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ABSTRACT 

Some recent findings suggest that metformin, an oral antidiabetic 
drug, may have antitumor properties. Studies have shown that 
metformin can alter cell metabolism, both tumor and immune 
cells, which can greatly influence disease outcome. In this review, 
we discuss the potential mechanisms in which metformin can di-
rectly induce apoptosis of tumor cells as well as mechanisms in 
which metformin can elicit or enhance antitumor immune re-
sponse. 
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METFORMIN

Metformin (dimethylbiguanide) is an oral hypoglycemic 
medication widely used for over 60 years. Metformin has 
proved itself as a very effective and safe glucose lowering 
agent. The main mechanism of action of this drug is acute 
reduction of hepatic gluconeogenesis and enhancing periph-
eral glucose uptake (1,2). It has been shown that metformin 
suppresses hepatic glucose production mainly through inhib-
iting mitochondrial respiratory chain, more specific its com-
plex 1 as well as by inhibiting mitochondrial glycerophos-
phate dehydrogenase (mtGDP) (3, 4). Mechanisms by which 
metformin increases glucose uptake in peripheral tissues are 
not yet fully understood, however, some of the proposed the-
ories are that metformin reduces activity of a lipid phospha-
tase Src homology 2 domain-containing inositol-5-phospha-
tase 2 (SHIP2) and potentiate expression of glucose trans-
porter type 4 (GLUT4) by activation of conventional protein 
kinases C (PKCs) (5, 6). At the moment, metformin is the 
most commonly used front-line drug for type 2 diabetes (2). 
In addition, it was also demonstrated that metformin has a 
significant role in delaying and preventing development of a 
diabetes type 2 as well as reducing Body mass index, most 
likely by modulation appetite regulatory center in hypothala-
mus and gut microbiome, which can make it an interesting 
candidate for obesity therapy (7, 8, 9). Studies have also 
shown multiple benefits of metformin in treating patients 
with liver diseases, such as chronic hepatitis C; cardiovascu-
lar diseases such as heart failure and left ventricular hyper-
trophy and renal diseases like acute kidney injury (AKI) and 
chronic kidney disease (CKD) (10-14). Metformin can even 
modulate multiple aging pathways which makes it a potential 
target for many age-dependent and age-related diseases (15).  

Beside its main, antidiabetic role, numerous meta-anal-
yses have shown an association between the use of metfor-
min and significant reduction of incidence of malignancies, 
especially hepatocellular, pancreas and colon carcinoma 
(16). These findings can lead to a new, protecting role of met-
formin. Recent studies also suggest that metformin, besides 
prevention of tumor development, can also inhibit prolifera-
tion and growth of certain types of cancer (16). So far, it has 
been confirmed that metformin had beneficial effects and im-
proved survival rate in diabetic patients with endometrial, 
breast and colorectal cancer (17, 18). It was also found that 
metformin suppressed proliferation of melanoma cells as 
well as colorectal carcinoma cells (19, 20). This review will 
try to highlight some of the underlying mechanisms of met-
formin anti-cancer properties that include metformin induced 
cytotoxicity and metformin induced immunomodulation. 
However, the majority of this mechanism(s) has not yet been 
fully understood. 

CYTOTOXIC EFFECTS OF METFORMIN 

There are a number of studies which suggest that metfor-
min has a cytostatic and cytotoxic effect on tumor cells and 
there are many theories about the mechanism of metformin’s 
actions (Table 1). One of most prominent theories is that 

metformin activates adenosine monophosphate-activated 
protein kinase (AMPK). AMPK is a sensor and regulator of 
cellular energy status and is activated by low concentration 
of intracellular adenosine triphosphate (ATP) and high aden-
osine monophosphate (AMP) due to cellular stresses like is-
chemia, oxidative stress, glucose deprivation and so on (21). 
Activated AMPK is crucial in the process of phosphorylation 
and thus inhibition of serine/threonine protein kinase mam-
malian target of rapamycin (mTOR) (22). It is already known 
that activation of mTOR promotes cell proliferation and is 
observed in various types of cancer, but some studies suggest 
that inhibition of mTOR can have an important role in cancer 
treatment by inducing apoptosis (23). This was confirmed in 
a study on gastric adenocarcinoma after cells were treated 
with 10, 20, 30, 40 and 50mM metformin for 12, 24 and 48h 
and then cell viability was analyzed (24). The results were 
conclusive, metformin has time and concentration dependent 
toxicity to cancer cells (24). 

Another study was conducted on MCF-7 breast cancer 
cells (25). In this study, MCF-7 cancer cells were treated with 
10mM of metformin for 24, 48 and 72h. Similarly, metformin 
increased cell apoptosis and cell necrosis in MCF-7 cells in a 
time and concentration dependent manner (25). There are 
also various studies that analyzed if metformin has a synergic 
effect if it is given with some cytotoxic drugs. Study by Guo 
et al. confirmed that metformin enhances apoptosis induced 
by cisplatin when given to non-small-cell lung carcinoma 
(NSCLC) cells, especially in KRAS/LKB1 co-mutated tu-
mors (26). Similarly, metformin given with FTY720, sphin-
gosine-1-phosphate receptor modulator, synergistically in-
creased levels of apoptosis in multiple myeloma (MM) cells 
(27). 

Metformin can also be cytotoxic to cancer cells by pro-
moting non-apoptotic programmed cell death (PCD)- pyrop-
tosis (28). Pyroptosis is an inflammatory cell death pathway 
that can be activated by numerous caspases, such as caspase-
1, caspase-4 and caspase-5 (29). Study on esophageal squa-
mous cell carcinoma (ESCC) showed that metformin induces 
pyroptosis by targeting the miR-497/PELP1 axis in vitro, as 
well as in vivo (28). Another study on human hepatoblastoma 
cells HepG2, breast cancer cells MCF-7 and colon cancer cell 
lines HCT-15 and HT-29 confirmed these findings, but in this 
study, metformin induced pyroptosis by enhancing 
AMPK/SIRT1 pathway (30). 

Several studies have shown that cellular lipids like sphin-
golipids have a big effect on tumor growth. One of most 
prominent sphingolipids that regulates cell growth and stim-
ulates proliferation is sphingosine-1-phosphate (S1P). On the 
other side, ceramides and sphingosine stimulate apoptosis of 
the cell (31-33). Influencing on ceramide/sphingosine bal-
ance we can, in a great way, influence the growth of a tumor. 
Study that was conducted in vivo, on patients with stage 
III/IV ovarian cancer showed that metformin can block 
sphingosine kinase 1 (SPHK1) which normally stimulates 



formation of S1P. Inhibition of formation of S1P can increase 
the rates of apoptosis in tumor cells. Interestingly, ovarian 
cancer cells that had high levels of SPHK1 expression were 
highly sensitive to metformin’s activation of caspase-3. 
These cells also expressed higher levels of ceramides. These 
findings suggest a possible target for metformin as a cancer 
treatment as high level of expression of SPHK1 is found in 
numerous cancers such as liver cancer, uterine cancer, ovar-
ian cancer, breast cancer, kidney cancer, prostate cancer, lung 
cancer, gastric cancer, lymphoma, glioblastoma and small 
bowel cancer (34, 35). 

Another mechanism that can explain metformin induced 
cytotoxicity is related to activation of apoptosis signaling 
regulating kinase 1 (ASK1). Activation of ASK1 leads to mi-
tochondrial dysfunction and endoplasmic reticulum (ER) 
stress-induced apoptosis (36). This was confirmed in a study 
by Ma et al. on human ovarian cells where ER stress and mi-
tochondrial damage induced significant cell apoptosis (37). 

One of theories that can explain metformin related cyto-
toxicity is based on the fact that metformin can regulate ex-
pression of p53 protein (38). p53 protein is a transcription 
factor whose main role in the cell is to arrest cell cycle or 
induce cell apoptosis in response to DNA damage (39). Ac-
tivated p53 protein further can induce apoptosis via two path-
ways, intrinsic (mitochondrial pathway) and extrinsic (death 
receptor pathway) (40). Study on cervical cancer cells by 
Yudhani et al. confirmed that metformin significantly in-
creases the rate of apoptosis in a p53 dependent manner (41). 
As this study didn’t reveal if activation of p53 was AMPK 
dependent or not, study by Chen et al. confirmed that metfor-
min induced apoptosis by phosphorylation and activation of 
p53 in an AMPK-mediated pathway in human cervical can-
cer cells (42). When used on p53 mutated breast cancer cells, 
metformin increased expression of p53 and its target genes, 
p21 protein and pro-apoptotic protein Bax which led to en-
hanced apoptosis of cancer cells (43). Metformin induced au-
tophagy and apoptosis by activating p53 were also detected 
in prostatic cancer cells and human hepatocellular carcinoma 
HepG2 cells (44,45). Some studies suggest that metformin 
used in combination with other agents, such as 2-deoxyglu-
cose or valproic acid, on prostate cancer cells can induce syn-
ergistic p53 dependent apoptosis (46,47). 

Another potential cytotoxic mechanism of metformin is 
downregulating signal transducer and activator of transcrip-
tion 3 (Stat 3) and its target protein B-cell lymphoma 2 (Bcl-
2) (48). It has been proven that Stat3 promotes proto-onco-
genic pathways such as nuclear factor-kappa B (NF-kappa B) 
and interleukin 6 (IL-6) and activation of anti-apoptotic pro-
tein BCL-XL and by that increases proliferation and survival 
of tumor cells (49). Inhibition of Stat3 protein leads to de-
creased expression of anti-apoptotic proteins such as Bcl-2 
and increasing expression of pro-apoptotic proteins such as 
Bax which finally leads to induction of apoptosis (50). This 
possible mechanism of metformin related cytotoxicity was 
tested in several studies. One of them was conducted on 
esophageal squamous cell carcinoma (ESCC) in vitro and in 

vivo and results showed that metformin actually had an 
antineoplastic effect by inducing apoptosis of tumor cells 
(48). Study on “basal” or “triple-negative” (TN) breast can-
cer cells showed similar results, metformin inhibited Stat3 
and enhanced the rate of apoptosis. TN cancer cells lack the 
expression of the progesterone (PRs), estrogen (ER) and hu-
man epidermal growth factor receptor (HER-2) and tend to 
be very aggressive with high mortality rates, so these results 
may be encouraging (51, 52). Results obtained from study on 
melanoma cells showed that metformin after 24 hours in-
duced cell cycle arrest, after 72 hours induces autophagy and 
after 96h hours induced significant apoptosis, all while nor-
mal human melanocytes were resistant to these effects of 
metformin (53). 

It was previously stated that apoptosis can be induced via 
two pathways, intrinsic and extrinsic. Intrinsic pathway is 
mediated by activation of caspase-9 and extrinsic pathway is 
mediated by activation of caspase-8 (54). Study on pancreatic 
cell lines (ASPC-1, BxPc-3, PANC-1 and SW1990) showed 
that metformin itself can activate caspase-8 and caspase-9 
which leads to increased apoptosis of tumor cells in a time- 
and dose-dependent manner (55). This was tested in several 
more studies on tumor cell lines in vitro, and results were 
similar, metformin increased rates of caspase-dependent 
apoptosis in rat glioma cell lines (56) as well as in human 
breast cancer cells, human endometrial cancer cells and hu-
man bladder cancer T24 cells (57-59). 

Table 1. Summary of proposed cytotoxic  
effects of metformin 
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Mechanism Effect Study 

↓ mTOR ↑ Apoptosis Lu et al. (2019)24 

↓ PELP1 ↑ Pyroptosis 
Wang et al. 

(2019)28 

↑ SIRT1 ↑ Pyroptosis 
Zheng et al. 

(2020)30 

↓ SIP ↑ Apoptosis Hart et al. (2019)34 

↑ ASK1 ↑ Apoptosis Ma et al. (2019)37 

↑ p53 ↑ Apoptosis Sun et al. (2016)45 

↓ Stat3 ↑ Apoptosis Feng et al. (2014)48 

↑ Caspases 
8, 9 

↑ Apoptosis 
Wang et al. 

(2008)55 

 

 

 



IMMUNOMODULATORY EFFECTS  
OF METFORMIN 

Beside direct cytotoxic effects, studies have shown that 
metformin can in many ways modulate and potentiate the im-
mune response against cancer cells (Table 2). This could po-
tentially lead to a better outcome in cancer patients. 

One of the ways in which metformin influences immune 
responses to cancer is by modulating the expression of the 
programmed death ligand (PD-L1, also known as CD274 or 
B7-H1) (60). Studies have shown that molecule PD-L1 is ex-
pressed at significantly higher levels in various cancer types 
in which it promotes cell proliferation, migration and inva-
sion while the other studies showed that PD-1 can have im-
munomodulatory effect (61-64). Role of PD-L1 is to provide 
an inhibitory signal to cytotoxic T lymphocytes (CTLs) 
through binding to an inhibitory PD-1 receptors on activated 
CTLs. Signal from PD-1 receptor inhibits the antitumor ac-
tivities of CTLs (65). Metformin can change expression of 
PD-L1 by activation of AMPK. AMPK further phosphory-
lates S195 of PD-L1 which leads to abnormal glycosylation 
of PD-L1. Abnormally glycosylated PD-L1 will degrade in 
endoplasmic reticulum (ER) resulting in reduced expression 
of molecule PD-L1 on tumor cells and by this enhancing an-
titumor immune responses (60). Zhang et al. showed that 
metformin can also reduce expression of molecule PD-L1 
through Hippo signaling pathway in vivo and in vitro study 
on human colorectal cancer (CRC) cells (66). Results ob-
tained from study on endometrial carcinoma cell lines, -
Ishikawa and RL95-2, showed that metformin-related inhibi-
tion of expression of molecule PD-L1 significantly activated 
T cells and inhibited cancer cell growth (67). These findings 
indicate that metformin can possibly be used as an addition 
to immunotherapy in the future. 

Various studies of tumor microenvironment showed that 
tumor-associated macrophages (TAMs) can significantly in-
fluence development of a tumor. Alternatively activated, M2 
macrophages can facilitate tumor growth, metastasis and re-
sistance to chemotherapy. Cytokines that activate M2 are IL-
4, IL-10 and IL-13. Because of that, TAMs have become an 
interesting new target for immunotherapy (68). Several stud-
ies demonstrated that metformin can inhibit M2-like polari-
zation of macrophages (69, 70). Study by Ding et al. showed 
that metformin blocked M2-like polarization of macrophages 
through activation of AMPKα1 and as a result suppressed the 
metastasis of Lewis lung cancer (LCC) (69). Although the 
number of metastases was significantly reduced, metformin 
did not affect tumor growth (69). Additional studies, not only 
confirmed that metformin can directly inhibit M2 phenotype 
of macrophages, but showed that metformin can also indi-
rectly stimulate M1 phenotype of macrophages most likely 
by increasing the expression of IFN-γ (71, 72). 

Another type of cell that plays an important role in anti-
tumor immunity are CD8+ T cells, especially the Tc1 subset 
(Typical Cytotoxic T Cell). Main role of these cells is killing 
infected and tumor cells by secreting IFN-γ and granzyme B. 

Cytokine that is necessary for their development is IL-12 
(73). Recent findings suggest that chronic exposure to anti-
gen leads to reduced production of cytokines such as IL-2, 
TNFα and IFN-γ, reduced cytotoxicity and higher expression 
of inhibitory molecular receptors such as PD-1 and Tim-3 
(74). This state is known as T cell exhaustion (74). So far, 
several studies showed that metformin can improve function 
of exhausted CD8+ T cells and in that way can be a useful 
addition to cancer immunotherapy. In these studies, after 
metformin treatment, peripheral CD8+ Т cells increased their 
production of cytokines and reduced expression of PD-1 and 
Tim-3 (75-77). Besides stimulating the cytotoxic effect of 
CD8+ T cells, it was noted that metformin also reduced the 
number and function of CD4+ CD25+ regulatory T cells 
(Tregs) in tumor (78). Study by Ohue et al. showed that Treg 
cells in tumor inhibit antitumor immunity by inhibiting acti-
vation of CTLs, secreting of inhibitory cytokines and by di-
rectly killing the effector T cells (79). Metformin reduces the 
number and function of CD4+ CD25+ Tregs by reducing fork-
head box P3 (Foxp3) protein (78). Foxp3 is a necessary reg-
ulatory gene for development of Treg cells (80). Results from 
study by Wei et al. additionally suggested that metformin can 
also enhance the effect of tumor vaccine by reducing the pro-
portion of Treg cells in tumor which leads to even stronger 
anti-tumor effect (81). Study by Pereira et al. showed that 
administered in vitro, metformin also significantly increased 
the number of effector-memory CD8+ T cells which quickly 
differentiated into effector T cells by mechanism not yet fully 
understood. These effector T cells proved themselves to be 
very cytotoxic (82, 83). Same study also proved that metfor-
min can be very useful if combined with other anti-tumor 
medications like rapamycin and sitagliptin. Combined with 
these medications, metformin significantly reduced the num-
ber of metastatic nodules in mice with lung cancer in com-
parison with treatment with rapamycin or sitagliptin alone 
(82). 

Besides the direct effect on immune cells, metformin can 
also indirectly affect certain types of cells by affecting cyto-
kines that are necessary for their development. It was found 
that, among others, metformin affects interleukin 22 (IL-22) 
by decreasing its levels (84). IL-22 is a member of the inter-
leukin-10 (IL-10) family of cytokines and is important for 
both Th1 and Th17 immune response (85). By decreasing 
levels of IL-22, metformin leads to inhibition of development 
of Th1 and Th17 cells. This effect was proven in a study con-
ducted by Zhao et al. on mouse hepatocellular carcinoma 
model where it was shown that metformin exhibited signifi-
cant inhibition of tumor growth (84). The potential mecha-
nism is that IL-22 might be involved in development of liver 
cancer, and by reducing its levels, metformin suppresses de-
velopment of tumor which can have therapeutic potential 
(84). 

Another way in which metformin exerts its antitumor ac-
tivity is by depletion or inhibition of activity of myeloid-de-
rived suppressor cells (MDSCs) (86-90). MDSCs are cells 
that accumulate in a tumor, block the antitumor immune re-
sponse and promote tumor progression (91-93). It is proven 



that metformin suppresses the function of monocytic and 
polymononuclear MDSCs in patients with ovarian cancer by 
blocking the expression of CD39 and CD73 on these cells 
(86), but mechanism by which metformin inhibits the func-
tion of granulocytic MDSCs in mice with colon cancer is still 
unclear (87). 

 Besides metformin’s direct and indirect effect on tu-
mor and tumor related cells, metformin also has a significant 
effect on cytokines throughout the organism. Cytokines are 
signaling molecules that regulate both innate and adaptive 
immune responses and allow the cells to communicate with 
each other. Cytokines can have pro-tumor or anti-tumor func-
tion and have an important role in tumor-antitumor balance 
in organisms so they are very interesting for exploring be-
cause of their possible clinical potential (94). There are sev-
eral studies that have proven that metformin can influence 
concentrations of cytokines in cancers and that can influence 
the outcome. One of the cytokines that can be affected via 
metformin is midkine (95). Midkine (MK) is a heparin-bind-
ing growth factor which is highly expressed in many types of 
cancer and is involved in development and progression of 
many malignancies (96). It was already stated that metformin 
inhibits PI3K and MAPK pathways which are used by MK 
for promotion of cell proliferation and cell survival. By in-
hibiting MK pathways, metformin inhibits tumor develop-
ment (95). Another cytokine influenced by metformin is in-
terleukin 6 (IL-6) (97). IL-6 is a cytokine whose major role 
in human organisms is regulation of immune responses, but 
it is also shown to be highly expressed in various types of 
tumors and that promotes the proliferation and survival of tu-
mor cells (98). Studies have shown that metformin reduces 
levels of IL-6 mainly via mTOR pathway. This is another 
way of antitumor role of metformin and it was confirmed in 
in vitro study in human colon cancer cells and in in vitro 
study on human multiple myeloma cells lines (97, 99). Cyto-
kine that has been associated with promoting malignancy 
similarly like IL-6 is transforming growth factor beta (TGF-
β). Based on in vitro and in vivo studies, TGF-β acts as a sup-
pressor of antitumor immune responses which makes him a 
potential therapeutic target (100, 101). Several studies sug-
gested that metformin can inhibit binding of a TGF-β to its 
receptor which consequently promotes antitumor immune re-
sponse (102, 103). One of studies has shown that metformin 
suppresses expression of TGF-β by inhibiting 
AKT/mTOR/ZEB1 signaling pathway (104). Besides 
AKT/mTOR/ZEB1 signaling pathway, metformin can also 
inhibit AKT/GSK-3β signaling pathway which leads to re-
duction of levels of basic fibroblast growth factor (bFGF). 
This growth factor is a member of the fibroblast growth fac-
tor family and is associated with promotion of tumorigenesis 
and metastasis. Study by Chengye et al. showed that by in-
hibiting bFGF, metformin inhibited migration and invasion 
of hepatocellular carcinoma cells (105). 

 

 

Table 2. Summary of proposed immunomodulatory  
effects of metformin 
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Mechanism Effect Study 

↓ PD-L1 ↑ T cell activation 
Xue et al. 
(2019)67 

↓ M2 / ↑ M1 ↓ Metastasis 
Ding et al. 
(2015)69 

↓ PD-1, Tim-
3 

↓ T cell exhaus-
tion 

Watanabe et 
al. (2017)75 

↓ Foxp3 ↓ Treg 
Kunisada et 
al. (2017)78 

↑ Memory 
CD8+ T cells 

↑ T cell antitumor 
response 

Pereira et 
al. (2018)82 

↓ IL-22 ↓ Tumor growth 
Zhao et al. 
(2015)84 

↓MDSCs ↑ T cell activation 
Li et al. 
(2018)86 

↓ MK ↓ Metastasis 
Karadeniz et 
al. (2020)95 

↓ IL-6 
↓ Cell prolifera-
tion and survival 

Kang et al. 
(2018)99 

↓ TGF-β 
↑ Antitumor im-
mune response 

Song et al. 
(2017)104 

↓ bFGF ↓ Metastasis 
Changye et 
al. (2017)105 

 

SUMMARY AND FUTURE PERSPECTIVE 

Epidemiological, preclinical and clinical evidence re-
viewed above have shown that metformin has a great poten-
tial as an antitumor agent, both for prevention and therapy. 
Obtained data in vitro and in vivo suggested that metformin 
can in a great way influence various signaling pathways in-
volved in cancer cell proliferation, differentiation and metab-
olism which can significantly change tumor outcomes. Some 
of these signaling pathways are shown in Figure 1. However, 
the exact underlying mechanism(s) of metformin's positive 
effects are still yet to be fully explained. Besides individual 
effects, several studies have confirmed that metformin also 
has synergistic effects with other antitumor agents (26, 46, 
47). It is also worth mentioning that besides its positive ef-
fects in studies so far, there are more properties of metformin 
that make it an attractive antitumor agent such as low tox-
icity, good tolerability by patients and affordability. These 
observations suggest that metformin should be further tested, 
both as a single and adjuvant therapeutic pharmaceutical. 

 

 



Figure 1. Schematic illustration of proposed signaling  
pathways and cellular effects of metformin.(A) 

 

 

Metformin activates p53, ASK1, caspase-8 and caspase-9 
and inhibits Stat3 which results in increased rates of apopto-
sis and necrosis of cancer cells. (B) Metformin reduces ex-

pression of PD-L1 on cancer cells and PD-1 on CTLs which 
results in enhanced T cell activity. Also, by inhibiting 

Foxp3, metformin reduces the number and activity of CD4+ 
CD25+ Tregs and by activating AMPKα1, metformin sup-

presses the number and activity of M2-like TAMs.  
Overall result of these effects is stimulation of antitumor 

immune response. 
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