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Abstract: Malignant tumors are a major cause of death, and their incidence is increasing 
worldwide. Although the survival rate for some cancers has improved, treatments for other 
malignant tumors are limited, and their mortality rate continues to increase. People with type 
2 diabetes have a higher risk of malignant tumors and a higher mortality rate than those 
without diabetes. Metformin is a commonly used hypoglycemic drug. In recent years, 
a growing number of studies have indicated that metformin has antitumor effects and 
increases the sensitivity of malignant tumors to chemotherapy. However, the effect of 
metformin on different tumors is currently controversial, and the mechanism of metformin’s 
antitumor action is not fully understood. Insights into the effect of metformin on malignant 
tumors and the possible mechanism may contribute to the development of antitumor drugs.
Keywords: metformin, malignant tumor, type 2 diabetes mellitus, insulin resistance, 5’ 
adenosine monophosphate-activated protein kinase, antitumor

Introduction
In the 21st century, noncommunicable diseases, including malignant tumors, are the main 
causes of death globally,1 and malignant tumors are also the most important obstacle to 
improving life expectancy. The latest global cancer statistics has estimated that there will 
be 19.29 million new cases of cancer and 9.96 million cancer-related deaths worldwide in 
2020 and 4.57 million new cases in China. At present, the cancer prevalence rate in China 
is the highest in the world. Breast cancer and lung cancer are the most common cancers 
worldwide, followed by colorectal cancer (10.0%), prostate cancer (7.3%) and stomach 
cancer (5.6%). Lung cancer remains the leading cause of cancer-related death, followed 
by colorectal (9.4%), liver (8.3%), stomach (7.7%), and female breast (6.9%) cancers.2

Type 2 diabetes mellitus (T2DM) is a group of metabolic diseases with deficiency in 
insulin secretion and/or insulin sensitivity leading to hyperglycemia.T2DM prevalence is 
increasing yearly and has become the sixth most common cause of death.3 

Epidemiological studies have shown that T2DM patients have an increased risk of 
liver cancer, pancreatic cancer, stomach cancer, colorectal cancer, kidney cancer, breast 
cancer and other malignant tumors.4 Diabetes or hyperglycemia is associated with 
reduced insulin sensitivity and increased expression of insulin-like growth factor 
(IGF), which then stimulates the development of cancer. The proliferation of viscera, 
pancreas and colon cancer cells also increases the risk of malignant tumors.5,6 Globally, 
T2DM is related to an increased burden of malignant tumors, which has aroused interest 
in defining the epidemiological and biological relationships between T2DM and malig
nant tumors.3
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Metformin is a hypoglycemic drug that is safe, effec
tive and inexpensive. In addition to its hypoglycemic 
effects, a growing body of research has indicated that 
metformin may have other effects: it may improve lipid 
metabolism and weight loss, reduce cardiovascular inci
dence, inhibit brain function, slow cognitive decline, and 
reduce the risk of dementia.7–9 In addition, basic and 
clinical research has indicated that metformin has antitu
mor effects and enhances sensitivity to chemotherapy.10–12 

However, current studies have found that the effects of 
metformin on different tumors are controversial, and the 
antitumor mechanism of metformin is not completely 
clear.In this manuscript, the effect of metformin on many 
malignant tumors and its possible mechanism were 
reviewed and analyzed.

Effect of Metformin on Malignant 
Tumors
Breast Cancer
Breast cancer was the most common cancer in 2020, with an 
estimated 2.26 million new cases (11.7%).2 It is well known 
that diabetes is a key risk factor for breast cancer, regulating 
estrogen availability and receptor function, thereby increasing 
the risk and progression of breast cancer.13 Previous research 
has indicated a lower incidence of invasive breast cancer in 
diabetic women using metformin14 than in women who used 
other hypoglycemic medications. Then, a growing number of 
clinical and basic studies demonstrated that metformin reduced 
the incidence, metastasis and recurrence rate of breast cancer in 
women.15,16 A retrospective cohort study included 14,766 
women newly diagnosed with stage I or II breast cancer, 791 
of whom experienced secondary breast cancer events, 627 of 
whom experienced disease relapse, and 237 of whom died of 
breast cancer. The results showed that metformin use (n = 
2558) reduced the risk of secondary breast cancer events, 
recurrence, and death by 28%, 31%, and 49%, respectively.17 

It was also found that metformin inhibited breast cancer metas
tasis and reduced chemotherapy resistance in women with 
breast cancer. Wang JCand colleagues established a mouse 
model of metastatic breast cancer and compared the lung 
metastasis and chemosensitivity of metformin-treated and 
untreated mice. Finally, the authors proposed that metformin 
reduced the pulmonary metastasis rate of primary tumors and 
increased sensitivity to chemotherapy, which may be mediated 
by the vascular effects of metformin.18 Currently, most studies 
of metformin in breast cancer have been based on diabetic 
patients;19–22 however, a randomized, Phase II, double-blind, 

placebo-controlled trial in 2012 involving breast cancer 
patients with nondiabetic disease reached a different conclu
sion. Stage I to IIa breast cancer patients without diabetes were 
included in the trial; these patients were candidates for elective 
surgery and received either metformin or placebo for 4 weeks 
before surgery.23 The results showed that metformin before 
surgery had no significant effect on the overall proliferation of 
breast cancer, but had an inhibitory effect on the proliferation in 
the women with increased HOMA index, while the opposite 
trend was observed in women with normal insulin sensitivity.23 

In this study, metformin was used only 4 weeks before surgery 
for a relatively short period of time, and breast cancer progres
sion was affected by confounders such as emotional state and 
hormones. Further studies are needed to support this view.

Triple-negative breast cancer (TNBC) is a subtype of 
breast cancer with the lowest five-year survival rate; TNBCis 
highly invasive and metastasizes readily, and the therapeutic 
effect against TNBC is poor.24 In 2013, Wahdan-Alaswad Ret 
al demonstrated that metformin promoted the apoptosis and 
necrosis of breast cancer cells, especially TNBC cells, through 
reduced IGF-1R expression, but this effect was inhibited with 
increased glucose concentration.25 Since then, the authors 
further sought to explore the mechanism of metformin- 
induced inhibition of TNBC and proved that metformin 
induced TNBCcell death and blocked stem cell expansion 
through the activation of miR-193b, which downregulates 
fatty acid synthase (FASN).26 Wahdan-Alaswad R and collea
gues also studied the effects of metformin on the mesenchymal 
stem-like/claudin-low (MSL/CL)-one subtype of TNBC. The 
authors found that metformin inhibited the occurrence of 
MSL/CL breast cancer by suppressing transforming growth 
factor-β (TGF-β) signaling through the inhibition of endogen
ous Smad2 and Smad3 in MSL/CL cell lines and weakened 
the TGF-β-induced epithelial-to-mesenchymal transition 
(EMT) through the reduction of Snail expression in MSL/CL 
cell lines, thus reducing tumor migration and invasion.27 Two 
years later, the authors confirmed that the inhibition of TNBC 
proliferation by metformin may be related to the inhibition of 
the cholesterol synthesis pathway.28 In addition, Liu B et al 
studied the effect of metformin on trastuzumab-resistant breast 
cancer cells. The results showed that metformin inhibited the 
proliferation of trastuzumab-resistant breast cancer cells by 
inactivating erbB3 and IGF-1R, reducing complex formation 
between erbB2 and IGF-1R and inactivating the Src kinase 
and/or PI-3K/Akt pathway downstream.29 At present, how
ever, others hold a different view. In 2019, Chen H et al 
conducted a retrospective multicenter study to investigate the 
effects of hypoglycemic agents on the risk of different breast 
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cancer subtypes.30 Finally, 1992 ER+/HER2- patients, 324 ER 
+/HER2+ patients, 1446 TNBC patients and 578 HER2+ 
patients were included for analysis. The study demonstrated 
that women with T2DM had a 38% increased risk of TNBC, 
and the longer metformin was used, the higher the risk of 
TNBC.30 However, this study mainly discussed the risk of 
different types of breast cancer in diabetic patients, and the 
effect of metformin on this risk was low.There is no strong 
evidence that metformin is associated with an increased risk of 
TNBC.

Currently, many studies have demonstrated that metfor
min can reduce the risk of breast cancer in diabetic patients. 
However, there are few studies on the impact of metformin in 
nondiabetic breast cancer patients and in patients with dif
ferent types of breast cancer, and there are some controver
sies; thus, additional clinical studies are needed.

Lung Cancer
In 2020, lung cancer was the leading cause of cancer-related 
death and the second most common cancer, representing 
approximately 1.8 million (18.0%) cancer-related deaths 
and 2.2 million (11.4%) cancers diagnosed.2 Diabetes melli
tus is a common complication of lung cancer. The recurrence 
rate of lung cancer patients with diabetes is higher, and the 
treatment effect is worse than that of nondiabetic lung cancer 
patients.31 Metformin has been researched for many years as 
an adjuvant treatment for lung cancer. Previous studies have 
indicated that metformin improves the survival rate of 
patients with non-small-cell lung cancer (NSCLC) and 
small cell lung cancer (SCLC).31–36 Metformin showed dose- 
response relationships with lung cancer incidence and mor
tality rates, and the rates in participants with reported cumu
lative daily use of metformin with a cumulative daily dose 
(cDDD) greater than 547.5 per 2-year interval were signifi
cantly higher than those in nondiabetic patients.37 Sha Zeng 
analyzed 10 clinical studies and 4397 subjects for meta- 
analysis. The results suggested that metformin treatment 
significantly improved the survival rate of lung cancer 
patients. The authors also stratified lung cancer subtypes, 
suggesting overall survival (OS) risk ratios of 0.78 for undif
ferentiated, 0.73 for NSCLC, and 0.51 for SCLC.38 Recently, 
researchers analyzed the association between metformin use 
before and after diagnosis and analyzed OS and lung cancer- 
specific survival (LCSS) in patients with lung cancer. The 
results found that metformin use before diagnosis was asso
ciated with better LCSS in patients with both squamous cell 
carcinoma and regional squamous cell carcinoma. In all lung 
cancer patients, especially in patients with squamous cell 

carcinoma, localized lung cancer, and localized squamous 
cell carcinoma, the postdiagnosis use of metformin was 
associated with improvement in LCSS. Similar results were 
obtained for OS. Cumulative use analysis showed that there 
was a dose-response relationship among all patients, adeno
carcinoma and squamous cell carcinoma patients, and regio
nal and metastatic lung cancer patients.39 Both clinical and 
epidemiological results suggest that metformin reduced the 
incidence of lung cancer.In vitro studies have demonstrated 
that metformin inhibited the proliferation and invasion of 
lung cancer cells by activating PP2A, andPP2A inhibited 
the activation of the tumor-promoting proteins Bax, myc 
and Akt mainly by catalytic dephosphorylation.40 Both clin
ical and basic studies have suggested that metformin has 
a protective effect on lung cancer, which provides a new 
way to treat lung cancer in the future.

At present, studies on the protective effect of metfor
min on lung cancer are the largest and most mature, and 
these studies included different types, stages and drug 
resistance of lung cancer. A few years ago, a number of 
hospitals, including our hospital in China, began to use 
metformin in patients with lung cancer and achieved cer
tain efficacy.Therefore, after the exclusion of contraindica
tions, metformin is expected to be routinely used as 
adjuvant therapy for lung cancer patients.

Colorectal Cancer
The colorectal cancer incidence rate ranks third (more than 
1.93 million new cases), but the mortality rate 
ranks second among all malignant tumors (935,000 
deaths).2 There is increasing evidence that patients with 
T2DM have a higher risk of colorectal cancer and related 
death.41,42 Metformin can reduce the size of colorectal 
cancer and inhibit its proliferation. In 2004, Yu Xiao 
Yang et al first suggested a link between metformin and 
colon cancer.43 A cohort study of 47,351 diabetic patients, 
which minimized time window bias, demonstrated 
a negative association between the long-term use of met
formin and the risk of colorectal cancer, especially in 
men.44 Higurashi T et al conducted a one-year clinical 
trial to evaluate the safety and chemoprophylaxis of met
formin in sporadic colorectal cancer in patients at high risk 
for adenoma recurrence.The results revealed that low-dose 
metformin reduced the incidence and number of metachro
nous adenomas or polyps after polypectomy, and metfor
min had a potential role in the chemoprophylaxis of 
colorectal cancer.45 Recently, researchers have suggested 
that metformin may be helpful for enhancing the 
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therapeutic effect of radiotherapy in rectal cancer patients 
during radiotherapy.46 Moreover, the researchers also 
cocultured three different cancer lines, SW480, HT29 
and HCT116, with metformin and administered radiation 
at the same time to observe cancer cell growth. The 
authors noted that metformin enhanced the response of 
tumors to radiation in vivo and in vitro.46 This study was 
mainly conducted in cell and mouse models, and further 
clinical observational studies are needed to verify this 
phenomenon.For patients with metastatic colorectal can
cer, the OS rate is still poor, especially for patients with 
KRAS gene mutations, despite the use of irinotecan- or 
oxaliplatin-based chemotherapy combined with anti- 
epidermal growth factor receptor (EGFR) drugs. 
Abnormal KRAS signaling plays a critical role in tumor 
cell proliferation and is usually associated with a poor 
prognosis and resistance to EGFR therapy. Recently, 
Chinese researchers indicated that compared with other 
hypoglycemic drugs combined with standard treatment, 
metformin selectively inhibits KRAS-mutant metastatic 
colorectal cancer in patients with diabetes. The median 
survival time of this group of patients was prolonged by 
37.8 months. This significant effect was found in the 
patient-derived xenograft tumor (PDX) model and 
a mutant cell model. This study raises the possibility of 
using metformin to treat patients with metastatic colorectal 
cancer with KRAS mutations.47 This study has verified the 
protective effect of metformin on patients with metastatic 
colorectal cancer with KRAS mutations from many 
aspects in clinical and basic studies. However, this study 
is a retrospective study with certain limitations, and addi
tional prospective studies are needed to prove the protec
tive mechanism of metformin in colorectal cancer.

Currently, there are many studies on the effect of 
metformin on colorectal cancer, ranging from precancer
ous lesions to advanced colorectal cancer, and most studies 
support the protective effect of metformin on colorectal 
cancer, although there are a few that support the opposite 
view.

Prostate Cancer
Prostate cancer was the second most frequent cancer for 
males in 2020, with an estimated 1.4 million new cases 
and 375,000 deaths worldwide.2 The effect of metformin 
on the risk of prostate cancer remains controversial. 
A meta-analysis indicated that the lower incidence of 
prostate cancer in T2DM patients may be associated with 
decreased testosterone levels in uncontrolled diabetes.48 

Metformin treatment of T2DM may reverse the metabolic 
conditions that decrease androgen levels, and the resulting 
increase in androgen levels can stimulate tumor develop
ment, growth and proliferation.50 A recent retrospective 
study also suggested that metformin therapy increased the 
risk of prostate cancer, which may be associated with 
genetic variation in metformin metabolism pathways.50 

However, other studies have suggested that metformin 
reduces the risk of prostate cancer. In 2013, David 
Margel and his colleagues reviewed patients newly diag
nosed with diabetes aged 66 years and older from 
January 1997 to March 31, 2008, and the authors com
pared these patients with patients newly diagnosed with 
diabetes and prostate cancer in the Ontario Cancer 
Registry in Canada. The results demonstrated that metfor
min treatment reduced the disease-specific mortality and 
all-cause mortality of prostate cancer.51 Metformin use 
reduced the risk of prostate cancer in men with T2DM in 
Taiwan,52 according to a retrospective cohort study. In an 
in vitro study, Bing Yang et al indicated that metformin 
after androgen-blockade therapy induced the apoptosis of 
prostate cancer cells, weakened the activation of mTOR by 
androgen-blockade therapy, reduced the number of senes
cent cells in vitro, and inhibited tumor growth in a PDX 
model of prostate cancer cells.53

The androgen receptor (AR) is the first major driver of 
prostate cancer growth; androgen-deprivation therapy
(ADT) is an important treatment for advanced prostate 
cancer, and AR downregulation is considered 
a preventive strategy for prostate cancer and prostate can
cer recurrence after treatment.54 Metformin can abrogate 
the upregulation of AR via the enhanced activity of the 
midline-1 (MID1) translational regulator complex and 
improve the efficacy of ADT.55 In addition, metformin 
can restrain the AR signaling pathway by downregulating 
the levels of AR mRNAs.56 These studies support the 
potential effects of metformin in combination with ADT 
therapy. The prospect of metformin as an adjuvant therapy 
of ADT, external beam radiotherapy, prostatectomy or 
chemotherapy appears promising.49

At present, the relationship between metformin and 
prostate cancer is still unclear and may be related to the 
pathogenesis of prostate cancer. Therefore, it is not recom
mended to use metformin in nondiabetic prostate cancer 
patients, while metformin can be routinely used in prostate 
cancer patients with T2DM after the exclusion of 
contraindications.
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Gastric Cancer
Gastric cancer was estimated to be the fifth most common 
cancer and the fourth most common cause of cancer- 
related death in 2020.2 Epidemiologicalstudies on the 
relationship between diabetes and the risk of gastric cancer 
are inconclusive, and the results are contradictory.57 

However, studies have suggested that the risk of gastric 
cancer in patients with T2DM treated with metformin is 
lower than that in patients without metformin.55,58 Tseng 
CH indicated that metformin significantly reduced the risk 
of gastric cancer, especially when the cumulative time of 
use was more than two years.59 The results of Ruiteret al 
suggested that metformin exposure is generally associated 
with a lower incidence of cancer, especially gastric cancer, 
than exposure to sulfonylurea derivatives.60 The study also 
demonstrated that metformin treatment was associated 
with a lower risk of gastric cancer in a duration-and dose- 
dependent manner in Helicobacter pylori-eradicated dia
betic patients.61 Choong-kun Leeet al divided 1974 
patients with gastric cancer who underwent radical gas
trectomy into three groups: diabetic patients who received 
metformin treatment; diabetic patients who did not receive 
metformin treatment; and nondiabetic patients. The results 
indicated that increasing the cumulative time of metformin 
use can reduce the gastric cancer recurrence rate, the sex 
specificity of gastric cancer mortality and the all-cause 
mortality rate.62 Kim et al reported a retrospective study 
on metformin and the risk of gastric cancer in diabetic 
patients. Participants aged 40–80 years old from 2002 to 
2003 were divided into three groups: diabetic patients 
using metformin; diabetic patients not using metformin; 
and nondiabetic patients. The median follow-up time was 
12.7 years. The results suggested that the cumulative inci
dence of gastric cancer was the highest in patients who did 
not take metformin and the lowest in nondiabetic patients 
who used metformin. Finally, the researchers noted that 
diabetic patients who used metformin had a lower risk of 
gastric cancer.63 These clinical studies revealed that met
formin reduced the risk of gastric cancer; however, these 
studies did not indicate whether metformin has a direct 
anticancer effect. Therefore, the direct effect of metformin 
on gastric cancer and its potential molecular mechanism 
need to be further explored. Previous studies have sug
gested that metformin inhibited the proliferation, growth 
and metastasis of gastric cancer cells and promoted their 
apoptosis. Hanet al used metformin to treat three different 
differentiated gastric cancer cell lines (MKN-28, SGC- 
7901 and BGC-823) and a noncancer gastric cancer cell 

line (GES-1). The results indicated that metformin treat
ment selectively induced apoptosis in the three types of 
cancer cells but not in the noncancer cells, suggesting that 
metformin-mediated apoptosis is related to the poor differ
entiation of gastric cancer cells.64 Recent studies have 
suggested that metformin regulates the metabolism of gas
tric stem cells and promotes their differentiation into gas
tric parietal cells that produce gastric acid. This study 
indicated that the AMP-activated protein kinase (AMPK) 
metabolic pathway promotes the generation of acid- 
secreting parietal cells from stem cells. Metformin acti
vates AMPK and Kruppel-like factor 4 (KLF4) to slow the 
proliferation of progenitor cells and activates AMPK and 
peroxisome proliferator-activated receptor gamma coacti
vator 1-alpha (PGC-1a) to induce the maturation of par
ietal cells. These findings indicate why metformin induces 
the maturation of gastric parietal cells, increasing acid 
secretion and reducing the risk of gastric cancer, high
lighting its potential applications.65

In both diabetic and nondiabetic studies, metformin 
had a protective mechanism for gastric cancer, suggesting 
that metformin can reduce the risk of gastric cancer by 
mechanisms other than its hypoglycemic effect. It is sug
gested that when the conventional treatment of gastric 
cancer is ineffective, including metformin as adjuvant 
therapy can be considered.

Liver Cancer
In 2020, liver cancer was the sixth most common cancer and 
the third leading cause of cancer-related death in the world. 
There are approximately 906,000 new cases and 830,000 
related deaths every year.2 Diabetes is now considered an 
independent risk factor for liver cancer and has been shown 
to increase the risk of liver cancer even in those who are not 
infected with hepatitis B virus (HBV) or hepatitis 
C virus(HCV).66 Previous studies have suggested a reduced 
risk of primary liver cancer in men with T2DM who took 
metformin.67 A subsequent gender-related cohort study also 
showed a decreased risk of primary liver cancer in men with 
T2DM who took metformin.68 A prospective cohort study 
conducted by Lee MSet al in Taiwan indicated that metfor
min reduced the risk of primary liver cancer compared with 
other antidiabetic patients.69 The study also suggested that 
metformin combined with radiotherapy prolonged the OS of 
patients with primary liver cancer.70 In addition, metformin 
successfully reversed or delayed the occurrence of hepatitis, 
liver fibrosis, cirrhosis and spontaneous liver cancer caused 
by streptozotocin (STZ) and N,N-diethylnitrosamine (DEN), 
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indicating that metformin had the same effect as 
chemotherapy.71 Most previous studies have shown 
a significant reduction in the incidence of hepatocellular 
carcinoma in T2DM patients treated with metformin. 
However, metformin has little impact on the prevention of 
hepatocellular carcinoma in patients with nondiabetic liver 
disease. Researchers from the University of Ferrara in Italy 
used carbon tetrachloride (CCl4) to treat transgenic mice 
overexpressing microRNA-221 (miR-221) to establish 
a liver cancer mouse model with a cirrhosis background.72 

The mice were administered metformin at 250 mg/kg/d 
(equivalent to the standard 1500 mg dose for diabetic 
patients). The results demonstrated that metformin improved 
the liver function of mice, inhibited the activation of hepatic 
stellate cells, reduced liver fibrosis, reduced lipid accumula
tion in hepatocytes, delayed the progression of decompen
sated cirrhosis, and preventedCCl4-induced development of 
primary liver cancer in transgenic mice. This study revealed 
the rationale for the use of metformin in patients with liver 
cirrhosis, regardless of diabetes status.72

There is little controversy regarding the protective 
effect of metformin on liver cancer, but most clinical 
studies have been conducted in diabetic patients and few 
on liver cancer in nondiabetic patients. Therefore, the 
routine use of metformin in nondiabetic patients with 
liver cancer is not recommended, and additional clinical 
studies are needed in nondiabetic patients with liver 
cancer.

Other Possible Cancers
In addition to common malignant tumors, metformin has 
protective effects on other tumors, such as pancreatic 
cancer,73 bladder cancer,74 biliary cancer,75 renal cancer76 

and ovarian cancer.77 In 2014, the researchers extracted 
65,754 age- and sex-matched patients without diabetes and 
without a previous cancer diagnosis from the database and 
compared the cancer risk of subjects without diabetes, those 
with T2DM but without hypoglycemic drugs, those only using 
metformin, those using hypoglycemic drugs other than met
formin, and those using metformin in combination with other 
hypoglycemic drugs.The results indicated that the extent to 
which metformin reduced the risk of cancer and prolonged the 
duration of cancer in patients with T2DM depended on the 
dose of metformin regardless of whether it was used alone or 
in combination with other hypoglycemic agents.78 In 2018, 
a retrospective cohort study using the Taiwan National Health 
Insurance database revealed that metformin use in women 
with T2DM reduced the overall risk of endometrial cancer, 

and there was a dose-response relationship.79 D. Y. Leeet al 
extracted data on Koreans newly diagnosed with diabetes and 
selected age- and sex-matched controls provided by the 
National Health Insurance Company for retrospective cohort 
analysis. Consistent with previous studies, metformin reduced 
the risk of pancreatic cancer.80

In summary, most clinical studies have confirmed that 
metformin can inhibit the occurrence and development of 
tumors. However, Srivastava SPet alproposed that these 
studies potentially exaggerate the tumor-related benefits of 
metformin.81 In 2012, a systematic review and collabora
tive meta-analysis of randomized clinical trials did not 
support the hypothesis that metformin had a significant 
beneficial effect on cancer prognosis.82 Seven years later, 
Oh TK and Song IA conducted a nationwide sample 
cohort study to analyze the relationship of metformin use 
and cancer in diabetes patients.83 The authors found a lack 
of an association between metformin treatment and the 
risk of cancer among diabetic patients, even in the high 
daily dosage groups (>1 g/day).83 However, there might be 
some confounders or time bias in this study. Thus, further 
prospective, large population-based cohort studies are 
needed to confirm these findings.

The Possible Antitumor Mechanism 
of Metformin
As mentioned above, most studies indicate that metformin 
has antitumor effects, but its mechanism has not been fully 
elucidated. Metformin is thought to have direct and indir
ect antitumor mechanisms.

Indirect Mechanisms (Figure 1)
Increased Glucose and Lipid Metabolism
Hyperglycemia and diabetes increase the risk of cancer. 
Hyperglycemia can directly or indirectly promote the pro
liferation, migration, invasion and immune escape of cancer 
cells. In particular, high glucose can enhance Wnt/β-catenin 
signaling in cancer cells, thus promoting proliferation and 
growth and inhibiting aging.84 Patients with T2DM also 
have high levels of insulin and insulin-like growth factor 1 
(IGF-1). Insulin is the main regulator of cell metabolism and 
is also a growth factor. Insulin and IGF-1 can promote the 
occurrence of tumors by stimulating the proliferation of 
epithelial cells.85,86 Metformin can reduce blood glucose 
levels, improve insulin resistance, and reduce IGF-1 levels 
by inhibiting glycogen decomposition and hepatic gluconeo
genesis, promoting the utilization of glucose in peripheral 
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tissues, increasing the number and affinity of insulin recep
tors, and improving the activity of tyrosine kinase in muscle 
and adipose tissues to reduce the risk of tumor occurrence 
and delay the progression of tumors.87,88

It is generally believed that lipid metabolism disorders 
are associated with nonalcoholic fatty liver disease, ather
osclerotic cardio-cerebrovascular disease, obesity and dia
betes mellitus.In recent years, an increasing number of 
studies have shown that dyslipidemia is related to the 
occurrence and development of tumors (Figure 2). Serum 
total cholesterol levels in patients with malignant tumors 
are abnormal to varying degrees, and dyslipidemia can 
lead to the occurrence of tumors through oxidative stress, 
insulin resistance, inflammatory pathways and other 
pathways.89–91 Abnormal lipid metabolism is related to 
the transmission and development of various tumors, 
such as breast cancer, liver cancer, lung cancer and sto
mach cancer. For example, 27-hydroxycholesterol, 
a cholesterol metabolite with estrogen function, can bind 
to the estrogen receptor of breast cancer cells and promote 
the reproduction of estrogen receptor-positive breast can
cer cells.92 The secretion of leptin increases and the pro
duction of adiponectin decreases with increasing blood 

lipid levels. Leptin inhibits the apoptosis of breast cancer 
cells through the leptin-phosphatidylinositol-3-kinase- 
protein kinase B-Bcl-2 axis and directly stimulates the 
expression of vascular endothelial cell growth factor in 
breast cancer, thereby promoting the proliferation of 
tumor cells and the generation of new microvessels.93 

Metformin can selectively increase the uptake of triglycer
ides by very low density lipoprotein (VLDL) and the 
oxidation of fatty acids in brown adipose tissue to reduce 
the content of triglycerides in plasma to promote the 
circulation of blood lipid metabolism (Figure 2).94 

Metformin also activates AMPK and inhibits α- 
dicarbonyl-mediated modification of apolipoprotein resi
dues, thereby improving high-density lipoprotein(HDL) 
dysfunction and reducing low-density lipoprotein(LDL) 
modification, improving cholesterol transport, and redu
cing lipid storage in tissues, thus reducing the occurrence 
and development of tumors.95–97 In addition, metformin 
restricts calorie intake, which reduces lipid uptake by 
cancer cells from plasma and tissue fluid, increases toxic 
saturated fatty acid levels by inhibiting the activity of 
stearoyl coenzyme A desaturase, and inhibits the progres
sion of pancreatic ductal adenocarcinoma.98

Cancer 
Metabolism

Tumor Micro-
environment

Tumor-
Associated 

Inflammation

1. Reduces blood 
glucose levels

2. Improves hyper-
insulinemia

3. Reduces IGF-1
4. Improves insulin 

sensitivity
5. Reduces TG
6. Lowers FFAs
7. Improves HDL
8. Decreases LDL

1. Inhibits TAM 
infiltration 

2. Regulates the 
tumor immune 
response

3. Reduces NF-κB
levels

4. Lowers levels of 
proinflammatory 
cytokines, such 
as IL-6

5. Reduces
TNFaR2 levels

1. Affects tumor 
metabolic state

2. Inhibits tumor 
angiogenesis

3. Inhibits CAFs
4. Shifts TAMs to

M1 macrophages
5. Decreases M2 

macrophages
6. Increases the 

number of CD8 +
T cells and CD20 
+ B cells

Metformin

Figure 1 The indirect anticancer effects of metformin include improving glucose and lipid metabolism, inhibiting tumor-associated inflammation and regulating the tumor 
microenvironment. 
Abbreviations: IGF-1, insulin-like growth factor 1; TG, triglyceride; FFA, free fatty acid; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein 
cholesterol; TAM, tumor-associated macrophage; NF-κB, nuclear factor kappa B; IL-6, interleukin 6; TNFaR2, TNF-α receptor II; CAFs, tumor-associated fibroblasts.
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Inhibition of Tumor-Associated Inflammation
Chronic inflammation is associated with various steps of 
tumorigenesis and development, including cell transforma
tion, survival, proliferation, invasion, angiogenesis and 
metastasis.99 Cancer itself or inflammation caused by can
cer can be triggered by mutations involved in cancer 
initiation and contributes to malignant progression by 
recruiting and activating inflammatory cells. Tumor- 
associated macrophages and the inflammation-activated 
transcription factor nuclear factor kappa B (NF-κB) sig
naling pathway stimulate the growth and proliferation of 
tumor cells and promote tumor invasion and 
metastasis.100,101 Metformin inhibits tumor-related inflam
mation to reduce the risk of tumor occurrence and delay 
tumor progression. The effects of metformin on tumor- 
associated inflammation at the onset of prostate cancer 
after ADT were examined in a transgenic prostate cancer 
mouse model, an in vitro macrophage migration test and in 

prostate cancer samples. The results indicated that metfor
min inhibited tumor-associated macrophage (TAM) infil
tration by inhibiting the COX2/PGE2 axis, especially 
androgen deprivation induced by castration treatment of 
macrophage infiltration, thereby inhibiting the progression 
of prostate cancer.102 De Oliveira S used optically trans
parent zebrafish to observe the effects of metformin on the 
early immune response of the liver and the progression of 
primary liver cancer.103 The results suggested that metfor
min treatment changes the macrophage polarization of 
NAFLD/NAFLD-related liver cancer induced by a high- 
fat diet, restores the reduced liver T cell density induced by 
a high-fat diet, and thus regulates the tumor immune 
response, which may have a role in tumor monitoring.103 

An observational study reported that metformin treatment 
for 12 weeks can reduce serum sTNFaR2 concentrations in 
patients with breast cancer and rectal cancer and that TNF- 
α promotes tumor growth by activating NF-κB through 

 represents inhibition 

Figure 2 Metformin inhibits cancer by suppressing lipid metabolism. 
Abbreviations: FFA, free fatty acid; 27HC, 27-hydroxycholesterol; ER, estrogen receptor; LXR, liver X receptor; PI3K, phosphatidylinositol-3-kinase-protein kinase B; Bcl- 
2, VEGF, vascular endothelial growth factor.
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sTNFaR2.104,105 In addition, metformin blocks the activity 
of NF-κB to reduce the secretion of proinflammatory 
cytokines;106 metformin also activates the immune 
response of cancer cells, and these inflammatory processes 
play an important role in tumor progression.86 Metformin 
specifically reduces the expression of the IL-6 receptor at 
the transcriptional level through AMPK, mTOR, and miR- 
34a, inhibits the activation of STAT3 by IL-6, inhibits the 
STAT signaling pathway, downregulates Bcl-2 and cyclin 
D1, and upregulates the activity of P21 protein, thus inhi
biting the proliferation and inducing the apoptosis of mul
tiple myeloma cells.107

Regulation of the Tumor Microenvironment
Cancer is a complex system in which cancer cells coexist and 
interact with several different types of nonmalignant cells. 
Therefore, anticancer drugs affect not only cancer cells but 
also tumor microenvironment cells. In recent years, an accu
mulating body of research has indicated that the tumor micro
environment has a significant effect on tumor cells and tumor 
metabolism. Tumor cell self-metabolism, interaction between 
immune cells and tumor cells, tumor location and heterogene
ity, individual overall metabolic status and diet all have certain 
effects on the tumor cell microenvironment.98 Studies have 
shown that metformin inhibits tumor growth, proliferation and 
metastasis by affecting the tumor-associated microenviron
ment, such as the tumor metabolic state, tumor angiogenesis, 
cancer-associated fibroblasts (CAFs), and tumor-associated 
immune cells.108

The main feature of tumor metabolic reprogramming is 
abnormal redox metabolism (glucose metabolism is domi
nated by aerobic metabolism). Metformin can inhibit oxidative 
phosphorylation and reduce ATP levels under low-glucose 
conditions, which can promote tumor cell death.109 The altera
tion of lipid metabolism is also an important aspect of tumor 
metabolic reprogramming. High fatty acid turnover in tumor 
cells is induced to meet the energy and synthesis requirements 
of tumor growth.110 Fatty acid synthase is a metabolic onco
gene that supports the growth and survival of tumor cells and 
is highly expressed in many cancers.111 Studies have found 
that metformin has the ability to inhibit adipogenesis and 
adipocyte-mediated ovarian tumor proliferation and metasta
sis, and it is recommended as a treatment option for early 
ovarian cancer, not only because of its tumor suppressive 
potential but also because of its role in changing the cancer 
microenvironment.112,113

It was also found that metformin could inhibit angiogen
esis signaling. Metformin reduces the stability of hypoxia 

inducible factor-1α (HIF-1α) in tumor cells and the expres
sion of HIF-1-targeted genes, including vascular endothelial 
growth factor-A (VEGF-A), resulting in slow tumor growth, 
smaller tumor vessels and lower microvessel density.114–116 

CAFs facilitate tumor progression by providing angiogenic 
factors and nutrients, serving as extracellular matrix proteins 
of scaffolds, and providing mechanical signals for tumor cell 
invasion.117 Metformin inhibits cancer progression by 
directly preventing NF-κB proinflammatory signaling from 
CAFs.118 TAMs include proinflammatory and antitumor M1 
macrophages and M2 macrophages that promote tumor heal
ing. Studies have suggested that metformin therapy is asso
ciated with the suppression of macrophage-mediated 
inflammatory signals. It has been suggested that metformin- 
mediated increases in the intracellular oxygen concentration 
can help to reduce hypoxia in some tumors, leading to the 
shift of TAMs to M1 macrophages.119 In addition, metformin 
can downregulate NF-κB by activating AMPK or other 
unknown factors, modifying inflammatory components, and 
ultimately promoting the M1 phenotype.120 Some studies 
have indicated that metformin is related to the reduction of 
TAMs in tumor tissues and the transformation of TAMs to 
M1.121 In addition, metformin is associated with a decrease 
in M2 macrophages because the downregulation of arg1 was 
observed after metformin treatment of breast cancer 
macrophages.102 Cancer cells decrease the cytotoxicity of 
lymphocytes through a variety of mechanisms, the most 
famous of which is the overexpression of programmed 
death ligand 1 (PD-L1), which leads to the failure of cyto
toxic T cells, leading to immunosuppression and cancer cell 
survival.122 Metformin treatment can directly increase the 
antitumor toxicity of lymphocytes, relieve cancer immuno
suppression by reducing the expression of PD-L1 on the 
cancer cell membrane or suppress the function of bone mar
row-derived suppressor cells, thus increasing the antitumor 
toxicity of lymphocytes.123,124 Recently, reprogramming of 
the immune microenvironment has attracted attention in the 
role of tumors. In an esophageal squamous cell carcinoma 
(ESCC) mouse model of tumor immune microenvironment 
reprogramming, researchers analyzed ESCC samples from 
mice before and after metformin (250 mg/day) treatment and 
those from mice treated with low-dose metformin (50 mg/kg/ 
day) for 1 week (short term) or 12 weeks (long term); the 
results showed that metformin treatment reprogrammed the 
tumor immune microenvironment to an “invasive inflamma
tory” state and increased the number of infiltrating CD8+ 
T lymphocytes and CD20+ B lymphocytes. In addition, the 
number of tumor suppressor (CD11c+) macrophages 

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2021:14                                               https://doi.org/10.2147/DMSO.S326378                                                                                                                                                                                                                       

DovePress                                                                                                                       
3681

Dovepress                                                                                                                                                             Leng et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


increased, and the number of tumor-promoting (CD163+) 
macrophages decreased. In vitro, metformin enhanced the 
macrophage-mediated phagocytosis of ESCC cells; in both 
humans and mice, metformin triggered AMPK activation 
and STAT3 inactivation and altered the secretion of cytokines 
(such as TNF α, IFN γ and IL-10) from immune cells. These 
results indicate that low-dose metformin reprograms the 
tumor immune microenvironment to the activated state, so 
metformin may be an appropriate immune response regulator 
and is worthy of further study.102

Recent studies have indicated that AMPK can control 
the differentiation of gastric epithelial progenitor cells. 
Metformin activates AMPK and KLF4, reduces the pro
liferation of mouse epithelial progenitor cells, increases 
acid-secreting gastric parietal cells, and activates AMPK 
and PGC-1a to induce the maturation of gastric parietal 
cells, thereby increasing gastric acid secretion and indir
ectly reducing the risk of gastric cancer.65

Direct Mechanisms (Figure 3)
The direct anticancer effect of metformin is related to two 
mechanisms: adenosine monophosphate (AMP)-dependent 
and AMP-independent activation of the protein kinase 
(AMPK) pathway.125 The most significant mechanism of 
metformin is the activation of AMPK.125 AMPK is 
a highly conserved cell energy state sensor. Under meta
bolic stress conditions, such as hypoxia and glucose defi
ciency, the ratio of AMP/ATP increases, leading to AMPK 
activation. mTOR signaling is a major regulator of cell 
growth and proliferation. AMPK can inhibit cell growth 
and biosynthesis by inhibiting the mTORC1pathway.126 

C-myc is a major regulator of cancer cell metabolism 
and can affect glycolysis and glutamine catabolism in 
cancer cells in different tissues. miRNA regulation is the 
basis of metformin’s anticancer mechanism. Metformin 
activates the AMPK-DICER-miRNA axis or directly upre
gulates the DICER-miRNA axis to further decrease the 

represents inhibition 
represents facilitation

Figure 3 The direct anticancer effects of metformin. Metformin inhibits cancer by activating AMPK and p53 and inhibitingmTORC, cyclin D1, ROS-JNK/c-Jun and TGFR-β2.
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levels of c-MYC, HIF-1α and IRS2, eventually disrupting 
the metabolism of tumor cells and inhibiting the occur
rence and development of tumors.127 Previous studies have 
suggested that compared with that in human plasma, the 
folic acid concentration in standard cell culture medium 
from cancer cell lines is relatively high. Metformin can be 
used as an anti-folic acid chemotherapy drug to inhibit 
tumor proliferation by activating the ATM/AMPK tumor 
inhibition signaling pathway, changing the carbon flow of 
the folate-related single carbon metabolic pathway, and 
disrupting folate metabolism.128 P53 has many biological 
functions, including regulating cell growth, survival, 
development, senescence and senescence.129 AMPK phos
phorylation induces cell cycle arrest by direct phosphor
ylation of p53.130 Studies have suggested that metformin 
inhibits the proliferation and induces the apoptosis of 
cervical cancer cells by activating AMPK or other signal
ing pathways, downregulating cyclin D1 and upregulating 
p53.130

Cell apoptosis, autophagy and pyroptosis are important 
mechanisms of programmed cell death. Many studies have 
suggested that apoptosis and autophagy play a major role in 
inflammation, immune responses and cancer 
progression.131,132 Metformin inhibits the proliferation of 
myeloma cells by activating AMPK to restrain the 
mTORC1 and mTORC2 pathways, further inducing autop
hagy and arresting the cell cycle.133 Liu S and others have 
indicated that metformin inhibits the proliferation, invasion 
and metastasis of gastric cancer cells by inducing Beclin 
1-dependent autophagy through the AMPK mTOR signaling 
pathway.134 Pyroptosis is a newly discovered proinflamma
tory programmed cell death pathway that is characterized by 
the continuous expansion of cells until membrane rupture, 
leading to the release of cell contents and the activation of an 
intense inflammatory response. Recently, Zheng Z showed 
that metformin activates the AMPK/SIRT1/NF-κB signaling 
pathway, promotes the accumulation of Bax and the release 
of cytochrome C, and ultimately triggers the activation of 
caspase-3 and the cleavage of GSDME in cancer cells, lead
ing to pyroptosis. In addition, these authors found that met
formin promotes mitochondrial dysfunction that induces the 
AMPK/SIRT1 pathway, leading to pyroptosis.135 Induced 
cell pyroptosis is considered a new therapeutic protocol for 
the treatment of various cancers. Leucine-rich protein-1 
(PELP1), a scaffolding oncogene, is upregulated in advanced 
ESCC and is highly related to cancer progression and patient 
prognosis. Wang L et al found that metformin treatment 
resulted in gasdermin D (GSDMD)-mediated pyroptosis, 

which was abrogated by forced expression of PELP1. The 
authors noted that metformin induced pyroptosisinESCC 
cells by targeting the miR-497/PELP1 axis.Their results 
showed that metformin and any other pyroptosis-inducing 
reagents have tremendous potential in treating chemother
apy- and radiation-resistant ESCC.136 Induced cell apoptosis 
is considered a new therapeutic protocol for the treatment of 
various cancers.

Metformin also inhibits the development and progres
sion of tumors independent of the AMPK signaling path
way. Metformin induces apoptosis and autophagy in ESCC 
cells by inactivating STAT3 and restraining Bcl-2137 and 
induces apoptotic pathways by activating caspase-3 in 
human adrenocortical and pancreatic cancer cells.138,139 

In addition, metformin induces mitochondrial apoptosis 
in cancer cells by increasing the protein levels of Bax 
and cleaved caspase-3 in ovarian cancer cells.140 

Metformin also inhibits the growth and invasion of hepa
toma cells through the PI3K/Akt/mTOR pathway and 
induces the apoptosis and autophagy of hepatoma 
cells.141 Recent studies have suggested that metformin 
induces cell cycle arrest and programmed cell death, 
including apoptosis and autophagy, in human osteosar
coma cells through the ros-jnk/c-Jun cascade.142 In addi
tion, metformin can further promote the apoptosis of 
primary breast cancer cells by downregulating cyclin D1 
and upregulating p53 independent of the AMPK signaling 
pathway.143 Ji-Hye Park et al studied the effect of metfor
min on drug-resistant colorectal cancer. The results sug
gested that metformin improves the sensitivity of these cell 
lines to chemotherapeutic drugs by inhibiting the prolif
eration of rectal cancer cells, inhibiting their colony for
mation ability and increasing their apoptosis. In addition, 
metformin and diphenylguanidine inhibit the expression of 
snail and twist mediated by transforming growth factor 
beta receptor 2 (TGFR-β2) to affect the migration and 
invasion of rectal cancer cells.144

Conclusion and Prospective
Metformin is the first-choice antidiabetic drug for T2DM; 
its molecular target is AMPK. AMPK is involved in many 
metabolic processes and plays an important role in many 
contexts. Metformin not only lowers blood glucose levels 
and ameliorates insulin resistance but also inhibits lipoly
sis and reduces cardiovascular complications in patients 
with T2DM. In recent years, metformin was declared to 
have antiaging, hair growth-promoting, cognitive impair
ment-reversing, and antitumor effects.
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At present, most clinical studies have proven that 
metformin treatment can reduce the risk of cancer and 
improve the survival of cancer patients. However, the 
benefits of metformin for some cancer patients are not 
clear. Metformin may be related to the rate of progression 
of these cancers, their special mechanisms and their ther
apeutic effect. The results are also related to the time 
window deviation of some clinical studies, the inclusion 
of population, study design and the failure to consider the 
economic conditions of patients. In addition, metformin is 
taken orally. Due to its polarity, metformin needs to enter 
cells through membrane transporters. Organic cation 
transporters (OCTs) are important transporters for metfor
min to enter cells, and tumor cells can express OCT1. 
However, different tumor cells have different expression 
levels of OCT1, and a decreased expression of OCT1 in 
tumor cells will reduce the uptake of metformin, thus 
affecting the effective concentration of metformin in 
cells and the exertion of its effects, which may also 
lead to the difference in the benefits of metformin in 
different tumors. Currently, the protective effects of met
formin on many types of cancer, such as lung cancer, 
gastric cancer, colorectal cancer and liver cancer, are less 
controversial, and metformin may be considered adjuvant 
therapy in these cancer patients. However, the effects of 
metformin on breast cancer and prostate cancer are still 
debated, and it is not recommended to be used in cancer 
patients without diabetes. Additional prospective studies 
are needed to verify the effect of metformin on different 
types of cancer. In addition, further evaluation of 
OCT1expression in different tumor cells is conducive to 
better understanding the antitumor effect of metformin.In 
addition, most studies on tumors with metformin were 
based on T2DM, with few related studies on cancer 
without DM. We hope that an increasing number of in- 
depth studies will be conducted to further explore the 
relationship between metformin and cancer and provide 
strong evidence for the clinical application of metformin 
in cancer patients.

Most basic studies have indicated that metformin inhi
bits the growth of tumor cells and promotes cell apoptosis, 
while clinical studies have yielded inconsistent results. 
This disparity can be explained by the difference in met
formin concentration between basic research and clinical 
research. The maximum recommended dose of metformin 
for T2DM is 2500 mg/d, and the dose used in cell and 
mouse studies is far higher than that in human blood. 
Metformin directly activates the AMPK signaling pathway 

to inhibit the occurrence and development of tumors, 
inhibits the production of ROS via mitochondrial respira
tory chain complex I, induces the activation of mTORC1, 
inhibits cyclin D1 and then inhibits the growth of tumors. 
In addition, metformin indirectly inhibits tumor growth, 
proliferation, invasion and metastasis by decreasing blood 
glucose levels, attenuating insulin resistance, reducing 
inflammation and improving the tumor microenvironment. 
Glycolysis plays a critical role in the energy metabolism of 
tumor cells and metformin has a certain inhibitory effect 
on glycolysis.At present, studies on the mechanism of 
metformin’s antitumor effects are becoming increasingly 
in-depth, but some controversies remain. Additional 
research is needed to uncover the mystery of metformin 
to allow for its better application in the clinic and to 
achieve better inhibition of tumor growth.
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