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Metformin is widely used in the treatment of diabetes mellitus type 2 where it reduces

insulin resistance and diabetes-related morbidity and mortality. Population-based studies

show that metformin treatment is associated with a dose-dependent reduction in cancer

risk. The metformin treatment also increases complete pathological tumour response rates

following neoadjuvant chemotherapy for breast cancer, suggesting a potential role as an

anti-cancer drug. Diabetes mellitus type 2 is associated with insulin resistance, elevated

insulin levels and an increased risk of cancer and cancer-related mortality. This increased

risk may be explained by activation of the insulin- and insulin-like growth factor (IGF) sig-

nalling pathways and increased signalling through the oestrogen receptor. Reversal of

these processes through reduction of insulin resistance by the oral anti-diabetic drug met-

formin is an attractive anti-cancer strategy. Metformin is an activator of AMP-activated

protein kinase (AMPK) which inhibits protein synthesis and gluconeogenesis during cellu-

lar stress. The main downstream effect of AMPK activation is the inhibition of mammalian

target of rapamycin (mTOR), a downstream effector of growth factor signalling. mTOR is

frequently activated in malignant cells and is associated with resistance to anticancer

drugs. Furthermore, metformin can induce cell cycle arrest and apoptosis and can reduce

growth factor signalling. This review discusses the role of diabetes mellitus type 2 and insu-

lin resistance in carcinogenesis, the preclinical rationale and potential mechanisms of met-

formin’s anti-cancer effect and the current and future clinical developments of metformin

as a novel anti-cancer drug.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

In 1924, the Nobel laureate Otto Heinrich Warburg first

hypothesised the existence of a connection between cellular

metabolism and malignancy.1 The signalling pathways con-

trolling metabolism and cancer and their interactions are

now being unravelled and evidence is accumulating that con-
er Ltd. All rights reserved
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ditions associated with metabolic disturbances, such as dia-

betes mellitus type 2, increase cancer risk and adversely

influence cancer prognosis.

AMP-activated protein kinase (AMPK) is a central cellular

energy sensor which may be a crucial factor in the interaction

between metabolism and cancer. It has also been implicated

in the control of pro-aging signalling pathways, which have
.
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a significant overlap with tumour growth pathways.2 AMPK is

activated by cellular stress resulting in the restoration of en-

ergy levels through regulation of metabolism and growth.3

Insufficient activity of AMPK allows uncontrolled cell growth,

despite the conditions of cellular stress such as those occur-

ring during tumourigenesis, making AMPK an attractive target

for anti-cancer therapy. Although numerous AMPK-activating

drugs have been described, only one of these, metformin, is

widely used clinically in the treatment of diabetes mellitus

type 2. Other AMPK activators are currently less suitable for

routine clinical use due to the higher rates of lactic acidosis

(phenformin) or low specificity and potency (5-aminoimidaz-

ole-4-carboxamide ribonucleoside). Novel, more specific

AMPK activators are still in preclinical development. A rapidly

increasing body of preclinical and clinical evidence demon-

strates anti-cancer effects of metformin. Other anti-diabetic

drugs, such as thiazolidinediones and glucagon-like peptide-

1 analogues, may have similar effects but are less widely used

and consequently less data are available for these drugs.

This review will discuss how the metabolic disturbances

associated with diabetes mellitus type 2 can contribute to car-

cinogenesis and how the anti-diabetic drug metformin may

reverse these disturbances and inhibit cancer growth, both

in diabetic and in non-diabetic patients.

2. Diabetes mellitus type 2

Insulin is essential for glucose homeostasis and is required

for glucose uptake into cells and conversion of glucose to gly-

cogen for storage. In addition, insulin has anabolic effects

including inhibition of gluconeogenesis and cell growth stim-

ulation. Diabetes mellitus is characterised by hyperglycaemia

due to an absolute or relative insulin deficiency. Diabetes mel-

litus type 1, accounting for 5–10% of diabetes patients, is the

result of an absolute insulin deficiency due to autoimmune

destruction of insulin-secreting pancreatic b-cells. The more

prevalent diabetes mellitus type 2 is characterised by a rela-

tive insulin deficiency due to reduced tissue responsiveness

to insulin. This is known as insulin resistance and it results

in insufficient peripheral glucose elimination, impaired inhi-

bition of hepatic gluconeogenesis and, consequently, in-

creased glucose levels. Compensatory insulin secretion

increases until b-cell function becomes insufficient due to

exhaustion or destruction of the pancreatic b-cells resulting

in hyperglycaemia. The chronic hyperglycaemia of diabetes

results in long-term microvascular complications including

retinopathy, nephropathy and neuropathy. In addition, there

is an increased risk of cardiovascular, peripheral arterial

and cerebrovascular disease. Hypertension, obesity and

abnormalities of lipoprotein metabolism frequently coexist

in patients with diabetes mellitus type 2 further increasing

these risks. In Europe, over 8% of the general population has

diabetes mellitus type 2, and incidence and prevalence are

rising rapidly.4

3. Diabetes mellitus type 2 and cancer risk

Both diabetes mellitus type 2 and cancer are diseases of the

elderly and through chance alone many patients will have
both diagnoses. Besides, numerous conditions associated

with hyperinsulinaemia and type 2 diabetes, including phys-

ical inactivity, obesity and a high-saturated-fat diet, are inde-

pendent risk factors for cancer (reviewed in [4]). There is a

large overlap in causes and consequences of these condi-

tions, however, there is evidence from case–control and pro-

spective cohort studies that diabetes mellitus type 2 is an

independent risk factor for cancer development. Although

these studies have inherent methodological problems,

meta-analyses show consistent results. Table 1 shows the

pooled relative risks of case–control and prospective cohort

studies in various cancer types. Overestimation of the risk

due to insufficient correction for other risk factors is a dan-

ger, as well as publication bias for positive studies, although

the funnel plots did not indicate this. Underestimation of the

risk is another danger since the control groups may have in-

cluded undiagnosed diabetics and a proportion of study

groups included type 1 diabetics, the majority of which are

insulin sensitive and not thought to have an increased can-

cer risk.6 Most studies are corrected for these factors to some

extent and in general these studies indicate a relatively con-

sistent association between diabetes mellitus type 2 and in-

creased cancer risk.

4. Diabetes mellitus type 2 and cancer
outcome

The prevalence of diabetes mellitus type 2 in newly diagnosed

cancer patients is estimated to be 8–18%.7 Epidemiological

studies have shown that diabetic patients with cancer may

have worse outcomes than their non-diabetic counterparts.

A meta-analysis of these studies reported a pooled hazard ra-

tio for the risk of long-term, all-cause mortality of 1.41 [95%

confidence interval (CI) 1.28–1.55] in diabetic patients with

cancer as compared to non-diabetic patients with cancer.8

The evidence for increased cancer-site specific mortality risk

reached statistical significance for endometrial, breast and

colorectal cancer. There are, however, numerous problems

interpreting the results of the heterogeneous studies included

in this meta-analysis. Clinical treatment decisions in these

patients may be influenced by co-morbid conditions, such

as ischaemic heart disease, leading to less aggressive treat-

ment regimen. Diabetic patients are generally less health con-

scious than non-diabetic patients resulting in presentation

with later stage disease and, in addition, their higher inherent

risk of cardiovascular mortality may be amplified due to re-

duced physician and patient motivation for cardiovascular

risk management during and after cancer treatment. More ro-

bust evidence is available from a retrospective analysis of the

clinical trial data. Lower pathological complete response

(pCR) rates were reported in diabetic patients as compared

to non-diabetic patients receiving equivalent neoadjuvant

chemotherapy for breast cancer, indicating that these pa-

tients may be less susceptible to chemotherapy.9 Unfortu-

nately, due to the retrospective character of the study, no

data were available on insulin levels, degree of insulin resis-

tance or glycosylated haemoglobin levels as a measure of dia-

betic control. Therefore, although this result indicates that

increased insulin levels or insulin resistance may influence



Table 1 – Meta-analyses: diabetes as a risk factor for cancer.

Author Tumour type Case–control studies Prospective cohort studies

# RR (95% CI) # RR (95% CI)

Larsson et al.78 Bladder 7 1.4 (1.0–1.8) 3 1.4 (1.2–1.7)
Larsson et al.79 Breast 5 1.2 (1.1–1.3) 15 1.2 (1.1–1.3)
Wolf et al80 Breast 4 1.1 (1.0–1.3) 6 1.3 (1.2–1.3)
Larsson et al.81 Colorectal 6 1.4 (1.2–1.5) 9 1.3 (1.2–1.4)
Friberg et al.82 Endometrium 13 2.2 (1.8–2.7) 3 1.6 (1.2–2.2)
El-Serag et a83 HCC 13 2.5 (1.9–3.2) 12 2.5 (1.9–3.2)
Chao et al.84 NHL 10 1.2 (1.0–1.4) 3 1.8 (1.3–2.5)
Mitri et al.85 NHL 11 1.1 (0.9–1.3) 5 1.4 (1.1–1.9)
Everhart et al.86 Pancreatic 11 1.8 (1.1–2.7) 9 2.6 (1.6–4.1)
Huxley et al.87 Pancreatic 17 1.9 (1.5–2.5) 19 1.7 (1.6–1.9)
Bonovas et al.88 Prostate 5 0.9 (0.7–1.2) 9 0.9 (0.9–1.0)
Kasper et al.89 Prostate 7 0.9 (0.7–1.1) 12 0.8 (0.7–0.9)

RR: pooled relative risk. CI: confidence interval. HCC: hepatocellular carcinoma. NHL: non-Hodgkin’s lymphoma. #Number of studies.
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efficacy of anti-cancer agents, it requires confirmation in

more robust prospective studies.

5. Diabetes and cancer: mechanisms

The pathophysiological mechanisms responsible for the

development of diabetes mellitus type 2, insulin resistance,

hyperglycaemia and the resulting hyperinsulinaemia are all

associated with cancer risk.5 Although insulin responsive tis-

sues, such as skeletal muscle, become insulin resistant, the

epithelial cells remain relatively insulin sensitive and in-

creased insulin-mediated signalling can lead to enhanced

proliferation, as has been demonstrated in both cell line mod-

els and rodent studies.10 Furthermore, there is evidence from

animal models that hyperinsulinaemia in the setting of

insulin resistance as well as exogenous insulin injections in-

creases susceptibility to chemically induced carcinogene-

sis.11,12 In addition, the use of exogenous insulin and

possibly insulin secretalogues, such as sulfonylurea drugs,

in the treatment of patients with diabetes mellitus type 2

has been associated with an increased risk of cancer and

cancer recurrence.13 Insulin resistance and the subsequent

hyperinsulinaemia may also explain the increased cancer risk

in other conditions such as obesity, high fat diets and the

metabolic syndrome. Life-style interventions, such as weight

loss and exercise, reduce insulin resistance in diabetic

patients and also lower long-term mortality in cancer

patients.14 Insulin and hyperinsulinaemia can promote tumo-

urigenesis directly through the insulin receptor in epithelial

tissues or indirectly by affecting the levels of other modula-

tors, such as insulin-like growth factors (IGFs), sex hormones,

inflammatory processes and adipokines (Fig. 1).

5.1. Insulin receptor signalling

In humans, insulin receptors are widely expressed both in

normal tissues and in primary cancers.15 In contrast to nor-

mal tissues which commonly express the insulin receptor B

isoform, cancer cells preferentially express the insulin recep-

tor A isoform which may differ from the B isoform in its affin-

ity for the various ligands.10 In addition, cancer cells appear to
have lost their ability to down-regulate insulin receptors in re-

sponse to hyperinsulinaemia potentially explaining the influ-

ence of insulin levels on cancer prognosis.16 Insulin binds to

preassembled receptor heterodimers and initiates signalling

through adaptor proteins, the insulin receptor substrates

(IRS1-4), activating the phosphoinositide 3-kinase (PI3K) and

mitogen-activated protein-kinase (MAPK) signalling path-

ways and resulting in a cascade of proliferative and anti-

apoptotic events.17 The PI3K pathway mediates the glucose

regulatory effects of insulin but is inhibited in insulin resis-

tance and, therefore, hyperinsulinaemia, leading to increased

signal transduction, is required to restore normal PI3K

pathway activity. Since signalling via the MAPK pathway is

preserved despite insulin resistance, this results in hyperacti-

vation of this pathway and enhanced cellular proliferation in

the setting of hyperinsulinaemia.5

5.2. Insulin-like growth factor signalling

The insulin and IGF-1 receptors (IGF-1Rs) are highly homolo-

gous and both insulin and IGFs can bind to and activate the

IGF-1R which is frequently overexpressed in cancer cells.18

Functional insulin receptor-IGF-1R heterodimers also occur.

Epidemiological evidence supports a role for elevated circulat-

ing IGF-1 levels in the development of a variety of cancers,

including colorectal, prostate and breast cancers.19 Hyperin-

sulinaemia can result in high IGF-1 levels through various

mechanisms. Insulin can upregulate IGF-I by displacing it

from common binding proteins and can stimulate IGF-1 re-

lease by the upregulation of hepatic growth hormone signal-

ling during hyperinsulinaemia.20 A similar mechanism can

lead to increased IGF-II levels.21 In addition, hyperinsulina-

emia suppresses the levels of IGF-binding proteins leading to

increased availability of bioactive IGF-1.22 High IGF-1 levels

promote cancer cell growth, both in vitro and in vivo, by signal-

ling through the IGF-1R.23 This leads to PI3K and MAPK path-

way activation and mitogenic effects that appear stronger

than for insulin receptor-mediated signalling.24 Little is cur-

rently known regarding the roles of IGF-II, the different insulin

receptor isoforms and insulin receptor/IGF-1R heterodimers in

carcinogenesis in patients with diabetes mellitus type 2.



Fig. 1 – Mechanisms resulting in tumour growth in patients with diabetes mellitus type 2. IR: insulin receptor. IGF-I: insulin-

like growth factor-I. IGF-1R: insulin-like growth factor receptor 1. ER: oestrogen receptor. SHBG: sex-hormone-binding

globulin. IGFBP: IGF-binding protein. A combination of genetic predisposition, inflammation and obesity can cause insulin

resistance. This leads to increased glucose levels causing increased insulin production by the pancreas until eventually the

pancreatic b-cells become exhausted. Increased insulin levels lead to increased binding to IGFBPs, displacing IGFs from these

binding proteins and resulting in increased free IGF-I levels. Insulin resistance also inhibits IGFBP and increases IGF-1

production in the liver both contributing to increase in free IGF-I levels. High insulin levels increase oestrogen production in

the ovary, adipose tissue increases the conversion of androgens to oestrogens and insulin resistance inhibits the production

of sex-hormone-binding globulin all leading to increased levels of free oestrogens. High levels of insulin, IGF-1 and oestrogen

can all stimulate growth pathways in epithelial cells through their respective receptors promoting carcinogenesis or cancer

progression.
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5.3. Sex hormones

The existence of a relationship between insulin resistance

and sex hormone levels is illustrated in polycystic ovary syn-

drome, the most common cause of anovulatory infertility,

characterised by anovulation, hyperandrogaenemia and insu-

lin resistance. Insulin resistance and hyperinsulinaemia sup-

press the production of sex hormone-binding globulin by the

liver.25 This can lead to increased availability of free sex hor-

mones favouring the development of sex hormone-depen-

dent cancers such as breast cancer.26 Increased conversion

of androgens to oestrogens in adipose tissue can also increase

free oestrogen levels adding to this effect. Negative feedback

through the hypothalamus and pituitary gland, which should

correct these increased levels, appears to be disrupted in dia-

betic patients as evidenced by increased levels of luteinising
hormone and follicle stimulating hormone.27 Interestingly,

low levels of sex hormone-binding globulins and high levels

of oestradiol also predict the development of diabetes melli-

tus type 2, possibly through their association with early insu-

lin resistance.28

5.4. Inflammation and adipokines

Inflammation provokes insulin resistance and pancreatic b-

cell dysfunction.29 Insulin and hyperglycaemia mediate the

inflammatory response and inflammatory markers including

C-reactive protein and tissue plasminogen activator are inde-

pendent predictors of the development of type 2 diabetes.30 In

adiposity, non-esterified fatty acids compete with glucose as a

metabolic fuel, inducing insulin resistance, increasing fatty

acid oxidation and resulting in reactive oxygen species
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(ROS) production. Macrophages in adipose tissue can release

cytokines and other signalling proteins (known as adipo-

kines), including leptin, adiponectin, tumour necrosis factor-

a and interleukin-6.31 The majority of these inflammatory

mediators are known to increase insulin resistance leading

to increases in insulin levels which contribute to an enhanced

inflammatory response.29 Chronic, sub-clinical inflammation

is believed to be a key factor in tumourigenesis and cancer

progression.32

6. Metformin in diabetes: clinical use

Metformin, a biguanide derivative, is a widely prescribed oral

drug used as first-line therapy for diabetes mellitus type 2.

The primary actions of metformin are inhibition of hepatic

glucose production and reduction of insulin resistance in

peripheral tissue leading to enhanced glucose uptake and

utilisation in skeletal muscle. This reduces the levels of circu-

lating glucose and decreases the plasma insulin levels

improving long-term glycaemic control and reducing the inci-

dence of diabetes-related complications. Metformin is an

inexpensive and safe drug, with minor gastrointestinal upset

being the most common toxicity. The most serious toxicity is
Fig. 2 – Effects of metformin in normal tissues in patients with

activated protein kinase. Metformin activates LKB1 which in tu

tissues. The net result of these effects is down-regulation of pro

that generate energy resulting in reductions in serum glucose a
lactic acidosis, occurring in 3/100,000 patients years of use,

the risk of which is significantly reduced if metformin is

avoided in patients with hepatic, cardiac or renal compromise

and in patients older than 80 years.

7. Metformin in diabetes: mechanisms of
action

The principal mediator of the glucose- and insulin-lowering

effects of metformin is AMPK activation, through activation

of the upstream kinase liver-kinase B1 (LKB1), resulting in

the inhibition of gluconeogenesis.33 AMPK is a central cellular

energy sensor which responds to increases in the adenosine

monophosphate/adenosine triphosphate ratio.34 Physiologi-

cal conditions of nutrient deprivation activate AMPK leading

to inhibition of energy-consuming processes and stimulation

of processes that generate energy, resulting in restoration of

the adenosine triphosphate supply (Fig. 2).3 One of the major

growth regulatory pathways controlled by AMPK is the mam-

malian target of rapamycin (mTOR) pathway and its down-

stream substrates, such as the ribosomal S6 kinase (S6K1).35

This pathway regulates protein translation of cell growth reg-

ulators such as cyclin D1, hypoxia inducible factor 1a (HIF1a)
diabetes mellitus type 2. LBK1: liver kinase B1. AMPK: AMP-

rn activates AMPK leading to differential effects in various

cesses that consume energy and up-regulation of processes

nd insulin levels.
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and MYC which control processes such as cell cycle progres-

sion, cell growth and angiogenesis.36 In patients with diabetes

mellitus type 2 activation of AMPK by metformin results in

partial reversal of metabolic disturbances such as hyperglyca-

emia and insulin resistance.

8. Metformin as an anti-cancer agent:
potential mechanisms of action

The elucidation of the role of AMPK in metabolism in combi-

nation with increasing evidence linking the metabolic abnor-

malities associated with diabetes mellitus type 2 to cancer

has generated profound interest in metformin as an anti-can-

cer agent. The beneficial effects expected from the reversal of

hyperglycaemia, insulin resistance and hyperinsulinaemia
Fig. 3 – Anti-cancer effects of metformin. IGF-I: insulin-like grow

receptor. VEGF: vascular endothelial growth factor. AMPK: AMP

receptor 2. PI3K: phosphinositide 3-kinase. TSC2: tuberous scle

Metformin activates AMPK in liver, muscle, adipose tissue and p

in turn, leads to reduced growth pathway signalling through th

independent mechanisms, metformin can lead to several other

signalling through phosphorylation and stabilisation of TSC2. S

and also inhibit HER-2 protein kinase activation resulting in red

metformin can decrease levels of VEGF resulting in inhibition o

through p53-dependent or -independent mechanisms. Lastly, m

through reduced cyclin D1 expression.
and their mitogenic effects have indeed been demonstrated

in in vitro and in vivo models of cancer. Reported mechanisms

of action for metformin include reduced insulin-like growth

factor, insulin and HER2-mediated signalling, inhibition of

mTOR signalling, inhibition of angiogenesis and induction

of cell cycle arrest and apoptosis (Fig. 3).

8.1. Cell growth inhibition

Metformin inhibits the growth of various types of cancer cells

both in vitro and in vivo.37 This inhibition is both dose- and

time dependent and can potentiate the effect of chemother-

apy.38,39 Growth inhibition is (partially) abolished in the pres-

ence of small interfering RNAs against AMPK or AMPK

inhibitors demonstrating the pivotal role of AMPK.40 LKB1
th factor 1. IGF-1R: insulin-like growth factor 1. IR: insulin

activated protein kinase. HER2: epithelial growth factor

rosis complex 2. mTOR: mammalian target of rapamycin.

ancreas resulting in reduced levels of insulin and IGF-I. This,

eir respective receptors. Through AMPK-dependent or -

anti-tumour effects. Firstly, metformin can inhibit mTOR

econdly, metformin can suppress HER-2 protein expression

uced signalling through downstream pathways. Thirdly,

f angiogenesis. Fourthly, metformin can induce apoptosis

etformin can block cell cycle arrest at least partially mediated
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expression is essential for the activation of AMPK by metfor-

min. Metformin does not inhibit cell growth in LBK1 null cells

confirming the requirement of functional LBK1 for metformin

induced AMPK activation.40

8.2. Insulin-like growth factor signalling

Metformin reverses hyperinsulinaemia through its effects on

glucose homeostasis, both in diabetes mellitus type 2 patients

and in non-diabetic hyperinsulinaemic patients, and may

have anti-proliferative effects via this mechanism.41 Besides

lowering insulin levels, metformin can indirectly lower IGF-I

levels through effects on levels of insulin and insulin-binding

proteins (Fig. 3).10 Furthermore, metformin can decrease IGF-

mediated signalling by inhibiting tyrosine kinase phosphoyla-

tion of the adaptor protein IRS-1 and interrupt crosstalk

between insulin/IGF-1 receptors and G protein-coupled recep-

tor signalling systems.42,43

8.3. mTOR pathway inhibition

The majority of the growth inhibitory effects of metformin are

mediated through the inhibition of mTOR signalling (Fig. 3).40

Activation of AMPK by metformin results in phosphorylation

and stabilisation of tuberous sclerosis complex, which inte-

grates regulatory inputs and transmits them to mTOR. These

regulatory inputs include oxygen-dependent signals and

growth factor-dependent signalling pathways such as the

PI3K and the MAPK signalling pathways.44 mTOR phosphory-

lates down-stream mediators leading to the regulation of cell

cycle progression, cell growth and angiogenesis. mTOR sig-

nalling is increased in most common human cancers and

activation of mTOR-dependent protein translation correlates

with malignant progression, adverse prognosis and resistance

to both chemotherapy and targeted therapy such as trast-

uzumab.45 Clinical trials using rapamycin analogues, such

as temsirolimus and everolimus, currently registered for the

treatment of advanced renal cell cancer, have validated the

importance of mTOR inhibition as an anti-cancer treatment

strategy. However, the anti-tumour activity as a single agent

in renal cell cancer is modest. Interestingly, preclinical stud-

ies indicate that metformin inhibits cell survival to a greater

extent than the mTOR inhibitor rapamycin.46

8.4. HER-2 expression and signalling

HER2 is overexpressed in approximately 20% of breast cancers

and is a major driver of proliferation in cancer cells. Effects of

metformin on HER-2 expression and signalling have been de-

scribed (Fig. 3). Metformin reduces HER-2 protein expression

in human breast cancer cells through inhibition of mTOR.47

Interestingly, at lower concentrations, metformin blocks

HER-2 kinase activity. Metformin can prevent resistance to

HER-2-based therapies by inhibiting the upregulation of survi-

vin.48 In a similar way, mTOR inhibitors can overcome trast-

uzumab resistance. Interestingly, AMPK activation allows

cardiac cells to survive the cardiotoxic effects of anti-HER-2

therapy.49 These mechanisms indicate that combinational

therapy with HER-2-targeted agents and metformin could

have synergistic effects.
8.5. Angiogenesis and inflammation

Inhibition of angiogenesis is another proposed mechanism of

metformin’s effect (Fig. 3). Metformin attenuates angiogenic

stimuli in the serum of polycystic ovarian syndrome patients

with insulin resistance and decreases levels of vascular endo-

thelial growth factor (VEGF) in obese diabetic patients.50 In

addition, in vitro studies have shown inhibition of angiogene-

sis and inflammation by metformin through inhibition of

mediators such as HIF-1a, tumour necrosis factor alpha, plas-

minogen activator inhibitor-1 antigen and von Willebrand

factor, possibly through inhibition of mTOR signalling.51 Sur-

prisingly, metformin induced an angiogenic phenotype in

MB-435 breast cancer cells leading to enhanced tumour pro-

gression in a nude mouse model.52 This report has been crit-

icised because of the unusual properties of the cell line used

and the fact that the dose of metformin used was 40–50 times

higher than the recommended human dose.53 Therefore,

although metformin is expected to inhibit angiogenesis, fur-

ther studies are required to exclude significant pro-angio-

genic effects.

8.6. Apoptosis and p53

P53 is a tumour suppressor gene involved in DNA-damage re-

pair and cell cycle regulation. Interestingly, in adipose tissue,

p53 is involved in the development of insulin resistance

through induction of senescence.54 AMPK can phosphorylate

and activate the tumour suppressor p53 leading to the inhibi-

tion of cell division and induction of apoptosis in cells that

encounter low nutrient conditions.55 This mechanism can

lead to apoptosis in p53 proficient cells and induce re-expres-

sion of functional p53 in cells with low levels of wild-type

p53.56 Interestingly, activation of AMPK by metformin also

enhances apoptosis induction in p53-deficient colon cancer

cell lines, possibly due to a metabolic conversion that p53-

deficient cells are unable to execute, making metformin selec-

tively toxic to these cells.57 Apoptosis induction by metformin

is an interesting mechanism although the conditions under

which it occurs need to be determined since not all studies

describe apoptosis induction by metformin. p53 expression

in adipose tissue is involved in the development of insulin

resistance and therefore metformin-induced p53 expression

may be expected to increase insulin resistance. Non-apopto-

tic effects of metformin on p53-induced insulin resistance

have, however, not been described and if present are likely

to be masked by larger reductions in insulin resistance due

to improved signalling through the insulin receptor.

8.7. Cell cycle arrest

Induction of cell cycle arrest is another potential mechanism

of metformin’s anti-cancer effect (Fig. 3). In cancer cell lines,

metformin treatment resulted in the dose-dependent inhibi-

tion of proliferation through a decrease in cyclin D1 protein

expression.38 Genome wide analyses have also demonstrated

that metformin suppresses numerous mitosis-related gene

families including tubulins, histones and aurora kinases.58

Further studies are needed to determine the importance of

this mechanism in a variety of human tumours since metfor-
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min-induced cell cycle arrest requires the presence of cyclin

dependent kinase inhibitors which are lost or down-regulated

in many cancers.

8.8. Vitamin B12 deficiency

Long-term use of metformin has been shown to cause vita-

min B12 malabsorption.59 It has been suggested that this

may augment the anti-tumour effect of metformin, since a

deficiency of metabolically active vitamin B12 can increase

tissue toxicity of adjuvant chemotherapy.60 This potential

mechanism deserves further attention in the clinical situa-

tion, especially since vitamin B12 deficiency can also have

detrimental effects including neuropathy and anaemia.

9. Metformin in cancer: preclinical studies

Studies in rodent models confirmed that metformin induces

AMPK activation, can inhibit tumour growth and prevent or

delay tumour development. Metformin significantly reduced

the stimulatory effect of a high energy diet on the growth of

lung cancer xenografts in mice as compared to placebo.61 In

carcinogen-induced rodent models of colon and mammary

cancer metformin delayed tumour growth.62 Interestingly,

metformin also increased the lifespan of mice carrying the

HER-2 oncogene by decreasing the size and incidence of spon-

taneous mammary tumours.63 These, limited, preclinical

studies support the further development of metformin as an

anti-cancer treatment but further studies are essential to clar-

ify the most promising settings, identify potentially synergis-

tic effects with other anti-tumour agents and predict adverse

effects.

10. Metformin in cancer: population studies

Three population-based studies have suggested that metfor-

min decreases the incidence of cancer and cancer-related

mortality in diabetic patients.13,64,65 Evans et al. showed that

the risk of cancer was reduced in patients with diabetes mel-

litus type 2 receiving metformin (odds ratio 0.85 for any met-

formin exposure versus no metformin exposure).64 In the

same population, new metformin users were at a lower risk

of cancer than the matched controls (adjusted hazard ratio

0.53–0.75).66 Landman et al. showed that metformin use was

associated with lower cancer mortality compared to no met-

formin use (hazard ratio 0.23–0.80) and that the effect was

dose dependent.65 Bowker et al. showed that cancer-related

mortality was lower in patients with diabetes receiving met-

formin compared to patients receiving sulfonylureas or insu-

lin (hazard ratio 0.55–0.77).13 Unfortunately, there was no

untreated control group so it is not possible to determine

whether metformin reduced cancer risk or insulin (secreta-

logues) increased cancer risk. Recent meta-analyses, how-

ever, do not indicate a carcinogenic effect of insulin

(secretalogues) suggesting a protective effect of metformin.67

Although many confounding factors complicate the interpre-

tation of these studies, including the severity of the diabetes

and other reasons determining metformin use, they suggest

an anti-cancer effect.
11. Metformin in cancer: retrospective clinical
study

Jiralersprong et al. studied chemotherapy response rates in a

group of 2592 patients treated with neoadjuvant chemother-

apy for early stage or locally advanced breast cancer. They

found that in 157 diabetic patients, metformin use was an

independent predictor of pathological complete response

(pCR) with 24% of metformin users achieving pCR compared

to 8% in diabetic patients not using metformin.9 Insulin use

decreased the pCR rate in diabetic patients not using metfor-

min, while there was no influence of insulin in metformin

users. This suggests that metformin reverses the negative ef-

fects of insulin use on the pCR rate in diabetic patients using

insulin, while increasing the pCR rate in diabetic patients not

using insulin.9 Unfortunately, in this study, no information is

available on glycosylated haemoglobin levels or other param-

eters of diabetic control and it is possible that improved dia-

betic control due to metformin rather than metformin itself

increased the pCR rate. Although metformin treatment did

not influence overall survival in this small retrospective

study, pCR is a recognised surrogate end-point for survival

in neo-adjuvant studies and these impressive results have

lead to a huge interest in metformin as an anti-cancer agent.

12. Metformin in cancer: planned trials and
trial design

The data described in the previous sections strongly support

the clinical development of metformin as an anti-cancer

agent. There are currently numerous ongoing prospective

clinical studies investigating the safety and/or efficacy of met-

formin in patients with cancer as described in Table 2. Only

two of these trials include determination of the maximum

tolerated dose as an end-point. Although there is an extensive

clinical experience with metformin in patients with insulin

resistance, care is required when giving this drug to insulin-

sensitive patients and attention to the safety profile of met-

formin in these patients will be essential in early trials. The

retrospective data in neo-adjuvant breast cancer therapy indi-

cate that metformin may potentiate traditional chemothera-

peutic agents. In vitro studies indicate that the anti-tumour

effect of metformin is at least as strong as for mTOR inhibi-

tors. Combinational therapy with other drugs inhibiting the

mTOR pathway is especially interesting since metformin

can also counteract the increased glucose levels resulting

from mTOR inhibition. Combination with HER2 inhibitors

also has good potential based on in vitro data showing that

metformin can overcome transtuzumab resistance and

may protect cardiac cells from HER2-inhibition-related

cardiotoxicity.

The development of predictive serum and tissue biomark-

ers of metformin effect is essential for the clinical develop-

ment of metformin as an anti-cancer agent. Candidates

based on preclinical data include p53 status and markers of

mTOR activation such as S6K phosphorylation. It will also

be important to determine whether some degree of insulin

resistance is required for the anti-tumour effects of metfor-

min and the role played by altered IGF signalling. Other



Table 2 – Registered and announced prospective trials of metformin in cancer.

Reference Tumour type Design Setting Concomitant treatment Primary outcome

NCT00659568 Solid tumours Phase 1b Advanced Temsirolimus MTD
NCT01087983 Solid tumours Phase 1 Advanced Lapatinib MTD
NCT00984490 Breast Phase I Neoadjuvant Proliferation apoptosis
NCT00930579 Breast Phase I Neoadjuvant AMPK mTOR
NCT00897884 Breast Phase II Neoadjuvant Proliferation
NCT00881725 Prostate Phase II Neoadjuvant pAKT
Martin-Castillo et al.90 Breast, HER-2+ Phase II Neoadjuvant Unknown
NCT00909506 Breast Phase IIa Adjuvant Tamoxifen Weight loss
Muti et al.91 Breast Phase IIa Prevention Breast cancer
Cazzaniga et al.92 Breast Phase IIa Neoadjuvant Proliferation
NCT01101438 Breast Phase III Adjuvant Standard Survival

MTD: maximum tolerated dose; pAKT: phosphorylated AKT; AMPK: adenosine monophosphate kinase; mTOR: mammalian target of

rapamycin.
a Placebo controlled.
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potentially predictive factors include OCT1 polymorphisms

and LKB1 mutation status. The cell surface transporter cation

1 (OCT1) is essential for efficient metformin uptake in hepato-

cytes and polymorphisms underlie metformin resistance in

patients with diabetes mellitus type 2.68 OCT1 expression

has been demonstrated in cancer cell lines and some human

cancers but it is currently unclear whether OCT1 is widely ex-

pressed in human cancers.69 Expression of the tumour sup-

pressor gene LKB1 is essential for AMPK activation by

metformin, and in polycystic ovarian syndrome patients

LKB1 polymorphisms are found in metformin non-respond-

ers.70 Somatic mutations in LKB1 are observed in up to 30%

of sporadic tumours, including pulmonary and colorectal tu-

mours.71 Exploration of the anti-cancer effects of AMPK acti-

vators, such as the AMPK-binding small molecule A769662,

which do not require functional LKB1, is another promising

strategy. A769662 is a more potent activator of AMPK than

metformin and consequently suppressed the mTOR pathway

in a greater range of tissues and delayed tumour onset in

PTEN-deficient mice more efficiently than metformin.72

The value of (metabolic) tumour imaging is another rele-

vant and interesting question. Through AMPK, metformin

treatment mediates changes in the tumour metabolism and

therefore positron emission tomography (PET) combined with

fluorine-18-labelled-fluoro-deoxy-glucose ([18F]FDG) imaging

may be used to determine tumour response to metformin.

FDG-PET imaging studies do not describe changed normal tis-

sue uptake of glucose in patients treated with metformin,

although increased hepatic glucose uptake and colonic up-

take have been demonstrated.73–76 Preclinical studies are re-

quired to determine whether FDG-PET imaging will be

suitable for measuring tumour response to metformin. An

alternative may be the use of stably labelled glucose which

can be used to obtain detailed information on glucose kinetics

without exposing the patient to ionising radiation.77

13. Conclusion

In conclusion, there is a large and rapidly expanding body of

evidence from in vitro and in vivo models of carcinogenesis

supporting the potential efficacy of metformin as an anti-

cancer agent and this is supported by population-based stud-
ies and retrospective analyses of clinical studies. It is impor-

tant that, despite the previous clinical experience with

metformin, early clinical trials are well designed, incorporat-

ing both safety end-points and translational research to

identify appropriate biomarkers. The complex interactions

between tumour metabolism and growth are rapidly being

elucidated and metformin may prove to be a non-toxic, inex-

pensive drug which can modulate these tumour stimulatory

pathways.
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