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Metformin and the risk of malignant 2
tumors of digestive system: a mendelian
randomization study

Ping Liu', Jungi Xiao?, Jinghuang Xiao' and Jumei Zhou'"

Abstract

Background Observational studies suggest that metformin may reduce the risk of malignant tumors of the digestive
system (MTDS), but these findings are often confounded by bias and unmeasured variables. Recent meta-analyses
have questioned these associations, emphasizing the need for robust causal inference.

Methods Mendelian randomization (MR) was used to evaluate the causal relationship between metformin and
MTDS. Genetic variants associated with metformin's molecular targets were selected from GTEx, eQTLGen, and UK
Biobank and validated using genetic colocalization to ensure instrument validity. GWAS summary statistics for MTDS,
encompassing up to 314,193 controls and 6,847 colorectal cancer cases, were obtained from FinnGen and EBI. The
primary analysis employed the inverse-variance weighted (VW) method, supplemented by MR-Egger, weighted
median, and weighted mode analyses. Bonferroni correction was applied to adjust for multiple testing across 14
cancer types.

Results Genetically proxied metformin use was associated with an increased risk of colorectal cancer (OR=2.38,
95%Cl=1.38-4.09, P=0.0018) and related subtypes. No causal relationship was found for hepatocellular carcinoma,
gastric cancer, pancreatic cancer, or other digestive system cancers. The robustness of these findings was supported
by sensitivity analyses, which indicated no significant pleiotropy, and leave-one-out tests.

Conclusion This study provides robust genetic evidence that metformin use increases the risk of colorectal cancer,
challenging its role as a preventive agent for digestive cancers. These findings emphasize the need for clinicians to
carefully evaluate the risks and benefits of metformin, particularly in populations at higher risk for colorectal cancer.
Future research should focus on delineating the mechanisms underlying this association to optimize the use of
metformin in clinical practice.
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Introduction

Malignant tumors of digestive system (MTDS) currently
exhibit high incidence and mortality rates, with over
4.8 million new cases and 3.4 million deaths reported
annually [1]. These malignancies rank as the leading
cause of cancer-related deaths worldwide and represent a
significant public health challenge. Projections based on
age demographics and global population growth indicate
a steep rise in incidence and mortality, with new cases
anticipated to increase by 58% to 7.5 million and deaths
expected to rise by 73% to 5.6 million by the year 2040
[2].

The exploration of metformin, widely used for type 2
diabetes (T2DM) treatment, as a potential cancer preven-
tion or treatment drug began with an observational study
in 2005 [3], indicating that metformin use could reduce
cancer incidence, which spurred extensive basic, obser-
vational, and clinical studies. Some studies indicated that
metformin exerts anticancer effects through its influence
on multiple biological pathways, including activation of
AMPK [4, 5], inhibition of mTOR [4, 5], regulation of cell
cycle and apoptosis [6, 7], targeting of cancer stem cells
[4, 7], metabolic reprogramming [4, 5], and modulation
of inflammation and immunity [4, 7]. Numerous observa-
tional studies suggesting that metformin may reduce the
risk of MTDS, including colorectal cancer [8, 9], hepato-
cellular carcinoma [10], and gastric cancer [11]. However,
these findings often stem from observational designs,
which are inherently limited by confounding factors,
selection bias, and challenges in accurately controlling
for variables like glycemic control, medication adherence,
and co-therapies. Recent meta-analyses have highlighted
these inconsistencies, calling into question the robust-
ness of earlier conclusions [12, 13]. Specifically, Zeng et
al. found no significant reduction in hepatocellular car-
cinoma risk with metformin use after adjusting for con-
current medications like statins and aspirin, pointing to
substantial heterogeneity among studies [12]. Similarly,
Bai et al. categorized the evidence linking metformin to
reduced gastric cancer risk as weak, emphasizing meth-
odological limitations in the included studies and the
need for more robust data [13].

Given these limitations, Mendelian randomization
(MR) offers a compelling alternative for establishing
causal inferences. Unlike traditional observational meth-
ods, MR uses genetic variants as instrumental variables
to proxy the exposure of interest, effectively mimicking
the random allocation seen in clinical trials. This reduces
bias from confounders and avoids the limitations inher-
ent in observational studies. Specifically, MR allows for
more reliable causal inferences in situations where ran-
domized controlled trials (RCTs) are logistically or ethi-
cally difficult to conduct. By leveraging genetic data,
MR provides an opportunity to evaluate the effects of
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metformin on cancer risk, free from the confounding
influences of lifestyle factors, medication adherence, and
other biases. In this study, we analyzed the relationship
between metformin and 14 types of MTDS using a two-
sample MR and validated our findings across different
Genome Wide Association Study (GWAS) datasets, fur-
ther confirming our results.

Methods

Genetic instrument selection

Figure 1 provides the overall design of the study. To
investigate the causal relationship between metformin
and MTDS, we identified genetic proxies for metformin
based on its known molecular targets. Based on previ-
ous study [14], we identified seven targets of metformin:
AMPK, MC1, MG3, GDF15, GLP1/GCG, FBPI1, and
ADCY]1. These targets encompass pathways critical to
metformin’s pharmacological effects, including glucose
metabolism, energy homeostasis, and metabolic signal-
ing. The inclusion of these genes was based on a thorough
literature review to ensure biological relevance and com-
pleteness. We then identified single nucleotide polymor-
phisms (SNPs) associated with these genes from three
databases: GTEx [15], eQTLGen [16], and the study by
Zheng et al. [17]. SNPs were included if they were associ-
ated with the expression of these target genes (P<0.05).

To refine these instruments, we cross-referenced SNPs
with data from the UK Biobank, focusing on those asso-
ciated with glycated hemoglobin (HbA1c) levels (P<0.05)
as a marker of metformin exposure. Genes linked to
HbA1c levels were prioritized to ensure that genetic vari-
ants reflected metformin’s glucose-lowering effects. Vari-
ants associated with HbAlc but unrelated to the seven
target genes were excluded, ensuring biological relevance
and reducing potential pleiotropy.

Genetic colocalization was used to ensure that the same
genetic variants influenced both the expression of the
target genes and HbAlc levels. This approach examines
whether two traits (e.g., gene expression and HbAlc lev-
els) share a common causal variant in the same genomic
region. Specifically, we used the coloc R package, which
calculates posterior probabilities for five hypotheses: (1)
no association with either trait, (2) association with trait
1 only, (3) association with trait 2 only, (4) association
with both traits but with different causal variants, and (5)
association with both traits and a shared causal variant. A
posterior probability >0.8 for hypothesis 5 (shared causal
variant) was considered evidence of colocalization [18,
19]. This step ensures that the selected SNPs are robust
proxies for metformin exposure, reducing the risk of bias
from horizontal pleiotropy.

To ensure the validity of our MR approach, we
addressed key assumptions rigorously. For the relevance
assumption, we calculated F-statistics for the selected
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SNPs, ensuring values exceeded 10 to confirm strong
instruments and minimize weak instrument bias. For
independence, genetic colocalization was performed to
verify that the selected SNPs influence both HbA1c levels
and gene expression via the same causal variant, thereby
reducing the likelihood of confounding. To satisfy the
exclusion restriction assumption, we assessed horizontal
pleiotropy using MR-Egger regression by evaluating the
intercept, which indicates pleiotropic effects. Sensitivity
analyses, including weighted mode and weighted median
approaches, were conducted as these methods are robust
to invalid instruments. To address potential bias from
population stratification, we derived all data from indi-
viduals of predominantly European ancestry and applied
principal component adjustments in the original GWAS
to control for population structure.

Study outcomes

To comprehensively evaluate the relationship between
metformin and MTDS, we included a broad range of
cancer types as outcome variables. The GWAS summary
statistics for MTDS were obtained from the 10th release
of the FinnGen consortium, including colon adenocar-
cinoma (3,212 cases, 314,193 controls), malignant neo-
plasm of colon (4,143 cases), colorectal adenocarcinoma
(5,610 cases), colorectal cancer (6,847 cases), hepato-
cellular carcinoma (500 cases), malignant neoplasm of
oesophagus (619 cases), adenocarcinoma and ductal car-
cinoma of pancreas (731 cases), malignant neoplasm of
pancreas (1,626 cases), adenocarcinoma and papilloma
adenocarcinoma of rectum (2,437 cases), adenocarci-
noma, papilloma adenocarcinoma and mucinous carci-
nomas of rectum (2, 545 cases), malignant neoplasm of
rectum (2,490 cases), malignant neoplasm of small intes-
tine (525 cases), adenocarcinoma and papillary adenocar-
cinoma of stomach (792 cases), and malignant neoplasm
of stomach (1,423 cases). GWAS summary statistics for
colorectal cancer (ebi-a-GCST90018588), hepatocel-
lular carcinoma (ebi-a-GCST90041897), gastric cancer
(ebi-a-GCST90018849), and pancreatic cancer (ebi-a-
GCST90018893) were selected from European Bioinfor-
matics Institute (EBI) for use in the meta-analysis. While
prior evidence linking metformin to certain cancers may
be limited, these cancers were included to explore poten-
tial novel associations given metformin’s systemic effects
on metabolism, inflammation, and cell growth pathways.
This exploratory approach ensures that our analysis cap-
tures a comprehensive range of potential effects, address-
ing gaps in the existing literature. By including all major
digestive cancers with available GWAS data, we aim to
provide a holistic understanding of metformin’s potential
role across the spectrum of MTDS.
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Statistical analyses

To evaluate the potential effects of metformin on MTDS,
we employed the inverse-variance weighted (IVW)
method as our primary measurement approach, which
provides statistical efficiency and effectively minimizes
bias. Additionally, we performed supplementary analyses
using alternative methods like MR Egger, weighted mode,
and weighted median that can be used to cross-validate
results, address potential biases, and ensure the robust-
ness of causal inferences [20, 21]. To evaluate the genetic
variability across different diseases, we applied Cochran’s
Q test, which helps to identify significant differences in
genetic effects. This test is useful for detecting whether
the observed variations in results are beyond what
would be expected by chance, thus highlighting poten-
tial heterogeneity among the genotypes. Additionally,
we employed MR-Egger regression to address the issue
of horizontal pleiotropy. MR-Egger regression is partic-
ularly advantageous in this context because it allows for
the detection and adjustment of such pleiotropic effects,
ensuring that the causal relationship we estimate is not
biased by these confounding pathways. While multivari-
able MR can address specific confounders by incorporat-
ing additional exposures, this method was not applied in
our study due to the lack of comprehensive GWAS data
for potential confounders across all cancer types. Future
studies with richer datasets may incorporate multivari-
able MR to further validate these findings. To ensure
the robustness of our MR results, we implemented a
leave-one-out strategy. This approach involves sequen-
tially excluding each instrumental variable one at a time
and recalculating the causal estimate. By doing so, we
can determine whether our overall findings are unduly
influenced by any single IV, which helps to confirm the
stability and reliability of our results. Furthermore, we
used funnel plots to evaluate the distribution of effect
estimates. Funnel plots are instrumental in assessing the
symmetry of these estimates around the overall effect
size. This visual tool helps us to identify and address any
underlying issues, thereby ensuring the integrity of our
findings. Given the analysis of multiple cancer types, we
applied Bonferroni correction to adjust for multiple test-
ing. This correction ensures that the overall type I error
rate is controlled. Specifically, the nominal significance
threshold (P<0.05) was divided by the number of can-
cer outcomes analyzed (n=14), resulting in an adjusted
threshold of P<0.0036. Results exceeding this corrected
threshold are considered statistically significant, while
results below P<0.05 but above the corrected thresh-
old are interpreted as suggestive and warranting further
investigation.
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Results

The genetic instruments that are associated with both the
metformin target genes and HbAlc levels are listed in
Supplementary Tables 1-7. The final genetic instruments
determined through genetic colocalization are shown in
Supplementary Table 8. Using T2DM as a positive refer-
ence outcome sufficiently validated the effectiveness of
our genetic instruments (Supplementary Table 9).

IVW analysis showed that genetically proxied metfor-
min increased the risk of colorectal cancer (OR=2.38,
95%CI=1.38-4.09, P=0.0018), colorectal adenocarci-
noma (2.41, 1.34—4.34, 0.0032), malignant neoplasm of
colon (2.88, 1.47-5.67, 0.0021), and colon adenocarci-
noma (2.76, 1.29-5.91, 0.0091). After applying Bonfer-
roni correction (P<0.0036), associations for colorectal
cancer, colorectal adenocarcinoma, and malignant neo-
plasm of the colon remained statistically significant.
However, the association for colon adenocarcinoma did
not meet the adjusted significance threshold and is con-
sidered suggestive. However, no causal relationship was
found with hepatocellular carcinoma (0.69, 0.09-5.32,
0.7228), malignant neoplasm of oesophagus (3.64, 0.65—
20.35, 0.1415), adenocarcinoma and ductal carcinoma of
pancreas (1.42, 0.29-6.88, 0.664), malignant neoplasm of
pancreas (1.01, 0.36-2.89, 0.9791), adenocarcinoma and
papilloma adenocarcinoma of rectum (1.39, 0.52-3.68,
0.5085), adenocarcinoma, papilloma adenocarcinoma
and mucinous carcinomas of rectum (1.47, 0.55-3.92,
0.4438), malignant neoplasm of rectum (1.74, 0.65-4.69,
0.2703), malignant neoplasm of small intestine (6.32,
0.92-43.24, 0.0604), adenocarcinoma and papillary ade-
nocarcinoma of stomach (1.13, 0.25-5.19, 0.873), and
malignant neoplasm of stomach (0.94, 0.30-2.95, 0.9216)
(Fig. 2, Supplementary Fig. 1).

Meta-analysis indicated that genetically proxied met-
formin increased the risk of colorectal cancer (1.71,
1.23-2.37, 0.0013), while there was no statistically sig-
nificant association with hepatocellular carcinoma (1.21,
0.16-9.24, 0.8564), malignant neoplasm of stomach (0.94,
0.59-1.4, 0.6869), and malignant neoplasm of pancreas
(1.01, 0.51-2.7, 0.7216) (Fig. 3).

Cochran’s Q test indicated that there was no significant
heterogeneity in the association between target genes
and 14 types of MTDS (Supplementary Table 10). MR-
Egger regression analysis revealed horizontal pleiotropy
with colon adenocarcinoma for the target genes, but no
significant horizontal pleiotropy was observed in other
analyses (Supplementary Table 11). Additionally, the
leave-one-out analysis demonstrated that the results were
stable and dependable by sequentially excluding each
instrumental variable (Supplementary Fig. 2). Meanwhile,
the funnel plot revealed that there was no substantial bias
affecting the analysis (Supplementary Fig. 3).
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Discussion

In this study, we assessed the impact of seven metfor-
min targets on MTDS. The results indicate that metfor-
min use does not reduce the risk of these cancers and
may even increase the risk of colorectal cancer. To date,
although many studies suggest that metformin use may
reduce the incidence of MTDS, most of these studies
are likely subject to biases and confounding factors [22],
and their results should be interpreted with caution. Our
study provides evidence comparable to that of a random-
ized controlled trial, which does not support the use of
metformin for the prevention of MTDS.

The initial study linking metformin use to colorec-
tal cancer risk emerged in 2004 [23]. Following this,
numerous population-based studies, case-control cohort
investigations, and meta-analyses have explored the con-
nection between metformin use and CRC risk. The find-
ings have been varied, with some studies indicating a
reduced risk [24—27], others finding no significant asso-
ciation [28, 29], and a few suggesting an increased risk
of CRC [30, 31]. For individuals with diabetes but not on
antidiabetic medication, the incidence rates of colorec-
tal cancer and hepatocellular carcinoma are increased.
When using metformin, the incidence rates of colorectal
cancer in women and hepatocellular carcinoma in men
decrease to non-diabetic levels [25]. A meta-analysis
incorporating four observational studies suggested that
metformin treatment is significantly associated with a
reduced risk of colorectal cancer in patients with T2DM
[32]. However, a multicenter study indicated that metfor-
min did not reduce the incidence of colorectal cancer in
diabetic patients [28]. A large case-control analysis using
the General Practice Research Database indicated that
metformin use is not associated with a reduced risk of
colorectal cancer, and long-term use may even increase
the risk of colorectal cancer [30].

In fact, there is no consistent conclusion regarding
the relationship between metformin and other MTDS.
Surprisingly, a meta-analysis showed that metformin is
associated with a roughly 70% reduction in the risk of
hepatocellular carcinoma in patients with T2DM, but
there was evidence indicating significant heterogeneity
among the studies included by the authors [33]. However,
another meta-analysis showed that the use of metfor-
min is not associated with a reduced risk of hepatocel-
lular carcinoma [12]. A meta-analysis of 7 cohort studies
including 591,077 patients found that metformin therapy
significantly reduced the incidence of gastric cancer com-
pared to other treatments [34]. Additionally, a pooled
analysis combining data from 3 case-control studies
within the Stomach Cancer Pooling Project found no sig-
nificant link between chronic metformin use and gastric
cancer [35].
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Outcomes Cases Controls No. of SNPs Methods OR (95%ClI) P value
Colon adenocarcinoma 3,212 314,193 29 A — 2.76 (1.29 - 5.91) 0.0091
MR Egger — 13.76 (3.15 - 60.10) 0.0017
Weighted median —— 5.74 (1.86 - 17.69) 0.0023
Weighted mode —_— 5.41(1.62-18.11) 0.0106
Malignant neoplasm of colon 4,143 314,193 28 A —_— 2.88 (1.47 - 5.67) 0.0021
MR Egger —_— 5.89 (1.60 - 21.75) 0.0131
Weighted median —— 4.11(1.49 - 11.34) 0.0064
Weighted mode — 3.91 (1.45 - 10.59) 0.0122
Colorectal adenocarcinoma 5,610 314,193 28 VW —_— 2.41(1.34 - 4.34) 0.0032
MR Egger — 4.60 (1.48 - 14.28) 0.0139
Weighted median —— 3.25(1.34 - 7.89) 0.0091
Weighted mode —— 3.27 (1.35-7.90) 0.0138
Colorectal cancer 6,847 314,193 28 A —_— 2.38 (1.38 - 4.09) 0.0018
MR Egger —e— 3.20(1.11-9.26) 0.0413
Weighted median —— 2.74 (1.23 - 6.07) 0.0135
Weighted mode —— 3.23 (1.45-7.21) 0.0081
Hepatocellular carcinoma 500 314,193 27 VW —— 0.69 (0.09 - 5.32) 0.7228
MR Egger —r=———  1.96(0.04 - 103.58) 0.7419
Weighted median —_— 0.47 (0.03-7.13) 0.585
Weighted mode —_— 0.69 (0.06 - 8.27) 0.775
Malignant neoplasm of oesophagus 619 314,193 28 IVW - 3.64 (0.65 - 20.35) 0.1415
MR Egger ——p—=— 5.23(0.19 - 145.74) 0.3386
Weighted median —_— 4.02 (0.30 - 53.68) 0.2929
Weighted mode —_—— 4.24 (0.33 - 54.04) 0.2762
Adenocarcinoma and ductal 731 314,193 28 VW 1.42 (0.29 - (23 gg; 8(13334
i f MR Egger —_— 0.12(0.01 - .
carcinoma of pancreas Weighted median — 051 (0,05 - 5.23) 05726
Weighted mode —_— 0.41 (0.04 - 3.84) 0.4451
Malignant neoplasm of pancreas 1,626 314,193 29 WA —— 1.01 (0.36 - 2.89) 0.9791
MR Egger —_— 0.51 (0.07 - 4.00) 0.5297
Weighted median — 0.85(0.17 - 4.28) 0.8391
Weighted mode — 1.00 (0.23 - 4.34) 0.9961
Adenocarcinoma and papilloma 2,437 314,193 28 VW —— 1.39 Eg gg - g gsg 82(9)25
i MR Egger —_— 1.47 -997 .6984
adenocarcinoma of rectum Weighted median —— 1,44 (0.40 - 5.14) 05718
Weighted mode ——— 1.75(0.48 - 6.45) 0.405
Adenocarcinoma, papilloma adenocarcinoma 2,545 314,193 28 VW —— 1.47 (0.55 - g 9%; 8.4g88
i i f recti MR Egger —— 1.41(0.20-9.7 7304
and mucinous carcinomas of rectum Weighled median i 147 (0.40 - 5.39) 05503
Weighted mode —_— 1.79 (0.53 - 6.02) 0.3573
Malignant neoplasm of rectum 2,490 314,193 28 IVW — 1.74 (0.65 - 4.69) 0.2703
MR Egger —_— 1.60(0.23 - 11.21) 0.6412
Weighted median —1— 1.33(0.36 - 4.87) 0.6649
Weighted mode —r— 1.52 (0.45 - 5.06) 0.5034
Malignant neoplasm of small intestine 525 314,193 29 A —_— 6.32 (0.92 - 43.24) 0.0604
MR Egger —_— 0.81 (0.02 - 34.25) 0.9152
Weighted median —p—=—— 511(0.31 - 85.06) 0.2554
Weighted mode - 5.88 (0.46 - 75.04) 0.1834
Adenocarcinoma and papillary 792 314,193 28 IVW —_— 1.13(0.25 - 5.19) 0.8(7)82
d i f st h MR Egger —_— 0.14 (0.01 - 2.74) 0.2
adenocarcinoma of stomac Weighted median ~ ——s—1 019 (002 - 161) 01274
Weighted mode —_— 0.23 (0.03 - 1.76) 0.1693
Malignant neoplasm of stomach 1,423 314,193 28 VW — 0.94 (0.30 - 2.95) 0.9216
MR Egger —_— 1.09 (0.12 - 9.85) 0.9413
Weighted median —_— 1.09 (0.20 - 5.79) 0.9211
Weighted mode r 'I—l—- — 0.95 (0.19 - 4.78) 0.9472

0016 025 2

OR (95%CI)

20 100

Fig. 2 Association between genetically predicted metformin targets genes and malignant neoplasm of digestive system

It is important to note that the majority of current
research on metformin and cancer consists of observa-
tional studies, often utilizing historical medical records
or insurance data, rather than being specifically designed
to assess metformin’s impact on cancer. The data on
dosage, duration, and temporal changes in metformin
treatment, as well as other adjunctive therapies (includ-
ing insulin, sulfonylureas, and other medications), are
often incomplete. These studies are frequently affected
by immortal time bias, selection bias, and other con-
founding factors, potentially leading to an overestima-
tion of metformin’s benefits on cancer incidence and
outcomes. While some randomized clinical trials have

recently emerged to evaluate metformin as an adjunct
therapy for various cancers, no definitive benefits on
cancer have been demonstrated. A recent meta-analysis
comprising nine randomized trials found that, compared
to anticancer therapy alone, the use of metformin as an
adjunctive anticancer treatment did not enhance tumor
response or extend overall survival [36]. Recently, a large
phase 3 placebo-controlled trial involving 3,649 women
with high-risk operable breast cancer found no differ-
ence in invasive disease-free survival or cancer mortal-
ity between those who received adjuvant metformin and
those who received standard therapy [37]. A phase 2 sin-
gle-arm trial found that adjuvant metformin treatment
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Exposure/data source OR (95% CI) P value
Colorectal cancer
FinnGen - 2.38(1.38 - 4.09) 0.0032
EBI HH 1.53 (1.05 - 2.23) 0.0279
Meta—analysis - 1.71(1.23-2.47) 0.0013
Hepatocellular carcinoma
FinnGen I o { 0.69 (0.09 - 5.32) 0.7228
EBI C = » 4.12(0.11-159.59) 0.4479
Meta—analysis ————— 1.21(0.16 - 9.23) 0.8564
Malignant neoplasm of stomach
FinnGen —a— 0.94 (0.30 - 2.95) 0.9216
EBI = = 0.91 (0.57 - 1.39) 0.6880
Meta—analysis - 0.94 (0.59 -1.44) 0.6869
Malignant neoplasm of pancreas
FinnGen —a— 0.91 (0.36 - 2.89) 0.9791
EBI —.— 0.91(0.43-3.81)  0.6497
Meta-analysis ——— 1.01 (0.51 - 2.68) 0.7216
012 02505 1 2 4
OR (95%Cl)

Fig. 3 Meta-analysis of the association between genetically predicted metformin targets genes and malignant neoplasm of digestive system

for colorectal cancer achieved disease control in 41% of
participants [38], higher than the control rates seen in
previous studies with monotherapy [39]. However, evi-
dence indicates that such trials are often subject to time-
related biases and confounding factors [40, 41].

The mechanisms by which metformin might increase
colorectal cancer risk are complex and multifactorial,
reflecting its diverse biological effects. One critical fac-
tor is metformin’s influence on gut microbiota composi-
tion. While metformin-induced changes in microbiota
have been associated with improved glucose homeosta-
sis, they may also result in the overproduction of poten-
tially carcinogenic metabolites, such as secondary bile
acids and pro-inflammatory cytokines. These metabo-
lites can disrupt the intestinal epithelial barrier, leading
to chronic inflammation—a well-established driver of
colorectal tumorigenesis. Additionally, metformin’s sys-
temic glucose-lowering effects reduce circulating insu-
lin levels, which is generally protective against cancer

driven by insulin signaling. However, in colorectal tis-
sues, metformin may exert paradoxical, localized effects
by altering insulin signaling pathways. Specifically, met-
formin might enhance insulin resistance within epithe-
lial cells, inadvertently promoting hyperactivation of the
PI3K/AKT/mTOR pathway—a signaling axis frequently
dysregulated in colorectal cancer [42]. This pathway is
known to stimulate cellular proliferation and survival,
creating a pro-tumorigenic environment in the colon.
Furthermore, metformin’s effects on metabolic and
inflammatory pathways may vary depending on tissue
type. For example, in hepatocellular carcinoma, met-
formin appears to exert anti-inflammatory effects and
inhibit cell growth via AMPK activation and mTOR inhi-
bition [43]. However, in colorectal tissues, its influence
on local inflammation and microbiota may override these
protective effects, resulting in divergent outcomes. These
findings align with prior studies showing variability in
metformin’s effects across cancer types, highlighting the
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need for tissue-specific mechanistic studies. It is impor-
tant to note that the mechanisms discussed here are
speculative and based on existing literature. Our study is
focused on causal inference through MR, and while we
propose potential mechanisms, we did not directly test
these biological processes. These mechanisms should be
considered as hypotheses to guide future research. Direct
experimental validation of these proposed pathways is
necessary to fully understand the role of metformin in
colorectal cancer and its broader implications for cancer
prevention. Future research should integrate microbiome
analysis, insulin signaling assays, and metabolic profil-
ing to disentangle these dynamics. This will be crucial for
optimizing metformin’s therapeutic use while mitigating
potential risks in colorectal cancer [22].

Our study suggests that, in addition to its well-estab-
lished role in glycemic control, metformin may also
have an unintended effect on cancer risk—particularly
increasing the risk of colorectal cancer. While metfor-
min remains a cornerstone in diabetes management,
these findings underscore the need for clinicians to be
cautious in prescribing metformin for cancer preven-
tion in patients with T2DM, particularly in those at risk
for colorectal malignancies. The dual effects of metfor-
min—both as a glucose-lowering agent and as a poten-
tial modulator of cancer risk—raise important questions
for clinical practice. Given that patients with diabetes
are already at higher risk for various cancers, particularly
those of the digestive system, the potential pro-carci-
nogenic effects of metformin in certain tissues must be
carefully considered. If future studies confirm that met-
formin increases the risk of colorectal cancer, alternative
therapies or adjunctive treatments may be needed for
patients with high cancer risk. Additionally, these find-
ings suggest the importance of continued monitoring and
personalized treatment strategies for diabetic patients,
where cancer risk is an added concern.

Strengths and limitations

Our study has several advantages. First, there are cur-
rently no well-designed large randomized controlled tri-
als that investigate the relationship between metformin
use and MTDS. MR studies can avoid time-related biases
and confounding factors, providing evidence comparable
to randomized controlled trials. Second, although some
MR studies have explored the link between metformin
and certain tumors, their selection of metformin instru-
mental variables was not rigorous, as they only used the
UK Biobank population taking metformin as a basis [44].
The IVW method was used as the primary approach for
causal inference due to its efficiency under the assump-
tion that all genetic instruments are valid and free from
horizontal pleiotropy. However, this assumption may not
always hold, as unmeasured pleiotropy could introduce
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bias. To address this, we conducted complementary
sensitivity analyses, including MR-Egger regression,
weighted median, and weighted mode methods, which
provide robust causal estimates even when some instru-
ments are invalid. The consistency of results across these
methods, coupled with the absence of significant pleiot-
ropy indicated by the MR-Egger intercept test, supports
the robustness of our findings. The genetic instruments
used in this study were rigorously selected and validated
through genetic colocalization and F-statistics exceeding
10, minimizing the risk of weak instrument bias. While
the IVW method assumes no directional pleiotropy, the
robustness of our findings across multiple methods pro-
vides confidence that pleiotropic effects are unlikely to
drive the observed associations. Finally, we conducted
a meta-analysis using different GWAS datasets, which
enhances the persuasiveness of our study. However, our
study has some limitations. First, the specific mecha-
nisms by which metformin might increase the risk of
colorectal cancer are still unknown. Second, the GWAS
data we analyzed come from European populations,
and the results may not be generalizable to other eth-
nic groups. Third, we were unable to conduct subgroup
analyses, such as examining the effect of metformin
on malignant tumors specifically in diabetic patients.
Fourth, the datasets we utilized (GTEx, eQTLGen, Zheng
et al,, FinnGen, and EBI) provide summary-level genetic
data, but do not include detailed clinical or phenotypic
information for each participant. While demographic
information such as age, sex, and ethnicity were available
for most datasets, other important variables, including
diabetes prevalence and comorbidities, were not consis-
tently reported. Lastly, the lack of significant associations
for cancers other than colorectal cancer could partly
reflect limited statistical power due to smaller case num-
bers in the underlying GWAS datasets. For instance, can-
cers such as hepatocellular carcinoma and small intestine
cancer had relatively few cases compared to colorectal
cancer, potentially reducing the precision of causal esti-
mates. However, the consistency of these null results
across multiple sensitivity analyses and the robustness
of our genetic instruments provide confidence that these
findings are not artifacts of insufficient power. Future
studies with larger GWAS datasets may provide further
clarification of these potential associations.

Conclusions

In conclusion, our study did not find that metformin can
reduce the risk of malignant neoplasm of digestive sys-
tem; instead, it increased the risk of colorectal cancer.
To confirm and extend the findings of this study, future
research should explore several key directions. First, MR
studies incorporating non-European populations are
needed to enhance the generalizability of the results, as
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our analysis relied on European datasets. Second, dose-
response relationships for metformin should be investi-
gated to determine optimal doses for potential cancer
prevention or treatment. This could guide more targeted
clinical trials. Third, multivariable MR approaches and
further stratified analyses could provide insights into
the interaction between metformin use, metabolic sta-
tus, and other cancer risk factors. These strategies could
refine future randomized clinical trial designs and ensure
their relevance to broader populations and specific
patient subgroups.

Supplementary Information
The online version contains supplementary material available at https://doi.or
g9/10.1186/513098-024-01573-9.

Supplementary Material 1

Supplementary Material 2

Acknowledgements

We would like to express our sincere gratitude to the research teams and
organizations that have made their data publicly available. The genetic
instruments used in this study were obtained from the GTEx Project, the
eQTLGen Consortium, and the UK Biobank. We are also grateful to the FinnGen
consortium and the European Bioinformatics Institute (EBI) GWAS Catalog for
providing the summary statistics on malignant tumors of the digestive system
(MTDS). Their invaluable contributions to open-access data sharing have
significantly advanced genetic and epidemiological research.

Author contributions

PL: Conceptualization, methodology, formal analysis, validation, and writing-
original draft. JX and JX: Data curation, validation and writing-review & editing.
JZ: Conceptualization, project administration, supervision and writing-review
& editing.

Funding

The study is supported by Innovation Guidance Plan of Hunan Science and
Technology Department (2021SK51112), Hunan Provincial Cancer Hospital
climbing plan (20230613-1004) and Hunan innovative province construction
special fund (20221121-1003).

Data availability

The datasets generated and analyzed during the current study are publicly
available. Genetic data used for instrument selection were obtained from the
GTEx (https://gtexportal.org/home/), eQTLGen (https://www.eqtlgen.org/),
and UK Biobank (https://www.ukbiobank.ac.uk/) datasets. The GWAS summary
statistics for malignant tumors of the digestive system (MTDS) were sourced
from the FinnGen consortium (https://www.finngen.fi/en) and the European
Bioinformatics Institute (EBI) GWAS Catalog (https://www.ebiac.uk/gwas/).

All data are accessible to researchers upon appropriate application and
agreement with the respective repositories.

Declarations

Ethics approval and consent to participate

We utilized publicly available GWAS summary-level data in our research, and
all the original studies involved in our analysis had obtained approval from
their respective Institutional Review Boards or local ethics committees.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Page 9 of 10

Received: 26 September 2024 / Accepted: 28 December 2024
Published online: 07 January 2025

References

1. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. Global cancer
statistics, 2012. CA Cancer J Clin. 2015;65:87-108.

2. Amnold M, Abnet CC, Neale RE, Vignat J, Giovannucci EL, McGlynn KA, et al.
Global burden of 5 major types of gastrointestinal Cancer. Gastroenterology.
2020;159:335-e34915.

3. Evans JMM, Donnelly LA, Emslie-Smith AM, Alessi DR, Morris AD. Metformin
and reduced risk of cancer in diabetic patients. BMJ. 2005;330:1304-5.

4. HuaY,ZhengY,YaoY,JiaR, Ge S, Zhuang A. Metformin and cancer hallmarks:
shedding new lights on therapeutic repurposing. J Translational Med.
2023;21:403.

5. LiM, LiX Zhang H, Lu Y. Molecular mechanisms of Metformin for Diabetes
and Cancer Treatment. Front Physiol. 2018;9:1039.

6. Amengual-Cladera E, Morla-Barcelo PM, Moran-Costoya A, Sastre-Serra
J,Pons DG, Valle A, et al. Metformin: from diabetes to Cancer—Unveiling
Molecular mechanisms and therapeutic strategies. Biology. 2024;13:302.

7. Galal MA, Al-Rimawi M, Hajeer A, Dahman H, Alouch S, Aljada A. Metfor-
min: a dual-role player in Cancer Treatment and Prevention. Int J Mol Sci.
2024,25:4083.

8. Seo Sl KimTJ, Park CH, Bang CS, Lee KJ, Kim J, et al. Incidence and survival
outcomes of Colorectal Cancer in Long-Term Metformin users with diabetes:
a Population-based Cohort Study using a Common Data Model. J Pers Med.
2022;12:584.

9. Lee J-W, Choi E-A, Kim Y-S, Kim Y, You H-S, Han Y-E, et al. Metformin usage
and the risk of colorectal cancer: a national cohort study. Int J Colorectal Dis.
2021;36:303-10.

10.  Chen H-P, Shieh J-J, Chang C-C, Chen T-T, Lin J-T, Wu M-S, et al. Metformin
decreases hepatocellular carcinoma risk in a dose-dependent manner:
population-based and in vitro studies. Gut. 2013;62:606-15.

11. Tseng C-H. Metformin reduces gastric cancer risk in patients with type 2
diabetes mellitus. Aging. 2016;8:1636-49.

12. Zeng RW, Yong JN, Tan DJH, Fu CE, Lim WH, Xiao J, et al. Meta-analysis:
chemoprevention of hepatocellular carcinoma with statins, aspirin and
metformin. Aliment Pharmacol Ther. 2023;57:600-9.

13. Bai X, Ding S-Q, Zhang X-P, Han M-H, Dai D-Q. Exposure to commonly used
drugs and the risk of gastric Cancer: an Umbrella review of Meta-analyses.
Cancers (Basel). 2023;15:372.

14. Zheng J, Xu M, Yang Q Hu C, Walker V, Lu J, et al. Efficacy of metformin targets
on cardiometabolic health in the general population and non-diabetic
individuals: a mendelian randomization study. EBioMedicine. 2023;96:104803.

15.  GTEx Consortium. The GTEx Consortium atlas of genetic regulatory effects
across human tissues. Science. 2020;369:1318-30.

17. V6sa U, Claringbould A, Westra H-J, Bonder MJ, Deelen P, Zeng B et al.
Unraveling the polygenic architecture of complex traits using blood eQTL
metaanalysis. bioRxiv 2018;447367. [cited 2024 Jul 19] Available from: https://
www.biorxiv.org/content/https:;//doi.org/10.1101/447367v1

17. Zheng J, Haberland V, Baird D, Walker V, Haycock PC, Hurle MR, et al.
Phenome-wide mendelian randomization mapping the influence of the
plasma proteome on complex diseases. Nat Genet. 2020;52:1122-31.

18.  Giambartolomei C, Vukcevic D, Schadt EE, Franke L, Hingorani AD, Wallace
C, et al. Bayesian test for colocalisation between pairs of genetic association
studies using summary statistics. PLoS Genet. 2014;10:e1004383.

19.  Wallace C. Eliciting priors and relaxing the single causal variant assumption in
colocalisation analyses. PLoS Genet. 2020;16:¢1008720.

20. Bowden J, Davey Smith G, Burgess S. Mendelian randomization with invalid
instruments: effect estimation and bias detection through Egger regression.
Int J Epidemiol. 2015;44:512-25.

21. Burgess S, Butterworth A, Thompson SG. Mendelian randomization analysis
with multiple genetic variants using summarized data. Genet Epidemiol.
2013;37:658-65.

22. Yu OHY, Suissa S. Metformin and Cancer: solutions to a real-world evidence
failure. Diabetes Care. 2023;46:904-12.

23. Yang Y-X, Hennessy S, Lewis JD. Insulin therapy and colorectal can-
cer risk among type 2 diabetes mellitus patients. Gastroenterology.
2004;127:1044-50.

24.  Currie CJ, Poole CD, Gale E, a. M. The influence of glucose-lowering therapies
on cancer risk in type 2 diabetes. Diabetologia. 2009;52:1766-77.


https://doi.org/10.1186/s13098-024-01573-9
https://doi.org/10.1186/s13098-024-01573-9
https://gtexportal.org/home/
https://www.eqtlgen.org/
https://www.ukbiobank.ac.uk/
https://www.finngen.fi/en
https://www.ebi.ac.uk/gwas/
https://www.biorxiv.org/content/
https://www.biorxiv.org/content/
https://doi.org/10.1101/447367v1

Liu et al. Diabetology & Metabolic Syndrome

25.

26.

27.

28.

29.

30.

32.

33.

34.

(2025) 17:6

Lee M-S, Hsu C-C, Wahlgvist ML, Tsai H-N, Chang Y-H, Huang Y-C. Type 2 dia-
betes increases and metformin reduces total, colorectal, liver and pancreatic
cancer incidences in Taiwanese: a representative population prospective
cohort study of 800,000 individuals. BMC Cancer. 2011;11:20.

Libby G, Donnelly LA, Donnan PT, Alessi DR, Morris AD, Evans JMM. New users
of metformin are at low risk of incident cancer: a cohort study among people
with type 2 diabetes. Diabetes Care. 2009;32:1620-5.

Cardel M, Jensen SM, Pottegard A, Jergensen TL, Hallas J. Long-term use of
metformin and colorectal cancer risk in type Il diabetics: a population-based
case-control study. Cancer Med. 2014;3:1458-66.

Kowall B, Stang A, Rathmann W, Kostev K. No reduced risk of overall, colorec-
tal, lung, breast, and prostate cancer with metformin therapy in diabetic
patients: database analyses from Germany and the UK. Pharmacoepidemiol
Drug Saf. 2015,24:865-74.

Smiechowski B, Azoulay L, Yin H, Pollak MN, Suissa S. The use of metformin
and colorectal cancer incidence in patients with type Il diabetes mellitus.
Cancer Epidemiol Biomarkers Prev. 2013;22:1877-83.

Bodmer M, Becker C, Meier C, Jick SS, Meier CR. Use of metformin is not
associated with a decreased risk of colorectal cancer: a case-control analysis.
Cancer Epidemiol Biomarkers Prev. 2012,21:280-6.

Knapen LM, Dittrich STAM, de Vries F, Starup-Linde J, Vestergaard P, Henry
RMA, et al. Use of biguanides and the risk of colorectal cancer: a register-
based cohort study. Curr Drug Saf. 2013;8:349-56.

Zhang Z-J, Zheng Z-J, Kan H, Song Y, Cui W, Zhao G, et al. Reduced risk of
Colorectal Cancer with Metformin Therapy in patients with type 2 diabetes.
Diabetes Care. 2011;34:2323-8.

Zhang Z-J, Zheng Z-J, Shi R, Su Q, Jiang Q, Kip KE. Metformin for Liver Cancer
Prevention in patients with type 2 diabetes: a systematic review and Meta-
analysis. J Clin Endocrinol Metabolism. 2012;97:2347-53.

Zhou X-L, Xue W-H, Ding X-F, Li L-F, Dou M-M, Zhang W-J, et al. Associa-

tion between metformin and the risk of gastric cancer in patients with

type 2 diabetes mellitus: a meta-analysis of cohort studies. Oncotarget.
2017;8:55622-31.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 10 of 10

Sassano M, Mariani M, Pelucchi C, Vicente M, Pinto-Carbd M, Lunet N, et al.
Chronic metformin intake and gastric cancer: a pooled analysis within the
stomach cancer pooling (StoP) project. Cancer Epidemiol. 2022;81:102286.
Kim HS, Kim JH, Jang HJ, Lee J. The addition of metformin to systemic
anticancer therapy in advanced or metastatic cancers: a meta-analysis of
randomized controlled trials. Int J Med Sci. 2020;17:2551-60.

Goodwin PJ, Chen BE, Gelmon KA, Whelan TJ, Ennis M, Lemieux J, et al. Effect
of Metformin vs Placebo on Invasive Disease-Free Survival in patients with
breast Cancer: the MA.32 Randomized Clinical Trial. JAMA. 2022,327:1963-73.
Bragagnoli AC, Araujo RLC, Ferraz MW, Dos Santos LV, Abdalla KC, Comar F, et
al. Metformin plus Lrinotecan in patients with refractory colorectal cancer: a
phase 2 clinical trial. Br J Cancer. 2021;124:1072-8.

Grothey A, Van Cutsem E, Sobrero A, Siena S, Falcone A, Ychou M, et al.
Regorafenib monotherapy for previously treated metastatic colorectal cancer
(CORRECT): an international, multicentre, randomised, placebo-controlled,
phase 3 trial. Lancet. 2013;381:303-12.

Webster-Clark M, Jonsson Funk M, Stiirmer T. Single-arm trials with External
comparators and Confounder Misclassification: how Adjustment can fail.
Med Care. 2020;58:1116-21.

Suissa S. Single-arm trials with historical controls: study designs to avoid
Time-related biases. Epidemiology. 2021;32:94-100.

Pollak M. The insulin and insulin-like growth factor receptor family in neopla-
sia: an update. Nat Rev Cancer. 2012;12:159-69.

Hardie DG, Ross FA, Hawley SA. AMPK: a nutrient and energy sensor that
maintains energy homeostasis. Nat Rev Mol Cell Biol. 2012;13:251-62.
Chen'Y, Bai B, Ye S, Gao X, Zheng X, Ying K, et al. Genetic effect of metformin
use on risk of cancers: evidence from mendelian randomization analysis.
Diabetol Metab Syndr. 2023;15:252.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Metformin and the risk of malignant tumors of digestive system: a mendelian randomization study
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Genetic instrument selection
	﻿Study outcomes
	﻿Statistical analyses

	﻿Results
	﻿Discussion
	﻿Strengths and limitations

	﻿Conclusions
	﻿References


