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Abstract
Metformin is a biguanide molecule used since 1957 to treat type 2 diabetes patients. In addition to its hypoglycemic effects, 
epidemiological studies have shown that metformin can be associated with a decrease in cancer development risk in diabetic 
populations. Thus, since 2005 this molecule is largely studied for its antitumoural properties in different types of cancer. 
The potential antitumoural effect of metformin in gastric cancer has been poorly studied. Here, we detailed the different 
described mechanisms implicated in the antitumoural effect of metformin in gastric cancer, from the signalling pathways to 
the functional effects on gastric cancer cell lines and gastric cancer stem cells.
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Introduction

Gastric cancer

Gastric cancer (GC) is the fifth most common cancer in the 
world [1]. In 2012, a gastric adenocarcinoma was diagnosed 
in approximately 951,000 people and resulted in the death 
of 723,000 people worldwide [2]. This cancer has a poor 
prognosis with a 5-year survival rate of 25–30% [3], ren-
dering GC the third leading cause of cancer-related death 
worldwide [1].

Current treatment is essentially based on surgery com-
bined with conventional chemotherapies [4]. Surgical resec-
tion of the tumour can be performed at early stages when 
the tumour area is less than 2 cm, without ulceration and 
localized in the mucosa. This surgical resection can be cura-
tive, but the majority of patients have relapses. In advanced 
stages, a more invasive surgery is required to remove the 
area where the tumour is localized, and sometimes a gas-
trectomy is required [4].

In addition to surgery, chemotherapies are used at 
advanced stages of GC and in relapse cases. Several clini-
cal studies have tested different combinations of conven-
tional chemotherapies such as ECF [epirubicin, cisplatin 
and 5-fluorouracil (5-FU)], ECX (epirubicin, cisplatin, 
capecitabine), EOX (epirubicin, oxaliplatin, capecitabine) 
or FLOT (fluorouracil, leucovorin, oxaliplatin, docetaxel) 
[5]. In patients who have not received preoperative chemo-
therapy, a postoperative radiotherapy or an adjuvant therapy 
such as paclitaxel, an antineoplastic agent, is recommended 
[5]. These cytotoxic chemotherapies can reduce tumour bur-
den, but their effects are usually transient and patients may 
relapse. This resistance to chemotherapy is mainly supported 
by the cancer stem cell (CSC) population [6].

There is no specific therapy except for patients with 
HER2-positive tumours. Indeed, 10–15% of GC cases dis-
play HER2 gene amplification (human epithelial growth 
factor receptor 2) [5] and can be treated with an anti-HER2 
monoclonal antibody called trastuzumab, or Herceptin [7].

In this context, developing new efficient therapies remain 
necessary to improve GC care. Among the potential can-
didates, metformin is an interesting molecule to consider. 
Therefore, the aim of this review is to describe the different 
indications of the therapeutic potential of metformin in GC 
and its associated mechanisms.
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Metformin, from the old anti‑diabetic molecule 
to the promising anti‑cancer drug

Metformin is a biguanide molecule used since 1957 [8] 
for its hypoglycemic properties. It decreases hepatic glu-
cose production through the suppression of gluconeo-
genesis, improves glucose uptake in skeletal muscles [9] 
and decreases resistance to insulin. In contrast with other 
antidiabetic molecules, metformin does not cause weight 
gain or increased risk of hypoglycemia. These properties 
made metformin the most used antidiabetic drug in type 2 
diabetes treatments [10]. The exact mechanisms of action 
of metformin are not clearly identified. Once in the cell, 
metformin accumulates in the mitochondrial matrix and 
inhibits partially but specifically the mitochondrial res-
piratory chain complex I or NADH dehydrogenase [11], 
resulting in a reduction of ATP synthesis by ATP synthase. 
The increase in the ADP/ATP and AMP/ATP ratios leads 
to two major responses, either dependent on the activa-
tion of AMPK (AMP-activating protein kinase) or related 
to inhibition of cAMP synthesis [9, 11–13]. The conse-
quences are an inhibition of expression of genes encod-
ing specific enzymes implicated in gluconeogenesis [14], 
an increase in the insulin receptor IRS-2 activity, and the 
translocation of the receptors GLUT1 or 4 in the plasma 
membrane which increases glucose uptake and decreases 
blood glucose level [15–17]. All these elements explain 
the hypoglycemic effects of metformin.

In addition to its antidiabetic properties, epidemiologi-
cal studies have shown that diabetic patients treated with 
metformin developed significantly less cancer than those 
not treated with metformin [18]. Evans et al. were the first 
to hypothesize that metformin could reduce the risk of 
cancer [19]. They therefore performed a pilot case–con-
trol study on diabetic patients and showed that the cancer 
incidence was 36.4% for diabetic patients treated with met-
formin, compared to 39.7% for the other diabetic patients 
[19]. Since then, numerous epidemiological studies have 
been conducted on different types of cancer. Gandini et al. 
performed a meta-analysis demonstrating a 31% incidence 
decrease and 34% mortality reduction (all cancers com-
bined) in metformin-treated diabetic patients compared to 
those not treated with metformin [20]. Recently Zhou et al. 
published a meta-analysis of seven cohort studies includ-
ing a total of 591,077 diabetic patients (type 2). According 
to this study, the risk of developing a GC in metformin-
treated diabetic patients is significantly reduced (hazard 
ratio of 0.76) [21]. It was also demonstrated that survival 
rate of GC patients is increased in the diabetic patients 
group treated with metformin compared to the other dia-
betic patients, not treated with metformin [22].

Following this finding, several publications on different 
types of cancer concluded that metformin possesses antitu-
moural properties [23–26].

Direct antitumoural effects of metformin on gastric 
cancer

The potential antitumoural effects of metformin in GC have 
been poorly studied, unlike some other types of tumours. 
This review summarizes the different proofs of the antitu-
moural effect of metformin in GC (Fig. 1).

Metformin has an anti‑proliferative effect on gastric cell 
lines

Kato et al. were the first to study the effects of metformin 
in vitro and in vivo on different GC cell lines (MKN1, 
MKN45 and MKN74) [27]. They showed that increasing 
doses of metformin decreased cell proliferation in vitro. This 
effect was confirmed in vivo on BALB/c-nu/nu mice with 
subcutaneous xenografts of MKN74 cells. Mice were treated 
by intraperitoneal injection of 1 or 2 mg of metformin per 
mouse per day during 4 weeks. At the end of the treatment, 
tumours were significantly smaller in the treated mice com-
pared to the control mice (PBS). This decrease in prolifera-
tion observed in vitro and in vivo was related to a cell cycle 
arrest (MKN74) [27].

Metformin inhibits WNT pathway through KLF5–GATA4/6–
HNF4α regulation

In 2015, Chia et al. examined copy number and gene expres-
sion of three transcription factors (KLF5, GATA4 and 
GATA6) in multiple GC cohorts. They showed genomic 
amplification and co-expression of these factors in 30% of 
GC [28], suggesting an important role in GC development. 
Indeed, a depletion of these factors using siRNAs, simulta-
neously or not, decreased proliferation in vitro and in vivo 
in YCC3 and AGS cell lines. In contrast, simultaneous 
overexpression of these three factors (plasmid expression) 
increased proliferation. KLF5 is able to interact with GATA 
factors. One of their direct targets is the hepatocyte nuclear 
factor-4α (HNF4α), which is overexpressed in many types 
of cancer and involved in cell proliferation. When KLF5 or 
GATA6 were inhibited by siRNA, the expression of HNF4α 
was significantly decreased. In addition, when the expression 
of HNF4α was inhibited by siRNA, cell proliferation was 
inhibited. As HNF4α expression is known to be repressed 
by AMPK [29], they concluded that metformin decreases 
the expression of HNF4α and thus, decreases cell prolifera-
tion [28].

In 2016, Chang et al. analysed the transcriptomic profiles 
of 22 GC tumours (compared to non-tumourous area) and 
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confirmed the overexpression of HNF4α in GC. Inhibition of 
HNF4α with shRNA or pharmacological antagonists such as 
BL6015 or metformin showed antineoplastic effects in vitro 
or in vivo on GC cell lines. Metformin activated AMPK 
which in turn inhibited the activity of HNF4α, decreased 
cyclins, arrested the cell cycle and inhibited tumour growth. 
HNF4α also regulated WNT signalling through its target 
gene WNT5A. Indeed, when HNF4α expression was inhib-
ited, WNT5A expression was also decreased. This suggests 
that inhibition of HNF4α inhibits the WNT pathway, known 
to be involved in gastric carcinogenesis [30].

These two previous studies demonstrate an interesting 
mechanism of action of metformin through its capacity to 
activate AMPK which counteracts the positive effects of 
KLF5/GATA4/GATA6 on the expression of HNF4α and the 
WNT pathway thus downregulating them (Fig. 1).

Metformin inhibits epithelial‑to‑mesenchymal transition

The WNT/β-catenin pathway is known to be deregulated in 
GC, playing a critical role in cancer development [31]. This 
pathway is involved in the induction of the epithelial-to-
mesenchymal transition (EMT) and in self-renewal proper-
ties of CSCs [32]. The previous study of Chang et al., sug-
gested that metformin can reverse EMT in GC [30]. Valaee 
et al. and Jun et al. recently confirmed this effect on the GC 
cell line AGS [33, 34]. Indeed, the treatment of AGS cells 
with metformin decreased the expression of β-catenin and 
vimentin [33] as well as matrix metalloproteinase-9 (MMP9) 

and vascular endothelial growth factor (VEGF) [34]. On 
the contrary, the expression of E-cadherin was increased 
in response to metformin [33, 34]. At functional level, 
metformin decreased cell viability, migration and invasive 
capacities [33, 35].

In addition, Huang et al. showed that metformin inhib-
ited EMT via Bmi-1 inhibition, which is an oncogene 
overexpressed in many types of cancer including GC 
[36]. This effect was dependent on the lipopolysaccharide 
(LPS)-induced TNFα factor (LITAF), a transcription factor 
involved in inflammatory response. In response to lipopoly-
saccharides, LITAF was translocated into the nucleus where 
it induced the expression of different miRNAs: hsa-miR-15a, 
hsa-miR-194, hsa-miR-128 and hsa-miR-192 [36]. Each of 
these miRNAs decreased the expression of Bmi-1. Function-
ally, inhibition of LITAF, using shRNA, increased colony 
formation and cell migration, which are EMT-induced fea-
tures. This study therefore presents a new axis of EMT regu-
lation, via the activation of AMPK–LITAF–miRNA which 
in turn inhibits the expression of the oncogene Bmi-1 [36].

Another study lead by Li et al. analysed the expression 
levels of long noncoding RNAs (lncRNAs) via an lncRNA 
microarray in AGS cell line treated with metformin. They 
found that lncRNA H19 was greatly downregulated in the 
presence of metformin [35]. This lncRNA H19 is known to 
be overexpressed in GC tissues. The lncRNA H19 down-
regulation observed in the presence of metformin would 
be responsible for AMPK activation and the decrease of 
MMP9 expression. The consequences were an lncRNA 

Fig. 1  Molecular mechanisms identified in response to metformin in gastric cancer model. Coloured arrows indicate demonstrated regulations 
induced by metformin. Cpx complex I of the mitochondrial respiratory chain, EMT epithelial-to-mesenchymal transition
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H19-dependent decrease of cellular migration and inva-
sion in vitro and an inhibition of tumour formation in vivo 
(Fig. 2). The knock-down of lncRNA H19 led to the same 
effect as metformin treatment. Thus, lncRNA H19 could rep-
resent a key element in the inhibition of GC cell invasion 
driven by metformin [35].

Metformin inhibits Sonic hedgehog signalling pathway

Song et al. have very recently demonstrated that metformin 
could also regulate the Sonic hedgehog (Shh) pathway. This 
pathway is involved in gastric carcinogenesis, its activation 
being essential for the maintenance of gastric CSCs char-
acteristics (self-renewal and chemoresistance) [37]. In GC 
cell lines (HGC 27 and MKN 45), expression (mRNA and 
protein) of Shh and transcription factors Gli-1, Gli-2 and 
Gli-3 were decreased in response to metformin. This effect 
disappeared after AMPK inhibition using siRNA. Thus, 
metformin, via AMPK, seems to inhibit the Shh signalling 
pathway [38].

Metformin induces apoptosis through an inhibition 
of survivin via mTOR pathway regulation

In 2015, Han et al. studied the apoptotic effects of metformin 
in GC cell lines and in a non-cancerous gastric epithelial cell 
line (GHG-1). In GC cell lines, metformin induced expres-
sion and activation of Caspases 3 and 7 and PARP, but not 
in the non-cancerous cell line. This effect was combined 
with a decrease in survivin expression [39], a member of the 
inhibitor of apoptosis (IAP) family of proteins involved in 
apoptosis inhibition and cell cycle regulation [40]. Survivin, 
known to be overexpressed in many types of cancer [41], is 
considered as a relevant prognostic marker, including in GC 
[42], and represents an interesting therapeutic target. Han 
et al. demonstrated that metformin activates AMPK, which 
inhibits the mammalian Target Of Rapamycin (mTORC1) to 
finally inhibit survivin and induce apoptosis (Fig. 1) [39].

The mTORC1 signalling pathway integrates both intra-
cellular and extracellular signals and regulates some cen-
tral processes such as mRNA translation, lipid synthesis, 
glucose metabolism and autophagy, all implicated in cell 
growth [43]. mTORC1 is positively regulated by PI3K/Akt 
and MAP kinases, and negatively by AMPK [44]. mTORC1 
deregulation is involved in various cellular processes such as 
tumour formation or angiogenesis [43] and its activation has 

been demonstrated in various types of cancer, including GC 
[45]. These observations have generated wide scientific and 
clinical interest for mTORC1 and hence, the increasing use 
of mTORC1 inhibitors such as rapamycin or its analogues 
(rapalogues) in the treatment of solid tumours. However, 
targeting mTORC1 using rapamycin has limited outcomes 
in patients. Recent elements highlight an additional role of 
mTORC1 as tumour suppressor [46], explaining the mod-
est efficiency of rapamycin in clinical setting. Nevertheless, 
the ability of metformin to inhibit mTORC1 is particularly 
interesting and is a good indicator of its potential antitumour 
properties.

In GC cell lines, Chen et al. have shown that metformin 
decreased proliferation, induced apoptosis and decreased 
cell migration and invasion capabilities, which is consist-
ent with the above studies. These effects of metformin were 
related to the inhibition of hypoxia inducible factor 1α 
(HIF1α) and pyruvate kinase M2 (PKM2) (mTOR effectors), 
which are overexpressed in advanced GC cases compared to 
early stages [47].

Metformin is able to target gastric cancer stem cells

Hirsch et al. were the first to study the effects of metformin 
on stem cell population in the breast cancer context [48]. 
Since then, several studies have also demonstrated anti-CSC 
effect of metformin in other types of cancer such as ovarian 
cancer [49], pancreatic [50] or colorectal cancer [51]. In GC, 
there is only one study that clearly and functionally demon-
strates the ability of metformin to target the gastric CSCs 
[52]. In this study, metformin effects were evaluated on pro-
liferation and tumourigenic properties of gastric CSCs from 
patient-derived primary tumour xenografts (PDXs) and GC 
cell lines (MKN45, AGS and MKN74). Metformin effects 
were evaluated in vitro in conventional two-dimensional 
(2D) and three-dimensional (3D) culture systems, in which 
only CSCs are able to form tumourspheres, and in vivo in 
mice xenograft models. It was shown that metformin had 
an anti-proliferative effect on GC cell lines in vitro in the 
2D cultures, inducing cell cycle arrest, and in vivo with a 
significant decrease in the size of the remaining tumours 
(after subcutaneous xenograft). In 3D culture system, met-
formin decreased the number of tumourspheres in response 
to curative and preventive treatments. This effect correlated 
with a decrease of CSC markers expression (CD44 and 
Sox2) and an increase of differentiation markers expression 

Fig. 2  lncRNA H19-dependent metformin effect. Coloured arrows indicate regulations induced by metformin. lncRNA long noncoding RNA, 
EMT epithelial-to-mesenchymal transition
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(Kruppel-like factor 4 and MUC5AC). Finally, in vivo treat-
ment of PDXs with metformin led to tumour growth delay 
and decreased self-renewal ability of CSCs [52].

Finally, Sekino et al. studied metformin effect in vivo on 
tumour growth after an intraperitoneal injection of a GC 
cell line (MKN45). They demonstrated that metformin treat-
ment decreased the total tumour volume. They also showed 
that the remaining tumours from treated mice expressed 
less nuclear factor-κappa B (NF-κB) than the tumours from 
untreated mice [53]. NF-κB is known to be implicated in 
the EMT process through the upregulation of Snail expres-
sion [54].

These results reveal the ability of metformin to target gas-
tric CSCs and suggest that its use could represent an efficient 
strategy to inhibit tumour growth and relapse.

Indirect antitumoural effects of metformin 
on gastric cancer

All above studies prove the direct antitumoural effect of 
metformin on GC cells and gastric CSCs. But, some studies 
investigated potential indirect effects of metformin.

Metformin can modulate interaction between tumour cells 
and tumour microenvironment

A recent study showed that metformin is able to modulate 
interaction between GC cells and their microenvironment 
[55]. In order to demonstrate this, they isolated gastric 
tumour-associated fibroblasts (TAFs) from GC patients. 
These TAFs were pre-treated with metformin and co-cul-
tured with GC cells. Proliferation of GC cells co-cultured 
with pre-treated TAFs was decreased compared to GC cells 
co-cultured with non-pre-treated TAFs. Metformin treat-
ment increased the secretion of the calmodulin-like protein 
3 (Calml3) in the culture medium of gastric TAFs. Calml3 
then had a suppressive effect on the clonogenicity of GC 
cells [55].

Metformin has an immune‑mediated antitumour effect

On other cancer models, Eikawa et al. demonstrated an 
immune-mediated antitumour effect by metformin [56]. 
In vivo metformin treatment induced solid tumour rejec-
tion in mice via an activation of CD8 + tumour-infiltrating 
lymphocytes (TILs). Because of cancer cell persistence, 
TILs progressively lost their ability to secrete IL-2, TNFα, 
and IFNγ and they were finally eliminated by apoptosis in 
an immune exhaustion process. Metformin treatment was 
able to prevent TILs-apoptosis, induced TILs migration into 
tumours and finally reactivated antitumour immunity. This 
mechanism was demonstrated on different cancer models 
(lung, intestinal and renal carcinoma, melanoma and breast 

cancer) and seems through an activation of AMPK. However 
additional experiments are necessary to fully understand the 
underlying mechanism.

Finally, another interesting fact is the surprising antibiotic 
effect of metformin against Helicobacter pylori [57], the 
main risk factor of GC. Indeed, it has been recently shown 
in vitro and in vivo in a mouse infected-model, that met-
formin directly inhibited H. pylori growth. Furthermore, the 
epidemiological study performed on a Taiwanese diabetic 
population, suggested that metformin use was associated 
with a significantly reduced risk of H. pylori infection in a 
dose–response pattern [58]. These facts could indicate that 
metformin use decreases GC risk via its antibiotic effect 
against H. pylori.

In the same perspective, it was recently shown that met-
formin is able to modulate gut microbiota [59]. Hence, as it 
is known that microbiota can influence cancer development 
and progression [60], future studies could be performed to 
eventually demonstrate whether metformin has indirect anti-
tumour properties via its effects on microbiota.

Metformin: from bench to cancer patient’s bedside

Can metformin be use alone as patient’s anticancer 
treatment?

Previous studies demonstrated that metformin has antitu-
moural properties in vitro and in vivo in mouse models. In 
this context the next step consists to propose a therapeutic 
application in oncology. Currently there is no clinical trial 
on GC patients, but there are phases III and IV clinical tri-
als in other types of cancer (brain, breast, oral and prostate 
cancers) (Table 1). In these clinical trials, metformin is not 
used as a direct anticancer treatment, but more in prevention 
perspective to reduce cancer recurrence. These clinical trials 
are ongoing and no results are yet available.

Can metformin be an interesting candidate to combine 
with conventional chemotherapies?

In gastric cancer models, in vivo experiments were con-
ducted by Yu et al. to study the effects of metformin alone 
or in combination with cisplatin or rapamycin (mTORC1 
inhibitor) on tumour growth. Cisplatin is a conventional 
chemotherapy drug widely used in the treatment of various 
types of cancer, including GC as previously mentioned. Its 
anticancer activity is based on its ability to interact with 
purine bases, inducing the formation of intra- and inter-
strand DNA–protein interactions which block transcription, 
cellular replication and induce apoptosis [61]. Firstly, Yu 
et al. showed, on a subcutaneous tumour xenograft model, 
that metformin alone was able to decrease tumour volume 
and weight. Secondly, they showed, on a peritoneal tumour 
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xenograft model, that the combination of metformin with 
cisplatin, rapamycin or both significantly inhibited perito-
neal dissemination of GC and enhanced the effect of each 
drug alone [45]. Based on these results, the association of 
metformin with cisplatin could be of therapeutic interest.

However, another study of Lesan et al. raises again the 
question of synergy between metformin and cisplatin [62]. In 
their study, they showed in vitro that metformin and cisplatin 
separately decreased cell proliferation and induced apopto-
sis in the MKN45 cells. It is interesting to note that in this 
study, the combination of these two molecules significantly 
decreased the effects of cisplatin alone. They showed that 
survivin, mTOR and Akt expressions were increased in vitro 
when GC cell lines were treated with combined metformin 
and cisplatin, compared to a treatment with metformin alone 
or cisplatin alone. They proposed that this increase of sur-
vivin, mTOR and Akt expressions was responsible for the 
antagonist effect of metformin and cisplatin. However, these 
results were obtained from in vitro studies, and no in vivo 
study was performed [62].

Finally, Wu performed a small in vitro study on AGS 
cell lines showing that metformin and chemotherapeutic 
agents (cisplatin, adriamycin, paclitaxel) could separately 
decrease cell migration and invasion, and increase apoptosis. 
More interestingly, association of metformin with cisplatin 
or adriamycin or paclitaxel potentiated the effects of these 
drugs alone [63].

More studies are needed to confirm if, in the GC context, 
the association of metformin with conventional chemothera-
pies represents an interesting therapeutic perspective, as it is 
the case in hepatoblastoma for example, where metformin 
attenuated hypoxia-induced resistance to cisplatin in the 
human liver cancer cell line HepG2 [64]. This study clearly 
demonstrated that addition of metformin is better than con-
ventional chemotherapy alone.

In this perspective, numerous clinical trials are on the 
way around the world on different types of solid cancers like 
breast, pancreatic, colorectal, rectal, endometrial and ovarian 
cancers [65]. Most of them are phase II clinical trials, more-
over some are in phase III (Table 2) (https ://clini caltr ials.
gov/). As they are ongoing, no results are yet available. The 
aim of these clinical trials is to identify whether metformin 
combined with conventional cancer treatments can improve 
overall survival, progression-free survival and recurrence, 
compared to conventional cancer treatments alone (Table 2). 
For the moment, there is no clinical trial on GC patients.

Conclusion

Metformin is used since more than 50 years to treat diabetic 
patients and is known to be well tolerated. Furthermore, 
recent data have shown that metformin also has antitumoural 

effects in GC and regulates different signalling pathways 
known to be implicated in gastric carcinogenesis. Moreover, 
metformin can also target gastric CSCs. All these properties 
indicate that metformin represents a promising anti-cancer 
drug in GC and could lead to a better survival rate of GC 
patients. Its use in combination with conventional chemo-
therapies is being tested in clinical trials. Even if currently 
there is no clinical trial on GC patients, data summarized in 
this review suggest that it could be really interesting to use 
metformin to fight GC.
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