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Abstract Metformin, one of most widely prescribed oral

hypoglycemic agents, has recently received increased

attention because of its potential antitumorigenic effects

that are thought to be independent of its hypoglycemic

effects. Several potential mechanisms have been suggested

for the ability of metformin to suppress cancer growth

in vitro and vivo: (1) activation of LKB1/AMPK pathway,

(2) induction of cell cycle arrest and/or apoptosis, (3)

inhibition of protein synthesis, (4) reduction in circulating

insulin levels, (5) inhibition of the unfolded protein

response (UPR), (6) activation of the immune system, and

(7) eradication of cancer stem cells. There is also a growing

number of evidence, mostly in the form of retrospective

clinical studies that suggest that metformin may be asso-

ciated with a decreased risk of developing cancer and with

a better response to chemotherapy. There are currently

several ongoing randomized clinical trials that incorporate

metformin as an adjuvant to classic chemotherapy and aim

to evaluate its potential benefits in this setting. This review

highlights basic aspects of the molecular biology of met-

formin and summarizes new advances in basic science as

well as intriguing results from recent clinical studies.
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Introduction

Metformin (N0,N0-dimethylbiguanide) is the most widely

prescribed oral hypoglycemic agent. It is believed to

exert its effect by reducing hepatic glucose production

and by increasing insulin sensitivity as well as glucose

use by peripheral tissues. Guanidine was the active

ingredient of Galega officinalis (goat’s-rue or French

lilac), which was used to alleviate polyuria in medieval

Europe. In the 1920s, diabetes pathophysiology was

traced to the pancreas, and in the 1950s metformin and

phenformin, the two main biguanides, were introduced.

Metformin for the treatment of diabetes was approved in

the 1970s in Europe and in 1995 in the United States.

Since then, metformin use has been gradually increasing

with 25 million prescriptions filled in 2000 and more than

40 million in 2008 in the United States. Its use in dia-

betes has shown to increase overall survival and prevent

macrovascular complications better than other oral

hypoglycemic drugs [1].

Metformin now has a wide variety of indications. It has

successfully been used in polycystic ovarian syndrome

(PCOS), where insulin resistance is a key factor for the

development of the metabolic disturbances. In this setting,

it has a favorable effect not only on subfertility but also on

cardiometabolic aberrations observed in this syndrome,

such as hyperlipidemia and hypertension [2]. It is also used

in the management of the metabolic syndrome [3] and

diabetes prevention [4] in high-risk populations.

Metformin has recently received increased attention for

its potential antitumorigenic effects that are thought to be

independent of its hypoglycemic effects. This has been

evaluated in multiple in vitro and in vivo studies and is now

being tested in clinical trials as an adjuvant to classic

chemotherapeutic regimens.
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The notion that biguanides have anticarcinogenic prop-

erties is not new. Earlier studies involving phenformin, a

biguanide that was only briefly used in humans secondary

to its increased propensity to cause lactic acidosis, sug-

gested that it led to better inhibition of tumor cell growth

in vitro as well as in vivo, when added to conventional

chemotherapeutic agents [5–7].

This review highlights basic aspects of the molecular

biology of metformin as well as the AMPK/LKB1 path-

way, which it is believed to be the major pathway of action

of this medication. We also summarize new advances in

basic science as well as intriguing results from recent

clinical studies.

Metformin biology

The anticarcinogenic effects of metformin have been

attributed to several mechanisms that we will discuss fur-

ther: (1) activation of LKB1/AMPK pathway, (2) induction

of cell cycle arrest and/or apoptosis, (3) inhibition of pro-

tein synthesis, (4) reduction in circulating insulin levels, (5)

inhibition of the unfolded protein response (UPR), (6)

activation of the immune system, and (7) eradication of

cancer stem cells (Fig. 1).

The potentially beneficial effects of metformin against

cancer are believed to be mediated mainly by AMP-acti-

vated protein kinase (AMPK), a molecule that is a major

player in the regulation of metabolism and growth, for both

normal and cancer cells. However, more recent data have

suggested that the metformin can also regulate cancer cell

biology in an AMPK-independent manner.

The major link between AMPK, cancer, and metformin

is believed to be the AMPK upstream kinase LKB1

(Fig. 1). Most researchers so far have adopted a simplified

model in which metformin exerts its antitumorigenic

effects by activating LKB1 and its downstream target

AMPK, which, in turn, suppresses the activity of the

mammalian target of rapamycin (mTOR), a signaling

pathway with a central role in cancer cell growth and

cancer pathogenesis.

LKB1 is a tumor suppressor protein [8] that is mutated

in Peutz-Jeghers syndrome, an inherited disorder charac-

terized by hamartomas and increased susceptibility to

gastrointestinal malignancies. Interestingly, it is also

somatically inactivated in 30–50% of sporadically occur-

ring lung adenocarcinomas, 20% of squamous cell carci-

nomas, and 10% of large cell carcinomas of the lung as

well as other tumors. The effect of metformin on the

LKB1/AMPK pathway was first studied in glucose

homeostasis in liver, where it was shown that loss of LKB1

function resulted in hyperglycemia with increased glu-

coneogenic and lipogenic gene expression. The authors

suggested that the glucose lowering effects of metformin

were mediated by activation of LKB1 in the liver, and this

was proposed as the major mechanism through which

metformin helped with glycemic control in diabetic

patients [9]. Some authors have suggested that molecular

studies of LKB1 expression and mTOR pathway activation

could help predict the effectiveness of metformin in human

cancers [10] although this pathway seems to be only one of

many by which metformin exerts its effects in vivo. For

instance, it was recently shown that metformin regulated

mTOR, independently of AMPK, and through the Rag

Fig. 1 Possible mechanisms by

which metformin may be able to

inhibit cancer growth. By

activating AMP-activated

protein kinase (AMPK), it

inhibits mammalian target of

rapamycin (mTOR) downstream

signaling, induces cell cycle

arrest, and inhibits protein

synthesis in cancer cells. It also

inhibits the unfolded protein

response (UPR), leading to

apoptosis. Additionally, it

decreases circulating insulin

levels, inhibits angiogenesis,

and exerts a toxic effect on

cancer stem cells
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family of transmembrane GTPases [11]. In addition, many

malignancies acquire mutations of LKB1 during growth,

and therefore LKB1 expression may correlate poorly with

effectiveness of metformin or other LKB1 activators.

These observations generated the hypothesis that metfor-

min, in addition to its role in glucose metabolism, may

have a role in cancer biogenesis, and this in turn led to

numerous in vitro and in vivo studies.

AMP-activated protein kinase and carcinogenesis

Otto Warburg as early as 1956 noted that cancer cells need

to utilize glucose at a much higher rate compared to normal

cells [12]. It has been hypothesized that, as a result, they

are more sensitive to nutrient starvation than nonmalignant

cells. Indeed, most of the time, and especially in rapidly

growing tumors, cancer cells need to be able to survive in a

nutrient-deprived environment. AMPK is a Ser/Thr protein

kinase that is a major regulator of cell metabolism. AMPK

is activated by a high AMP/ATP ratio that essentially

signifies lack of or decrease in available energy resources

for the cell. After its activation, it inhibits anabolic path-

ways and activates catabolic pathways. In this way, it

allows the cell to survive during periods of metabolic stress

[13]. Therefore, although in normal cells AMPK activation

leads to energy conservation and ultimately increased

survival, rapidly growing cancer cells are not able to sus-

tain this AMPK-induced limit on utilization of available

resources.

AMPK has the ability to regulate protein metabolism,

cell polarity, growth, and apoptosis indirectly by tilting the

metabolic balance toward energy conservation, but also

directly by several other mechanisms.

Inhibition of protein synthesis by AMPK is achieved by

two distinct mechanisms. AMPK activation results in

inhibition of both elongation factor-2 [14] and mTOR

pathway. The latter is more clinically relevant to cancer

development since the mTOR signaling pathway is

believed to be a central player in cell growth signaling [15].

It has been shown that AMPK phosphorylates tuberous

sclerosis complex-2 (TSC-2) that in turns inhibits mTOR

signaling [16]. AMPK is also able to directly phosphorylate

co-signaling molecules that bind to mTOR and inhibit its

action [17]. Thus, the mTOR pathway can be perceived as

a major link between metformin, AMPK, and cancer

biology.

AMPK activation assists in adaptation to metabolic

stress not only by inhibiting cell growth and proliferation

but also by inducing autophagy. Autophagy is a catabolic

process involving the degradation of a cell’s own compo-

nents through the lysosomal machinery, and it is a major

survival mechanism by which a starving cell reallocates

nutrients from unnecessary processes to more essential

ones. The mechanisms by which AMPK is able to achieve

this have not been elucidated yet and are a focus of intense

research. For instance, AMPK phosphorylates the cyclin-

dependent kinase inhibitor p27 and stabilizes it thereby

permitting cells to survive growth factor withdrawal and

metabolic stress through autophagy [18]. In addition,

AMPK activation induces phosphorylation of p53, and this

is required to initiate AMPK-dependent cell-cycle arrest

[19]. Another possible mechanism by which AMPK may

regulate cell growth involves reducing the cytoplasmic-to-

nuclear ratio of the RNA-binding protein HuR, which in

turn reduces mRNA stability of critical cell cycle regula-

tors such as cyclins A and B1 [20].

Finally, AMPK is also essential for the transcriptional

activity of the hypoxia-inducible factor 1 (HIF-1), a tran-

scription factor that is critical for hypoxic induction of

genes necessary for adaptation to a hypoxic environment,

such as that found inside a solid tumor [21]. Of note,

mTOR is a known upstream activator of HIF-1 [22, 23];

therefore, inhibition of mTOR can also indirectly and

independently of AMPK inhibit HIF-1 signaling.

Effects on cell cycle and protein synthesis

Anisimov et al. was the first to show that metformin sig-

nificantly decreased the incidence and size and increased

mean latency to development of mammary adenocarcino-

mas in transgenic HER-2/neu-positive mice [24]. There-

after, the key discovery that metformin action in glucose

metabolism is mediated through the tumor suppressor gene

LKB1, an activator of AMPK, sparked the interest, and

with it further research, on a potential link between met-

formin and cancer [9]. It has been studied in vitro and

in vivo in various common malignancies mostly breast and

also prostate, colorectal, pancreatic, and others.

Breast cancer has been extensively studied as a potential

therapeutic target for metformin. Metformin was able to

inhibit breast cancer cell growth in vitro in an AMPK-

dependent manner, and this growth inhibition was associ-

ated with decreased mTOR activation [25]. In two studies,

metformin was able to inhibit translation initiation in breast

cancer cell lines with variable ER receptor and erb-B2

oncogene status, by decreasing phosphorylation of S6

kinase, ribosomal protein S6, and eIF4E-binding protein 1,

and this in turn was associated with mTOR inhibition. This

led to cell cycle arrest and cell growth inhibition. The

effects of metformin on translation were mediated by

AMPK, as treatment of cells with the AMPK inhibitor

compound C prevented the inhibition of translation [26, 27].

Metformin was able not only to inhibit cell growth but also

to induce cell death in vitro and in vivo in triple-negative

(ER/PR/Her-2 neu) breast cancer cells [28]. This profound

effect of metformin in this specific subtype of cancer is
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interesting, especially if one considers that triple-negative

breast cancer is more common in more obese and diabetic

women [29]. Some authors have proposed that acquired

resistance to newer tyrosine kinase inhibitors (TKIs) for

HER2-positive breast cancer such as lapatinib, which is

mediated through the activation of the mTOR pathway, may

be delayed or attenuated with the use of metformin [30]. It

has also been suggested that metformin could prevent or

reduce cardiotoxicity of HER-2 inhibitors such as trast-

uzumab [31], since AMPK activation is essential for sparing

of normal cardiac cells after trastuzumab treatment [32].

The authors suggested that newer generation inhibitors of

Her-2, such as lapatinib, in addition to blocking Her-2, were

also able to activate AMPK, where as trastuzumab was not,

therefore depriving cardiac myocytes from an essential

stress-related survival mechanism.

Furthermore, metformin suppressed HER2 (erbB-2)

oncoprotein overexpression via inhibition of mTOR, an

effect that was not entirely dependent on AMPK and that

was enhanced after co-incubation with agents that block

reactive oxygen species (ROS) production (e.g., N-acetyl-

cysteine) [33]. The importance of the latter finding in this

setting remains unclear. It is known for instance that

metformin directly scavenges ROS and regulates the

intracellular production of superoxide anion [34] and that

ROS regulate insulin-induced expression of prometastatic

molecules such as VEGF and HIF [35]. This could suggest

a complex and possibly negative feedback loop between

metformin/AMPK and ROS that leads to impaired response

to oxidative stress in cancer cells.

AMPK activation is also responsible for the inhibition of

aromatase. Metformin was able to inhibit aromatase in

human breast adipose stromal cells in vitro resulting in the

inhibition of estrogen production, and the potential for

prevention of breast cancer development as well as use as

an adjunct to treatment of hormonally responsive cells [36].

Finally, in a genome wide analysis of human breast cancer

cells, metformin suppressed expression of genes coding for

ribosomal proteins and numerous mitosis-related gene

families including kinesins, tubulins, histones, and others

underlying the global effect that this drug has on the reg-

ulation of genes related to cell growth [37].

In addition to breast cancer, a number of other malig-

nancies have been studied in vitro as well as in vivo using

animal models. In low-density cultures of a rat glioma cell

line, where cells were still able to rapidly proliferate (log

phase), metformin blocked cell cycle progression in G (0)/

G (1) phase without inducing significant cell death. In

confluent cultures on the other hand, where cells had

reached the plateau phase of growth, metformin caused

massive induction of caspase-dependent apoptosis. Inter-

estingly, metformin-triggered apoptosis was completely

prevented by agents that block mitochondrial permeability.

The antiglioma effect of metformin was reduced by com-

pound C, an inhibitor of AMPK, and was mimicked by the

AMPK agonist AICAR [38]. Activation of AMPK by

AICAR resulted in potent suppressive effects on renal cell

carcinoma (RCC) growth, while combinations of AICAR

and metformin with statins were potent inducers of apoptosis

in such cells and demonstrated potent suppressive effects on

RCC tumorigenicity in vitro [39]. Likewise, in pancreatic

cancer cells, metformin was able to induce apoptosis, by

activation of the caspase pathway, and to reduce epidermal

growth factor receptor (EGFR) and phosphorylated mitogen-

activated protein kinase (P-MAPK) levels [40]. Schneider

et al. demonstrated that hamsters treated with metformin and

high-fat diet did not develop pancreatic cancer after exposure

to a pancreatic carcinogen and had significantly less pre-

malignant lesions compared to controls [41]. Metformin

reduced levels of cyclin D in prostate cancer cells in vitro and

in vivo and blocked cell cycle in G(0)/G(1) phase. Interest-

ingly, this effect was independent of AMKP, and it was only

observed in malignant cells and not normal prostate cells

[42]. Using colon cancer cells lines, Buzzai et al. showed that

metformin was able to selectively inhibit p53-deficient cell

growth and induce autophagy in vitro and in vivo in tumor

xenografts, providing another potential mechanism for the

action of this drug [43]. Results in mouse models of lung

cancer are also encouraging. Metformin was able to reduce

overall tumor burden by up to 53% when administered orally

and up to 72% when administered intraperitoneally in a

tobacco carcinogen-induced model of lung cancer [44].

Interestingly, the steady-state levels of metformin in plasma

were comparable to the ones achievable in patients. In

addition, the authors demonstrated that metformin did not

activate AMPK in lung tissue but inhibited phosphorylation

of insulin-like growth factor-I receptor/insulin receptor

(IGF-1R/IR), Akt, extracellular signal-regulated kinase

(ERK), and mTOR. They concluded that metformin indi-

rectly inhibited mTOR in lung tissue by decreasing activa-

tion of these molecules and not by activating AMPK.

Metformin treatment also suppressed mitochondrial

electron transport. Metformin-treated cells were able to

compensate for this suppression of oxidative phosphoryla-

tion by increasing their rate of glycolysis in a p53-depen-

dent manner. The fact that biguanides inhibit the respiratory

chain complex I was known from earlier studies on hepa-

tocytes [45]. This attribute of metformin may contribute to

its selective toxicity against cancer cells, which have

increased needs for energy production. In agreement with

these results, addition of metformin to 2-deoxyglucose

(2DG) inhibited mitochondrial respiration and glycolysis in

prostate cancer cells leading to severe depletion in ATP.

The combination of the two drugs was much more harmful

for cancer cells than the treatment with metformin or 2DG

alone, leading to 96% inhibition of cell viability in prostate
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cancer cells. Reduction in cell viability was mediated

through p53- and AMPK-dependent apoptosis, inhibition of

2DG-induced autophagy and decrease in beclin 1 expres-

sion, a molecule involved in cell cycle regulation [46].

Effects on hyperglycemia

An important mechanism of action for metformin in cancer

could be the decrease in circulating insulin levels. Multiple

studies have shown that type II diabetes and obesity are

associated with an increased risk of various types of cancer,

especially breast, colon, pancreatic, and endometrial [47–51].

It is widely known that cancer cells express insulin as

well as insulin-like growth factor (IGF) receptors (IGF-R)

and that, besides its metabolic effect, IGF-R promotes

proliferation and metastasis [52]. Cancer cells in particular

have a constitutively high glucose uptake, independently of

IGF-R activation [53]. In fact, this is the principle behind

FDG-positron emission tomography, which detects tissue

with high rates of glucose uptake. It is believed therefore

that IGF-R activation leads to increased survival and pro-

liferation regardless of glucose uptake and that hypergly-

cemia, indirectly but stimulating insulin release,

contributes to IGF-R activation and cell growth. Insulin

also plays a role in reducing insulin-like growth factor

binding protein (IGFBP)-I, IGFBPII, and IGFBP-III. The

IGFBP-I binds IGF and inhibits its action, leading to an

increase in free or bioactive IGF-I levels [54].

Hyperinsulinemia may promote tumor growth by vari-

ous indirect mechanisms too, such as proliferation of epi-

thelial tissue, increasing bioavailability of steroid sex

hormones and serum levels of insulin-like growth factors

(IGF), as well as disrupting the homeostasis of adipokines,

which are cytokines selectively secreted by adipose tissue

and thought to be implicated in cancer pathogenesis [55].

In addition, IGF activation promotes vascular smooth

muscle cell proliferation and migration, promoting angio-

genesis which could contribute to tumor growth [56].

Metformin was recently shown to directly inhibit insulin-

induced malignant as well as benign cell growth in an

AMPK/mTOR-dependent manner [57, 58]. However, it

remains unknown, to what extend this may contribute to the

observed effects of metformin on cancer cells. However, if

the observed antitumorigenic properties of biguanides can

be primarily attributed to their antihyperglycemic/anti-

hyperinsulinemic properties, then the development of tar-

geted therapies aiming to suppress the IGF-R axis should be

undertaken.

Other mechanisms of action

Another mechanism that has been proposed for the

potential antitumorigenic effect of metformin is the

inhibition of the unfolded protein response (UPR). The

UPR is a survival mechanism of the cell. When cells are

exposed to various stressors, including energy deprivation,

similar to what happens in the cells of solid malignancies,

the protein folding capacity of the endoplasmic reticulum

(ER) is increased, and the overall folding demand of the

cell is decreased [59]. If this fails to happen, the ER is

‘‘overwhelmed’’ and apoptotic pathways are activated

leading to cell death. It was recently shown, using gene

expression profiling techniques, that metformin was able to

inhibit activators of the UPR and lead to massive cell death

in glucose-deprived cultures of human colon, fibrosarcoma,

renal, and stomach cancer [60].

Pearce et al. provided evidence that tumor necrosis

factor (TNF) receptor-associated factor 6 (TRAF-6) regu-

lates CD8 T-cell development after infection by modulat-

ing fatty acid metabolism [61]. Metformin was able to

correct defects in fatty acid metabolism in TRAF-6-defi-

cient mice promoting T-cell generation and protective

immunity after infection and was able to considerably

improve the efficacy of an experimental cancer vaccine.

Although these authors were not able to elucidate the exact

mechanism by which metformin altered T cell biology, in

this setting, these results point out that metformin may

have a role as an adjuvant in cancer immunotherapy. Dil-

man et al. demonstrated that administration of phenformin

and clofibrate to breast cancer patients who underwent

radical mastectomy delayed hypersensitivity reaction to

DNCB, tuberculin, and candidin, increased T lymphocyte

count, and improved the reaction of lymphocyte blast

transformation suggesting an immunomodulating action of

biguanides [7].

Hirsch et al., using a xenograph mouse model for breast

cancer, showed that low doses of metformin inhibit cellular

transformation and selectively kill cancer stem cells.

Cancer stem cells are a group of cells within a tumor that

resist chemotherapeutic drugs and can regenerate the var-

ious cell types in the tumor, thereby providing a highly

resistant source for cancer cells and leading to relapse of

the disease [62]. The authors demonstrated that metformin

in combination with chemotherapy did not only reduce

tumor mass but reduced relapse rates much more effec-

tively than chemotherapy alone. In support of these results,

Vazquez et al. showed that metformin acted synergistically

with the anti-Her-2 monoclonal antibody trastuzumab to

eliminate stem/progenitor cell populations in HER2-gene-

amplified breast carcinoma cells [63]. Using a trastuzumab

resistance model, addition of metformin, led to decreased

cell growth, which was attributed to down-regulation of the

percentage of trastuzumab-refractory cells displaying the

CD44(pos)/CD24(neg/low) stem cell/progenitor immuno-

phenotype. The same group of authors, in an effort to

further elucidate the precise mechanism of cancer stem cell
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targeting by metformin, demonstrated that metformin was

able to suppress epithelial to mesenchymal transition

(EMT) status of these cells [64]. EMT is a key develop-

mental program that is often activated during cancer

invasion and metastasis and is essential for the acquisition

of stem cell and cellular motility properties in normal as

well as in malignant cells [65]. They showed that metfor-

min, by suppressing a number of transcription factors as

well as TGFb, efficiently eliminated the breast cancer stem

cell phenotype in cell populations bearing either mesen-

chymal CD44posCD24neg/low-enriched) or epithelial

(CD44posCD24pos-enriched) cells with tumor-initiating

potential. The same group showed that metformin exposure

not only inhibited TGFb-promoted loss of the epithelial

marker E-cadherin in MCF-7 breast cancer cells, but also

prevented further TGF-induced cell scattering and accu-

mulation of the mesenchymal marker vimentin in Madin-

Darby canine kidney cells [66].

Some authors have proposed vitamin B12 deficiency, a

well-documented effect of this drug, as a potential mech-

anism of action in cancer, since inactivation of B12 in vitro

and lack of B12 in vivo has been associated with increased

malignant cell death and improved response to chemo-

therapy, respectively [67, 68].

Finally, there are some studies that suggest that met-

formin, along with its antitumorigenic effect in vitro and

in vivo may also promote tumor survival in vivo indirectly,

specifically by enhancing angiogenesis. Metformin was

able to increase secretion of vascular endothelial growth

factor (VEGF) in an AMPK-dependent manner in estrogen

receptor (ER)-negative cells in vitro. In addition, tumors in

ER-negative mice treated with metformin had increased

vascular density compared to controls [69]. These results

are reasonable from a physiologic standpoint. One would

expect an activator of AMPK, a ‘‘starvation-induced’’

molecule, to promote changes in the microenvironment of

tissues that along with energy conservation (such as cell

cycle arrest and decrease in protein synthesis) would also

facilitate transfer of nutrients. In addition, these results

suggest that metformin may have other, yet unrecognized

and, at times, opposing actions. However, other studies

have contradicted these results. For instance, metformin

increased circulating levels of thrombospondin (TSP), a

well-established antiangiogenic factor, in the serum of

women with polycystic ovarian syndrome (PCOS) [70].

This effect was depended upon the NF-kappa B and Erk1/

2/Erk5 signaling pathways. Metformin use was associated

with decreased vascularization and levels of TGF-beta in a

murine model of inflammatory angiogenesis after implan-

tation of polyester–polyurethane sponges in Swiss mice

[71].

A point of criticism in most preclinical and in vitro

studies is that the dose of metformin used was much higher

than the standard dose in clinical practice, at times as much

as 50-fold higher. However, it has been shown in vivo that

metformin accumulates in tissues of diabetic mice in

concentrations several fold higher than those in blood [72],

suggesting that it may be possible to reach therapeutic

levels when used for cancer treatment. Therefore, it is

uncertain whether metformin will reproduce some of these

experimental benefits when utilized in human clinical

trials.

In summary, although typically the antitumorigenic

effect of metformin has been attributed to its ability to

activate the LKB1/AMPK/mTOR pathway as well as

inhibition of insulin-induced growth mechanisms, in reality

the mechanism of action of this drug is much more com-

plex potentially involving multiple protein kinases and

other molecules with key roles in cell growth and survival.

Metformin and clinical studies

After the discovery that metformin exerts its effects

through the LKB1/AMPK/mTOR pathway, several clinical

studies followed that attempted to test the hypothesis that

metformin use is potentially associated with an improve-

ment in cancer incidence and survival (Table 1).

Evans et al. first found an association between metfor-

min use and decreased cancer incidence [73]. The unad-

justed odds ratio in that study was 0.79 (CI 0.67–0.93), and

a dose-related effect was suggested, although it did not

reach statistical significance. In another large retrospective

study, cancer mortality rate per 1,000 person-years of fol-

low-up was 4.9% for sulfonylureas, 3.5% for metformin

and 5.8% for insulin users [74]. Retrospective analysis of

data from the ZODIAC trial, whose primary outcomes

were diabetes-related complications, revealed that cancer-

related mortality was lower in patients taking metformin

(HR for cancer mortality was 0.43 (95% CI 0.23–0.80)

[75]. Although out of 1,353 patients only about 122 had a

malignancy related death, this study had a relatively long

mean follow up period of 9.6 years. Exposure to metformin

for more than 36 months was associated with a significant

reduction in the risk of cancer (adjusted OR with 95% CI:

0.28 (0.13–0.57), P \ 0.001), in a small (n = 198), single-

center retrospective study [76]. In another large retro-

spective study by Libby et al., cancer was diagnosed

among 7.3% of 4,085 metformin users compared with

11.6% of 4,085 controls, with median times to cancer of

3.5 and 2.6 years, respectively (P \ 0.001, HR 0.46 (95%

CI 0.40–0.53). Of note, in this study, data on social status

and hemoglobin A1C were available and were adjusted for

in the analysis part of the study. Currie et al., in one of the

largest observational studies so far, identified more than

60,000 diabetic patients and showed that patients on insulin
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or insulin secretagogues were more likely to develop solid

tumors than those on metformin with a HR of 1.36 (95% CI

1.19–1.54) for sulfonylurea monotherapy, and 1.42 (95%

CI 1.27–1.60) for insulin-based regimens and that metfor-

min use was associated with decreased incidence of colon

or pancreas cancer, but did not affect breast or prostate

cancer [77]. Secondary analysis of data from two large

randomized trials in diabetic patients (ADOPT and

RECORD) revealed no difference in cancer incidence

between patients treated with metformin and patients

treated with rosiglitazone, without refuting the possibility

of a difference compared with sulfonylureas [78]. A recent

large, cross-sectional prospective study by Mantzoros et al.

that included more than 7,000 patients found a higher

prevalence of malignancies (66/1308, 5.1%) in subjects

with type 2 diabetes mellitus compared to nondiabetic

subjects (185/6211, 3.0%) (odds ratio, 1.64; 95% confi-

dence interval, 1.12–2.41) before and after adjustment for

several confounding factors [79]. Patients on metformin

had a nonsignificant trend toward lower prevalence of

malignancies, comparable with that among nondiabetic

patients, whereas those on any other oral combination

treatment had a twofold higher risk for malignancies even

after adjusting for possible confounders. Interestingly,

inclusion of metformin in these regimens decreased the

prevalence of malignancies, and this was the first study to

suggest an independent effect of metformin in decreasing

cancer incidence, although in some of the subgroup anal-

yses the difference was not statistically significant. In the

prospective analyses, diabetic patients in general and dia-

betic patients treated with insulin (either as monotherapy or

in combination with other treatments) had a twofold and

fourfold, respectively, higher mortality rate than nondia-

betic patients, even after adjustment for potential con-

founders (incidence of cancer deaths in patients with type 2

diabetes mellitus [2.6%] versus the incidence of cancer

Table 1 Clinical Studies investigating association between metformin and malignancy

Ref Number of

metformin

Users

Outcome Data collection period

(mean follow-up)

RR for developing outcome* Type of

Cancer

73 923 Risk for developing cancer 1993–2001 0.79 (95% CI 0.67–0.93) Various

74 6,969 Cancer mortality 1991–1996

(5.4 ± 1.9 years)

1.3 (95% CI 1.1–1.6) SU compared to M

1.9 (95% CI 1.5–2.4) IN compared to M

Various

75 289 Cancer mortality 1998–2009

(9.6 years)

0.43 (95% CI 0.23–0.80) Various

76 233 Risk for developing cancer 1998–2004

(6.5 ± 3.8 years)

0.28 (95% CI 0.13–0.57) Various

77 31,421 Risk for developing cancer 2000–2009 1.36 (95% CI 1.19–1.54) SU compared to M

1.42 (95% CI 1.27–1.60) IN compared to M

Various

78 50 Risk for developing cancer 4 years (ADOPT)

5.5 years (RECORD)

0.92 (95% CI 0.63–1.35) M vs. R

0.78 (95% CI 0.53–1.14) M vs. G

1.22 [95% CI 0.86–1.74] M ? SU vs. R ? SU

Various

79 7482 Risk for developing cancer 2003–2008 0.91 (95% CI 0.38–2.17) M

1.43(95% CI 0.74–2.75) OHA or IN

1.52 (95% CI 0.71–3.28) OHA including M

4.05 (95% CI 1.09–15.13) OHA excluding M

Various

80 2658 Risk for developing cancer 1996–2005 (5 years) 0.46 (95% CI 0.28–0.74) for HDL-C C 1 mmol/L

0.29 (95% CI 0.13–0.61) for HDL-C \ 1 mmol/L

Various

81 1,340 Risk for developing cancer 1998–2007 (75.9 months) 0.46 [95% CI 0.25–0.85] Various

82 74 Risk for developing cancer 2004–2008 0.38 (95% CI 0.22–0.69) Pancreas

83 17 Risk for developing cancer 1994–2005 0.44 (95% CI 0.24–0.82) Breast

85 68 Pathologic complete responses

to neoadjuvant chemotherapy

1990–2007 2.95 (95% CI 1.07–8.17) Breast

86 26 Formation of aberrant crypt foci

in colonic mucosa

1-month follow-up M:8.78 ± 6.45 before treatment vs.

5.11 ± 4.99 at 1 month, P = 0.007

Control: 7.23 ± 6.65 vs. 7.56 ± 6.75, P = 0.609

Colon

SU sulfonylureas, M metformin, R rosiglitazone, G glyburide, IN insulin, OHA oral hypoglycemic agents collectively

* For metformin users versus nonmetformin users unless stated otherwise
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deaths in patients without type 2 diabetes mellitus [1.2%]).

Yang et al. as well as Monami et al. also found an asso-

ciation between metformin and decreased cancer incidence

(Table 1). Of note, the first group suggested that the ben-

eficial effects of metformin were particularly evident in

diabetic patients with low HDL-C, whose main lipoprotein,

APOA-I, also activates AMPK [80, 81].

Other authors have examined whether metformin use is

associated with better outcomes after chemotherapy in

various types of cancer. Diabetic patients who had taken

metformin had a significantly lower risk of pancreatic

cancer compared with those who had not taken metformin

(odds ratio, 0.38; 95% CI, 0.22–0.69; P = 0 0.001) [82].

More recently, Bodmer et al. found a decreased incidence of

breast cancer in patients taking metformin for more than

5 years, but not for a shorter period of time [83]. Jiralespong

et al. identified approximately 155 diabetic and 2,374

nondiabetic patients with breast cancer and showed that

diabetic patients receiving metformin and neoadjuvant

taxane chemotherapy have a higher pathologic complete

remission (pCR) rate than do diabetics not receiving met-

formin [84].The rate of pCR among groups was also sig-

nificantly different: 24% in the metformin group, 8.0% in

the nonmetformin group, and 16% in the nondiabetic group.

More recently, Hosono et al. [85], in a randomized pilot

study involving a small (n = 26) number of nondiabetic

patients demonstrated that low-dose metformin (250 mg/

day) suppressed formation of aberrant crypt foci (ACF), a

surrogate marker for colon cancer, after only 1 month of

administration. Immunostaining for markers of cell pro-

liferation and apoptosis revealed that inhibition of cell

proliferation and not increase in apoptosis was responsible

for ACF suppression.

Finally, Berstein et al. analyzed the receptor status of

breast carcinomas in 90 postmenopausal women affected

with diabetes mellitus type 2 who had been cured, for not

less than 1 year prior to surgery, with different modes of

antidiabetic therapy, including a dietary treatment only,

sulfonylurea preparations, insulin therapy, and metformin

as a monotherapy or in combination with sulfonylurea

derivatives [86]. This group found no differences in

estrogen receptors occurrence in tumor tissue in different

treatment groups. However, the frequency of progesterone

receptor-positive mammary carcinomas in women who

were treated with metformin, irrespective of whether it was

combined with sulfonylurea preparations, was significantly

higher than in the sulfonylurea only group (P = 0.043) and

in the combined group of patients treated with either sul-

fonylurea or insulin (P = 0.041). The significance of these

results remains unclear, given the lack of in vivo data that

could suggest a mechanism through which metformin of

sulfonylureas may be able to alter the receptor status of

breast cancer cells.

Limitations of clinical studies and the role of insulin

and oral hypoglycemics

In most of these retrospective studies, a number of limi-

tations were present. Their retrospective design makes

them unsuitable for drawing firm conclusions on the matter

because of the complex nature of the management of dia-

betes. Individuals receiving oral hypoglycemic agents can

be new to pharmacological treatment, or they may have

switched from other therapies or take various combinations

of medications with or without insulin. This further com-

plicates data analysis since it is challenging to draw con-

clusions about the individual effects of metformin.

Furthermore, tumorigenesis is a slow process, and for any

protective or harmful effect to be seen, sustained exposure

to certain doses of these medications is required. The short

periods of follow-up in some studies argue against a causal

relationship.

In addition, in several of these studies, metformin was

compared with insulin, insulin secretagogues, and thiazo-

lidinediones (TZDs); therefore, it is difficult to conclude

whether the beneficial effect of metformin in various set-

tings could be attributed to an inherent antitumorigenic

effect of the drug or to the hypothesized tumor-promoting

effects of insulin or other oral antidiabetic medications. The

latter is an important point, since there are several epide-

miological data to suggest a possible connection between

insulin, especially insulin glargine, insulin secretagogues,

and cancer [74, 76, 77, 87, 88].

A biologic basis for this effect has been discussed earlier

in this review. Data regarding TZDs are conflicting with

studies showing no association [89], a protective [90, 91],

or a harmful [92] effect on cancer incidence.

Another criticism is that most of these studies that

included insulin, oral hypoglycemics, and metformin were

underpowered to detect small to moderate effect sizes, and

that was especially true for site-specific malignancies.

Therefore, including cancer endpoints (incidence, mortal-

ity, etc.) in general may miss site-specific associations, but

in the same time, conducting subgroup analyses for specific

sites, frequently compromised power and validity of these

associations. In addition, important details about con-

founding factors such as diabetes control, obesity, duration,

or dose of medications, diagnosis of cancer, and others

were not available in several cases or were derived from

indirect sources such as self-reported use, questionnaires,

and prescribing records. Some of these data are very dif-

ficult to collect because of the retrospective nature of these

studies. For instance, diabetes control and BMI are

dynamic and may change over time. This becomes par-

ticularly important in cancers such as colon, breast, pan-

creatic, and others that have a strong association with

diabetes and obesity. Some of these studies had significant
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methodological faults such as differences in baseline

characteristics of patients [87, 88], leading to allocation

bias.

Reverse causation also cannot be excluded. For instance,

in cases of pancreatic cancer, worsening glycemic control

is a common phenomenon that precedes the diagnosis of

the actual tumor. These patients may have required inten-

sification of diabetic therapy several months before the

diagnosis of their malignancy.

A recent consensus statement from the American Dia-

betes Association and the American Cancer Society, who,

after comprehensively reviewing the epidemiologic evi-

dence connecting diabetes and diabetes treatments with

cancer incidence or prognosis, concluded that ‘‘Although

still limited, early evidence suggests that metformin is

associated with a lower risk of cancer and that exogenous

insulin is associated with an increased cancer risk. Further

research is needed to clarify these issues and evaluate if

insulin glargine is more strongly associated with cancer

risk compared with other insulins.’’ [93].

Clinical trials of metformin in cancer therapy

There are currently several clinical trials under way that aim

to test the efficacy of metformin as an adjuvant to conven-

tional chemotherapy as well as in combination with new,

targeted agents in various settings such as breast, prostate

cancer, and other solid malignancies (Table 2). The largest

one so far (NCT01101438) is a phase III randomized mul-

ticenter trial that aims to recruit 3582 participants and test

whether metformin is superior to placebo in patients with

early stage, nonmetastatic (T1-3,N0-3,M0) breast cancer.

Patients will receive metformin twice daily (dose is not

mentioned) for 5 years after their diagnosis. Patients with

prior use of metformin, insulin, or other oral hypoglycemics

will be excluded. Primary outcome will be invasive disease-

free survival (DFS), and secondary outcomes will include

overall survival (OS), DFS, and relevant medical endpoints

(e.g., new diabetes, new cardiovascular hospitalizations).

Two phase II trials involving pancreatic cancer are also

under way. So far gemcitabine in combination with other

agents has shown a modest but statistically significant ben-

efit on overall survival in patients with advanced disease

[94]. The first of these trials (NCT01167738) will enroll 82

patients and will investigate whether a 6-month daily dose of

metformin in addition to combination chemotherapy (cis-

platin, epirubicin, capecitabine, and gemcitabine) leads to

prolonged 6-month progression-free survival (PFS) com-

pared to combination chemotherapy alone in patients with

metastatic pancreatic cancer. Patients with prior metformin

use will be excluded. The second one (NCT01210911) will

enroll 120 patients and will investigate whether a 1,000-mg

twice daily dose of metformin for 6 months in combination

with erlotinib and gemcitabine is more effective than the

combination of these two agents in prolonging PFS. Prior

users of metformin and patients with uncontrolled diabetes

(fasting serum glucose higher than twice the upper limit of

normal) will be excluded. However, in both of these trials,

prior users of other antidiabetic medications or insulin will

not be excluded. Careful randomization will be required if

one is to make any conclusions about the potential effects of

metformin in this case, since limitations similar to the ones

mentioned above will again apply. Moreover, glycemic

control during metformin treatment should be carefully

monitored and accounted for in the analysis part of the study.

Finally, a phase II trial involving castration-resistant prostate

cancer patients (NCT01215032) will recruit 106 patients and

will test whether metformin in addition to androgen deri-

vation therapy (ADT) will lead to improved PSA response

(decline of 50% or more, confirmed by a second value 4 or

more weeks apart). Metformin will be given twice daily for

12 months. In this study, diabetic patients or prior users of

metformin will be excluded, and glycemic control will be

included as a secondary outcome.

The results of these trials will be of great interest for

various reasons. First, in some of these studies, metformin

will be tested for the first time in nondiabetic patients.

Diabetes and higher serum insulin levels are a well-rec-

ognized risk factor for numerous malignancies including

pancreatic [95], prostate [96], as well as breast cancer [97].

If insulin is in fact directly involved in the pathogenesis of

these cancers, it is reasonable to expect a greater effect size

if metformin was tested in diabetic patients and a smaller

one in nondiabetics. Significant differences in nondiabetic

patients will be very encouraging and will prompt further

research in diabetic patients at least for the subset of

malignancies where diabetes is a risk factor. In addition,

not involving diabetic patients will put the emphasis on the

inherent, direct antitumorigenic effects of metformin and

not on its indirect ones.

Suggestions for further research

Metformin could be considered for primary prevention

trials, for which it would be an excellent candidate, since it

is an inexpensive and relatively well-tolerated medication,

as well as an adjuvant to current treatment options. How-

ever, at this point, several unanswered questions remain. If

more evidence supporting an anticancer effect that is

independent of the antihypoglycemic effect emerges from

basic research and current clinical trials, then further

research should be undertaken to explore the major

mechanisms responsible for this. Some authors have pro-

posed to compare the efficacy of metformin with that of

specific IGF-1 receptor inhibitors [98]. If metformin were
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Table 2 Ongoing clinical trials investigating metformin in human malignancies (ClinicalTrials.gov; November 2010)

Identifier Title Type of Cancer Number of

patients to

be recruited

Likely to

be reported

Description/goals

NCT00897884 Clinical and Biologic Effects

of Metformin in Early

Stage Breast Cancer

Breast Cancer 40 May 2011 To determine if taking

metformin prior to surgery can

reduce cell proliferation rates

in tumor tissue. To be

determined by tumor specimen

analysis using pre- and post-

operative biopsy sample

NCT00659568

ref. [99]

Metformin and Temsirolimus

in Treating Patients With

Metastatic or Unresectable

Solid Tumor or Lymphoma

Breast Endometrial Kidney,

Lung Lymphoma

28 Completed Phase I study. The maximum

tolerated dose (level 1) was

20 mg temsirolimus weekly

and 500 mg po daily of

metformin. One patient with

head and neck cancer

experienced a partial response.

Five patients had stable disease

including a patient with

melanoma who had stable

disease for 22 months

NCT01087983 Lapatinib With Sirolimus or

Metformin

Various Malignancies 118 March

2020

Phase I trial. To determine the

maximum tolerated dose and

the dose-limiting toxicity of

Lapatinib when used in

combination with sirolimus or

metformin in advanced cancer

NCT00984490 Metformin Hydrochloride in

Treating Women With

Stage I or Stage II Breast

Cancer That Can Be

Removed By Surgery

Breast Cancer 30 May 2015 Phase I trial. To determine the in

situ effects of metformin

hydrochloride on proliferation

(Ki67) and apoptosis (caspase-

3) in women with operable

stage I or II breast cancer

NCT00881725 A Study of Pre-operative

Metformin in Prostate

Cancer

Prostate Cancer 40 November

2010

Phase II trial. Differences in

P-AKT staining, prior to

prostatectomy. Components of

this cellular pathway have

pleiotropic targets, thought to

be of importance in prostatic

carcinogenesis including the

mTOR/AMPK pathway

NCT01101438 Metformin Hydrochloride in

Treating Patients With

Early-Stage Breast Cancer

Breast Cancer 3582 January

2013

Phase III trial. To compare

invasive disease-free survival

of patients with early-stage

breast cancer treated with

metformin hydrochloride

versus placebo in addition to

standard adjuvant therapy

NCT00909506 Efficacy and Safety of

Adjuvant Metformin for

Operable Breast Cancer

Patients

Breast Cancer 105 December

2011

To investigate whether adjuvant

metformin use in breast cancer

patients with overweight or

pre-diabetes mellitus (DM) can

help with weight loss

NCT00930579 Metformin Pre-Surgical Pilot

Study

Breast Cancer 35 March

2014

Phase I trial of the effects of

metformin on AMPK/mTOR

signaling pathway in women

with newly diagnosed early

invasive breast cancer
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to be effective despite the concurrent use of these mole-

cules, this could suggest a mechanism of action independent

of its insulin lowering effects. If this were to be the case, a

reasonable next step would be the development of more

specific drugs that would exploit this mechanism in a more

effective way. Subsequently, the optimal dosing regimen

and route of administration would need to be determined

since current dosing achieves adequate levels of this med-

ication in the liver but is unclear to what extended met-

formin would penetrate variable malignant tissues.

It would be helpful to determine patient or tumor

characteristics that may predict efficacy of biguanides. For

instance, activation status of the LKB1/AMPK/mTOR

pathway, baseline insulin levels, body mass index, etc.

could be relevant. Malignancies of the breast and colon that

have a strong association with obesity and hyperinsuline-

mia are attractive settings to study metformin. Prevention

of postcastration hyperinsulinemia which may be respon-

sible for driving growth of prostate cancer cells may be

inhibited by metformin, making this malignancy another

potential target for further research.

In addition, one must consider the potential implications

of tampering with glucose and insulin metabolism in adults

with no preexisting diabetes or glucose intolerance. One

cannot assume that regimens optimized for diabetes control

will be effective or safe for potential oncology indications.

In light of the results of recent studies, metformin could

prove to be an important addition in our arsenal against

Table 2 continued

Identifier Title Type of Cancer Number of

patients to

be recruited

Likely to

be reported

Description/goals

NCT00933309 The Impact of Obesity and

Obesity Treatments on

Breast Cancer

Breast Cancer 24 July 2011 A phase I trial of exemestane

with metformin and

rosiglitazone for

postmenopausal obese women

with ER ? metastatic breast

cancer

NCT01167738 Combination Chemotherapy

With or Without Metformin

Hydrochloride in Treating

Patients With Metastatic

Pancreatic Cancer

Pancreatic Cancer 82 July 2013 Randomized phase II trial is

studying the effects of

chemotherapy (cisplatin,

epirubicin hydrochlorid

capecitabine, and gemcitabine)

together with metformin versus

chemotherapy alone in the

treatment of patients with

metastatic pancreatic cancer

NCT01215032 Metformin in Castration-

Resistant Prostate Cancer

Prostate Cancer 106 September

2012

Phase II trial studying effects of

metformin in addition to

Androgen Deprivation Therapy

(ADT) or ADT alone on PSA

response in castration-resistant

prostate cancer

NCT01205672 Metformin and Endometrial

Cancer

Endometrial Cancer 30 September

2012

Phase I nonrandomized study

investigating the effects of

metformin on s6 K (one

regulator of the IGF-1

pathway) expression in

endometrial cells in patients

with endometrial cancer

NCT01210911 Metformin Combined With

Chemotherapy for

Pancreatic Cancer

Pancreatic Cancer 120 December

2013

Phase II trial. In this study, the

investigators want to determine

the activity and safety of

concurrent interruption of the

MAPK and PI3 K pathways by

the EGFR tyrosine kinase

inhibitor erlotinib and

metformin, combined with

gemcitabine in patients with

metastatic pancreatic cancer
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cancer. However, data from randomized trials are lacking,

and results from clinical and basic studies so far, although

promising, have been at times either controversial or with

several limitations.

Conflict of interest All authors state that they have no conflicts of

interest.
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59. Schröder M, Kaufman R. The mammalian unfolded protein

response. Annu Rev Biochem. 2005;74:739–89.

60. Saito S, Furuno A, Sakurai J, Sakamoto A, Park HR, Shin-Ya

K, Tsuruo T, Tomida A. Chemical genomics identifies the

unfolded protein response as a target for selective cancer cell

killing during glucose deprivation. Cancer Res. 2009;69(10):

4225–34.

61. Pearce EL, Walsh M, Cejas PJ, Harms GM, Shen H, Wang LS,

Jones RG, Choi Y. Enhancing CD8 T-cell memory by modulating

fatty acid metabolism. Nature. 2009;460(7251):103–7.

62. 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;69(19):7507–11.

63. Vazquez-Martin A, Olivera-Ferraros C, Barco SD, Martin-Ca-

stillo B, Menendez JA. The anti-diabetic drug metformin sup-

presses self-renewal and proliferation of trastuzumab-resistant

tumor-initiating breast cancer stem cells. Breast Cancer Res

Treat. 2010;Epub ahead of print.

64. Vazquez-Martin A, Olivera-Ferraros C, Cufı́ S, Del Barco S,

Martin-Castillo B, Menendez JA. Metformin regulates breast

cancer stem cell ontogeny by transcriptional regulation of the

epithelial-mesenchymal transition (EMT) status. Cell Cycle.

2010;9(18):3807–14.

65. Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY,

Brooks M, Reinhard F, Zhang CC, Shipitsin M, Campbell LL,

1326 Med Oncol (2012) 29:1314–1327

123



Polyak K, Brisken C, Yang J, Weinberg RA. The epithelial-

mesenchymal transition generates cells with properties of stem

cells. Cell. 2008;133(4):704–15.

66. Cufı́ S, Vazquez-Martin A, Oliveras-Ferraros C, Martin-Castillo

B, Joven J, Menendez JA. Metformin against TGFb-induced

epithelial-to-mesenchymal transition (EMT): From cancer stem

cells to aging-associated fibrosis. Cell Cycle. 2010;9(22):4461–8.

67. Garcia A, Tisman G, Metformin. B(12), and enhanced breast

cancer response to chemotherapy. J Clin Oncol. 2010;28(2):e19.

68. Goldhirsch A, Gelber R, Tattersall MN, Rudenstam CM, Cavalli

F. Methotrexate/nitrous-oxide toxic interaction in perioperative

chemotherapy for early breast cancer. Lancet. 1987;2(8551):151.

69. Phoenix KN, Vumbaca F, Claffey KP. Therapeutic metformin/

AMPK activation promotes the angiogenic phenotype in the

ERalpha negative MDA-MB-435 breast cancer model. Breast

Cancer Res Treat. 2009;113(1):101–11.

70. Tan BK, Adya R, Chen J, Farhatullah S, Heutling D, Mitchell D,

Lehnert H, Randeva HS. Metformin decreases angiogenesis via

NF-kappaB and Erk1/2/Erk5 pathways by increasing the antian-

giogenic thrombospondin-1. Cardiovasc Res. 2009;83(3):566–74.

71. Xavier DO, Amaral L, Gomes MA, Rocha MA, Campos PR, Cota

BD, Tafuri LS, Paiva AM, Silva JH, Andrade SP, Belo AV.

Metformin inhibits inflammatory angiogenesis in a murine

sponge model. Biomed Pharmacother. 2010;64(3):220–5.

72. Wilcock C, Bailey C. Accumulation of metformin by tissues of

the normal and diabetic mouse. Xenobiotica. 1994;24(1):49–57.

73. Evans JM, Donnelly L, Emslie-Smith AM, Alessi DR, Morris

AD. Metformin and reduced risk of cancer in diabetic patients.

BMJ. 2005;330(7503):1304–5.

74. Bowker SL, Majumdar S, Veugelers P, Johnson JA. Increased

cancer-related mortality for patients with type 2 diabetes who use

sulfonylureas or insulin. Diabetes Care. 2006;29(2):254–8.

75. Landman GW, Kleefstra N, van Hateren KJ, Groenier KH, Gans

RO, Bilo HJ. Metformin associated with lower cancer mortality

in type 2 diabetes: ZODIAC-16. Diabetes Care. 2010;33(2):

322–6.

76. Monami M, Lamanna C, Balzi D, Marchionni N, Mannucci E.

Sulphonylureas and cancer: a case-control study. Acta Diabetol.

2009;46(4):279–84.

77. Currie CJ, Poole C, Gale EA. The influence of glucose-lowering

therapies on cancer risk in type 2 diabetes. Diabetologia.

2009;52(9):1766–77.

78. Home PD, Kahn S, Jones NP, Noronha D, Beck-Nielsen H,

Viberti G. Experience of malignancies with oral glucose-lowering

drugs in the randomised controlled ADOPT (A Diabetes Outcome

Progression Trial) and RECORD (Rosiglitazone Evaluated for

Cardiovascular Outcomes and Regulation of Glycaemia in Dia-

betes) clinical trials. Diabetologia. 2010;Epub ahead of print.

79. Baur DM, Klotsche J., Hamnvik OP, Sievers C, Pieper L, Witt-

chen HU, Stalla GK, Schmid RM, Kales SN, Mantzoros CS. Type

2 diabetes mellitus and medications for type 2 diabetes mellitus

are associated with risk for and mortality from cancer in a Ger-

man primary care cohort. Metabolism. 2010;Epub ahead of print.

80. Yang X, So WY, Ma RC, Kong AP, Lee HM, Yu LW, Chow CC,

Ozaki R, Ko GT, Chan JC. Low HDL cholesterol, metformin use

and cancer risk in Type 2 diabetes—the Hong Kong Diabetes

Registry. Diabetes Care. 2010;Epub ahead of print.

81. Monami M, Colombi C, Balzi D, Dicembrini I, Giannini S,

Melani C, Vitale V, Romano D, Barchielli A, Marchionni N,

Rotella CM, Mannucci E. Metformin and Cancer occurence in

insulin-treated type 2 diabetic patients. Diabetes care. 2010;Epub

ahead of print.

82. Li D, Yeung S, Hassan MM, Konopleva M, Abbruzzese JL.

Antidiabetic therapies affect risk of pancreatic cancer. Gastro-

enterology. 2009;137(2):482–8.
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