug in relation to breast cancer. Also, drug combination with
metformin (e.g. chemotherapy or glycolytic inhibitors) can act
as a synergistic association, highlighting the potential of met-
formin in breast cancer treatment. However, metformin’s
mechanisms of action have only begun to be clarified and
much research is still needed before establishing metformin
as a new anticancer drug. It is obvious that complex
metabolism-modifying drugs such as metformin have several
modes of action, involving multiple and mutually nonexclu-
sive mechanisms. A deeper knowledge about these mecha-
nisms could improve the design of new drugs and the under-
standing of the potential use of metformin in cancer. The fact
that the safety profile and side effects of metformin are thor-
oughly well established [19, 27] make it a very appealing drug
to test in cancer patient settings as it could lead to a new era of
personalized medicine and improved treatments.

Compliance with Ethical Standards

Conflict of Interest  Authors J. Faria, G. Negalha, A. Azevedo, F. Martel
declare that they has no conflict of interest.

Ethical Approval This article does not contain any studies with human
participants or animals performed by any of the authors.

References

1. Inzucchi SE, Bergenstal RM, Buse JB, Diamant M, Ferrannini E,
Nauck M, et al. Management of Hyperglycemia in type 2 diabetes,
2015: a patient-centered approach: update to a position statement
of the American Diabetes Association and the European

@ Springer



120

J Mammary Gland Biol Neoplasia (2019) 24:111-123

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Association for the Study of diabetes. Diabetes Care Am Diabetes
Assoc. 2015;38:140-9.

Bailey CJ. Metformin: historical overview. Diabetologia.
2017;60:1566-76.

Ortiz-Flores AE, Luque-Ramirez M, Escobar-Morreale HF.
Pharmacotherapeutic management of comorbid polycystic ovary
syndrome and diabetes. Expert Opin Pharmacother. 2018:1-12.
Finneran MM, Landon MB. Oral agents for the treatment of ges-
tational diabetes. Curr Diab Rep. 2018;18:119.

Ben Sahra I, Le Marchand-Brustel Y, Tanti J-F, Bost F. Metformin
in Cancer therapy: a new perspective for an old antidiabetic drug?
Mol Cancer Ther. 2010;9:1092-9.

Inzucchi SE, Lipska KJ, Mayo H, Bailey CJ, McGuire DK.
Metformin in patients with type 2 diabetes and kidney disease a
systematic review. JAMA. 2014;312:2668-75.

Foretz M, Guigas B, Bertrand L, Pollak M, Viollet B. Metformin:
From mechanisms of action to therapies. Cell Metab. Elsevier Inc.
2014;20:953-66.

Schéfer G. Biguanides. A review of history, pharmacodynamics
and therapy. Diabetes Metab. 1983;9:148—63.

Vigneri P, Frasca F, Sciacca L, Pandini G, Vigneri R. Diabetes and
cancer. Endocr Relat Cancer. 2009;16:1103-23.

Giovannucci E, Harlan DM, Archer MC, Bergenstal RM, Gapstur
SM, Habel LA, et al. Diabetes and cancer: a consensus report.
Diabetes Care Am Diabetes Assoc. 2010;33:1674-85.

Coughlin SS, Ekwueme DU. Breast cancer as a global health
concern. Cancer Epidemiol. 2009;33:315-8.

Youlden DR, Cramb SM, Dunn NAM, Muller JM, Pyke CM,
Baade PD. The descriptive epidemiology of female breast cancer:
an international comparison of screening, incidence, survival and
mortality. Cancer Epidemiol. 2012;36:237-48.

Boyle P, Boniol M, Koechlin A, Robertson C, Valentini F,
Coppens K, et al. Diabetes and breast cancer risk: a meta-analysis.
Br J Cancer Nature. Publishing Group. 2012;107:1608-17.
Evans JMM, Donnelly LA, Emslie-Smith AM, Alessi DR, Morris
AD. Metformin and reduced risk of cancer in diabetic patients.
BMJ. 2005;330:1304-5.

Chae YK, Arya A, Malecek M-K, Shin DS, Carneiro B, Chandra
S, et al. Repurposing metformin for cancer treatment: current clin-
ical studies. Oncotarget. 2016;7:40767-80.

DeCensi A, Puntoni M, Goodwin P, Cazzaniga M, Gennari A,
Bonanni B, et al. Metformin and Cancer risk in diabetic patients:
a systematic review and meta-analysis. Cancer Prev Res. 2010;3:
1451-61.

Landman GWD, Kleefstra N, van Hateren KJJ, Groenier KH,
Gans ROB, Bilo HIG. Metformin associated with lower Cancer
mortality in type 2 diabetes: ZODIAC-16. Diabetes Care.
2010;33:322-6.

Daugan M, Dufay Wojcicki A, d’Hayer B, Boudy V. Metformin:
an anti-diabetic drug to fight cancer. Pharmacol Res. 2016;113:
675-85.

Saini N, Yang X. Metformin as an anti-cancer agent: actions and
mechanisms targeting cancer stem cells. Acta Biochim Biophys
Sin Shanghai. 2018;50:133—43.

Pizzuti L, Vici P, Di Lauro L, Sergi D, Della Giulia M, Marchetti P,
et al. Metformin and breast cancer: basic knowledge in clinical
context. Cancer Treat Rev Elsevier Ltd. 2015;41:441-7.
Wysocki PJ, Wierusz-Wysocka B. Obesity, hyperinsulinemia and
breast cancer: novel targets and a novel role for metformin. Expert
Rev Mol Diagn. 2010;10:509-19.

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;1:
312-23.

Zhao Y, Gong C, Wang Z, Zhang J, Wang L, Zhang S, et al. A
randomized phase II study of aromatase inhibitors plus metformin

@ Springer

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

in pre-treated postmenopausal patients with hormone receptor
positive metastatic breast cancer. Oncotarget. 2017;8:84224-36.
Sonnenblick A, Agbor-Tarh D, Bradbury I, Di Cosimo S, Azim
HA, Fumagalli D, et al. 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 Il randomized trial. J Clin Oncol. 2017;35:
1421-9.

Tang GH, Satkunam M, Pond GR, Steinberg GR, Blandino G,
Schiinemann HJ, et al. Association of metformin with breast can-
cer incidence and mortality in patients with type 2 diabetes: a
GRADE assessed systematic review and meta-analysis. Cancer
Epidemiol Biomark Prev. 2018;27:627-35.

Lega IC, Fung K, Lipscombe LL. Metformin use and breast
Cancer stage at diagnosis: a population-based study. Diabetes.
2015;64:A439-9.

Hatoum D, McGowan EM. Recent advances in the use of metfor-
min: can treating diabetes prevent breast cancer? Biomed Res Int.
2015;2015:1-13.

Pulito C, Donzelli S, Muti P, Puzzo L, Strano S, Blandino G.
microRNAs and cancer metabolism reprogramming: the paradigm
of metformin. Ann Transl Med. 2014;2:58.

Jara JA, Lopez-Muioz R. Metformin and cancer: between the
bioenergetic disturbances and the antifolate activity. Pharmacol
Res. 2015;101:102-8.

Quinn BJ, Dallos M, Kitagawa H, Kunnumakkara AB, Memmott
RM, Hollander MC, et al. Inhibition of lung tumorigenesis by
metformin is associated with decreased plasma IGF-I and dimin-
ished receptor tyrosine kinase signaling. Cancer Prev Res. 2013;6:
801-10.

Dowling RJO, Lam S, Bassi C, Mouaaz S, Aman A, Kiyota T,
et al. Metformin Pharmacokinetics in Mouse Tumors:
Implications for Human Therapy. Cell Metab. Elsevier Inc.
2016;23:567-8.

Gong L, Goswami S, Giacomini KM, Altman RB, Klein TE.
Metformin pathways: pharmacokinetics and pharmacodynamics.
Pharmacogenet Genomics. 2012;22:820-7.

Andrzejewski S, Gravel S-P, Pollak M, St-Pierre J. Metformin
directly acts on mitochondria to alter cellular bioenergetics.
Cancer Metab. 2014;2:12.

Najafi M, Cheki M, Rezapoor S, Geraily G, Motevaseli E,
Carnovale C, et al. Metformin: prevention of genomic instability
and cancer: a review. Mutat Res. 2018;827:1-8.

Salminen A, Kauppinen A, Kaarniranta K. AMPK/Snfl signaling
regulates histone acetylation: Impact on gene expression and epi-
genetic functions. Cell Signal. Elsevier B.V. 2016;28:887-95.
Kasznicki J, Sliwinska A, Drzewoski J. Metformin in cancer pre-
vention and therapy. Ann Transl Med. 2014;2:57.

Vancura A, Vancurova I. Metformin induces protein acetylation in
cancer cells. Oncotarget. 2017;8:39939—40.

Davila D, Connolly NMC, Bonner H, Weisova P, Dussmann H,
Concannon CG, et al. Two-step activation of FOXO3 by AMPK
generates a coherent feed-forward loop determining excitotoxic
cell fate. Cell Death Differ. 2012;19:1677-88.

Micallef D, Micallef S, Schembri-Wismayer P, Calleja-Agius J.
Novel applications of COX-2 inhibitors, metformin, and statins
for the primary chemoprevention of breast cancer. J Turk Ger
Gynecol Assoc. 2016;17:214-23.

Queiroz EAIF, Puukila S, Eichler R, Sampaio SC, Forsyth HL,
Lees SJ, et al. Metformin induces apoptosis and cell cycle arrest
mediated by oxidative stress, AMPK and FOXO3a in MCF-7
breast cancer cells. PLoS One. 2014;9.

Vancura A, Bu P, Bhagwat M, Zeng J, Vancurova I. Metformin as
an anticancer agent. Trends Pharmacol Sci. 2018;39:867-78.
Lee JO, Lee SK, Jung JH, Kim JH, You GY, Kim SJ, et al.
Metformin induces Rab4 through AMPK and modulates



J Mammary Gland Biol Neoplasia (2019) 24:111-123

121

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

GLUTH4 translocation in skeletal muscle cells. J Cell Physiol.
2011;226:974-81.

Stephenne X, Foretz M, Taleux N, van der Zon GC, Sokal E, Hue
L, et al. Metformin activates AMP-activated protein kinase in
primary human hepatocytes by decreasing cellular energy status.
Diabetologia. 2011;54:3101-10.

Rice S, Pellat L, Ahmetaga A, Bano G, Mason HD, Whitehead SA.
Dual effect of metformin on growth inhibition and oestradiol pro-
duction in breast cancer cells. Int J] Mol Med. 2015;35:1088-94.
Li M, Li X, Zhang H, Lu Y. Molecular mechanisms of metformin
for diabetes and Cancer treatment. Front Physiol. 2018;9:1039.
Madiraju AK, Erion DM, Rahimi Y, Zhang X-M, Braddock DT,
Albright RA, et al. Metformin suppresses gluconeogenesis by
inhibiting mitochondrial glycerophosphate dehydrogenase.
Nature. NIH Public Access. 2014;510:542—6.

Baur JA, Birnbaum MJ. Control of gluconeogenesis by metfor-
min: does redox trump energy charge? Cell Metab Cell Press.
2014;20:197-9.

Morales DR, Morris AD. Metformin in Cancer treatment and pre-
vention. Annu Rev Med. 2015;66:17-29.

Hu T, Chung YM, Guan M, Ma M, Ma J, Berek JS, et al.
Reprogramming ovarian and breast cancer cells into non-
cancerous cells by low-dose metformin or SN-38 through
FOXO3 activation. Sci Rep. 2014;4:1-13.

Kourelis TV, Siegel RD. Metformin and cancer: new applications
for an old drug. Med Oncol. 2012;29:1314-27.

Jalving M, Gietema JA, Lefrandt JD, de Jong S, Reyners AKL,
Gans ROB, et al. Metformin: taking away the candy for cancer?
Eur J Cancer. 2010;46:2369-80.

Yakar S, Adamo ML. Insulin-like growth factor 1 physiology:
lessons from mouse models. Endocrinol Metab Clin N Am NIH
Public Access. 2012;41:231-47.

Chen W, Wang S, Tian T, Bai J, Hu Z, Xu Y, et al. Phenotypes and
genotypes of insulin-like growth factor 1, IGF-binding protein-3
and cancer risk: evidence from 96 studies. Eur J] Hum Genet.
2009;17:1668-75.

Weinberg SE, Chandel NS. Targeting mitochondria metabolism
for cancer therapy. Nat Chem Biol. 2015;11:9-15.

EL-Haggar SM, El-Shitany NA, Mostata MF, El-Bassiouny NA.
Metformin may protect nondiabetic breast cancer women from
metastasis. Clin Exp Metastasis. 2016;33:339-57.

Liu B, Fan Z, Edgerton SM, Yang X, Lind SE, Thor AD. Potent
anti-proliferative effects of metformin on trastuzumab-resistant
breast cancer cells via inhibition of erbB2/IGF-1 receptor interac-
tions. Cell Cycle. 2011;10:2959-66.

Gallagher EJ, LeRoith D. Diabetes, cancer, and metformin: con-
nections of metabolism and cell proliferation. Ann N 'Y Acad Sci.
2011;1243:54-68.

Hall MN. mTOR-What Does It Do? Transplant Proc. Elsevier Inc.
2008;40:5-8.

Yoon M. The role of mammalian target of rapamycin (mTOR) in
insulin signaling. Nutrients. 2017.

Huang J, Dibble CC, Matsuzaki M, Manning BD. The TSC1-
TSC2 complex is required for proper activation of mTOR com-
plex 2. Mol Cell Biol. 2008;28:4104—15.

Li P, Zhao M, Parris AB, Feng X, Yang X. P53 is required for
metformin-induced growth inhibition, senescence and apoptosis
in breast cancer cells. Biochem Biophys Res Commun Elsevier
Ltd. 2015;464:1267-74.

Zhang J, Li G, Chen Y, Fang L, Guan C, Bai F, et al. Metformin
inhibits tumorigenesis and tumor growth of breast cancer cells by
upregulating miR-200c¢ but downregulating AKT?2 expression. J
Cancer. 2017;8:1849-64.

Safe S, Nair V, Karki K. Metformin-induced anticancer activities:
recent insights. Biol Chem. 2018;399:321-35.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

Wahdan-Alaswad RS, Cochrane DR, Spoelstra NS, Howe EN,
Edgerton SM, Anderson SM, et al. Metformin-induced killing of
triple-negative breast cancer cells is mediated by reduction in fatty
acid synthase via miRNA-193b. Horm Cancer NIH Public
Access. 2014;5:374-89.

Yang J, Wei J, Wu Y, Wang Z, Guo Y, Lee P, et al. Metformin
induces ER stress-dependent apoptosis through miR-708-5p/
NNAT pathway in prostate cancer. Oncogenesis. 2015;4:¢158-8.
Li W, Yuan Y, Huang L, Qiao M, Zhang Y. Metformin alters the
expression profiles of microRNAs in human pancreatic cancer
cells. Diabetes Res Clin Pract. 2012;96:187-95.

Cufi S, Vazquez-Martin A, Oliveras-Ferraros C, Quirantes R,
Segura-Carretero A, Micol V, et al. Metformin lowers the thresh-
old for stress-induced senescence: a role for the microRNA-200
family and miR-205. Cell Cycle. 2012;11:1235-46.

Pulito C, Mori F, Sacconi A, Goeman F, Ferraiuolo M, Pasanisi P,
et al. Metformin-induced ablation of microRNA 21-5p releases
Sestrin-1 and CAB39L antitumoral activities. Cell Discov.
Nature Publ Group. 2017;3:17022.

Zhao W, Zhang X, Liu J, Sun B, Tang H, Zhang H. miR-27a-
mediated antiproliferative effects of metformin on the breast can-
cer cell line MCF-7. Oncol Rep. 2016;36:3691-9.

Cabello P, Pineda B, Tormo E, Lluch A, Eroles P. The Antitumor
Effect of Metformin Is Mediated by miR-26a in Breast Cancer. Int
J Mol Sci. Multidisciplinary Digital Publishing Institute (MDPI).
2016;17:1298.

Cioce M, Valerio M, Casadei L, Pulito C, Sacconi A, Mori F, et al.
Metformin-induced metabolic reprogramming of chemoresistant
ALDH&It;sup&gt;bright&lt;/sup&gt; breast cancer cells.
Oncotarget. 2014;5:4129-43.

Blandino G, Valerio M, Cioce M, Mori F, Casadei L, Pulito C,
et al. Metformin elicits anticancer effects through the sequential
modulation of DICER and ¢-MYC. Nat Commun. 2012;3:865.
Murphy MP. How mitochondria produce reactive oxygen species.
Biochem J. 2009;417:1-13.

Marinello PC, da Silva TNX, Panis C, Neves AF, Machado KL,
Borges FH, et al. Mechanism of metformin action in MCF-7 and
MDA-MB-231 human breast cancer cells involves oxidative
stress generation, DNA damage, and transforming growth factor
1 induction. Tumor Biol. 2016;37:5337-46.

Locasale JW. Serine, glycine and one-carbon units: cancer metab-
olism in full circle. Nat Rev Cancer. 2013;13:572-83.

Sahin M, Tutuncu NB, Ertugrul D, Tanaci N, Guvener ND. Effects
of metformin or rosiglitazone on serum concentrations of homo-
cysteine, folate, and vitamin B12 in patients with type 2 diabetes
mellitus. J Diabetes Complicat. 2007;21:118-23.

de Jager J, Kooy A, Lehert P, Wulffelé MG, van der Kolk J, Bets
D, et al. Long term treatment with metformin in patients with type
2 diabetes and risk of vitamin B-12 deficiency: randomised place-
bo controlled trial. BMJ. 2010;340:c2181.

Ham AC, Enneman AW, van Dijk SC, Oliai Araghi S, Swart
KMA, Sohl E, et al. Associations between medication use and
homocysteine levels in an older population, and potential media-
tion by vitamin B12 and folate: data from the B-PROOF study.
Drugs Aging. 2014;31:611-21.

Corominas-Faja B, Quirantes-Piné R, Oliveras-Ferraros C,
Vazquez-Martin A, Cufi S, Martin-Castillo B, et al.
Metabolomic fingerprint reveals that metformin impairs one-
carbon metabolism in a manner similar to the antifolate class of
chemotherapy drugs. Aging (Albany NY). 2012;4:480-98.
Janzer A, German NJ, Gonzalez-Herrera KN, Asara JM, Haigis
MC, Struhl K. Metformin and phenformin deplete tricarboxylic
acid cycle and glycolytic intermediates during cell transformation
and NTPs in cancer stem cells. Proc Natl Acad Sci. 2014;111:
10574-9.

@ Springer



122

J Mammary Gland Biol Neoplasia (2019) 24:111-123

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

Cabreiro F, Au C, Leung K-Y, Vergara-Irigaray N, Cochemé¢ HM,
Noori T, et al. Metformin retards aging in C. Elegans by altering
microbial folate and methionine metabolism. Cell. 2013;153:228-39.
Dallaglio K, Bruno A, Cantelmo AR, Esposito Al, Ruggiero L,
Orecchioni S, et al. Paradoxic effects of metformin on endothelial
cells and angiogenesis. Carcinogenesis. 2014;35:1055-66.
Korkaya H, Liu S, Wicha MS. Breast cancer stem cells, cytokine
networks, and the tumor microenvironment. J Clin Invest.
2011;121:3804-9.

Wang J, Li G, Wang Y, Tang S, Sun X, Feng X, et al. Suppression
of tumor angiogenesis by metformin treatment via a mechanism
linked to targeting of HER2/HIF-1a/VEGF secretion axis.
Oncotarget. Impact Journals. 2015;6:44579-92.

Falah RR, Talib WH, Shbailat SJ. Combination of metformin and
curcumin targets breast cancer in mice by angiogenesis inhibition,
immune system modulation and induction of p53 independent
apoptosis. Ther Adv Med Oncol. 2017;9:235-52.

Tadakawa M, Takeda T, Li B, Tsuiji K, Yaegashi N. The anti-
diabetic drug metformin inhibits vascular endothelial growth fac-
tor expression via the mammalian target of rapamycin complex 1/
hypoxia-inducible factor-1« signaling pathway in ELT-3 cells.
Mol Cell Endocrinol. 2015;399:1-8.

Deng X-S, Wang S, Deng A, Liu B, Edgerton SM, Lind SE, et al.
Metformin targets Stat3 to inhibit cell growth and induce apopto-
sis in triple-negative breast cancers. Cell Cycle. 2012;11:367-76.
Zhao Z, Cheng X, Wang Y, Han R, Li L, Xiang T, et al. Metformin
Inhibits the IL-6-Induced Epithelial-Mesenchymal Transition and
Lung Adenocarcinoma Growth and Metastasis. Chellappan SP,
editor. PLoS One. 2014;9:€95884.

Vogt PK, Hart JR. PI3K and STAT3: a new alliance. Cancer
Discov. 2011;1:481-6.

Howe LR, Subbaramaiah K, Hudis CA, Dannenberg AlJ.
Molecular pathways: adipose inflammation as a mediator of
obesity-associated Cancer. Clin Cancer Res. 2013;19:6074—83.
Zheng L, Yang W, Wu F, Wang C, Yu L, Tang L, et al. Prognostic
significance of AMPK activation and therapeutic effects of met-
formin in hepatocellular carcinoma. Clin Cancer Res. 2013;19:
5372-80.

Hirsch HA, Iliopoulos D, Struhl K. Metformin inhibits the inflam-
matory response associated with cellular transformation and can-
cer stem cell growth. Proc Natl Acad Sci. 2013;110:972—7.
Foretz M, Andreelli F, Viollet B, Foretz M, Hébrard S, Leclerc J,
et al. Metformin inhibits hepatic gluconeogenesis in mice inde-
pendently of the LKB1 / AMPK pathway via a decrease in hepatic
energy state. J Clin Invest Find the latest version : Metformin
inhibits hepatic gluconeogenesis in mice independently of the
LKB1 / AMPK pathway via a. 2010;120:2355-69.

Griss T, Vincent EE, Egnatchik R, Chen J, Ma EH, Faubert B,
et al. Metformin Antagonizes Cancer Cell Proliferation by
Suppressing Mitochondrial- Dependent Biosynthesis 2015;1-23.
Kalender A, Selvaraj A, Kim SY, Gulati P, Brule S, Viollet B, et al.
Metformin , Independent of AMPK , Inhibits mTORC1 in a Rag
GTPase-Dependent Manner. 2010;

Sancak Y, Peterson TR, Shaul YD, Lindquist RA, Thoreen CC, Bar-
peled L, et al. The Rag GTPases Bind Raptor and Mediate Amino
Acid Signaling to mTORCI. Science (80- ). 2008;1496-502.

Wu L, Zhou B, Oshiro-rapley N, Gygi SP, Zheng B, Soukas AA,
et al. An Ancient, Unified Mechanism for Metformin Growth
Inhibition in C . elegans and Cancer. Cell. Elsevier Inc.
2016;167:1705-1711.e13.

Kwon O, Kwak D, Hoon S, Jeon H, Park M, Chang Y, et al.
Nudix-type motif 2 contributes to cancer proliferation through
the regulation of Rag GTPase-mediated mammalian target of
rapamycin complex 1 localization. Cell Signal. Elsevier Inc.
2017;32:24-35.

@ Springer

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Sofer A, Lei K, Johannessen CM, Ellisen LW. Regulation of
mTOR and Cell Growth in Response to Energy Stress by
REDDI. Mol Cell Biol. 2005;25:5834-45.

Ben SI, Regazzetti C, Robert G, Laurent K, Le Marchand-Brustel
Y, Auberger P, et al. Metformin, independent of AMPK, induces
mTOR inhibition and cell-cycle arrest through REDD1. Cancer
Res. 2011;71:4366-72.

Nair V, Sreevalsan S, Basha R, Abdelrahim M, Abudayyeh A.
Mechanism of metformin-dependent inhibition of mammalian tar-
get of rapamycin ( mTOR ) and Ras activity in pancreatic Cancer
ROLE OF SPECIFICITY PROTEIN ( Sp ) TRANSCRIPTION
FACTORS *. J Biol Chem. 2014;289:27692-701.

Beishline K, Azizkhan-Clifford J. Sp1 and the ‘ hallmarks of can-
cer’. FEBS J. 2015;282:224-58.

Gandhy SU, Imanirad P, Jin U, Nair V, Safe S. Specificity protein
(Sp) transcription factors and metformin regulate expression of the
long non-coding RNA HULC. Oncotarget. 2015;6:26359-72.
WeiM, LiuB,GuQ, SuL, Yu'Y, Zhu Z. Stat6 cooperates with Sp1
in controlling breast cancer cell proliferation by modulating the
expression of p21 Cipl / WAF1. Cell Oncol. 2013;36:79-93.
Stoner M, Wormke M, Saville B, Samudio I, Qin C, Abdelrahim M,
et al. Estrogen regulation of vascular endothelial growth factor gene
expression in ZR-75 breast cancer cells through interaction of es-
trogen receptor a and SP proteins. Oncogene. 2014;23:1052-63.
Tian H-P, Lun S-M, Huang H-J, He R, Kong P-Z, Wang Q-S, et al.
DNA methylation affects the SP1-regulated transcription of FOXF2
in breast Cancer cells *. J Biol Chem. 2015;290:19173-83.
Sagara Y, Mimori K, Yoshinaga K, Tanaka F, Nishida K, Ohno S,
et al. Clinical significance of Caveolin-1, Caveolin-2 and HER2/
neu mRNA expression in human breast cancer. Br J Cancer.
2004;91:959-65.

Chung Y, Chang C, Wei W, Chang T. Metformin-induced caveo-
lin-1 expression promotes T-DM1 drug efficacy in breast cancer
cells. Sci Rep Springer US; 2018;1-9.

Salani B, Maffioli S, Hamoudane M, Parodi A, Ravera S,
Passalacqua M, et al. Caveolin-1 is essential for metformin inhib-
itory effect on IGF1 action in non-small-cell lung cancer cells.
FASEB J. 2012;26:788-98.

Zimmermann M, Arachchige-Don APS, Donaldson MS,
Patriarchi T, Horne MC. Cyclin G2 promotes cell cycle arrest in
breast cancer cells responding to fulvestrant and metformin and
correlates with patient survival. Cell Cycle. Taylor & Francis.
2016;15:3278-95.

Amaral I, Silva C, Correia-Branco A, Martel F. Effect of metfor-
min on estrogen and progesterone receptor-positive (MCF-7) and
triple-negative (MDA-MB-231) breast cancer cells. Biomed
Pharmacother. 2018;102:94-101.

Lohmann AE, Liebman MF, Brien W, Parulekar WR, Gelmon
KA, Shepherd LE, et al. Effects of metformin versus placebo on
vitamin B12 metabolism in non-diabetic breast cancer patients in
CCTG MA.32. Breast Cancer Res Treat. 2017;164:371-8.
Cuyas E, Fernandez-Arroyo S, Joven J, Menendez JA. Metformin
targets histone acetylation in cancer-prone epithelial cells. Cell
Cycle. 2016;15:3355-61.

Cai H, Zhang Y, Han T, Everett RS, Thakker DR. Cation-selective
transporters are critical to the AMPK-mediated antiproliferative
effects of metformin in human breast cancer cells. Int J Cancer.
2016;138:2281-92.

Lord SR, Cheng WC, Liu D, Gaude E, Haider S, Metcalf T, et al.
Integrated Pharmacodynamic Analysis Identifies Two Metabolic
Adaption Pathways to Metformin in Breast Cancer. Cell Metab.
Elsevier Inc. 2018;28:679-88.

Checkley LA, Rudolph MC, Wellberg EA, Giles ED, Wahdan-
Alaswad RS, Houck JA, et al. Metformin accumulation correlates
with organic cation transporter 2 protein expression and predicts



J Mammary Gland Biol Neoplasia (2019) 24:111-123

123

117.

118.

119.

120.

mammary tumor regression in vivo. Cancer Prev Res. 2017;10:
198-207.

Todd J, Florez J. An update on the pharmacogenomics of metfor-
min: progress, problems and potential. Pharmacogenomics.
2014;15:529-39.

Chang YT, Tsai HL, Kung YT, Yeh YS, Huang CW, Ma CJ, et al.
Dose-dependent relationship between metformin and colorectal
cancer occurrence among patients with Type 2 Diabetes—A nation-
wide cohort study. Transl Oncol. Elsevier Inc. 2018;11:535-41.
Aksoy S, Ali M, Sendur N. Demographic and clinico-pathological
characteristics in patients with invasive breast cancer receiving
metformin. Med Oncol. 2013:5-10.

Castan G, Garct E, Altzibar JM, Peiro R, Caballero FJ, Ferna T,
etal. Association of diabetes and diabetes treatment with incidence
of breast cancer. Acta Diabetol. 2016:99-107.

121.  Besic N, Satej N, Ratosa I, Horvat AG, Marinko T, Gazic B, et al.
Long-term use of metformin and the molecular subtype in invasive
breast carcinoma patients — a retrospective study of clinical and
tumor characteristics. BMC Cancer. 2014;14:1-7.

122.  Yang H, Peng Y, Ni H, Li Y, Shi Y. Basal autophagy and feedback
activation of Akt are associated with resistance to metformin-
induced inhibition of hepatic tumor cell growth. PLoS One.
2015:1-12.

123. Qian RC, Lv J, Li HW, Long YT. Sugar-coated Nanobullet:
growth inhibition of Cancer cells induced by metformin-loaded
Glyconanoparticles. ChemMedChem. 2017;12:1823-7.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer



	Metformin and Breast Cancer: Molecular Targets
	Abstract
	Introduction
	Metformin as an Anticancer Agent
	AMPK-Dependent Mechanisms of Action of Metformin
	Effects on Metabolism
	Effects on Cell Cycle
	Effects on Gene Expression

	AMPK-Independent Mechanisms of Action of Metformin
	miRNAs
	Oxidative Cellular Status
	Antifolate Activity
	Angiogenesis
	JNK and STAT3
	NF-kB
	mTOR
	Specificity Protein (SP) Transcription Factors 1, 3 and 4
	Caveolin-1
	Cell-Cycle Regulatory Proteins
	Glucose Cellular Uptake
	Future Perspectives

	References


