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Summary 
Metformin (MTF) is a widely used drug for the treatment of 
diabetes mellitus type 2 (DM2) and frequently used as an 
adjuvant therapy for polycystic ovarian syndrome, metabolic 
syndrome, and in some cases also tuberculosis. Its protective 
effect on the cardiovascular system has also been described. 
Recently, MTF was subjected to various analyzes and studies that 
showed its beneficial effects in cancer treatment such as 
reducing cancer cell proliferation, reducing tumor growth, 
inducing apoptosis, reducing cancer risk in diabetic patients, or 
reducing likelihood of relapse. One of the MTF’s mechanisms of 
action is the activation of adenosine-monophosphate-activated 
protein kinase (AMPK). Several studies have shown that 
AMPK/mammalian target of rapamycin (mTOR) pathway has 
anticancer effect in vivo and in vitro. The aim of this review is to 
present the anticancer activity of MTF highlighting the 
importance of the AMPK/mTOR pathway in the cancer process.  
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Introduction 
 

Body cells have specific functions and cell death 
is a part of a natural phenomenon called apoptosis. 

A normal cell gets orders to die but cancerous cells 
ignore these signals and continue to grow and divide 
(Vogelstein et al. 2013). The cancer process is 
characterized by eight phenotypical characteristics which 
are involved in disordered control of cell functions. These 
include sustained proliferative signaling, evasion of anti-
growth signaling, resistance to apoptosis, limitless 
replicative potential, avoiding immune destruction, 
deregulating cellular energetics, inducing angiogenesis, 
and tissue invasion and formation of metastases (Block  
et al. 2015). A lot of cancer cells adapt to their 
microenvironment by aerobic glycolysis, a process 
known as Warburg effect, to produce energy. This 
metabolic reprogramming in cancer cells is regulated by 
many oncogenic proteins, suppressors and pathways 
(Abdel-Wahab et al. 2019). 

Several studies in recent years have shown that 
metformin (MTF), a common drug used in therapy of 
diabetes mellitus type 2 (DM2), has anticancer effect  
in vivo and in vitro apparently via AMPK/mTOR 
pathway (Zi et al. 2017). First scientific evidence that 
MTF has the anticancer activity was introduced in 2001 
by Schneider et al. Since then, MTF was subjected to 
various analyzes and studies that showed its beneficial 
effects on cancer such as reducing cancer cell 
proliferation, reducing tumor growth, inducing apoptosis, 
reducing cancer risk in diabetic patients, or reducing 
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likelihood of relapse (Saraei et al. 2019).  

In this review, we present the anticancer activity 
of MTF highlighting the importance of the 
AMPK/mTOR pathway in the cancer process. We discuss 
the possible mechanism of action of MTF on cancer via 
AMPK/mTOR pathway as well as the potential 
antiangiogenic effect and induction of apoptosis.  
 
Metformin: biology and clinical use 

 
MTF is a semisynthetic biguanide derived from 

the herbaceous plant Galega officinalis (Saraei et al. 
2019). In 1957, the U.S. Food and Drug Administration 
indicated MTF as the first-line therapy of DM2 (Zi et al. 
2017). MTF is frequently used as an adjuvant treatment 
for polycystic ovarian syndrome, metabolic syndrome, 
and in some cases also tuberculosis (Chen et al. 2020). 
However, other pleiotropic effects of MTF have also been 
demonstrated. It has been described the potential use of 
low doses of MTF in combination with low doses of 
2-deoxyglucose in the treatment of polycystic kidneys 
(Zhao et al. 2019). Some authors observed beneficial 
effect of MTF on reduction the risk of fractures in 
patients with DM2 (Jackuliak et al. 2019) and it has been 
shown, that MTF also improves the myocardial function 
through cellular glucose and lipid metabolism in patients 
with or without DM2 (Dziubak et al. 2018). Current 
studies are examining in particular MTF’s effect on 
ageing and cancer. Figure 1 summarize the various 
diseases where MTF can have a beneficial effect. 

Clinical experience has raised almost no doubts 
about the safety of MTF. Sometimes in extreme 
overdose, MTF causes an increase in lactic acid. 
Therefore, the use of MTF has been discouraged in 
patients with risk factors for lactic acidosis (Flory et al. 
2020). The bioavailability of MTF after oral use is  
40-60% and about 90% of MTF is excreted via the 
kidneys within 24 h. The common side effects of MTF 
are gastrointestinal distress, such as anorexia, nausea, or 
diarrhea (Stage et al. 2015).  

MTF is introduced into the cell via organic 
cation transporters (OCT) and acts in the liver through 
stimulation of adenosine-monophosphate (AMP)-
activated protein kinase (AMPK). MTF inhibits 
mitochondrial complex I, preventing mitochondrial 
adenosine-triphosphate (ATP) production, thus increasing 
cytoplasmic ADP:ATP and AMP:ATP ratios (Rena et al. 
2017). If AMP:ATP ratio is increased due to metabolic 
stress conditions, such as hypoxia or glucose deficiency, 
AMPK is activated. This means that increase in AMP in 

the cell activates AMPK. Subsequently, AMPK inhibits 
gluconeogenic gene transcription and moreover, it 
inhibits lipogenesis which improves insulin sensitivity 
(Podhorecka et al. 2017). Thus, MTF increases glucose 
uptake in muscle cells which leads to a decrease in 
glucose and insulin blood levels. It was indicated that 
MTF also increase glucose utilization in the intestine and 
stimulate glucagon-like peptide-1 (GLP-1) secretion 
(Foretz et al. 2014).  
 
 

 
 
Fig. 1. The various diseases where MTF has a beneficial effect.  
 
 
Structure and function of AMPK and mTOR 
 

In general, MTF exerts its effects through 
AMPK activation. AMPK is a serine/threonine protein 
kinase and in mammals, there are seven subunit isoforms 
including two α- subunits, two β- subunits, and three  
ɤ-subunits. The α-subunits have a catalytic activity, the  
β-subunits act as a scaffold to bind α and ɤ-subunits to 
form a functional AMPK heterotrimeric complex, and  
ɤ- subunits have a regulatory function (Sanli et al. 2014). 
AMPK is known as a cellular energy sensor to restore 
energy homeostasis at cell levels in conditions of 
metabolic stress that reduce ATP levels (Hardie et al. 
2012). AMPK is activated by AMP/ADP-dependent and 
AMP/ADP-independent mechanism. When ATP bound at 
the regulatory ɤ-subunit of AMPK is displaced by AMP, 
it causes conformational changes which promote 
phosphorylation of AMPK α-subunit at threonine-172. 
Under metabolic stress conditions, the liver kinase B1 
(LKB1) is the main activator of AMPK. AMPK is also 
activated through Ca2+/calmodulin-dependent protein 
kinase 2 (CaMKK2) that is stimulated by increasing 
levels of intracellular Ca2+ through glucose starvation, 
and DNA damage, which represent AMP-independent 
mechanisms. (Hardie et al. 2001, Vara-Ciruelos et al. 
2019). The new data have shown, that MTF can activates 
AMPK also through the lysosomal pathway (Jia et al. 
2020). AMPK is described as a kinase that directly 
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phosphorylates and inhibits acetyl-coA carboxylase-1, 
acetyl-coA carboxylase-2 (ACC1, ACC2) and 3-hydroxy-
3-methyl-glutaryl-coA reductase (HMG-CoA). It induces 
fatty acid (FA) β-oxidation in mitochondria and represses 
expression of lipogenic enzymes (Galdieri et al. 2016). 
AMPK translocates intracellular vesicles containing 
glucose transporter type 4 (GLUT4). Based on this, 
AMPK increases glucose absorption in skeletal muscle. 
Increase of insulin inhibits AMPK through its direct 
phosphorylation by protein kinase B (Akt) (Jeon 2016). 
Table 1 summarizes general functions of AMPK. AMPK 
also regulates cell growth by phosphorylating multiple 
downstream targets. One of those targets is the 
mammalian target of rapamycin (mTOR) (Sanli et al. 
2014).  

 
 

Table 1. General functions of AMPK (Lyons et al. 2018). 
 

GLUCOSE  ↑ glycolysis, ↓ glycogenesis 
↑ glucose uptake,  
↓ gluconeogenesis 

LIPID  ↑ β-oxidation,  
↓ cholesterol biosynthesis 
↑ lipolysis, ↓ lipogenesis 

MITOCHONDRIA ↑ oxidative metabolism,  
↑ mitophagy,  
↑ autophagy 

 
 
mTOR is a serine/threonine protein kinase that 

exists in two distinct protein complexes known as mTOR 
complex 1 (mTORC1) and 2 (mTORC2) where it forms 
the catalytic subunit. mTOR is a mediator of the 
phosphatidylinositol-3-kinase (PI3K)- protein kinase B 
(Akt) signaling pathway, which respond to metabolic and 
genotoxic stresses and execute adaptive mechanism to 
cell survival (Zaidi et al. 2019, Zoncu et al. 2011). 
mTORC1 plays a key role in regulating the growth and 
division of cells. It promotes protein synthesis through 
the phosphorylation of p70S6 kinase (p70S6K) and 
4E-binding proteins (4E-BP) and de novo lipid synthesis 
through the sterol responsive element binding protein 
(SREBP) transcription factors. Moreover, mTORC1 
induces glucose uptake through hypoxia-inducible factor 
1α (HIF-1α) and was found to suppress protein 
breakdown in order to grow and divide of cells (Kim 
2011, Saxton et al. 2017).  
 

Potential mechanism of metformin 
anticancer activity 
 

Most epidemiological data suggest that MTF has 
anticancer potential and offers a lot of benefits for cancer 
patients. According to the literature, the anticancer 
activity of MTF probably results from insulin-dependent 
and insulin-independent mechanism. In the case of the 
insulin-dependent mechanism, the glucose uptake in the 
muscle cells caused by MTF leads to a decrease in blood 
glucose levels and subsequently insulin levels. Glucose 
and insulin are two well-known promoters of tumor cell 
proliferation caused by insulin (I) and insulin-like growth 
factor 1 (IGF-1) (Zi et al. 2017). A recent study on 
human hepatocellular carcinoma cell line demonstrated 
a significant reduction of IGF-1 receptors after 24 h, 48 h, 
and 72 h of MTF treatment (400 μmol/l) in vitro (Vacante 
et al. 2019). Decreasing the insulin level by MTF may 
lower the activity of insulin receptor substrate 1 (IRS-1) 
which results from reduced number of insulin receptors 
on the cell membrane, thus inactivating I/IGF signaling 
pathway and preventing a neoplastic activity of cells 
(Podhorecka et al. 2017). 

Several studies reported MTF anticancer effects 
due to activation of ataxia telangiectasia mutated (ATM) 
and liver kinase B1 (LKB1). Both are tumor suppressor 
proteins that play a role in regulating the cellular cycle 
(Cantoria et al. 2014). It has been shown that loss of LKB1 
overactivates mTOR signaling pathway and promotes 
proliferation in human glioblastoma cells (Zhang et al. 
2019). ATM activation causes phosphorylation of LKB1 
and thereby activates AMPK, which prevents protein 
synthesis and cell growth by inhibition of mTOR activity 
via insulin-independent mechanism. Study on mouse ASZ 
cells (basal cell carcinoma line resistant to photodynamic 
therapy) has shown that MTF treatment with 
concentrations ≥ 75 µM for 24 h induced a significant 
decrease in cell survival, increased pAMPK levels, thus 
suppressing the mTOR (Mascaraque et al. 2020). 
Reduction of mTOR activity reduces the levels of 
ribosomal S6 kinase factors, thereby decreasing protein 
synthesis and cell proliferation (Whitburn et al. 2017). 
Suppression of HIF-1α by AMPK upon mTOR inhibition 
silences the Warburg effect (Ciccarese et al. 2019). 

AMPK inhibits mTOR activity through two 
signaling pathways. First one is associated with tuberous 
sclerosis complex 2 (TSC2). AMPK may activate TSC2, 
the GTPase-activating protein that forms a complex with 
TSC1. This complex inhibits the activity of Ras homolog 
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enriched in brain (Rheb) and mTOR, therefore blocking 
mTORC1 activation (Gwinn et al. 2008, Howell et al. 
2017). Second pathway relies on a direct phosphorylation 
and inhibition of regulatory-associated protein of mTOR 

(RAPTOR), a scaffold protein of mTORC1 complex 
(Efeyan et al. 2010). Figure 2 summarizes the role of 
AMPK activation through MTF performs potential 
anticancer activity.  

 
 

 
 

Fig. 2. The role of MTF in metabolism and cancer process through AMPK/mTOR signaling pathway. AMPK activation inhibits mTORC1, 
leading to decreasing of cell growth, angiogenesis and Warburg effect, and increasing of apoptosis. ATP adenosine-triphosphate, AMP 
adenosine-monophosphate, ATM ataxia telangiectasia mutated, LKB1 liver kinase B1, AMPK adenosine-monophosphate- activated 
protein kinase, HMG-CoA β-Hydroxy β-methylglutaryl-coenzyme-A, IGF-1 insulin-like growth factor 1, IGF-R insulin-like growth factor 
receptor, PI3K phosphatidylinositol-3-kinase, Akt protein kinase B, mTORC1 mammalian target of rapamycin complex 1, TSC1,2 
tuberous sclerosis complex 1,2, Rheb Ras homolog enriched in brain, RAPTOR regulatory-associated protein of mTOR, mTOR 
mammalian target of rapamycin, p53 tumor suppressor protein, p70S6K p70S6 kinase, HIF-1α hypoxia-inducible factor 1α, VEGF 
vascular endothelial growth factor, BAX BCL-2 associated X protein. 
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Metformin and apoptosis 
 

Apoptosis is the process of programmed cell 
death with specific morphological and biochemical 
features. There exist many extrinsic and intrinsic 
pathways that can induce the process of apoptosis. One of 
the intrinsic molecular systems regulating the apoptotic 
process is BCL-2/BAX. BCL-2 (B-cell lymphoma 2) is 
an inhibitor of apoptosis promoting the survival of cancer 
cells and supporting their division. On the other hand, 
BAX (BCL-2 associated X protein) is a proapoptotic 
protein which creates membrane permeabilizing pores. 
The direct activator of BAX is the tumor suppressor 
protein p53, which is crucial coordinator for controlling 
life and death of a cells. (Delhalle et al. 2003, Knudson  
et al. 1997). Study on human bile duct cancer cells  
in vitro demonstrated that MTF (0.5 mg/ml) significantly 
augmented the expression of BAX protein and reduced 
the expression of BCL-2 after 24 h and 48 h treatment 
(Lee et al. 2019). A key protease inhibitor in apoptosis is 
caspase-3, the final implement of the apoptotic process. 
In vitro cultivation of A172 human glioma cells with 
MTF (0.1.1 and 10 mmol/l) for 48 h increased the activity 
of caspase-3, increased the expression of BAX protein 
and decreased BCl-2 expression in dose-dependent 
manner (Xiong et al. 2019). Study on human esophageal 
squamous cancer cells in vitro has shown the same effect 
of MTF treatment at various doses (0.5, 10 and  
20 mmol/l). MTF induced the apoptosis of cells by 
activation of caspase-3 (Fan et al. 2019). MTF treatment 
of human gallbladder adenocarcinoma cells blocked the 
G0 to G1 cellular transition, which was accompanied by 
reduction of cyclin D1 (Yamashita et al. 2020). The 
current studies demonstrate that the effect of MTF on 
apoptosis induction may be associated with the 
AMPK/mTOR signaling pathway and may reduce the 
expression of G1 cyclins (Gao et al. 2016). 
 
Metformin and angiogenesis 
 

Angiogenesis in cancer is an unregulated process 
which is crucial for tumor cells as it provides nutrients, 
oxygen, and other growth factors essential for further 
survival of cancerous tissue and allows removal of waste 
products. Expanding tumor results in a hypoxia in the 
center of the tumor which is a known inducer of 
expression of proangiogenic factors through HIF-1α. 
Hypoxia also provides angiogenic and metastatic signals. 
The most important proangiogenic molecule stimulated 

by hypoxia is a vascular endothelial growth factor 
(VEGF) (Tonini et al. 2003). It has been shown that MTF 
at 0.01 mM concentration decreased VEGF levels in rat 
granulosa cells in vitro (Di Pietro et al. 2020). Canine 
mammary tumor cells treated with MTF displayed  
a decreased protein and gene expression of VEGF and 
HIF-1α (Moschetta et al. 2019). It has been demonstrated 
that mTORC1 activity is necessary for the expression of 
HIF- 1α and inhibition of mTORC1 leaded to decrease of 
HIF- 1α (Tadakawa et al. 2015). Based on these findings, 
we can speculate that MTF has antiangiogenic effects due 
to inhibition of mTORC1. In the process of tumor 
angiogenesis, the presence of caveolar constituents 
composed of caveolin-1 (cav-1) and caveolin-2 (cav-2) 
has been reported. It was observed that systemic 
injections of 120 mg/kg MTF in xenograft breast tumor 
models in vivo increased cav-1 expression which in turn 
suppressed the tumor angiogenesis (Yang et al. 2018). 
However, cav-1 plays different roles in various cancer 
types. Sometimes, it has a tumor-promoting function, 
sometimes a tumor-suppressing. Thus, the role of cav-1 
in cancer process is still controversial (Fu et al. 2017). 
 
Metformin and clinical trials in therapy of 
cancer  
 

To date, several clinical studies have been 
performed to investigate the potential of MTF anti-cancer 
effects. One of the most important and still ongoing 
clinical trial is NCT01101438. It is a three-phase, triple-
masked randomized study involving 3,649 participants 
(18-74 years old) to date. In this study, MTF is compared 
to placebo as an adjunct to standard adjuvant treatment of 
primary stage non-metastatic breast cancer. Patients take 
metformin hydrochloride orally two times a day (weeks 1 
to 4 once a day) and continue the treatment for 5 years 
after diagnosis. So far, the results of an ongoing study 
have shown that MTF has improved survival without 
invasive disease (progression-free survival). The study 
should be completed by February 2022 
(https://clinicaltrials.gov/ct2/show/NCT01101438). The 
MTF effect on breast cancer patients was also studied in 
a two-phase, open label, single group assignment study 
NCT01266486. Oral metformin hydrochloride was 
administered to 41 participants (18 years and older) once 
daily for 14-21 days in addition to standard neoadjuvant 
chemotherapy. The aim of the study was to identify 
potential biomarkers of response to MTF therapy by 
immunohistochemical analysis. The outcomes 
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demonstrated the ability of MTF to induce the effects of 
p70S6K, 4E-BP-1, and AMPK phosphorylation which 
confirms the possible anticancer activity mediated by the 
AMPK pathway. Study was completed in May 2014 
(https://clinicaltrials.gov/ct2/show/NCT01266486). 
 
Conclusion 
 
Recent scientific studies and clinical trials indicate that 
the pleiotropic effects of MTF play a significant role in 
the treatment of various diseases, including cancer. Many 
studies suggest that reduction in circulating insulin levels 
and growth factors derived therefrom, AMPK activation, 
and mTOR inhibition may lead to antiproliferative, 

antiangiogenic and, thus, anticancer activity of MTF. In 
general, AMPK/mTOR pathway plays a crucial role in 
the cancer process and MTF seems to be a very 
promising influencer. However, the key cellular and 
molecular factors of this MTF’s effect are still not 
definitely described, therefore for an individual 
therapeutic approach in the treatment and prevention of 
cancer further observations and investigations are needed.  
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