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Metformin: The sweet link between tumor genetics and 

metabolism? 
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Abstract 
Introduction 
Epidemiological studies have shown a 
correlation between insulin 
resistance, a marker of impaired 
glucose metabolism and metabolic 
syndrome, and malignancy 
development. Insulin resistance leads 
to a hyperinsulinemic state, which is 
thought to promote carcinogenesis via 
the direct effect of insulin on the 
insulin like growth factor 1 (IGF-1), an 
increase in IGF-1 synthesis, 
modulation of sex hormone 
availability, and finally through the 
resultant elevated glucose levels that 
promote inflammation and aid 
glycolysis in cancer cells. In addition 
to an increased incidence of cancer 
induction, insulin resistance has also 
been correlated with worse prognosis 
in cancer patients undergoing active 
treatment. Metformin is an oral agent 
that is widely used in the treatment of 
diabetes as it has been shown to 
sensitize cells to the effects of insulin. 
Several epidemiologic studies show a 
potential protective effect of 
metformin in diabetic patients. 
Preclinical studies have shown a 
direct inhibitory effect of metformin 
on cancer cell lines both in vitro and 
in vivo. This is thought to be mediated 
through multiple mechanisms, 
including effects on cellular 
metabolism via the AMP-activated 
protein kinase (AMPK) pathway, 
effects on cell cycle progression, and 
decreased cellular oxygen 
consumption. Though the data is 
conflicting, several retrospective 

studies suggest an antitumor benefit 
of metformin in cancer patients 
undergoing active treatment. Several 
prospective studies examining the 
role of metformin as an adjunctive 
antineoplastic agent are currently 
ongoing. This review serves to explore 
the current role of metformin in 
cancer treatment and prevention of 
cancer, and to hypothesize that, in 
part, the effects of metformin may 
come from modulation of the 
metabolic environment of tumour 
cells. 
  
Conclusion 
Cancer cells and their inherent 
molecular pathways appear to be 
greatly influenced by the metabolic 
environment. Metformin modulates 
pathways their pathways directly, 
whle indirectly affecting them through 
its effect on the metabolic 
environment. Clinical trials will tell us 
how effective it in at preventing and 
treating cancer. In the meantime, 
metformin remains a promising 
cancer treatment that links the roots 
of cancer as both a metabolic and 
genetic disease. 
 

Introduction 
The concept of cancer as a metabolic 
disease was born nearly a century ago 
through the work of Nobel Prize 
winner Otto Warburg, who proposed 
that a reliance of glucose and 
glycolysis for energy derivation was 
the hallmark of cancer cells.1  
Several decades later, the hypothesis 
of cancer as a genetic disease gained 
momentum, leaving cancer 
metabolism as an afterthought.  
 
However, significant recent data has 
again revealed cancer to be at least 
partially a metabolic disease2 that can 
be manipulated through dietary 
changes to affect glycolysis and 
tumour survival,3 paying homage to 

Warburg’s origin theory. As a result, the 
field of oncology has begun to view 
cancer and its treatment as both genetic 
and metabolic.4 
The concept of insulin resistance, a 
hallmark of diabetes and metabolic 
syndrome, as a cancer risk factor is not 
a novel one. In fact, an increased risk of 
the development of cancer from insulin 
resistance has been observed in 
multiple epidemiological studies.  
 
Cohort studies have found an increased 
incidence of several malignancies 
including those of the bladder, breast, 
colon, endometrium, liver and pancreas 
in patients with type II diabetes. A 
meta-analysis of 20 cohort and case 
control studies revealed a 20% 
increased risk of breast cancer for 
women with a pre-existing diagnosis of 
diabetes as compared to women 
without type II diabetes.5 In addition to 
an increased incidence of cancer, 
insulin resistance has been also 
correlated with worse outcomes in 
cancer patients. 
 
Insulin resistance results in a plethora 
of physiologic and cellular events 
leading to metabolic disarray, obesity, 
hormonal disruption, elevated 
circulating glucose levels, and elevated 
serum insulin levels (Figure 1), all of 
which can lead to the induction and 
progression of cancer.6,7 As such, it 
would appear that insulin resistance is 
primarily a metabolic event, 
secondarily fuelling the molecular and 
genetic alterations that can lead to the 
progression of cancer. This review 
serves to explore the current role of 
metformin in cancer treatment and 
prevention. 
 

Discussion 
The authors have referenced some of 
their own studies in this review. These 
referenced studies have been 
conducted in accordance with the 
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Declaration of Helsinki (1964) and the 
protocols of these studies have been 
approved by the relevant ethics 
committees related to the institution 
in which they were performed. All 
human subjects, in these referenced 
studies, gave informed consent to 
participate in these studies. 
  
Insulin resistance and 
carcinogenesis 
Several mechanisms have been 
proposed to explain the molecular 
methods through which 
hyperinsulinaemia secondary to 
insulin resistance may promote 
tumourigenesis (Figure 1). These can 
be divided into direct effects, resulting 
from stimulation of tyrosine kinase 
receptors with subsequent effects on 
cellular metabolism, and indirect 
effects via modulation of sex hormone 
availability.8  
 
Insulin increases the hepatic synthesis 
of the cellular growth factor IGF-1, 
and decreases levels of IGF binding 
protein.9 This results in increased 
levels of bioavailable IGF-1, which can 
activate the IGF-1 receptor (IGF1R), 
leading to activation of pro-survival 
signalling pathways, ultimately 
resulting in cell growth and survival.10 
Furthermore, insulin reduces sex 
hormone-binding globulin (SHBG) 
levels, which consequently leads to 
increased levels of unbound 
circulating bioavailable oestrogens,11 
a potential indirect mechanism for the 
increased risk of breast cancer and 
other oestrogen-dependent 
malignancies.7 
  
Metformin and cancer – potential 
mechanisms of action 
Metformin is an inexpensive and 
widely available drug with a well-
established safety profile. It has been 
used for decades as first line therapy 
in the treatment of type II diabetes.  
Unlike sulfonylureas and other 
secretagogues, metformin does not 
affect pancreatic beta islet cells to 
increase insulin secretion, but rather 
increases the insulin sensitivity of 
target peripheral tissues.12 Its action is 
mediated via activation of AMP-
dependent protein kinase (AMPK), a 

metabolic regulator that is activated 
when the ratio of ATP to AMP 
becomes low, leads to mitochondrial 
biogenesis,13 increased glucose 
uptake, fatty acid oxidation and 
reduced gluconeogenesis in the 
liver.14  
 
The resultant insulin sensitization 
may decrease levels of circulating 
insulin and counteract its tumorigenic 
activity, which could be exploited in 
cancer therapy. Additionally, this 
insulin sensitization will result in less 
circulating serum glucose levels, 
which can “feed” cancer cells, 
resulting in enhanced cell 
proliferation and the ability to 
overcome damage from 
chemotherapy and radiation therapy3. 
  
Accordingly, there has been much 
interest in examining the indirect 
activity of metformin in cancer. 
Whereas increasing insulin sensitivity 
may indirectly prevent the 
tumorigenic effects of a 
hyperinsulinemic state, metformin 
also has direct effects that could be 
exploited against cancer growth. 
Metformin has a direct effect on cell 
metabolism and growth via activation 
of the AMPK pathway15 and 
subsequent downstream inhibition of 
mTOR.16  

Metformin is also thought to lead to 
decreased oxygen consumption via the 
interaction with mitochondrial complex 
1.17 Several in vitro studies support an 
anti-tumourigenic activity of metformin 
beyond its regulation of AMPK. A study 
examining the effects of metformin on a 
prostate cancer cell line showed that 
metformin led to the inhibition of cell 
proliferation. This effect was 
apparently not the result of increased 
apoptosis, as metformin decreased 
levels of cyclin D1 and cell cycle arrest.  
 
Interestingly, this was observed even in 
the presence of AMPK inhibition, which 
is thought to be the major intracellular 
effector of metformin, revealing that 
there must be other pathways through 
which metformin leads to anti-
proliferative effects in the cell.14 Other 
data in oestrogen receptor (ER) 
positive and human epidermal growth 
factor receptor 2 (Her2) positive breast 
cancer cell lines yielded similar results, 
with metformin-treated cells exhibiting 
a significant decrease in cyclin D1 and 
E2F1 with subsequent cell cycle arrest. 
In addition, in Her2 positive cell lines, 
treatment with metformin (with 
concentrations equivalent to the 
therapeutic range for diabetic patients) 
resulted in decreased Erb-B2 
expression and decreased levels of 
activated Erb-B2, protein kinase B 

 
Figure 1: The metabolic effects of elevated glucose and excess adipose tissue. Both of 
these physiologic states may be mitigated through metformin usage. Legend: 
*represents a factor that is known to influence breast cancer recurrence. IGF-1: 
insulin-like growth factor 1 receptor, SHBG: sex hormone-binding globulin, TNFα: 
tumor necrosis factor alpha, IL-6: interleukin 6, RBP4: retinol-binding protein-4, CRP: 
C-reactive protein, 17β-HD: 17β-hydroxysteroid dehydrogenase. Image taken with 
permission from Champ et. al. (49). 
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(Akt), and the mammalian target of 
rapamycin (mTOR), which have pro-
survival functions.18 Other studies 
again point to the metabolic 
regulation of metformin, as exposure 
of breast cancer cells to metformin 
leads to increased AMPK activity, with 
subsequent decrease in mTOR 
activation.14 

 
Other preclinical studies have focused 
on the effect of metformin on cancer 
stem cells, as metformin led to 
selective decrease in the stem cell 
population in a breast cancer cell line 
when it was combined with 
doxorubicin. The two agents acted 
synergistically in inducing cell death 
among the tumour colonies. A similar 
effect was seen when the two agents 
were given in combination in an in 
vivo xenograft mouse model. Tumour 
recovery from the xenografts 
following treatment showed absence 
of the stem cell cancer cell population 
in the combined treatment group, 
whereas stem cells were detected in 
the tumours from mice treated with 
doxorubicin only, indicating a 
preferential action of metformin on 
the stem cell cancer population.19  
The same group showed similar 
synergistic effects of metformin when 
combined with other 
chemotherapeutic agents such as 
carboplatin and paclitaxel in lung and 
prostate cancer cell lines.20 

 
Not surprisingly, there is preclinical 
evidence for synergistic effects of 
metformin with radiation therapy 
(RT) as well. Over a century of data 
has revealed decreases in tumour 
induction and growth with the 
reduction of calories and dietary 
carbohydrates, and the subsequent 
decrease in circulating insulin and 
enhanced insulin sensitivity (Figure 
2), the same pathways down 
regulated by metformin.21 A recent 
randomized trial revealed a significant 
up regulation of the AMPK pathway 
with five days of carbohydrate 
restriction.22 More recent data has 
revealed decreased tumour growth 
and modulation of the insulin and 
AMPK pathways through dietary 
restriction in combination with RT.23  

A recent study examining the 
interactions of metformin with RT in 
hepatocellular carcinoma and normal 
hepatocyte cell lines showed 
decreased cell survival following 
irradiation in cells exposed to 
metformin prior to treatment.  
 
Cells in the dual modality treatment 
showed increased levels of caspases, 
indicating a higher level of apoptotic 
cells post treatment. Greater amount 
and persistence following treatment 
of double stranded DNA breaks was 
also observed. In contrast, little 
interaction was seen between 
irradiation and metformin in normal 
hepatocytes.24  
 
Another study examining the 
interaction of metformin with 
irradiation in a breast cancer cell line 
showed decreased cell survival 
following irradiation in cells exposed 
to metformin prior to and after 
irradiation. In addition, metformin 
had a preferential cytotoxic effect on 
the stem cell population25. Similar 
effects were seen in lung cancer cells 
lines, also revealing decreased cell 
survival following exposure prior to 
irradiation, with these findings 
confirmed in vivo in a mouse 
xenograft model.26  

A recent study analysing tumour 
hypoxia showed decreased oxygen 
consumption in several cancer cell lines 
in vitro following exposure to 
metformin. Moreover, in their in vivo 
model, this group demonstrated 
significant tumour reoxygenation in 
tumour grafts following treatment with 
metformin. In addition, in mice exposed 
to metformin prior to irradiation there 
was a significant tumour growth delay 
when compared to their non-metformin 
counterparts. They hypothesized that 
the increased oxygenation was 
secondary to inhibition of 
mitochondrial complex 1 by metformin, 
with resultant decreased oxygen 
consumption.27 
  
Metformin and cancer—clinical 
evidence 
Several observational studies have 
noted a lower incidence of cancer and 
cancer-specific mortality in diabetic 
patients taking metformin, suggesting a 
protective effect. A meta-analysis of five 
observational studies revealed a 30% 
risk reduction in overall cancer 
incidence and mortality for diabetic 
patients on metformin therapy.28  
Similarly, a meta-analysis of 20 studies 
examined various malignancies and 
again showed a significant overall 
survival benefit (hazard ratio [HR] 

 
Figure 2: Dietary manipulation via calorie restriction, carbohydrate restriction, and 
a ketogenic diet target many of the same molecular pathways as those of metformin, 
upregulating the AMPK pathway. Image taken with permission from Klement and 
Champ (3). 
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0.66) and cancer-specific survival 
benefit (HR 0.62) for diabetic patients 
on metformin.29 Finally, data from the 
Women’s Health Initiative, an 
observational study of nearly 70,000 
postmenopausal women, found that 
metformin use in women with 
diabetes was associated with a lower 
incidence of invasive breast cancer, an 
observation that was noted for ER and 
progesterone receptor positive and 
Her2 negative cancers.30  
 
Other observational studies, however, 
have shown conflicting results 
regarding the benefit of metformin in 
cancer prevention.31,32,33,34,35,36,37,38 
Yet, it stands to reason that increasing 
the insulin sensitivity of diabetic 
patients would provide a cancer-
specific benefit by preventing the 
activation of the insulin pathway in 
cancer cells. 
 
These observational studies of cancer 
incidence in patients on metformin 
have provided an impetus for further 
investigation. Data are now emerging 
which suggest metformin provides 
therapeutic benefits in patients with 
an established cancer diagnosis. Much 
of this data surrounds breast cancer, a 
disease that is associated with type II 
diabetes and obesity. For example, a 
2009 retrospective study of over 
2,500 patients analysed whether 
metformin would increase the efficacy 
of neoadjuvant chemotherapy in 
diabetic patients with breast cancer.  
Investigators found a threefold 
increase in pathologic complete 
response (pCR) in diabetic women on 
metformin therapy as compared to 
diabetic women not on metformin, as 
well as an 8% absolute increase in 
pCR when compared to non-diabetic 
women.39  
This antitumor benefit, however, was 
not reproduced in a series of over 
1,400 women treated at MD Anderson 
Cancer Center, as metformin use 
during adjuvant chemotherapy did 
not significantly impact survival 
outcomes in diabetic patients with 
triple negative breast cancer.40 

 
There is a paucity of prospective data 
regarding metformin from 

therapeutic, interventional breast 
cancer trials. Recent trials have 
examined biomarkers for evidence of 
anti-proliferative effects from pre-
operative, oral metformin in women 
with breast cancer. Two phase II 
randomized trials assessing Ki67 
levels compared metformin to a 
placebo prior to surgery in women 
with early stage breast cancer and 
have shown conflicting results.41,42  
 
In another randomized trial from Italy 
assessing four weeks of preoperative 
metformin, investigators compared 
apoptosis levels in core biopsies and 
surgical specimens but found no 
significant modulation of apoptosis by 
metformin, but response may have 
correlated with the degree of insulin 
resistance.43 In view of the promising 
data from retrospective cohort 
studies, meta-analyses, observational 
studies, and limited early prospective 
investigations, metformin is currently 
being evaluated in a randomized trial 
as an adjuvant therapy for women 
with breast cancer.44 

 
Similar to breast cancer, obesity and 
insulin resistance strongly impact the 
pathogenesis of endometrial cancer, 
and hindering hyperinsulinemia with 
metformin may be useful as a 
treatment. Recently, two large patient 
series have illustrated the potential 
therapeutic benefits of metformin in 
endometrial cancer. Nevadunsky and 
colleagues evaluated the survival 
times of nearly one thousand patients 
with endometrial cancer, and found 
that the overall survival of diabetic 
patients who received metformin 
exceeded that of both non-diabetics 
and diabetics who did not receive 
metformin therapy.45  
 
Interestingly, this proposed trend was 
limited to women with type II non-
endometrioid cancers which 
represented only a small patient 
subgroup. In a second large series, a 
pooled analysis of diabetic 
endometrial cancer patients on 
metformin had significantly improved 
recurrence-free and overall survival 
when compared to diabetics on other 
medications. However, time to cancer 

recurrence was not improved, 
suggesting a benefit for all-cause 
mortality rather than cancer specific 
outcomes.46 

 
Data from an analysis of nearly 4,000 
diabetic men with prostate cancer in a 
Canadian cancer registry revealed that 
men receiving metformin therapy for a 
median of 8.9 months after their cancer 
diagnosis had improved prostate 
cancer-specific survival and all-cause 
mortality.37 These findings have 
stimulated the development of at least 
10 clinical trials of metformin as a 
therapeutic strategy for prostate cancer 
including the Metformin Active 
Surveillance Trail (MAST) in Canada, 
which will randomize men with low 
risk prostate cancer seeking active 
surveillance to metformin or placebo 
control to determine whether time to 
progression can be delayed by 
metformin use. 
 
Retrospective data in diabetic patients 
with pancreatic cancer revealed an 
increase in overall survival for those 
with non-metastatic disease receiving 
metformin.47  
Additionally, a recent retrospective 
study of diabetic patients with 
oesophageal adenocarcinoma showed 
that those patients on metformin had 
higher pCR (34.5%) and enhanced 
radiographic response rates as 
compared to patients with diabetes not 
on metformin following neoadjuvant 
concurrent chemo-radiation.  
 
Interestingly, their response rates were 
even greater than those without 
diabetes. There was also an increase in 
locoregional control, but no difference 
in overall or progression free survival.48 
 
Current Issues 
The available data on the benefits of 
metformin has many important 
limitations, including the inclusion of 
small patient subgroups with diabetes, 
the inconsistent definition of metformin 
users, the lack of data surrounding 
length of metformin use, the inherent 
flaws associated with retrospective 
analysis, and the heterogeneity of 
patients on metformin and their 
coexisting metabolic risk factors.  
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Additional research is needed to 
clarify whether the observed 
association between metformin use 
and cancer outcomes is the result of 
shared prognostic variables or 
whether the relationship is causal. 
The current data are only hypothesis 
generating and highlight the need for 
the nearly 100 prospective trials 
which are now being developed to 
investigate the antitumor effects of 
metformin in a wide array of 
malignancies.  
 
Metformin will be investigated in both 
the setting of primary and secondary 
prevention. While it is unknown at 
this time which population, if any, will 
realize a benefit, the current evidence 
suggests a potential future role for 
metformin in the treatment and 
prevention of malignancies. 
  

Conclusion 
While it remains unclear if cancer is 
primarily a genetic or metabolic 
disease, metformin may reveal that it 
is both. Preclinical data has exposed a 
potential usage for metformin for 
cancer prevention or to enhance 
current cancer therapies like 
chemotherapy and radiation therapy 
by upregulation of the AMPK pathway, 
with down regulation of the insulin, 
IGF-1, and mTOR pathway. Metformin 
may simply be reflecting a century of 
data on the effect of dietary 
manipulation on cancer survival by 
affecting the same pathways.  
 
Consequently, current data has 
revealed the detrimental effects of 
obesity, insulin resistance, and 
chronically elevated serum glucose 
levels on cancer occurrence and 
poorer outcomes after treatment. As 
rates of metabolic dysfunction and 
obesity continue to rise, the oncologist 
is forced to ask whether metformin is 
treating the cancer cells, or repairing 
the metabolic dysfunction with which 
many patients are currently 
experiencing.  
 
Future randomized trials will assess 
metformin’s action in many patient 
subgroups to fully manipulate the 

metabolic and cellular survival 
mechanisms of cancer and answer 
many of these questions. Until then, 
metformin remains a promising 
cancer treatment that links the roots 
of cancer as both a metabolic and 
genetic disease. 
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