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ABSTRACT

Metformin is considered, in conjunction with lifestyle modification, as a first-line treatment 
modality for type 2 diabetes mellitus (DM). Recently, several clinical studies have reported 
reduced incidence of neoplastic diseases in DM type 2 patients treated with metformin, as com-
pared to diet or other antidiabetic agents. Moreover, in vitro studies have disclosed significant 
antiproliferative and proapoptotic effects of metformin on different types of cancer. Metformin 
acts by activating AMP-activated protein kinase (AMPK), a key player in the regulation of 
energy homeostasis. Moreover, by activating AMPK, metformin inhibits the mammalian 
target of rapamycin complex 1 (mTORC1) resulting in decreased cancer cell proliferation. 
Concomitantly, metformin induces activation of LKB1 (serine/threonine kinase 11), a tumor 
suppressor gene, which is required for the phosphorylation and activation of AMPK. These 
new encouraging experimental data supporting the anti-cancer effects of metformin urgently 
require further clinical studies in order to establish its use as a synergistic therapy targeting 
the AMPK/mTOR signaling pathway.
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INTRODUCTION

According to the Consensus Statement of the 
American Diabetes Association and the European 
Association for the Study of Diabetes, metformin is, 
together with lifestyle adjustments, a first-line treat-
ment for type 2 diabetes mellitus (DM).1 Moreover, 
type 2 DM and insulin resistance are associated with 

an increased risk for development of cancer, with 
breast, colorectal, prostate and pancreas cancers 
being reported most frequently.2-6 Recently, a large 
number of observational studies have been published 
reporting a reduced incidence of neoplastic disease 
in diabetic patients treated with metformin.7-9

The aim of this comunication is to review the 
data relating metformin with cancer and the possible 
mechanisms involved. The prospects for metformin 
as an alternative treatment modality in various forms 
of cancer as well as its potential role in preventive 
oncology are also outlined.
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PERTINENT EPIDEMIOLOGIC DATA RELATING 
METFORMIN TO CANCER THERAPY

Evans et al7 in 2005 reported that, of 11,876 patients 
with newly diagnosed type 2 DM, 923 were admitted 
to hospital with malignant cancer occurring during the 
observation period (1993-2001). Metformin therapy 
was associated with a reduced risk for cancer in this 
group of patients (odds ratio for any exposure to 
metformin was 0.79). At the same time, a greater 
protective effect was observed with increasing dura-
tion of exposure to metformin as well as with total 
number of prescriptions dispensed.

Shortly thereafter (2006), Bowker et al8 reported 
that in a cohort of 10,309 people diagnosed with type 
2 DM and followed for about 5 years, those who 
were exposed to sulfonylureas or exogenous insulin 
were significantly more likely to die of cancer-related 
causes than subjects exposed to metformin. The cancer 
mortality rate in the metformin group was about two 
thirds of that in the sulfonylurea group. Moreover, 
the risk of cancer-related mortality was even greater 
for insulin exposure (90% relative increase) than for 
sulfonylurea exposure (30% relative increase).

In a recent report (2009) by Libby et al,9 metformin 
treatment was associated with a reduced risk for 
cancer. In their study, approximately 4000 diabetic 
patients treated with metformin and 4000 patients 
treated with other therapy (comparators) were ana-
lyzed. Cancer was diagnosed in 7.3% of the metformin 
users compared with 11.6% of comparators. Median 
time to cancer diagnosis was 3.5 years for metformin 
users compared to 2.6 years for comparators. Also, 
metformin users were at much lower risk for overall 
mortality and cancer-related mortality than their 
comparators. Specifically, 3.0% of metformin users 
died of cancer compared with 6.1% of comparators. 
It was earlier suggested that the sulfonylureas (and 
insulin) increase circulating insulin levels and hy-
perinsulinaemia may promote carcinogenesis.10 An 
additional issue, which, however, is not the focus of 
this review, are recent reports indicating that therapy 
with insulin analogues is associated with an increased 
risk for cancer.11

Approximately 20% of women of reproductive age 
have polycystic ovaries on ultrasound scan, while up 
to 10% have symptoms consistent with the diagnosis 

of polycystic ovary syndrome (PCOS).12 Because 
insulin resistance and consequent hyperinsulinemia 
are important etiological factors for the development 
of PCOS, metformin has been recommended as first 
choice treatment in the management of reproductive 
disorders caused by PCOS.13 Obesity, hyperandrogen-
ism, infertility, hyperinsulinemia and elevated levels of 
growth factors, which occur frequently in PCOS, are 
also factors known to be associated with development 
of breast cancer. However, studies examining the 
relationship between PCOS and breast cancer have 
not always identified a significantly increased risk.14-16 
In the first of these studies, a relative risk of 1.5 was 
calculated for breast cancer in a group of women with 
chronic anovulation, this however not being statisti-
cally significant.14 In one large prospective study in 
a cohort of more than 30,000 women, benign breast 
disease was reported 1.8 times more frequently in 
women with PCOS compared to controls, though no 
increased likelihood for breast cancer development 
was found.15 More recently, in a series of 786 women 
with PCOS in the UK, calculated standardized mor-
tality rates (SMR) have shown increased SMR for 
breast cancer in PCOS patients compared to controls, 
with breast cancer being in fact the leading cause of 
death in this cohort.16

While an association between PCOS and breast 
carcinoma is yet to be confirmed, the increased risk 
for endometrial carcinoma in women with PCOS is 
virtually certain.17 Moreover, although it was specu-
lated that women with PCOS might be at increased 
risk for development of ovarian carcinoma, the results 
of studies conducted to date are conflicting, most of 
them having a false study design.14,16

Bearing in mind that metformin’s role in the 
prevention of type 2 DM as well in the treatment of 
polycystic ovary syndrome has recently been estab-
lished,18,19 it would be of especial interest to determine 
whether metformin therapy applied in PCOS patients 
is associated with reduced risk of cancer in women 
as compared to other forms of therapy (PPR oral 
contraceptives, antiandrogens).

METFORMIN IN CANCER THERAPY: POSSIBLE 
MECHANISMS INVOLVED

Metformin and AMP-activated protein kinase

As mentioned previously, metformin is recom-
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mended as first-line therapy for type 2 DM and 
consequently represents the most frequently used 
drug in the treatment of this disease.1 Although the 
principal mechanism of metformin action is reduc-
tion of hepatic glucose production, improvement in 
����������	�
����
	����
	�
�	�����	��
���
�	����-
tion of lipolysis in adipocytes and intestinal glucose 
absorption have also been demonstrated.20 The mo-
lecular basis underlying these clinical effects have 
been evaluated in in vivo and in vitro studies and it 
has been shown that metformin (in clinically relevant 
concentrations) brought about suppression of the 
mitochondrial respiratory chain,21 increased insulin 
receptor tyrosine kinase activity,22 stimulation of 
translocation of GLUT 4 transporters to the plasma 
membrane23 and activation of AMPK.24 The latest 
reports indicate that metformin could be a potential 
agent for both prevention and treatment of neoplastic 
disease and the AMPK system was proposed as a key 
target point for metformin action.6,25-30

AMPK is an intracellular energy sensor that is 
activated by raising AMP and acts by switching on 
ATP-generating catabolic pathways while switching 
off ATP-requiring processes.31 It is in an inactive form 
unless it is phosphorylated by upstream kinases at a 
threonine residue (Thr-172), in response to cellular 
stresses that deplete cellular energy levels as well 
as increase AMP/ATP ratio (glucose deprivation, 
hypoxia, hyperosmotic stress, tissue ischemia, mus-
cle contraction/exercise).32 The ability of AMPK to 
directly sense cellular energy renders it capable of 
ensuring that cell division, which is a highly ener-
gy-consuming process, proceeds only if cells have 
enough metabolic resources to support this process.33 
Activated AMPK restores cellular energy levels by 
stimulation of catabolic processes such as glucose 
uptake and/or glycolysis and fatty acid oxidation.33 The 
antineoplastic activity of metformin via the AMPK 
system is initiated by the activation of AMPK under 
conditions of normal metabolic stress, i.e. exercise 
or contraction of skeletal muscle.34 Exercise triggers 
AMPK-related glucose uptake by the skeletal muscles 
in an insulin-independent manner, phosphorylates 
and inhibits glycogen synthase and increases fatty 
acid oxidation.35 Randomized clinical trials have 
revealed reduction in the incidence of recurrence of 
colon and breast cancer in patients who undertake 
long-term exercise.36 Since long-term exercise seems 

to increase AMPK levels, it may be hypothesized that 
a lessening of the recurrence of these cancers could, 
to some degree, be mediated by AMPK action in 
inhibiting cell growth.33

Tumor suppressor gene-LKB-1 is one of the es-
sential factors for activation of AMPK via exercise and 
administration of metformin.37-39 LKB-1 is an upstream 
kinase of the AMPK pathway and is responsible for 
phosporylation of Thr-172 and activation of AMPK. 
AMPK could not be activated by metformin analogues 
in mammalian cells that lacked LKB-1 expression.40,41 
In mice lacking expression of LKB-1, markedly re-
duced AMPK activity in the liver was observed as well 
as a lack of reduction in blood glucose by metformin.38 
In Peutz-Jeghers syndrome (PJS), characterized by 
multiple gastrointestinal polyps and increased risk 
of epithelial malignancies, including breast cancer, 
the LKB-1 gene is mutated.33 The mutation leads to 
activation of the Wnt signaling pathway, suggesting a 
Wnt-signaling role in the pathogenesis of gastrointes-
tinal neoplasms in PJS.42	���	�
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�
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cascade is an important signal transduction pathway 
in human cancers; overactivation of this pathway was 
demonstrated in several forms of tumors (gliomas, 
breast and colon cancer).43,44 Activation of the AMPK 
system by metformin inhibits growth of tumor cells 
through three different pathways in a tissue-dependent 
manner; inhibition of mammalian target of rapamycin 
(mTOR) and fatty acid synthesis (FAS), as well as 
stimulation of the p53/p21 axis30 (Figure 1).

mTOR is a serine-threonine protein kinase that 
belongs to the phosphoinositide 3-kinase (PI3K)-
related kinase (PIKK) family. It is integrated in two 

Figure 1. Metformin inhibition of tumor cell growth via AMPK.
AMPK: AMP-activated protein kinase, mTOR: mammalian 
target of rapamycin.
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multiprotein complexes, TORC1 and TORC2, and 
is regulated by extracellular (insulin and insulin-like 
growth factors) and intracellular (nutrients, amino 
acids, glucose) signals, essential for cell growth. These 
growth factors and nutrients enhance mTORC1 func-
tion, this being followed by increased phosphorylation 
of ribosomal S6 kinase (S6K), a regulator of protein 
translation, while the key role of mTORC2 is the 
phosphorylation of the Akt/PKB.30 mTORC1 consists 
of mTOR, raptor (regulatory associated protein of 
mTOR) and mLST8, while mTORC2 consists of 
mTOR, rictor (rapamycin insensitive companion of 
mTOR), Sin-1 and mLST8. mTORC1 is regulated 
by nutrients and the PI3K/Akt signaling pathway via 
phosphorylation of the TSC2 protein. In addition 
to growth factor signals, the TSC1-TSC2 complex 
regulates mTOR activity. Phosphorylation of TSC2 by 
PI3K/Akt leads to inhibition of TSC2 and subsequent 
mTORC1 activation. In the absence of growth pro-
moting stimuli, TSC2 binds to TSC1 to form a tumor 
suppressor complex, which exerts growth-inhibitory 
activity via suppression of mTOR.45,46

mTOR is up-regulated in many cancer cells as a 
result of genetic alterations or aberrant activation of 
the components of the PI3K/Akt pathway, leading to 
dysregulation of cell proliferation, growth, differen-
tiation and survival.30,45 Aberrant activation of this 
pathway in breast cancer cells is through stimulation 
of epidermal growth factor receptor (EGFR), the 
estrogen receptor (ER), insulin and IGF1 receptors 
leading to cell proliferation and cancer progression.47 
The clinical implications of mTOR activation are 
derived from the observation that invasive breast 
cancers overexpressive in mTOR have three times 
greater risk of recurrence and shorter disease-free 
survival.48 Experimental studies with metformin on 
epithelial cells demonstrated that metformin, through 
activation of the AMPK pathway, reduces cellular 
proliferation as a consequence of reduction of mTOR 
activation, S6K inactivation and general reduction of 
mRNA translation and protein synthesis. Activation 
of AMPK suppresses mTOR activation induced by 
growth factors and amino acids directly or indirectly 
via TSC2.28,49

Rapamycin and its analogues exhibit antineoplastic 
activity and are now used clinically in the treatment 
of renal cell carcinoma. The antiproliferative effect 

of rapamycin is a consequence of mTOR inhibition, 
but it is limited in magnitude due to simultaneous 
inhibition of the mTOR-dependent feedback loop, 
leading to increasing signaling through IRS-1 which 
results in increased AKT activation. Increased AKT 
activation stimulates cell survival pathways and inhibits 
apoptosis. Metformin also inhibits mTOR activation, 
but at the same time phosphorylates the Ser 789 
inhibitory site of IRS-1 through AMPK activation 
and thereby reduces AKT activation. These findings 
suggest a more potent antineoplastic effect (antipro-
liferative + induction of apoptosis) of metformin by 
comparison with rapamycin.50

A second model suggesting the possible anti-cancer 
effect of metformin through the AMPK pathway is 
inhibition of fatty acid synthesis.30 Fatty acid synthesis 
is increased in many cancer cells, particularly breast 
cancer, as a result of high expression of fatty acid 
synthase (FAS), a key enzyme for fatty acid synthesis.51 
High levels of FAS are associated with the malignant 
phenotype of breast and ovarian cancers, while in-
hibition of FAS suppresses cancer proliferation and 
induces cell death through apoptosis.30 Activation of 
AMPK via metformin leads to suppression of FAS 
gene expression and inactivation of acetyl-CoA car-
boxylase (ACC). This causes reduction in lipogenesis 
and synthesis of the ACC product malonyl-CoA result-
ing in increased fatty acid oxidation.52 This reduced 
expression of FAS and ACC results in suppression 
of prostate cancer cell proliferation.53

Finally, it has been suggested that AMPK activa-
tion promotes the survival of bioenergetically stressed 
stromal cells, in part through p53 activation. p53 is 
a tumor suppressor that is often mutated in cancer. 
In response to genotoxic stress, p53 induces a tran-
scriptional response that can result in cell cycle arrest 
or apoptosis. At the same time, p53 demonstrated a 
prosurvival role in cells metabolically impaired by 
glucose deprivation. AMPK-dependent activation 
of p53 enables cells to arrest their proliferation until 
glucose is restored by redirection of metabolism to 
�
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extracellular glucose.54 In addition, p53, which plays 
an essential role in autophagy, the process that allows 
the cells to survive during deprivation of extracellular 
nutrients, can also be activated by metformin via the 
AMPK pathway.27,55
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MECHANISMS INVOLVED IN SPECIFIC 
TUMORS

Gliomas

Gliomas are extremely aggressive neuroectodermal 
tumors and represent the most common primary ma-
lignancy in the human central nervous system. They 
are incurable in most cases and their resistance to 
apoptosis is suspected to contribute to chemotherapy 
and radiation resistance. Cell motility apparently 
contributes to the invasive phenotype of malignant 
gliomas, while interference with cell motility results 
in increased susceptibility of glioma to apoptosis. It 
was recently shown that metformin can inhibit in vitro 
migration of malignant glioma cells. Simultaneously, 
it was demonstrated that glioma cells express both 
����!"	�
�	����!#	�
�	����	����$��������	�-
tivation of AMPK reduced glioma cell growth.56,57 We 
have demonstrated that metformin exerts a dual cell 
density-dependent anticancer action manifested either 
as a cell cycle arrest or caspase-dependent apoptotic 
death in low-density or high-density glioma cells.26 
In low-density glioma cells, metformin inhibited the 
increase in glioma cell number in a dose-dependent 
manner and the highest concentration of the drug 
(8mM) completely blocked the proliferation of glioma 
cells. The proportion of cells in the G0/G1 cell cycle 
phase was significantly increased in metformin-treated 
glioma cultures, this suggesting that the antiglioma 
effect of metformin was mainly a consequence of 
cell cycle arrest. This antiproliferative effect was 
reversible: after withdrawal of the drug, glioma cells 
regained their proliferative capacity. Simultaneously, 
in confluent glioma cells after 48 hours of incubation 
with metformin, the initial number of the glioma 
cells was reduced to <30% of control values. In this 
group of glioma cells, metformin induced activation 
of the AMPK pathway via downstream activation 
of the MAPK family member JNK. This activation 
leads to mitochondrial membrane depolarization 
and subsequent release of the small molecules such 
as cytochrome c that activate the caspase cascade 
and apoptosis. Collapse of the mitochondrial mem-
brane generates ROS, providing a positive feedback 
mechanism and leading to further mitochondrial and 
cell injury. An interesting finding was that removal 
of glucose from the culture cell medium reduced the 
proapoptotic capacity of metformin, this further sug-

gesting that glycolytic products rather than glucose 
deficiency due to excessive glycolysis contribute to 
metformin-induced glioma cell death. In both low-
density and confluent glioma cells, primary astrocytes 
were completely resistant to the antiproliferative and 
apoptotic effect of metformin.26

At the same time, it was reported that the phar-
macological inhibition of AMPK activity might be 
potentially useful in the treatment of certain types of 
cancers. Tumor xenografts lacking AMPK lost their 
ability to grow in a hypoxic environment,58 and PC12 
pheochromocytoma cells transfected with dominant-
negative AMPK underwent apoptosis upon glucose 
deprivation.59 Compound C (pyrrazolopyrinidine 
derivate) is a selective ATP-competitive inhibitor of 
AMPK that induced apoptosis in myeloma cell lines 
in the absence of any stress.60 We therefore evaluated 
the effect of AMPK inhibition on the human glioma 
cell line (U251) using compound C.61 Compound C 
decreased both the cell number and mitochondrial 
dehydrogenase activity in a dose-dependent manner. 
There was a considerable change in morphology 
of treated cells, suggesting cell death. In fact, the 
exposure to compound C induced cell cycle arrest 
in the G2/M phase and was associated with an in-
creased number of apoptotic, hypodiploid cells with 
fragmented DNA (sub-G0/G1). Apoptosis of treated 
U251 cells was mediated by activation of caspases, 
including caspase-3 and caspase-8. When the glioma 
cells were treated with compound C and metformin 
alone or in combination, compound C reduced AMPK 
activation by 30%, while metformin markedly aug-
mented AMPK activation and completely prevented 
compound C-induced inhibition of AMPK activation. 
Similar results were observed when we used another 
AMPK activator, AICAR.

Taken together, in vitro inhibition and stimulation 
of AMPK activity suggested an important role for this 
system in the evaluation of possible future treatment 
of gliomas. Further studies are required to ascertain 
which of these processes possesses the greatest po-
tential and efficacy in the inhibition of proliferation 
and induction of apoptosis of glioma cells.

Breast cancer

Epidemiological studies over the past decade have 
shown an increased risk for development of breast 
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cancer in patients with type 2 DM.2 Cohort and case 
control studies indicate that type 2 DM enhances the 
relative risk (RR) of breast cancer by 10 to 20%.62 
Insulin and IGF-1 receptors are relatively ubiquitous 
in breast cancers of all subtypes and patients with high 
insulin levels have a poor outcome, this suggesting 
that insulin and related ligand-induced signaling are 
highly associated with breast carcinogenesis.63 MCF-7 
breast cancer cells were demonstrated to be respon-
sive to insulin and insulin-like growth factors.64,65 
Incubation of these cells with metformin induced 
activation of AMPK in a dose-dependent manner. 
Activation of AMPK was associated with inhibition of 
the mTOR pathway and decreased phosphorylation 
of S6K. Inhibition of AMPK using siRNA blocked the 
antiproliferative effect of metformin, implying that 
metformin exerts inhibition of cell growth directly 
and only through the AMPK pathway.28

An important issue within the context of the effect 
of metformin on breast cancer is triple negative (TN) 
breast cancer (also called basal), consisting of cells 
with no expression of the steroid receptors [ER and 
progesterone (PR)] as well as of the tyrosine kinase 
receptor Her-2, while overexpressing the EGFR. 
Epidemiological data have shown that TN cancers are 
more frequent in pre- and postmenopausal women 
with an elevated waist-hip ratio and body mass index, 
possibly signifying coexisting hyperinsulinemia and 
a positive therapeutic effect of metformin.66,67 Addi-
tionally, signaling pathway abnormalities commonly 
reported in this type of breast cancer involved p21-
mediated cell signaling and G1-S checkpoint controls 
that further suggest the possible therapeutic role of 
metformin in this group of breast cancer patients.68 
In a comprehensive study by Liu B et al, TN breast 
cancer cells were found to be ultra-sensitive to met-
formin treatment, thus pointing to the potential of 
this drug in the future treatment of breast cancer. 
One in vitro component of this study revealed that 
metformin inhibited cellular proliferation in all tested 
TN breast cancer cells (4 types) in a dose-dependent 
manner. The striking issue is that this inhibition was 
obtained in concentrations that are within therapeutic 
range for patients taking metformin for type 2 DM. 
This inhibition of proliferation was associated with 
cycle arrest in G1 phase, increased percentage of 
cells in S phase and reduction of the fractions of cells 

in G1 and G2/M phases together with reduction of 
cyclin D1 and cyclin E levels. Moreover, a sub-G1 
peak was verified, indicating the induction of apo-
ptosis. Further evaluation revealed that metformin 
induced apoptosis in TN breast cancer cells using 
both extrinsic (operating through caspase-8) and 
intrinsic (operating through caspase-9) pathways of 
caspase cascades. In another study, metformin-treated 
mice showed significantly slower growth of tumor 
and longer survival with tumors less than 2 cm in 
diameter. Immunohistochemical analysis confirmed 
a lower Ki67 index in metformin-treated compared 
to control mice.69

Alimova et al evaluated the effect of metformin on 
breast cancer cells using the most common subtypes 
of human breast cancer: luminal A (ER+, erbB2–), 
luminal B (ER+, erbB2–) and Her2/erbB2 (ER–, 
erbB2+).70 In all studied cell lines, metformin induced 
significant growth inhibition in a dose-dependent 
manner as well as inhibition of colony formation, 
both via an apoptosis-independent mechanism. These 
effects were associated with significant reduction 
in both cyclin D1 and E2F1, proteins that promote 
G1-S cell cycle translation. At the same time, met-
formin induced changes in receptor tyrosine kinase 
signaling, reduction in expression of erbB2 protein 
and activation of mitogen-activated protein kinase 
(MAPK). This effect was also dose-dependent and 
it was evident at metformin concentrations that are 
within the therapeutic range for patients with type 
2 DM (6-30 μM).

Most of the breast cancer cell lines are sensitive 
to metformin-induced growth inhibition but not 
all.71 There is no correlation between sensitivity to 
metformin and the known status of ER expression, 
p53 mutation or amplification of Her-2.72

Differences between breast cancer cell lines with 
regard to their response to metformin treatment 
were also reported by Phoenix et al.73 They found 
that the metformin effect was differentially related 
to either positive or negative estrogen receptors: 
the ER-negative cells are not as sensitive as are the 
ER-positive. In fact, ER-positive cells underwent 
complete growth inhibition, while ER-negative cells 
had only a partial inhibition.

These studies created a very good basis for the 



Metformin and cancer 11

initiation of clinical studies with metfomin as a chemo-
preventive and therapeutic agent in women with breast 
cancer. Very recently, Jiralerspong et al reported a 
three-fold greater complete pathologic response in 
diabetic patients with breast tumors taking metformin 
and undergoing neoadjuvant chemotherapy compared 
with diabetic patients with breast tumor not taking 
metformin.74 Furthermore, Garcia and Tisman have 
provided an additional explanation for this enhanced 
pathologic complete response, namely, that chronic 
metformin administration is associated with vitamin 
B12 deficiency which is known to increase tissue toxic-
ity in patients receiving adjuvant chemotherapy with 
methotrexate or after N2O anesthesia.75

Colon Cancer

A possible contribution of the AMPK pathway 
in the treatment of colon cancer has also been de-
scribed.27,76,77 It was suggested that selenium and 
EGCG (epigallocatechin-3-gallate, one of the major 
compounds of green tea), through generation of ROS, 
activates the AMPK pathway, which subsequently 
abrogates COX-2 expression as well as COX-2 and 
Prostaglandin E2 production in cancer cells.76,77 Activa-
tion of the AMPK pathway with selenium and EGCG 
lead in vitro and in vivo to the inhibition apoptosis 
cancer cells as well to the reduction of solid xenogaft 
tumors. Furthermore, combination treatment employ-
ing selenium/EGCG together with standard chemo-
therapy agents markedly reduced tumor cell viability 
as compared to treatment with 5-FU or Etoposide 
alone. This is particularly important considering that 
these effects were demonstrated in chemo-resistant 
HT-29 colon cancer cells.76,77 The possible inclusion 
of AMPK in anticancer treatment of colon cancer 
was demonstrated in p53-deficient colon cancer 
cells.27 Systematic treatment with metformin, through 
activation of AMPK, inhibits tumor growth in p53-
deficient colon cancer cells in vivo, while there is no 
effect in p53-positive cancer cells. Further analysis of 
tumor tissue treated with metformin revealed clusters 
of apoptotic cells in p53-deficient cells, especially 
in border regions that were under nutrient limita-
tion, while electron microscopy showed no increase 
in autophagosome-positive cells. By contrast, p53 
positive cells demonstrated a significant increase in 
autophagosomes in nutrient deprived cells.27 It was 
speculated that p53, besides its role as a tumor sup-

pressor, plays a prosurvival role in cells metabolically 
impaired by glucose limitation. Activation of p53 by 
glucose deprivation is AMPK-dependent, leading to 
beta oxidation of fatty acids, capturing of extracel-
lular glucose and induction of autophagy. Recently, 
autophagy was reported to be an essential survival 
factor of tumor cells in the center of the tumors.78 Loss 
of p53 impairs the ability of cancer cells to respond 
to metabolic changes induced by metformin and to 
survive under conditions of nutrient deprivation. 
Treatment with metformin induced apoptosis in vivo 
in this type of cancer cells that are usually resistant 
to existing forms of chemotherapy or radiotherapy.27

METFORMIN AND PHARMACOGENOMICS

The antiproliferative and proapoptotic effect of 
metformin in in vitro studies was observed in con-
centrations that are usually seen in diabetic patients 
treated with metformin (approximately 1.5 grams 
per day). However, there is inter-individual variation 
in drug response and the role of drug-metabolizing 
enzymes and drug transporters are starting to form 
the focus of these research projects. Genetic poly-
morphisms have been identified in most transport 
proteins and many of them are now recognized as 
significant contributors to inter-individual variation 
in drug effects. Metformin uptake in the liver oc-
curs mostly by OCTs (organic cation transporters, 
transporters on sinusoidal membrane), while its 
efflux is facilitated by multidrug and toxin extrusion 
transporter 1 (MATE1).79 There were significantly 
higher glucose and insulin levels during OGTT in 
healthy volunteers with reduced-function OCT1 
polymorphism compared to healthy volunteers with 
OCT1 reference alleles (after metformin treatment). 
Moreover, there was significantly reduced hepatic ac-
cumulation and therapeutic response to metformin in 
mice with OCT1 deletion. These findings suggest that 
OCT1 mediates the first step in the response pathway 
of metformin and that genetic variation in OCT1 may 
modulate response to metformin in humans.80 In ad-
dition, identification of OCT3, the novel transporter 
of metformin, raises the possibility that genetic vari-
ation in OCT1 alone may not be sufficient to result 
in reduced response to metformin in some patients. 
OCT3 may contribute to hepatic metformin uptake 
when OCT1 is functionally impaired.81 Finally, the 
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second highest OCT1 expression is in the kidneys, 
being five-fold higher than in the small intestine. As 
metformin is a hydrophilic organic cation which is 
eliminated by the kidneys in more than 98% of the 
absorbed dose, the OCT1 polymorphism might play 
a significant clinical role in the therapeutic effect of 
metformin. Tzvetkov et al analyzed genetic polymor-
phisms in OCT1, OCT2 and OCT3 and their effects 
on metformin clearance. They found that the OCT1 
polymorphism induces low or absent reasorption 
of metformin in distal tubules leading to increased 
metformin excretion, this possibly accounting for a 
10% variation of metformin clearance.82

PERSPECTIVES

In vitro and in vivo studies strongly suggest that 

metformin could be a valuable adjuvant therapy 
in cancer treatment. It is noteworthy that the an-
tineoplastic effect of metformin was observed in 
therapeutic concentrations achieved in patients with 
type 2 diabetes and that this effect was observed in 
cancer cells originating from different tissues: nervous 
system, breast, colon and prostate (Table 1). Most 
likely, during the next few years further basic research 
and more clinical studies will support, or reject, the 
hypothesis that metformin has an important role as 
an antineoplastic agent.
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Table 1. Reported effects of metformin on different types of cancer cell lines

Type of cancer Proposed mechanisms of action Author (ref. number)

Breast Arrest in G1 and S phases
Cyclin D1 and Cyclin E reduction
MAPK and Akt inhibition
mTOR and EGFR expression decrease
S6 kinase inhibition

Zakikhani M et al (28)
Liu B et al (69)
���$�&�	'*	��	��	 =>?Q

Gliomas Arrest in G1 phase
Activation of caspase cascade

Isakovic A et al (26)
Vucicevic L (61)

Prostate Arrest in G1 phase
Cyclin A and cyclin B reduction
mTOR activity inhibition

Y�
	\����	^	��	��	 =#_Q
Y�
	\����	^	��	��	 =#_Q
Zakikhani M et al (50)

Colon Beta oxidation of fatty acids
Autophagy
S6 kinase inhibition

Buzzai M et al (27)
Algire C et al (83)
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