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Abstract

Metformin, an inexpensive, well-tolerated oral agent that is commonly used in
the first-line treatment for type 2 diabetes, has become the focus of intense
research as a potential anticancer agent. This research reflects a convergence of
epidemiologic, clinical, and preclinical evidence, suggesting that metformin
may lower cancer risk in diabetics and improve outcomes of many common
cancers. Notably, metformin mediates an approximately 30 % reduction in the
lifetime risk of cancer in diabetic patients. There is growing recognition that
metformin may act (1) directly on cancer cells, primarily by impacting
mitochondrial respiration leading to the activation of the AMP-activated protein
kinase (AMPK), which controls energy homeostasis in cells, but also through
other mechanisms or (2) indirectly on the host metabolism, largely through
AMPK-mediated reduction in hepatic gluconeogenesis, leading to reduced
circulating insulin levels and decreased insulin/IGF-1 receptor-mediated
activation of the PI3K pathway. Support for this comes from the observation
that metformin inhibits cancer cell growth in vitro and delays the onset of
tobacco carcinogen-induced lung cancer in mice and that metformin and its
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analog phenformin delay spontaneous tumor development cancer-prone trans-
genic mice. The potential for both direct antitumor effects and indirect host-
mediated effects has sparked enormous interest, but has led to added challenges
in translating preclinical findings to the clinical setting. Nonetheless, the
accumulation of evidence has been sufficient to justify initiation of clinical
trials of metformin as an anticancer agent in the clinical setting, including a
large-scale adjuvant study in breast cancer, with additional studies planned.
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IRS Insulin receptor substrates
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MAPK Mitogen-activated protein kinase
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1 Introduction

Diabetes mellitus (DM) is a metabolic disorder that is characterized by chronic
hyperglycemia and aberrant carbohydrate, fat, and protein metabolism that result
from defects in insulin secretion, insulin action, or both. It represents a major
global health problem that has been recognized and treated for centuries. Since the
Middle Ages, Europeans have treated ‘‘thirst and frequent urination’’, two symp-
toms of DM patients, using extracts of Galega officinalis, an herbaceous plant that
was later found to contain active components such as galegine, a guanidine der-
ivate. In the 1920s, galegine was found to exhibit the ability to decrease blood
sugar and insulin resistance. In the 1950s, biguanide derivates such as phenformin
and metformin were introduced into the clinic and represented an important
milestone in the development of oral antidiabetic pharmacotherapy. Phenformin
has been withdrawn from usage in the United States and in most other countries
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since 1978 due to rare fatal cases of lactic acidosis, whereas metformin still
represents a preferred front-line agent for antidiabetic therapy alongside diet and
exercise because of its transient GI toxicity and very rare severe lactic acidosis
toxicity [80].

Recently, a series of studies and meta-analyses have shown an increased risk of
cancer in DM patients. In particular, meta-analyses have revealed a strong asso-
ciation between diabetes and cancers of the pancreas or liver, the main organs
implicated during the deregulation of the metabolic equilibrium that is typical in
DM [80]. Altered metabolic pathologies, such as hyperglycemia and hyperinsu-
linemia, as well as other DM-associated factors, such as obesity and high saturated
fat diets, are also independent risk factors for cancer, illustrating a close correla-
tion between the two diseases [39].

In contrast, several retrospective epidemiological reports have highlighted that
the use of metformin in diabetic patients correlated with a reduced lifetime inci-
dence of cancer. Moreover, metabolic reprogramming is now considered an
emerging critical hallmark of cancer and represents a target for anticancer therapy
[73]. In this regard, among the 24 provocative questions posed last year by NCI
director Harold Varmus on a dedicated Web site,1 which aim to identify per-
plexing problems to guide progress in cancer research, a critical one is how we
determine the mechanism by which some drugs, commonly and chronically used
for other indications (such as metformin and others), can protect against cancer
incidence and mortality [9]. Thus, is metformin a diabetic drug for cancer or it is a
cancer drug for diabetics? [53]. In this chapter, we will review all of these aspects
in an effort to navigate through this highly debated field and to answer some of
these questions. Thus, it is not surprising to observe that in the last 3 years, an
increasing number of studies about metformin and cancer have been published on
PubMed (Fig. 1).

2 Cancer and Metabolism

The increased glucose uptake of cancer cells is a phenomenon that was first
described by the Nobel Prize winner Otto Warburg in the 1920s. The so-called
Warburg effect is the observation that the metabolism of most tumor cells is
characterized by increased glycolysis that is maintained even during conditions of
high oxygen tension (i.e., aerobic glycolysis), followed by elevated lactate pro-
duction levels. This metabolic status contrasts with the low glycolytic rates
associated with the oxidation of mitochondrial pyruvate that are exhibited by most
normal cells [12]. Moreover, Warburg suggested that this altered metabolism is a
fundamental cause of cancer. At present, we know that cancer cells use the ele-
vated amounts of glucose as a carbon source for anabolic reactions to drive gly-
colytic intermediates into various biosynthetic pathways that are essential for

1 http://provocativequestions.nci.nih.gov
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cancer cell growth [47]. Notably, as the alteration in glucose metabolism occurs
early during carcinogenesis, the Warburg effect represents the basis of the current
usage of positron emission tomography (PET) for the diagnosis of cancer using
radiolabeled deoxyglucose, which exhibits increased uptake by both primary and
metastatic cancer cells [25, 79].

The preferential use of aerobic glycolysis facilitates the survival of the highly
proliferative cells during conditions of continuously changing oxygen tension,
which is otherwise lethal for the normal cells that depend on oxidative phos-
phorylation for ATP production [68]. Moreover, cancer cells, by producing lactic
acid, affect cellular pH, which can promote tumor invasion and suppression of
anticancer immune effectors. Finally, tumors can metabolize glucose via the
pentose phosphate system to generate NADPH, which can contribute to fatty acid
synthesis and defend against chemotherapeutic agents [25, 73].

Although the Warburg effect has been known for many years, the precise
molecular mechanisms underlying this phenomenon remain unknown. Conse-
quently, it is also difficult to identify a selective target for anticancer approaches.
Some reports have suggested that hexokinase, which is a metabolic enzyme that
catalyzes the conversion of glucose to glucose-6-phosphate and which is the rate-
limiting first step in the glycolytic pathway, might represent an anticancer target
[87]. In addition, nicotinamide phosphoribosyltransferase (Nampt) and its product,
nicotinamide adenine dinucleotide (NAD), which play crucial roles in the regu-
lation of several metabolic reactions that are implicated in the glycolytic pathway
as well as in the regulation of factors that affect both tumor progression and the
inflammatory response (e.g., sirtuins), might represent therapeutic targets [24].
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Fig. 1 The graph shows the increasing number of citations regarding the relationship between
metformin and cancer, recorded in PubMed in the last 20 years (adjusted at May 2012)
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The increased de novo biosynthesis of fatty acids has also been considered a
crucial metabolic alteration of cancer cells and is associated with the hyperactivity
of lipogenic enzymes such as ATP citrate lyase (ACL), acetyl-CoA carboxylase
(ACC), and fatty acid synthase (FAS) [48]. FAS is overexpressed in many cancers
[81], and chemical inhibitors of FAS have been shown to decrease proliferation
and increase apoptosis in cancer cells [48]. Recent studies have suggested that in
cancer cells, the Warburg effect might depend on mitochondrial uncoupling—the
abrogation of ATP synthesis in response to mitochondrial membrane potential in
cancer cells—leading to a decreased pyruvate flux through the Krebs cycle and a
shift in the oxidation of non-glucose carbon sources (e.g., fatty acids) to maintain
mitochondrial integrity and function [71]. However, other reports have suggested
that the Warburg effect does not necessarily involve in permanent mitochondrial
dysfunction [87]. Interestingly, both uncoupled mitochondria, which render cells
more resistant to cytotoxic insults, and increased fatty acid oxidation, which has
been linked to chemoresistance, might represent additional therapeutic targets for
cancer treatment.

Another relevant target for the metabolic reprogramming of cancer cells is the
hypoxia-inducible factor 1a (HIF-1a), a transcription factor that mediates the
hypoxia-induced gene expression changes that are thought to be adaptive for cells
upon exposure to a reduced oxygen environment. Such genes encompass those
involved in glycolysis and include the glucose transporters (GLUT1 and GLUT3).
Moreover, recent reports have demonstrated that HIF-1a induces pyruvate dehy-
drogenase kinase 1 and 3 (PDK1-3) expression, which facilitates the phosphory-
lation and inhibition of pyruvate dehydrogenase and, consequently, mitochondrial
respiration in cancer cells [44, 52, 65].

In summary, the switching of cellular metabolism from mitochondrial respi-
ration to glycolysis drives cancer transformation and progression as well as che-
moresistance and should therefore be considered a crucial target for anticancer
therapy.

3 Diabetes and Cancer

DM comprises a group of metabolic disorders, which include two predominant
subtypes—types 1 and 2—that are characterized by different metabolic activities.
Type 1 diabetes (5–10 % of all diabetics) is associated with the complete absence
of endogenous insulin that is attributed to the autoimmune destruction of insulin-
secreting b-pancreatic cells and requires the exogenous administration of insulin.
In contrast, type 2 diabetes (90 % of all diabetics) is characterized by the long-
term presence of hyperglycemia and hyperinsulinemia associated with insulin
resistance in the peripheral tissues. In the latter subtype of diabetes, treatment with
exogenous insulin is required only when the b-pancreatic cells become non-
functional [39, 80]. Currently, a large variety of drugs are available for the
treatment for DM, including insulin, insulin analogs, and insulin secretagogues
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that function by compensating for the lack of insulin production by the patient’s b-
pancreatic cells. Another class of drugs includes insulin sensitizers, such as the
oral antidiabetic metformin or the thiazolidinediones, which can overcome insulin
resistance. Lastly, glucosidase inhibitors, such as acarbose, function therapeuti-
cally by acting on carbohydrate digestion to prevent the development of post-
prandial hyperglycemia. Generally, all of the classes of diabetic medications are
coupled with recommended lifestyle changes including diet and exercise, which
might decrease or prevent the obesity that is often associated with DM [62].

DM is associated with several complications, such as retinopathy, nephropathy,
cardiovascular diseases, and, as reported in several studies, with an increased risk
of cancer.

Several meta-analyses have evaluated the relative risk (RR) of cancer in both
case-control and cohort studies of diabetics, demonstrating a mild increase in
cancer (and in cancer mortality). Although this increase applies to both solid and
hematological malignancies, it is more evident for certain site-specific cancers.
Elevated relative risk (RR) has been shown for pancreatic (RR 2.50, 95 % CI
1.8–3.5) and liver (RR 1.94, 95 % CI 1.53–2.46) cancers, which are the main
organs involved in the development of DM [22, 37].

The precise relationship between diabetes and pancreatic cancer is difficult to
delineate because previous meta-analyses did not distinguish whether diabetes was
a preexisting condition that promoted the development of exocrine pancreatic
cancer or if it was a consequence of cancer.

Recently, the diagnosis of new-onset diabetes has been used as a potential early
diagnostic indicator for pancreatic cancer in screening programs enrolling middle-
aged patients. In elderly patients, it represents a high probability indicator of
pancreatic cancer, with a 3 year risk that is eight times higher in diabetic than in
non-diabetic patients of similar age and sex. Additional studies have demonstrated
that new-onset diabetes is an early event that is attributed to cytokine production
by pancreatic tumors rather than to alterations in normal pancreatic tissues [15,
64]. Interestingly, the RR remained higher for new-onset diabetic patients when
the meta-analyses were adjusted for age, race, and cigarette smoking as well as for
post-load glucose levels. These findings indicated that hyperglycemia and predi-
abetic status might represent risk factors for pancreatic cancer and that insulin
plays a prominent role in promoting cancer progression. However, insulin alone is
insufficient to promote cancer progression because the pancreatic cells in type 1
diabetic patients are not exposed to increased insulin levels compared to other
tissues [64, 80].

The increased incidence of liver cancer and, in particular, of hepatocellular
carcinoma (HCC) in diabetic patients is mainly due to the elevated insulin levels
that the liver cells are exposed to via portal circulation. This condition is evident in
both physiological and pathological situations, particularly in type 2 DM, which is
characterized by exacerbated states of hyperinsulinemia and insulin resistance.
Significantly, in type 1 diabetic patients treated with exogenous insulin, the insulin
levels in the liver cells are the same as those in other organs. As has been pre-
viously described for pancreatic cancer, the elevated insulin levels in liver cancer
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are insufficient to explain the correlation between cancer and diabetes. Therefore,
several epidemiological studies have analyzed other factors. For instance, hepatic
steatosis and cirrhosis, as well as hepatitis B and C infections, have been impli-
cated as connecting factors between the two diseases. Similarly, non-alcoholic
fatty liver disease (NAFLD) might represent a main cancer risk factor in obese
diabetic patients and in 80 % of type 2 diabetic patients [16, 18].

In conclusion, the relationship between diabetes and cancer remains unclear and
requires re-evaluation because DM is not a singular disease. Rather, DM is a group
of metabolic disorders in which each disorder is characterized by its own meta-
bolic and hormonal abnormalities that affect patients differently. Thus, it is difficult
to consider diabetic patients as a homogeneous cohort, and further studies are
required to understand the complex relationship between cancer and diabetes.

Moreover, a group of confounding factors exist which are based on lifestyle,
such as lack of physical activity, obesity, smoking, sex, ethnicity, comorbidity,
duration of treatment, quality of metabolic control, and number of antidiabetic
drugs changed during the treatments. Such factors might influence the meta-
analysis reports. In this regard, a recent study has demonstrated that whereas
insulin levels might represent a physiological indicator for early follow-up (first
5 years after diagnosis), the obesity-related factors, such as leptin, might represent
an important marker over time for long-term follow-up of breast cancer [27].

At the molecular level, several mechanisms might account for the tumor growth
observed in diabetic patients. Diabetes can promote carcinogenesis through the
action of insulin and its complex downstream signaling network, which induces
not only a modulation of metabolic pathways but also a modulation of mitogenic
signaling via the following two distinct mechanisms: (a) systemic mechanisms
attributed to specific alterations including hyperglycemia and hyperinsulinemia
and (b) site-specific mechanisms that affect specific organs [80]. Interestingly,
hyperinsulinemia can promote tumorigenesis directly by activating the insulin
receptor (IR) in epithelial tissues or indirectly by influencing the levels of other
modulators such as insulin growth factors (IGFs), sex hormones, and inflammatory
mediators. For instance, when insulin binds to the A isoform of IR, which is
predominantly expressed in cancer cells, it can trigger mitogenic signaling path-
ways that act through adaptor proteins such as IR substrates (IRS1-4). This sig-
naling results in the activation of the mitogen-activated protein kinase (MAPK)
pathway—activation that is preserved in the presence of insulin resistance—and in
the induction of survival signaling that is mediated by PI3K, by AKT, and by the
mammalian target of rapamycin (mTOR) [39, 55]. As mentioned above, insulin
can also act indirectly via IGFs and their cognate receptors (IGF-Rs). Insulin
resistance and elevated levels of insulin can displace IGFs from insulin growth
factor binding proteins (IGFBPs), resulting in increased levels of free IGFs, which
can constitutively promote tumor growth and cancer progression. Breast cancer
cell lines have been observed to exhibit an interaction between insulin with the IR-
A homodimer, the isoform of the IR that is widely expressed in this tumor, and
insulin with the IR-A/IGF1R heterodimer to stimulate tumorigenesis and to pro-
mote survival pathways [6, 56, 66]. Moreover, the polymorphic form of IGF1R has

362 A. Leone et al.



been demonstrated to be associated with non-small-cell lung cancer, whereas a
polymorphism of IGF2R is correlated with gastric cancer risk [36, 86]. Further-
more, the activation of IGF1R/IR has been detected at elevated levels in breast
cancers, independently of the specific tumor subtype (e.g., luminal, triple negative,
or Her2+) and is associated with poor survival and resistance to targeted therapies,
including those targeting the estrogen receptor (ER) or the Her family members.
Moreover, the authors suggested that a specific IGF-IR tyrosine kinase inhibitor,
BMS-536924, can be used to overcome such resistance and to promote improved
survival, independently of breast cancer subtype [50].

Ultimately, elevated insulin levels are associated with insulin resistance and can
promote tumorigenesis by increasing the free estrogen levels produced in the
ovaries, by blocking sex-hormone-binding globulin, and by increasing the con-
version of androgen to estrogen in adipose tissue [39, 80].

4 Metformin and Cancer

4.1 Epidemiological Studies

Metformin (1, 1-dimethylbiguanide hydrochloride) is a biguanide derivative and
belongs to a class of oral hypoglycemic agents. Metformin acts principally on
hepatocytes, myocytes, adipocytes, and b cells in the pancreas (Fig. 2). In the
liver, metformin inhibits hepatic glucose production while increasing insulin
sensitivity in the peripheral tissues, leading to increased glucose uptake and usage
by the skeletal muscle and adipose tissues. The primary effects are a reduction in
plasma insulin and glucose levels, followed by an enhancement of blood glucose
control and a decreased incidence of complications that are correlated with dia-
betes [8, 20]. At the molecular level, the principal metabolic mediator of the
glucose-lowering effects of metformin is the activation of AMPK, a serine–thre-
onine kinase that is involved in the regulation of cellular energy metabolism [45,
67] (see in Sect. 5). Metformin is one of the most widely prescribed front-line
drugs for the treatment for type 2 diabetes because of its relatively low cost and
reputation as a safe drug, as well as its effects in cardiovascular disease prevention
[7]. The mild-to-moderate toxicity of metformin treatment in terms of gastroin-
testinal disturbances, such as nausea, vomiting, and diarrhea, might be prevented
by dose reduction. Although the incidence is rare, lactic acidosis is the most severe
adverse event, occurring predominantly in elderly patients who present with
hepatic, cardiac, or renal comorbidities [20].

In the past decade, epidemiological observations have suggested that the use of
metformin in DM patients is correlated with a reduction in cancer incidence. A
case-control study conducted by Evans et al. on 923 cases of cancer in 11,876
newly diagnosed type 2 diabetic patients revealed for the first time that the overall
cancer incidence was lower in diabetic patients treated with metformin compared
to patients treated with other drugs. Moreover, the duration of treatment and
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number of prescriptions further influenced the cancer incidence: The increased
duration of treatment and number of prescriptions correlated with a lower inci-
dence of cancer [23].

Since this study, an increasing number of retrospective analyses have been
performed. In 2006, Bowker et al. performed a population study on administrative
data derived from 5. 4 year follow-ups of a cohort of 10,309 diabetic patients who
received different treatments (metformin, sulfonylureas and/or insulin). This study
also demonstrated reduced cancer deaths in patients who were treated with met-
formin alone without insulin compared to those who were treated with sulfonyl-
ureas regardless of insulin treatment [11, 62]. Unfortunately, an untreated control
group was not included in this analysis, so whether the cancer risk was reduced by
metformin or increased by insulin cannot be definitively asserted.

Insulin
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Fatty acid synthesis

Lipolysis

Insulin

Insulin

Insulin

METFORMIN

AMPK

glucose

LKB1

Fatty acid uptake
Mitochondrial oxidation
Glucose uptake
glycolysis

hepatocytes adipocytes myocytes beta cells

Lipid synthesis
Gluconeogenesis

Fig. 2 Effects of metformin on various tissues in patients with diabetes mellitus type 2, leading
to downregulation of ATP-consuming pathways and increase in ATP-generating pathways
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Other observational studies reported similar trends [3, 60], and interestingly, the
association of metformin with reduced incidence/mortality of cancer was also
maintained in the presence of insulin or after the adjustment of insulin doses,
suggesting that metformin exerts an insulin-independent indirect mechanism of
action [60].

Recently, several meta-analyses have been performed to understand the role of
metformin in cancer incidence/mortality. Decensi et al. examined 11 epidemio-
logical studies (5 comprehensive studies of all cancers and 6 studies of single
cancer sites) that were extrapolated from a comprehensive literature search, which
was not subjected to language or time restriction. The data derived from the
analyses demonstrated that metformin treatment is associated with a 31 %
reduction in cancer incidence and mortality and that this reduction exhibits a dose-
response trend. Interestingly, a significant correlation between cancer risk and
metformin treatment was observed in hepatocellular and pancreatic cancer
patients, whereas no significant correlation has been reported in patients presenting
with colon, breast, or prostate cancers, suggesting that metformin elicits cancer
site-specific effects [19]. Recently, another study of 1,353 type 2 diabetic patients
confirmed that after a median follow-up of 9.6 years, metformin exerted anticancer
protective effects in a dose-dependent manner [1, 49].

An additional meta-analysis, which was performed on large population-based
data from different countries, confirmed that metformin reduced the incidence and
mortality of cancer at any site by approximately 33 %, with the variability in
reduction depending on the site. Metformin treatment decreased the risk of colon,
lung, and liver cancers but did not affect the development of hormone-dependent
prostate and breast cancers or of pancreatic or gastric cancers [61].

Retrospective analyses have also been performed to understand the role of
metformin on the development of metastasis, as well as whether this drug could
improve the efficacy of chemotherapy. In particular, an analysis of diabetic
patients with lung cancer revealed that the use of metformin reduced the occur-
rence of metastatic disease [57, 58] and improved chemotherapeutic outcomes
[78]. Similarly, Jiralerspong observed that metformin increased the pathological
complete response in breast cancer patients receiving neoadjuvant chemotherapy.
Unfortunately, metformin did not improve the estimated 3 year relapse-free sur-
vival rate [1, 42]. In contrast, recently, metformin has been shown not to induce
any beneficial effect on overall survival, on disease-free survival, or on the
development of distal metastasis in triple-negative breast cancer cells [4].

In conclusion, several studies have suggested the use of metformin as an
anticancer drug, but some limitations need to be considered. The majority of
studies were retrospective, and the data were not obtained from population-based
registries but rather from clinical and hospital data. Moreover, diabetic patients
received a variety of treatments and were not randomized either for the admin-
istration of metformin or for objective criteria (for example, some patients with a
history of cancer were included in cancer risk studies). Furthermore, an imbalance
in important cancer risks and prognostic factors was evident. Nonetheless, such
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observational studies have suggested the plausible antitumor effects of metformin
and have provided the basis for the initiation of prospective clinical trials.

4.2 Mechanisms of Action and Preclinical Studies

Several mechanisms of action have been proposed to explain the antitumor effects
of metformin, although at the molecular level, the main effect is the activation of
AMPK [21, 63]. AMPK acts as a cellular sensor of metabolism and stresses, such
as hypoxia, oxidative stress, ischemia, and others, which lead to an increased ratio
of AMP:ATP and the consequential increase in AMPK activation [20]. AMPK
could be activated by metformin via the following three independent mechanisms:
(1) by LKB1 (liver kinase B1), which induces phosphorylation of Thr 172 in the a
catalytic subunit of AMPK [51]; (2) indirectly through the inhibition of complex I
of the respiratory chain; and (3) by the activation of other inhibitors of mito-
chondrial ATP synthesis, such as oligomycin. The blockade of complex I of the
respiratory chain results in low oxygen consumption, followed by modulation of
NAD+/NADH ratios and an increase in the AMP:ATP ratio, resulting in increased
AMPK activation [1].. In mammals, another important kinase is Ca2+/calmodulin-
activated kinase kinase (CaMKK2), which activates an AMPK alternative pathway
in response to increases in intracellular Ca2+ without altering the AMP:ATP ratio
[31]. During physiological conditions, activated AMPK exerts its hypoglycemic
action on the liver, b-pancreatic cells, and muscle and adipose tissue, where it
enhances glucose uptake by inducing elevated levels of Glut1. AMPK also induces
ATP-generating pathways, such as glycolysis, while inhibiting the ATP-consum-
ing pathways such as gluconeogenesis, glycogen synthesis, and cholesterol syn-
thesis [39, 45, 67]. The activation of AMPK is also crucial for the induction of the
oxidative catabolism of glucose and fatty acids as well as for the regulation of
mitochondrial biogenesis. Furthermore, the activation of AMPK also results in the
inhibition of protein synthesis by blocking the mTOR pathway [31]. Overall, the
targeting of AMPK elicits both a hypoglycemic effect and a direct effect on several
pathways involved in tumor development.

Based on these findings, AMPK might be considered as a tumor suppressor.
Notably, the upstream kinase LKB1 has been demonstrated to be a tumor sup-
pressor gene that is frequently mutated in solid tumors. The LKB1 gene exhibits
loss of function mutations in approximately 30 % of non-small-cell lung cancers
and in 20 % of cervical cancers [40, 83]. Mutations in LKB1 have been demon-
strated to influence cell growth and cell cycle progression, as well as cell polarity
[30, 82]. Moreover, LKB1 is often comutated with kRAS in non-small-cell lung
cancers, inducing an increase in tumor incidence and metastasis [30]. The inhi-
bition of AMPK results in B-Raf V600E mutation-harboring melanomas, in which
LKB1 is phosphorylated at two C-terminal sites [88] and is unable to activate
AMPK. Moreover, the hyperactivation of AKT is frequently found in many tumors
and induces the phosphorylation of AMPK at Ser485, which inhibits the
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phosphorylation and activation of AMPK by LKB1 [34]. The relevance of AMPK
as a favorable prognostic marker has been shown by another study, in which the
concomitant increases in pAMPK and pMAPK3/1 were implicated as prognostic
markers of favorable outcome for the treatment of colorectal cancer patients,
suggesting a possible interaction of these two pathways and new therapeutic
strategies [2].

The anticancer effects of metformin have been proposed to be exerted via the
following two distinct mechanisms: an indirect insulin-dependent effect and a
tumor-direct insulin-independent effect (Fig. 3). The indirect effect of metformin
is exerted on the liver, where metformin inhibits hepatic gluconeogenesis by
inducing the activation of AMPK, followed by a reduction in circulating levels of
glucose and insulin. In vitro and in vivo studies have reported that metformin,
similar to other biguanides, induces the hyperactivation of 4E-binding protein in
glucose-deprived cells, leading to inhibition of the unfolded protein response and
strong inhibition of the mTOR pathway [56]. Moreover, Buzzai and colleagues
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Fig. 3 Metformin exerts its antitumor effects by insulin-dependent and insulin-independent
mechanisms. Metformin can suppress cell growth by inactivation of AKT–mTOR pathway and/or
may act on both AMPK and mitochondrial complex I, leading, respectively, to increase in
apoptosis and downregulation of protein translation and inhibition of cell growth
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demonstrated that in colorectal cell lines, glucose deprivation induced p53-
dependent autophagy by the activation of AMPK in response to metformin [14]. In
contrast, p53 status does not appear to be relevant for the metformin sensitivity of
breast cancer cells. In response to the deprivation of glucose, metformin can
induce apoptosis by both caspase-dependent and caspase-independent mechanisms
concomitantly with changes in mitochondrial morphology and membrane per-
meability that depend on the cellular energy collapse that is related to the depletion
of NAD+ levels [90]. Furthermore, pancreatic cancer cells have recently been
shown to exhibit crosstalk between insulin/IGF1 receptors and G-protein-coupled
receptors (GPCRs), which leads to increased cell growth and survival signaling
induced by mTORC1, ERK, and PI3 K pathways. Because ERK and PI3 K are
well-defined effectors of KRAS, which is mutated in 90 % of pancreatic cancers,
these crosstalk results are reinforced by that mutation. Interestingly, metformin has
been observed to disrupt the crosstalk between IR/IGF1R and GPCRs, reducing
cellular proliferation in both cell lines [46] and xenograft models [70].

The indirect effect of metformin has been confirmed in a study by Memmott
et al., who observed in vivo that metformin prevented tobacco carcinogen-induced
lung tumorigenesis. In particular, metformin has been shown to reduce tumor
burden and simultaneously to markedly downregulate mTOR in tumors. Inter-
estingly, metformin inhibits mTOR by activating AMPK in the liver, but not in the
lung, where it indirectly downregulates IR/IGF1R and decreases AKT [59].

The direct effects of metformin on cancer growth are independent of insulin
levels and might involve in the activation of AMPK, which inhibits several
pathways, such as lipogenic pathways, via the suppression of SREBP-1 (sterol
regulator element binding protein 1), via the regulation of the cell cycle by the
phosphorylation of p53 and FOXO3a [84], or via the modulation of the estrogen-
dependent pathway by the phosphorylation of CRTCS, a cAMP-responsive ele-
ment binding protein (CREB)-regulated transcription coactivator [13]. The direct,
AMPK-dependent effect also involves the direct action of AMPK on TSC2 and, as
a consequence of its downstream signaling, reduces both protein synthesis and cell
cycle progression. Interestingly, during the loss of TSC2, AMPK has been pro-
posed to act directly on mTOR by phosphorylating the mTOR-associated protein
Raptor [29]. Furthermore, a correlation between AMPK activation and adipo-
nectin, a protein involved in metabolic signaling, has recently been demonstrated.
Physiological concentrations of adiponectin were found to inhibit prostate and
colon cancer growth by activating AMPK and inhibiting S6 K in patients pre-
senting with normal weight. This finding has not been evident in obese patients
who present with low levels of adiponectin, leading to reduced activation of
AMPK and increased tumor growth. Consequently, the authors have suggested that
metformin, by acting as an endogenous AMPK activator, can overcome resistance
to adiponectin, thereby inhibiting cell growth [85].

Metformin has recently been observed to exhibit a direct action on mTOR,
independently of TSC2 and AMPK [43]. That study found that in MEFs, met-
formin exerted an antitumor effect by inhibiting Rag, a GTPase protein involved in
a direct translocation of mTORC1 to a cellular compartment that contains Rheb, a
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protein that induces mTOR activity [43]. To confirm this finding, a recent study
demonstrated, using pancreatic cells, that metformin directly influenced the mTOR
pathway in a p53-dependent manner via an AMPK-independent mechanism to
increase REDD1, a negative regulator of mTOR. Moreover, the induction of
REDD1 decreased cyclin D1 independently of AMPK1, which resulted in cell
cycle arrest [8]. Lastly, an additional AMPK-independent tumor-direct effect of
metformin could be related to the modulation of complex I of the respiratory chain
and to the consequent regulation of the ATP levels that can subsequently affect
apoptosis.

Based on the elevated heterogeneity of tumors, several recent studies have
suggested that metformin acts selectively on a subset of cancer cells and, in
particular, on cancer stem cells (CSCs) [5, 33]. Hirsch et al. [33] have demon-
strated this hypothesis for the first time, observing that metformin selectively
targeted the CSCs in triple-negative breast cancer cells and elicited synergistic
antitumor activity in combination with doxorubicin. This finding has been con-
firmed recently in mouse xenografts, in which the simultaneous administration of
metformin in combination with several chemotherapeutic drugs reduced tumor
growth and prevented relapse in several cancer cell models, presumably by
inhibiting the highly tumorigenic CSC-like cells. Moreover, the synergistic
interaction of metformin with chemotherapeutic drugs has also been confirmed
[38]. Interestingly, combinatorial treatment with metformin and chemotherapeutic
drugs has been performed in another study, in which the combinatorial adminis-
tration of metformin and paclitaxel converged on AMPK activation to reduce cell
growth [69]. Recently, metformin has been demonstrated to increase the sensitivity
of cancer cells to radiotherapy and to exert cytotoxicity on CSCs, overcoming their
radioresistance via the activation of AMPK and the suppression of mTOR [75].

Metformin, similar to its analog biguanide phenformin, is a cation, and both the
direct and indirect selective antitumor effects of metformin depend on the
expression of organic cation transporters (OCT1, 2 and 3). In diabetic patients,
metformin enters hepatic cells via OCT1 transporters during high levels of
exposure to the drug via the hepatic portal vein. This cationic transporter is highly
expressed in hepatocytes; in mice exhibiting a global knockout of OCT1, as well
as polymorphisms of OCT1, the hepatic uptake of metformin is severely impaired,
resulting in reduced hypoglycemic effects [41, 59, 74, 89]. Little is known about
the expression of OCT1 in neoplastic cells. However, recently, OCT1 expression
has been demonstrated to be highly variable in both epithelial ovarian cancer cell
lines and primary human tumors. Interestingly, the knockdown of OCT1 in epi-
thelial ovarian cancer cell lines, as well as the application of the OCT1 inhibitor
quinidine, reduced the antitumor effect of metformin but did not affect the anti-
neoplastic activity of phenformin [31, ‘‘personal communication’’, 72].
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4.3 Clinical Studies

Prospective and ongoing clinical trials are aimed at investigating the safety and the
efficacy of metformin in cancer patients, independent of diabetic status, to analyze
its role as a chemopreventive agent and to identify its biological effects (Fig. 3).
More than fifty studies on the effects of metformin in cancer patients are currently
registered at NCI’s cancer.gov. The majority of these trials are phase II breast
cancer studies, which include biomarker analysis and the administration of met-
formin either as a single agent or in combination with other treatment modalities.

Limited clinical trials have been published so far regarding metformin. Hadad
et al. conducted a preoperative, ‘‘window of opportunity’’ randomized trial, in
which they showed the possible biological effects of metformin on tumor tissues.
Metformin was administered to non-diabetic breast cancer patients before surgery,
and the antitumor effects were compared with those of the untreated control group.
Interestingly, the patients did not exhibit any quantifiable change in tumor size
after 2–3 weeks of metformin treatment. However, an analysis of the tumor-
derived biopsies revealed decreased insulin levels and a decrease in Ki67 staining,
a marker of proliferation, indicating possible biological effects on tumor tissues
[30]. In contrast, a recent study demonstrated that, overall, presurgery treatment
with metformin did not affect Ki67 levels compared to treatment with the placebo
arm in non-diabetic breast cancer patients. Interestingly, in a planned subgroup
analysis, the effects of metformin on Ki67 could be stratified on the basis of insulin
resistance according to the HOMA index (homeostasis model assessment). No
correlation was observed between the insulin levels and metformin treatment in
patients with HOMA indices greater than 2.8, whereas changes in Ki67 levels were
noted in patients with HOMA indices less than 2.8, suggesting that metformin
exerts its effects indirectly, depending on the grade of insulin resistance. Intrigu-
ingly, a similar stratification of Ki67 by HOMA index was noted in women who
were overweight or obese, had abdominal obesity, or partook in moderate alcohol
consumption [10].

According to observational studies in which elevated levels of peptide-C have
been associated with poor outcome in non-diabetic breast cancer patients [17],
Goodwin et al. [27, 28] demonstrated that metformin, when administered at a
standard dose (1,500 mg/day), reduced insulin levels in non-diabetic breast cancer
survivors by 22 % without relapse. Recently, the same group proposed a neoad-
juvant ‘‘window of opportunity’’ study, in which metformin would be administered
three times daily for 2–4 weeks prior to surgery. They identified the following
potential predictors of metformin benefit: elevated BMI, physical inactivity, high
fasting insulin as markers of host influence and tumor immunopositivity for Ki67
and TUNEL staining, and the presence of OCT1 and LKB1 as markers of tumor
influence. Interestingly, a clear increase in TUNEL staining and a decrease in Ki67
have been observed to correlate with metabolic changes, following the adminis-
tration of metformin [27, ‘‘personal communication’’, 76].
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A chemopreventive role for metformin has been demonstrated by a short-term
clinical trial performed on rectal aberrant crypt foci (ACF), which is considered as
an endoscopic surrogate marker for colorectal cancer. In non-diabetic patients with
ACF, treatment with metformin significantly decreased the number of ACF after
1 month of therapy compared to the control group. Moreover, the authors observed
a downregulation of colonic epithelial proliferative activity in the same group, as
evaluated using the proliferating cell nuclear antigen labeling index. In contrast, no
significant apoptotic modulation was detected [35]. As the biological significance
of ACF as a surrogate marker for colorectal cancer remains controversial, the same
group has recently registered a prospective randomized controlled trial in the
University Hospital Medical Information Network (UMIN) Clinical Trials Reg-
istry as UMIN000006254, in which the chemopreventive effects of metformin will
be evaluated in metachronous colorectal polyps and in non-diabetic post-poly-
pectomy patients [32].

5 Conclusions

Here, we have reported on several lines of evidence supporting a role for the
biguanide metformin as an antitumor agent. Nonetheless, some issues remain
unresolved, such as the principal mechanism of action of metformin (direct or
indirect/host effect), the characteristics of the patient and/or tumor that can
influence responses to metformin, what types of cancer respond to treatment with
biguanides, and which therapeutic setting could enhance the benefits of metformin
(chemoprevention, neoadjuvant, adjuvant, combined, or single-agent
administration).

Several reports have suggested that the antitumor activity of metformin appears
to be elicited by both direct and indirect mechanisms, through lowering insulin
levels and by directly affecting the tumor tissues via both AMPK-dependent and
AMPK-independent mechanisms. Interestingly, a principal mediator of metformin
activity, AMPK, is defective in many tumor cells. Several mechanisms can
cooperate to induce the loss of AMPK activation and consequently might affect the
antitumor effects of metformin. Paradoxically, metformin might be more effective
for the treatment for tumors in which AMPK activation has been lost because it
can cause greater decreases in ATP levels and more apoptosis.

The mechanism of action of metformin has remained obscure due to the lim-
itations of the preclinical models, in which higher levels of metformin, glucose,
and insulin were used, compared to more physiological/clinical conditions. For
example, the dose range of metformin in clinical/epidemiological studies is
250–2,250 mg/day, whereas the preclinical doses range from 45-fold increased
dosages for in vivo studies to 10,000-fold increased dosages for in vitro studies, in
which mM concentrations of metformin have been used. Moreover, tissue culture
media contain up to 3- to 5-fold excess of glucose and up to a 40-fold excess of
insulin. However, low doses of metformin (approximately 10 lM) have recently
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been demonstrated to be sufficient to induce moderate activation of AMPK and the
consequential activation of downstream pathways [77].

Recently, a phase III randomized trial was registered to address these issues, in
which the effects of metformin that was administered in combination with che-
motherapy were compared to those of placebo in early breast cancer patients. In
this study, the patients were stratified for hormone receptor status, for HER2
expression, and for the chemotherapeutic drugs used, such as paclitaxel, docetaxel,
doxorubicin, and cyclophosphamide [26]. The primary outcome was the rate of
cancer-free survival, whereas the secondary outcomes were overall survival, dis-
ease-free survival and adverse events, and factors that were associated with cor-
relative analysis, such as weight, fasting insulin levels, and tumor tissue. The
primary hypothesis of this study was that elevated fasting insulin at baseline that
exhibited a significant reduction at 6 months would predict metformin benefit
([27], ‘‘personal communication’’, [28]).

Which type of biguanide is best for clinical application remains unclear. For
example, if direct action on the tumor is required, then the OCT1 receptor
expression levels become crucial, and it might therefore be better to reconsider the
use of phenformin, which does not require the presence of OCT1 receptors to
penetrate the cells.

Lastly, a recent, controversial study reported that the mutant V600E Braf gene,
which is present in 50 % of melanomas, conferred in vitro resistance to metformin
treatment by activating RSK to prevent AMPK activation. Moreover, metformin
treatment accelerated tumor growth and induced VEGF-A expression in vivo.
Interestingly, combined anti-VEGF treatment synergistically reduced the tumor
growth of the Braf mutant but not of the wild-type cells [54].

In conclusion, numerous studies have clearly demonstrated a new application of
the ‘‘old’’ antidiabetic drug metformin as an anticancer drug. However, further in-
depth knowledge of its mechanism of action is necessary to identify the optimal
therapeutic and clinical context in which to use it as an antitumor drug.
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