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Abstract
Background  Digestive tract cancers account for a significant proportion of the global cancer burden, and their prevention 
and treatment pose a worldwide challenge. Metformin, as a first-line treatment for diabetes, offers advantages such as 
high safety and affordability. Previous research has suggested that the use of metformin may reduce the risk of cancers, 
but there is still a lack of strong evidence regarding its causal relationship with digestive tract cancers.
Methods  We employed Mendelian randomization (MR) analysis to investigate the causal relationships between met-
formin use and various digestive tract cancers. We selected single nucleotide polymorphisms (SNPs) related to the 
Adenosine 5′-monophosphate (AMP)-activated protein kinase (AMPK), which is associated with the action of metformin, 
as instrumental variables. The inverse variance-weighted method (IVW) was the most important method. Cochran’s Q 
was used to detect heterogeneity, and the MR-PRESSO test and MR-Egger regression were used to detect horizontal 
pleiotropy. Subsequently, we verified the toxicity and proliferation inhibition of metformin on Huh 7 and PLC in hepa-
tocellular carcinoma cells.
Results  IVW results showed that metformin use reduced the risk of liver and bile duct cancers (OR = 0.994, 95% CI 0.990–
0.999; P = 0.008), but there were no causal relationships with other digestive tract cancers. Our cell experiments have 
confirmed this point.
Conclusion  Metformin may be used for the prevention or treatment of liver and bile duct cancers.
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1  Introduction

Digestive tract cancers include esophageal cancer, liver and bile duct cancers, colorectal cancer, pancreatic cancer, and 
others. They are a significant cause of cancer-related deaths globally [1]. According to the latest epidemiological statistics 
related to cancers, in 2023, among new cases of invasive cancer in the United States, digestive tract cancers rank second 
only to reproductive system cancers. It is estimated that in 2023, the number of deaths due to digestive tract cancers will 
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be significantly higher than all other invasive cancers, approximately 172,010 people [2]. Effective treatments for digestive 
tract cancers are currently lacking.

As is well known, metformin can inhibit hepatic gluconeogenesis by activating Adenosine 5 ‘-monophosphate (AMP)-
activated protein kinase (AMPK) [3] and enhance insulin-mediated glucose uptake in skeletal muscle cells. It is currently the 
most widely used anti-diabetic medication in clinical practice [4]. In recent years, an increasing body of research supports the 
association between metformin and a reduced risk of cancer incidence and mortality [3]. Metformin treatment can reduce 
the risk of biliary tract cancer (BTC) by 60% in diabetes patients [5, 6]. Metformin can also inhibit the apoptosis, invasion, 
and migration of rectal cancer cells by suppressing TGFBR2 signaling [7]. A prospective cohort study conducted in Sweden 
showed that metformin can lower the risk of developing esophageal squamous cell carcinoma (ESCC) [8]. Despite mounting 
evidence suggesting that metformin can reduce the risk of cancer incidence and mortality [9–11], there are also contradic-
tory research findings [12]. For instance, in a Swedish nationwide cohort study involving 50,000 individuals, the authors 
evaluated the relationship between metformin and the risk of BTC and its subtypes and found no significant association 
between the two [13]. Therefore, the role of metformin on digestive tract cancers remains controversial. The existence of 
drug indications and ethical concerns limits the conduct of randomized controlled trials (RCTs) for metformin intervention 
in digestive tract cancers.

Mendelian randomization (MR) is an analytical method that uses genetic variation as an instrumental variable. Because 
the allele genes associated with exposure are randomly allocated, and the study results are not influenced by reverse causa-
tion, it is often used to assess causal relationships between modifiable exposures or risk factors and clinical events [14–17]. 
Mendelian randomization employs genetic variation as a substitute for exposure factors in causal analysis, which is not con-
strained by ethical factors and is easier to conduct than RCTs. Therefore, this study aims to explore the effects of metformin 
on digestive tract cancers through Mendelian randomization.

2 � Methods

2.1 � Study design and participants

This is a two-sample MR study, and Fig. 1 depicts the design flowchart of this study. The aim of our study was to investigate 
the causal effect of metformin on digestive tract cancers, including liver and bile duct cancers, esophageal cancer, pancreatic 
cancer, colorectal cancer, rectal cancer, and oral cancer. We chose the activation of AMPK as a genetic instrument represent-
ing the targeted effects of metformin [14].

Figure 2 illustrates the principles of MR. MR is based on three assumptions: (A) single nucleotide polymorphisms (SNPs) 
are strongly associated with glycated hemoglobin (HbA1c); (B) SNPs are independent of known confounders; (C) SNPs only 
affect digestive tract cancer through HbA1c [18].

2.2 � Genetic instrument selection

We employed the same approach as previous studies [17], initially searching for SNPs within 1 mega base pairs upstream 
and downstream of genes encoding AMPK subunits. We specifically chose SNPs that exhibited low linkage disequilibrium 
(r2 < 0.3) with HbA1c to minimize population stratification. This selection was limited to individuals of European descent. 
Subsequently, we validated the association between these selected SNPs and HbA1c in the UK Biobank, retaining only those 
variants that reached statistical significance in the UK Biobank (p ≤ 0.05).

2.3 � Study outcome

We used data from the UK Biobank, PanScan1, and MRC-IEU databases. liver and bile duct cancers (n = 350,372,016), 
esophageal cancer (n = 740,372,016), and oral cancer (n = 357,372,016) all came from the UK Biobank. Colorectal 
cancer (n = 1,494,461,439) and rectal cancer (n = 1,085,461,925) were sourced from the MRC-IEU, while pancreatic 
cancer (n = 1,896,1,939) was obtained from PanScan1. (Detailed information refer to Supplementary Table 1.)
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2.4 � Cell toxicity assay

Huh7 and PLC cell lines were obtained from ATCC and cultured in DMEM supplemented with 10% FBS (Gibco) in 
a humidified incubator at 37 °C with 5% CO₂. The cells were seeded in 96-well plates at a density of 5000 cells per 
well. Metformin was added, followed by the CCK-8 solution (C0039, Beyotime Biotechnology), and after 2 h, the 
absorbance was measured at 450 nm.

Fig. 1   Study design drawing. This MR Study was designed to determine a causal relationship between metformin (the drug) and metformin-
related targets AMPK (the drug target) and digestive tract cancer (the outcome)

Fig. 2   Diagram for Mendelian 
randomization (MR). SNPs 
Single nucleotide polymor-
phisms, HbA1c Hemoglobin 
A1c
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2.5 � Western blotting

The cells were lysed using RIPA lysis buffer and centrifuged at 12,000 r, 20 min. The supernatant was collected, and 
total proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes. The membranes were 
blocked with 4% skim milk in PBS containing Tween-20 at room temperature for 2 h. Primary antibodies (AMPK 1:5000; 
10929-2-AP; Proteintech; p-AMPK 1:2000; 2535 T; Cell Signaling Technology; β-actin 1:1000; GB15001-100; Servicebio) 
diluted in antibody dilution buffer were incubated overnight at 4 °C. After washing three times with PBST, secondary 
antibodies (Goat Anti-Rabbit IgG; 1:1000; E-AB-1003; Elabscience; Goat Anti-Mouse IgG; 1:1000; E-AB-1001; Elabsci-
ence) were incubated at room temperature for 1 h. Following three additional PBST washes, protein signals were visu-
alized using ECL luminescent solution. Image analysis was performed with ImageJ software (NIH, USA), version 1.53.

2.6 � Cell proliferation assay

EdU cell proliferation staining was performed using an EdU kit (BeyoClick™ EdU Cell Proliferation Kit with Alexa Fluor 
488, Beyotime, China). The detailed steps should be carried out in accordance with the manufacturer’s protocol.

2.7 � Ethics and patient consent

All data were obtained from GWAS studies with ethical review board approval, and all participants provided informed 
consent.

2.8 � Statistical analyses

We employed the Inverse Variance Weighted method (IVW) as the primary approach to obtain MR effect estimates 
[19]. Weighted Median, MR-Egger, and MR-PRESSO (Pleiotropy RESidual Sum and Outlier) were used as sensitivity 
analysis methods to assess the robustness of the study results. The Weighted Median method can provide consist-
ent and efficient estimates when over 50% of the information comes from valid IVs [20]. In MR-Egger analysis, the 
intercept test for the association between exposure and outcome can assess the overall validity of the instrumental 
variable assumption, where a non-zero intercept suggests potential bias in the IVW estimates [21]. Heterogeneity of 
the selected instrumental variables was assessed using Cochran’s Q test. Additionally, we employed a leave-one-out 
analysis to determine if the overall estimate was influenced by individual SNPs. Finally, we used the Mendelian Rand-
omization Pleiotropy RESidual Sum and Outlier (MR-PRESSO) test to detect horizontal pleiotropy outliers [22]. To rule 
out false positive results, we calibrated the test level using the bonferroni method. P < 0.0083 (0.05/6 cancers) was 
considered statistically significant. Above statistical analyses were performed using the “TwoSampleMR” packages 
in R version 4.0.3 (R Foundation for Statistical Computing, Vienna, Austria). Student’s t-test was used to calculate the 
differences between two groups, The notation’n = 3’indicates that it represents a minimum of three separate experi-
ments. P < 0.05 was considered statistically significant.

3 � Result

3.1 � SNP selection and validation

We initially selected a total of 44 SNPs. Following MR principles, we subsequently removed two SNPs, namely 
rs6726126 and rs17834622, as they were associated with potential confounding factors (Colorectal tumors, Neu-
trophil count, and Lymphocyte count) (detailed information refer to Supplemental Table 2). After performing data 
harmonization steps (ensuring that the SNP of the exposure and the outcome corresponded to the same allele), 
the number of retained SNPs for each digestive tract cancer type was as follows: liver and bile duct cancers: 35; 
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Esophageal cancer: 39; Pancreatic cancer: 12; Colon cancer: 13; Malignant neoplasm of rectum: 7; Oral cavity cancer: 
36; (detailed information refer to Supplementary Table 3).

3.2 � AMPK targets on liver and bile duct cancers

IVW analysis indicated a negative association between the genetic prediction of 35 AMPK variants and the incidence of 
liver and bile duct cancers (OR = 0.994, 95%CI 0.990–0.999; P = 0.008) (Table 1). In the scatter plot of genetic variants’effects 
on digestive tract cancers, the solid line slope also suggested a negative correlation with liver and bile duct cancers in 
response to metformin treatment (Supplementary Fig. 1a). Both the Weighted Median and MR-Egger estimated show 
consistent directional results (Table 1). However, the confidence interval obtained by the MR-Egger method is wider, 
indicated less precision, which led us to assess horizontal pleiotropy. MR-Egger intercept test and MR-PRESSO test both 
suggested minimal horizontal pleiotropy (p < 0.05), and Cochran’s Q test indicated that there is little possibility of het-
erogeneity bias in our results (Table 2). Sensitivity analysis using the leave-one-out method did not reveal significant 
outliers in the liver and bile duct cancers analysis, and MR-PRESSO testing also produced similar results, indicating that 
the overall estimate was not influenced by individual SNPs (Supplementary Fig. 2).

Forest and funnel plots depicting the relationship between metformin treatment target activation and liver and bile 
duct cancers can be found in Supplementary Figs. 3 and 4, both showing consistent results.

3.3 � Effect of metformin on other digest tract cancers

The summary of the MR analysis results can be found in Tables 1, 2, and Fig. 3. IVW analysis indicated that there is insuf-
ficient evidence to establish a correlation between genetic predictions related to metformin use and the occurrence 
of various digestive tract cancers: Esophageal cancer (OR = 1.003, 95% CI 0.997–1.008; P = 0.355), Pancreatic cancer (OR 
= 0.206, 95%CI 0.001–39.417; P = 0.555), Colorectal cancer (OR = 0.987, 95% CI 0.973–1.001; P = 0.072), Rectal cancer (OR 
= 1.001, 95% CI 0.985–1.017; P = 0.859), Oral cancer (OR = 1.002, 95% CI 0.998–1.006; P = 0.272)). The MR-PRESSO test 
suggested a low probability of horizontal pleiotropy (P < 0.05), Cochran’s Q test indicated that there was unlikely to be 

Table 1   Associations between genetically predicted AMPK activation and digestive system cancer by Mendelian randomization

AMPK Adenosine 5′-monophosphate (AMP)-activated protein kinase, SNPs Single nucleotide polymorphisms, IVW Inverse-variance 
weighted method, OR Odds ratio, CI Confidence interval

Outcomes SNPs IVW MR-Egger Weighted median

OR(95%CI) P OR(95%CI) P OR(95%CI) P
Liver and bile duct cancer 35 0.994(0.990–0.999) 0.008 0.995(0.986–1.004) 0.249 0.995(0.989–1.001) 0.122
Oesophageal cancer 39 1.003(0.997–1.008) 0.355 1.000(0.988–1.011) 0.966 1.003(0.995–1.012) 0.474
Pancreatic cancer 12 0.206(0.001–39.417) 0.555 83.333(2.000 

× 10–3–4.244 × 106)
0.440 0.756(1.000 

× 10–3–1.052 × 103)
0.939

Colon cancer 13 0.987(0.973–1.001) 0.072 0.999(0.945–1.056) 0.978 0.986(0.962–1.011) 0.247
Malignant neoplasm of rectum 7 1.001(0.985–1.017) 0.859 1.000(0.951–1.053) 0.996 1.001(0.971–1.033) 0.921
Oral cavity cancer 36 1.002(0.998–1.006) 0.272 1.001(0.993–1.010) 0.768 1.000(0.994–1.007) 0.943

Table 2   Associations between 
genetically predicted AMPK 
activation and digestive 
system cancer in sensitivity 
analyses

AMPK, Adenosine 5′-monophosphate (AMP)-activated protein kinase

Outcomes Pleiotropy Heterogeneity MR-PRESSO

Intercept P Q P P

Liver and bile duct cancer 0.000 0.937 30.043 0.662 0.711
Oesophageal cancer 0.000 0.571 32.334 0.728 0.756
Pancreatic cancer 0.043 0.241 5.015 0.930 0.919
Colon cancer 0.000 0.654 10.113 0.606 0.694
Malignant neoplasm of rectum 0.000 0.960 3.763 0.709 0.807
Oral cavity cancer 0.000 0.806 28.719 0.764 0.770



Vol:.(1234567890)

Research	  
Discover Oncology          (2025) 16:869  | https://doi.org/10.1007/s12672-025-02729-3

heterogeneity bias in the results, and the leave-one-out sensitivity analysis did not reveal significant outliers (Supple-
mentary Fig. 2).

Scatter plots, forest plots, and funnel plots depicting the relationships between metformin treatment and the effects 
on other digestive tract cancers can be found in Supplementary-Figs. 1, 3, and 4.

3.4 � Metformin inhibits liver cancer cell proliferation via AMPK pathway

To elucidate the critical role of the AMPK pathway in metformin-mediated inhibition of liver cancer progression, we 
selected two metformin-sensitive liver cancer cell lines, Huh7 and PLC[23], and assessed the effects of AMPK phosphoryla-
tion activation on cell toxicity and proliferation (Fig. 4A). In the presence or absence of the AMPK inhibitor dorsomorphin, 
we treated cells with metformin and found that the activation of the AMPK pathway by metformin was able to rescue cells 
from dorsomorphin-induced cell death. This further confirms the critical role of AMPK homeostasis in cell survival, and 
our findings are consistent with previous studies [24] (Fig. 4B, C). Our results demonstrated that metformin suppressed 
liver cancer cell proliferation and induced cell death via AMPK activation (Fig. 4D, E).

4 � Discussion

Our MR study, for the first time, was designed and utilized genetic tools that represent the target of metformin action 
(AMPK) to analyze the potential causal relationships between metformin and various digestive tract cancers. The study 
results indicate a significant negative relationship between genetic predictions linked to higher levels of AMPK variation 
and the occurrence of liver and bile duct cancers. In our study, this conclusion was also confirmed through cell-based 
experiments. However, there is currently insufficient evidence to suggest relationships between genetic predictions 
related to AMPK variation and esophageal cancer, pancreatic cancer, colorectal cancer, rectal cancer, and oral cancer.

Fig. 3   MR analysis of 
genetically predicted AMPK 
activation on digestive system 
cancers. MR Mendelian rand-
omization, AMPK Adenosine 
5-monophosphate, AMP 
Activated protein kinase
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Fig. 4   Metformin inhibits liver cancer cell proliferation via AMPK pathway. A IC50 curves for metformin in the Huh7 and PLC cell lines. B 
Western blot analysis of AMPK and p-AMPK expression in Huh 7, along with quantification of their expression levels (n = 3). C Western blot 
analysis of AMPK and p-AMPK expression in PLC, along with quantification of their expression levels (n = 3). The cells were maintained in cul-
ture medium containing the corresponding concentration in CCK8 of metformin for 12 h. D EdU staining of the Huh 7, with nuclei counter-
stained using DAPI (n = 5). E EdU staining of the PLC, with nuclei counter-stained using DAPI (n = 5)
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In relation to the association between the use of metformin and liver and bile duct cancers, prior case–control studies 
have yielded similar conclusions. Chaiteerakij, R., in an analysis of 48 patients with intrahepatic cholangiocarcinoma (ICC) 
who were treated at the Mayo Clinic in Rochester, MN, from January 2000 to May 2010, found that diabetic patients who 
used metformin had a significantly reduced risk of developing ICC compared to those who did not use metformin. The 
protective effect of metformin against ICC observed in this study aligns closely with the conclusions drawn in our research 
[5]. However, the key distinction between our study and the aforementioned observational study lies in our study out-
comes avoided confounding bias and reverse causation. MR studies are based on the genetic"randomization"property 
of one or multiple genetic variants that affect the risk factor, comparing carriers of relevant genetic variations to non-
carriers to determine if there is a difference in disease risk. Therefore, the associations we obtained are not influenced 
by reverse causation and are less likely to be affected by confounding bias, providing a higher degree of confidence in 
causal relationships [25].

AMPK, through the regulation of cellular signaling and metabolic pathways, coordinates various energy metabolism 
processes, thereby controlling the growth and progression of cancer cells [26]. Research by Di Matteo, S. and colleagues 
suggested that metformin can activate the AMPK-FOXO3-related pathway and reverse the mesenchymal and epithelial-
mesenchymal transition (EMT) traits in intrahepatic cholangiocarcinoma (iCCA) [27]. In the latest study by Mamedov, M.R., 
it was found that metformin can identify the abundance of ribonucleoprotein complexes through the AMPK metabolic 
pathway, enhancing the anticancer activity of cells [28]. All of these findings provide some degree of explanation for 
our research results.

As mentioned earlier, the primary strength of this study lies in the reduction of confounding factors, and due to the 
natural"randomness"of allele gene allocation, it can completely avoid time-related biases, such as reverse causation. 
Additionally, there has been ongoing debate about the relationship between metformin and various digestive tract 
cancers. We have provided new evidence using genetic and experimental approaches to shed light on this issue.

At the same time, our study has certain limitations and shortcomings, and the interpretation of the conclusions should 
be approached with caution. We selected AMPK as the target of metformin’s action, but existing research has indicated 
that metformin may impact the occurrence and development of cancers through multiple potential protein targets or 
pathways, such as Growth Differentiation Factor 15 (GDF-15) [29], mitochondrial complex 1 (MCI) [30], and mitochondrial 
glycerol 3 (MG3) [31]. We also analyzed these targets, but we were unable to obtain results due to the scarcity of target-
related SNPs. Therefore, future analyses focusing on other targets are needed to explore metformin’s effects on cancer.

In summary, our study provides a convincing evidence for causal relationships between metformin and digestive tract 
cancers, particularly in the case of intrahepatic cholangiocarcinoma. However, it is important to note that the conclusion 
regarding metformin’s ability to reduce the risk of intrahepatic cholangiocarcinoma should not be directly interpreted 
as evidence for its use in the treatment of related cancers. Clinical dosing limitations of metformin must be taken into 
consideration when translating these findings to potential therapeutic applications.
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