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ARTICLE HIGHLIGHTS

• Genetic liability to type 2 diabetes was associated with an increased risk of a broad range of gastrointestinal
diseases.

• Genetically proxied, impaired glycemic homeostasis featuring high insulin levels was associated with an increased
risk of several gastrointestinal diseases.

• The associations between type 2 diabetes and gastrointestinal diseases appeared to be independent of obesity.
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OBJECTIVE

We conducted a Mendelian randomization (MR) study to examine the associa-
tions of type 2 diabetes and glycemic traits with gastrointestinal diseases (GDs).

RESEARCH DESIGN AND METHODS

Uncorrelated genetic variants associated with type 2 diabetes (n = 231), fasting
insulin (n = 38), fasting glucose (n = 71), and hemoglobin A1c (n = 75) at the
genome-wide significance were selected as instrument variables. Genetic associ-
ations with 23 common GDs were obtained from the FinnGen and UK Biobank
studies and other large consortia.

RESULTS

Genetic liability to type 2 diabetes was associated with the risk of 12 GDs. Per
1-unit increase in the log-transformed odds ratio (OR) of type 2 diabetes, the OR
was 1.06 (95% CI, 1.03–1.09) for gastroesophageal reflux disease, 1.12 (95% CI,
1.07–1.17) for gastric ulcer, 1.11 (95% CI, 1.03–1.20) for acute gastritis, 1.07 (95% CI,
1.01–1.13) for chronic gastritis, 1.08 (95% CI, 1.03–1.12) for irritable bowel syn-
drome, 1.04 (95% CI, 1.01–1.07) for diverticular disease, 1.08 (95% CI, 1.02–1.14)
for acute pancreatitis, 1.09 (95% CI, 1.05–1.12) for cholelithiasis, 1.09 (95% CI,
1.05–1.13) for cholelithiasis with cholecystitis, 1.29 (95% CI, 1.17–1.43) for nonalco-
holic fatty liver disease, 1.12 (95% CI, 1.03–1.21) for liver cirrhosis, and 0.93 (95% CI,
0.89–0.97) for ulcerative colitis. Genetically predicted higher levels of fasting insulin
and glucose were associated with six and one GDs, respectively.

CONCLUSIONS

Associations were found between genetic liability to type 2 diabetes and an in-
creased risk of a broad range of GDs, highlighting the importance of GD preven-
tion in patients with type 2 diabetes.

Type 2 diabetes is a global health issue with an increasing prevalence and disease
burden (1). Type 2 diabetes, in which there is impaired glycemic homeostasis, has
been identified as an important risk factor for cardiovascular disease (2) and cer-
tain cancers (3). Population-based epidemiological studies have also linked type 2
diabetes to increased risk of gastrointestinal diseases, such as gastroesophageal re-
flux disease (4), cholelithiasis (5), nonalcoholic fatty liver disease (6), and certain
gastrointestinal cancers (3). However, the evidence for these associations was
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inconsistent (3,7,8). Limited data are avail-
able on the associations of type 2 diabetes
with risk of gastritis and Crohn’s disease,
both of which cause a relatively large dis-
ease burden. In addition, these findings
from observational studies may be biased
by possible limitations, including residual
confounding, misclassification, and reverse
causation, because type 2 diabetes is a
chronic metabolic disorder with a long-
term course and early insidious symptoms.
A clear appraisal of the causal associations
between type 2 diabetes and gastroin-
testinal diseases is of great importance
in gastrointestinal disease prevention and
management among patients with type 2
diabetes.
Mendelian randomization (MR) analy-

sis is an epidemiological design that can
strengthen causal inference by using ge-
netic variants as instrumental variables
for an exposure (9). Compared with ob-
servational studies, MR analysis can di-
minish confounding bias because genetic
alleles are randomly assorted at concep-
tion and, therefore, have no correlations
with environmental and self-adopted fac-
tors. The MR design can also prevent re-
verse causality because germline genotype
cannot be modified by disease (10). Pre-
vious MR studies identified causal associ-
ations of type 2 diabetes with risk of
individual gastrointestinal disease, includ-
ing gastroesophageal reflux disease (11),
gastrointestinal cancer (12), diverticular
disease (13), pancreatitis (14), gallstones
(15,16), and nonalcoholic fatty liver dis-
ease (17,18), but there does not appear
to be an overview available of its gastro-
intestinal consequences, which would be
informative for promoting gastrointestinal
health of patients with type 2 diabetes.
Here, we conducted an updated, two-
sample MR study to comprehensively ex-
amine the associations of genetic liability
to type 2 diabetes with 23 gastrointestinal
diseases. To further explore underlying
mechanisms related to impaired glyce-
mic homeostasis, we examined the as-
sociations of three genetically predicted
glycemic traits (fasting insulin, fasting glu-
cose, and hemoglobin A1c [HbA1c]) with
gastrointestinal diseases as supplementary
analyses.

RESEARCH DESIGN AND METHODS

Study Design
This two-sample MR study was designed
to explore the causal effect of type 2

diabetes and glycemic traits on the risk
of 23 gastrointestinal diseases, as shown
in Fig. 1. The study was based on publicly
available, summary-level data of genome-
wide association studies (GWAS), the
FinnGen study, the UK Biobank study,
and other large consortia, without over-
lap of study populations (Supplementary
Table 1). We estimated the associations
of genetic liability to type 2 diabetes and
three glycemic traits with each gastroin-
testinal disease in the FinnGen, UK Bio-
bank, and other large consortia individually,
and the association estimates were then
combined using meta-analysis of a fixed-
effects model. Included studies had been
approved by a relevant ethical review
board and participants had given informed
consent.

Genetic Instrument Selection
Single-nucleotide polymorphisms (SNPs)
associated with type 2 diabetes and gly-
cemic traits (namely, fasting insulin, fast-
ing glucose, and HbA1c) at the genome-
wide significance level (P < 5 × 10�8)
were selected from a GWAS meta-analysis
including 1,114,458 European individuals
(n = 148,726 case patients and 965,732
control participants) (19) and from the
Meta-Analyses of Glucose and Insulin-
Related Traits Consortium, with up to
196,991 participants of European ancestry
without diabetes (20) (Supplementary
Table 1). Linkage disequilibrium among

SNPs for each exposure was calculated on
the basis of the 1000 Genomes European
panel using the PLINK clumping method,
and SNPs with linkage disequilibrium (de-
fined as r 2 > 0.001 and clump distance
<10,000 kb) were excluded. SNPs in or
near the FTO gene with pleiotropic effects
were excluded (21), leaving 231 SNPs for
type 2 diabetes, 38 for fasting insulin,
71 for fasting glucose, and 75 for HbA1c.
For glycemic traits, the used genetic in-
struments explained approximately 0.5%,
3.6%, and 5.0% of variance in fasting in-
sulin, fasting glucose, and HbA1c, respec-
tively. Detailed information on SNPs used
in this study is presented in Supple-
mentary Tables 2 and 3.

Gastrointestinal Disease Data Sources
This study included 23 gastrointestinal
diseases, including six upper gastrointes-
tinal tract diseases (gastroesophageal re-
flux disease, esophageal cancer, gastric
ulcer, acute gastritis, chronic gastritis, gas-
tric cancer), six lower gastrointestinal tract
diseases (irritable bowel syndrome, celiac
disease, Crohn’s disease, ulcerative colitis,
colorectal cancer, diverticular disease), six
biliary or pancreas diseases (acute pancre-
atitis, chronic pancreatitis, pancreatic
cancer, cholelithiasis, cholelithiasis with
cholecystitis, cholangitis), four liver dis-
eases (nonalcoholic fatty liver disease,
alcoholic liver disease, liver cirrhosis, liver
cancer), and acute appendicitis, with

Selection of 
genetic instruments

Outcome:
23 gastrointestinal diseases 

Two-sample Mendelian 
randomization analyses

Primary analyses
 • IVW analysis for type 2 diabetes and gastrointestinal 

   diseases and combined results from different outcome datasets

Secondary analyses
 • Multivariable IVW analyses for type 2 diabetes and 

   gastrointestinal diseases adjusted for body mass index

 • IVW analyses for glycemic traits and gastrointestinal diseases

Sensitivity analyses
 • Weighted-Median, MR-Egger, MR-PRESSO analyses

Summary-level genetic associations with gastrointestinal outcomes 

 were obtained from: 

• FinnGen consortium  (N>220,000)

• UK Biobank study (N>330,000) 

• Large consortia including Celiac UK,  International 

   Inflammatory Bowel Disease Genetics Consortium (IIBDGC), 

   and Pancreatic Cancer Cohort Consortium (PanScan) 

• Vujkovic M et al. (1,114,458 European individuals)
   231 type 2 diabetes-associated SNPs

 • MAGIC (up to 196,991 Europe participants)
   38 fasting insulin-associated SNPs

   71 fasting glucose-associated SNPs 

   75 HbA1c-associated SNPs 

Figure 1—Study design. MAGIC, Meta-Analyses of Glucose and Insulin-Related Traits Consortium.
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numbers of cases ranging from 862 (liver
cancer) to 46,240 (cholelithiasis with
cholecystitis). Summary-level genetic as-
sociations with these outcomes were
obtained from the FinnGen consortium
(n = #220,000) and UK Biobank study
(n = #330,000), and additional GWAS
consortia data were derived from the
Celiac UK (n = 4,533 case patients and
10,750 control individuals for celiac dis-
ease) (22), Inflammatory Bowel Disease
Genetics Consortium (n = 5,956 case pa-
tients and 14,927 control individuals for
Crohn’s disease; n = 6,968 case patients
and 20,464 control individuals for ulcer-
ative colitis) (23), and Pancreatic Cancer
Cohort Consortium (n = 3,835 case pa-
tients and 521,863 control individuals for
pancreatic cancer) (24).

The FinnGen consortium is a study col-
lecting health and genetic data based on
Finnish health registries. We used the R7
data release of FinnGen, and genome-
wide association analyses for each trait
adjusted for sex, age, genotyping batch,
and the first 10 genetic principal com-
ponents. Gastrointestinal outcomes were
ascertained by codes from the ICD-8,
ICD-9, and ICD-10 and surgery and medi-
cine purchase codes.

The UK Biobank study is a large
prospective cohort study with more than
500,000 people aged >40 years recruited
between 2006 and 2010. Gastrointestinal
cases were diagnosed by codes from
the ICD-9 and ICD-10, surgery, and self-
reported information. GWAS data used
in the present MR study were collected
by Lee Laboratory for Statistical Genetics
and Data Science (Seoul National Univer-
sity, Seoul, Republic of Korea; https://www
.leelabsg.org/resources), adjusting for sex,
birth year, genotyping batch, and first
four principal components. Detailed in-
formation on the outcome data sources
and outcome definition are shown in
Supplementary Tables 1 and 4.

Data on BMI
Summary-level data on BMI were ob-
tained from a GWAS meta-analysis of
694,649 individuals of European ancestry
from the UK Biobank study and Genetic
Investigation of Anthropometric Traits
consortium (25). Genetic associations
were adjusted for sex, age at assessment,
the square of age at assessment, and
assessment center.

Statistical Analysis
The random-effects multiplicative inverse-
varianceweighted (IVW)methodwas used
as the primaryMRmethod to estimate the
associations of genetic liability to type 2
diabetes and genetically predicted glyce-
mic trait levels (fasting insulin, fasting
glucose, and HbA1c) with risk of gastroin-
testinal diseases. MR estimates for each
outcome from different sources were com-
bined by the fixed-effects meta-analysis
method. The I 2 statistic was calculated to
assess the heterogeneity of each outcome
from different data sources, and the I 2 val-
ues<25%, 25–75%, and>75% were con-
sidered to indicate low, moderate, and
high heterogeneity, respectively. We per-
formed several sensitivity analyses, in-
cluding the weighted median, MR-Egger,
and MR pleiotropy Residual Sum and
Outlier (MR-PRESSO), to examine the ro-
bustness of the results and identify possi-
ble horizontal pleiotropy. The weighted
median method can provide valid MR
estimates assuming that more than 50%
of the weight comes from valid SNPs.
MR-Egger regression can detect horizon-
tal pleiotropy by its embedded intercept
test and provide estimates after correc-
tion for pleiotropic effects. The MR-
PRESSO method can detect and correct
for possible outliers, and the MR-PRESSO
global test can be used to evaluate hori-
zontal pleiotropy caused by heterogene-
ity among SNPs’ estimates. We also used
the CochranQ test andmodified CochranQ
test (26) to examine heterogeneity of SNPs’
estimates in eachMR association. An imbal-
anced horizontal pleiotropy that distorts
causal inference was assessed by all
three heterogeneity tests, as well as
the MR-Egger intercept test. To minimize
the pleiotropy from obesity, we per-
formed a sensitivity analysis after re-
moving five SNPs associated with BMI
at the loci significance level and con-
ducted a multivariable MR analysis with
adjustment for genetically predicted
BMI. We additionally conducted two
sensitivity analyses: 1) excluding SNPs
associated with gastrointestinal diseases
at the loci significance level, and 2) using
SNPs for type 2 diabetes extracted from
the Diabetes Genetics Replication and
Meta-analysis (DIAGRAM) consortium (27)
(n = 74,124 case patients and 824,006 con-
trol participants), which has no sample
overlap with UK Biobank, to further
test the robustness of the primary
findings.

The odds ratios (ORs) and correspond-
ing 95% CIs of the associations were
scaled to a 1-unit increase in the log-
transformed OR of type 2 diabetes and
a 1-unit increase in circulating levels of
fasting insulin (log-transformed pmol/L),
fasting glucose (mmol/L), and HbA1c (%).
The F statistic was calculated for each
SNP associated with the glycemic traits
and was found to be greater than the
empirical threshold of 10, suggesting a
good strength of the SNPs we used. The
false discovery rate, based on the Benjamini-
Hochberg method, was used to correct for
multiple testing of the 23 gastrointestinal
diseases. The association with a nominal
P value <0.05 but a Benjamini-Hochberg
adjusted P value >0.05 was considered
suggestive and the association with a
Benjamini-Hochberg adjusted P value
<0.05 was deemed significant. All analy-
ses were two-sided and performed using
R packages TwoSampleMR and MRPRESSO
in R 4.1.3.

Data and Resource Availability
All data used in this study were ob-
tained from GWAS summary statistics,
which were publicly released by genetic
consortia.

RESULTS

Type 2 Diabetes and Gastrointestinal
Diseases
Genetic liability to type 2 diabetes was
associated with increased risk of 11 gas-
trointestinal diseases and a decreased risk
of ulcerative colitis in the meta-analysis of
all outcome sources (Fig. 2). All these as-
sociations survived after multiple testing
correction (Supplementary Table 5). For a
1-unit increase in log-transformed odds
of type 2 diabetes, the combined OR of
estimates from FinnGen, UK Biobank, and
large consortia was 1.06 (95% CI, 1.03–
1.09; P < 0.001) for gastroesophageal
reflux disease, 1.12 (95% CI, 1.07–1.17;
P < 0.001) for gastric ulcer, 1.11 (95% CI,
1.03–1.20; P = 0.005), 1.07 (95% CI, 1.01–
1.13; P = 0.013) for acute and chronic
gastritis, 1.08 (95% CI, 1.03–1.12; P <
0.001) for irritable bowel syndrome, 1.04
(95% CI, 1.01–1.07; P = 0.005) for diver-
ticular disease, 1.08 (95% CI, 1.02–1.14;
P = 0.009) for acute pancreatitis, 1.09
(95% CI, 1.05–1.12; P < 0.001) for cho-
lelithiasis, 1.09 (95% CI, 1.05–1.13; P <
0.001) for cholelithiasis with cholecysti-
tis, 1.29 (95% CI, 1.17–1.43; P < 0.001)
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for nonalcoholic fatty liver disease, 1.12
(95% CI, 1.03–1.21; P = 0.006) for liver
cirrhosis, and 0.93 (95% CI, 0.89–0.97;
P < 0.001) for ulcerative colitis. Genetic
liability to type 2 diabetes was not
strongly associated with risk of esopha-
geal cancer, gastric cancer, celiac dis-
ease, Crohn’s disease, colorectal cancer,
chronic pancreatitis, pancreatic cancer,
cholangitis, alcoholic liver disease, liver
cancer, or acute appendicitis (Fig. 2). We
observed low to moderate heterogene-
ity across MR estimates from individual
studies of most gastrointestinal diseases
(Fig. 2).
Results for genetic liability to type 2

diabetes and risk of gastrointestinal out-
comes were directionally consistent in
sensitivity analyses (Supplementary Table 6).
We detected heterogeneity in the analysis
of most gastrointestinal end points across
SNPs (Supplementary Table 6). No horizontal
pleiotropy was observed in MR-Egger
intercept analysis except for that for

diverticular disease in the FinnGen and
UK Biobank data, and gastroesopha-
geal reflux disease, nonalcoholic fatty
liver disease, and liver cirrhosis in the
UK Biobank data (Supplementary Table
6). The MR-PRESSO analysis identified
one to seven outliers; however, the asso-
ciations remained stable but with smaller
estimates and narrower CIs for most
outcomes after the removal of outliers
(Supplementary Table 6). The observed
associations, except for that for ulcera-
tive colitis, were stable in the sensitivity
analysis excluding BMI-related SNPs and
in the multivariable MR analysis adjusting
for genetically predicted BMI (Supple-
mentary Tables 7 and 8). Results were
consistent overall with the primary find-
ings in the analyses where SNPs strongly
associated with gastrointestinal diseases
were removed and SNPs for type 2 dia-
betes from the DIAGRAM consortium were
used as genetic instruments (Supplementary
Table 9).

Glycemic Traits and Gastrointestinal
Diseases
Genetically predicted levels of fasting
insulin, fasting glucose, and HbA1c were
associated with risk of 7, 5, and 1, respec-
tively, of the 23 gastrointestinal outcomes
(Supplementary Tables 5 and 10). After
multiple testing correction, genetically
predicted, per-unit in log-transformed
pmol/L increases in fasting insulin levels
were associated with increased risk of
acute pancreatitis (OR, 1.92; 95% CI,
1.24–2.96; P = 0.003), chronic pancreati-
tis (OR, 2.25; 95% CI, 1.25–4.07; P =
0.007), cholelithiasis (OR, 1.85, 95% CI
1.37–2.50; P < 0.001), cholelithiasis with
cholecystitis (OR, 1.82; 95% CI, 1.36–
2.44; P < 0.001), nonalcoholic fatty liver
disease (OR, 4.69; 95% CI, 2.11–10.42;
P < 0.001), and acute appendicitis (OR,
1.56; 95% CI, 1.20–2.02; P = 0.001).
There were suggestive associations for
colorectal cancer (OR, 1.65; 95% CI, 1.08–
2.51; P = 0.020) (Fig. 3). Moreover, a

Gastroesophageal reflux disease

Esophageal cancer

Gastric ulcer

Acute gastritis

Chronic gastritis

Gastric cancer  

Irritable bowel syndrome

Celiac disease

Crohn's disease

Ulcerative colitis

Diverticular disease

Colorectal cancer

Acute pancreatitis

Chronic pancreatitis

Pancreatic cancer

Cholelithiasis

Cholelithiasis with cholecystitis

Cholangitis

Nonalcoholic fatty liver disease

Alcoholic liver disease

Liver cirrhosis

Liver cancer

Acute appendicitis

34,135/634,629

1,130/702,116

8,651/666,879

3,048/643,478

7,975/643,478

1,608/701,472

12,601/587,969

9,341/642,450

10,846/645,718
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45162/550739
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3,173/679,713

5,478/1,223,335

42,510/664,749
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25,361/690,149
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1.08 (1.03, 1.12)
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1.08 (1.02, 1.14)
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1.09 (0.99, 1.19)

1.09 (1.05, 1.12)

1.09 (1.05, 1.13)

0.98 (0.89, 1.08)

1.29 (1.17, 1.43)

1.07 (0.97, 1.18)

1.12 (1.03, 1.21)

1.12 (0.97, 1.30)

1.01 (0.98, 1.04)

<0.001*
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<0.001*
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0.013*

0.728

<0.001*

0.318

0.097

<0.001*

0.005*
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0.009*
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<0.001*

<0.001*
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<0.001*

0.175
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 0

 0
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 0

 0

 0

69
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 0

 0

 0

 0
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 0

 0

31

 0

 0

 0

 0
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 0

0.60 1.0 1.6

FinnGen

UK Biobank

Consortia

Combined
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{
{

{

Upper gastrointestinal tract
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Other
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Figure 2—Associations of genetic liability to type 2 diabetes mellitus with gastrointestinal diseases. The ORs were scaled to a 1-unit increase in log-
transformed OR of type 2 diabetes. P values are for ORs (95% CIs). *P< 0.05 after multiple testing correction. I2 values<25%, 25–75%, and >75%
were considered to indicate low, moderate, and high heterogeneity, respectively.
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genetically predicted 1 mmol/L increase
in fasting glucose levels was associated
with decreased risk of Crohn’s disease
(OR, 0.65; 95% CI, 0.51–0.83; P = 0.001)
and diverticular disease (OR, 0.87; 95%
CI, 0.78–0.98; P = 0.017), and increased
risk of acute pancreatitis (OR, 1.29; 95%
CI, 1.03–1.62; P = 0.028), chronic pan-
creatitis (OR, 1.56; 95% CI, 1.12–2.18;
P = 0.009), and cholelithiasis with chole-
cystitis (OR, 1.17; 95% CI, 1.00–1.37;
P = 0.043). The associations, except for
Crohn’s disease, became suggestive after
multiple testing. For HbA1c, there was a
suggestive association between geneti-
cally predicted HbA1c levels and de-
creased risk of nonalcoholic fatty liver
disease (per 2-unit in 2 percentage in-
crease OR, 0.54; 95% CI, 0.33–0.90; P =
0.018). The associations remained stable
in sensitivity analyses and no indication
of heterogeneity and horizontal pleiot-
ropy was detected in most outcomes
(Supplementary Tables 11–13).

CONCLUSIONS

The findings of this study are summa-
rized in Fig. 4. In this two-sample MR
study, we systematically assessed the
associations of genetic liability to type 2
diabetes and genetically predicted levels
of three glycemic traits with the risk of
23 gastrointestinal diseases. In line with
findings from previous studies (11,13–17),
we found that genetic liability to type 2
diabetes was associated with increased
risk of gastroesophageal reflux disease,
diverticular disease, acute pancreatitis,
cholelithiasis, and nonalcoholic fatty liver
disease. We identified several novel as-
sociations of genetic liability to type 2
diabetes with increased risk of gastric
ulcer, gastritis, irritable bowel diseases,
and liver cirrhosis, and a decreased risk
of ulcerative colitis. All associations with
the exception of ulcerative colitis, were
independent of genetically predicted BMI.
We also found significant or suggestive

associations of genetically predicted lev-
els of fasting insulin, glucose, and HbA1c
with some gastrointestinal diseases.

The observational associations of type 2
diabetes with higher risk of gastroesopha-
geal reflux disease (4), diverticular diseases
(28), acute pancreatitis (29), cholelithiasis
(5), nonalcoholic fatty liver disease, and
liver cirrhosis (6), reported in previous
observational studies, were supported
by the genetic evidence from MR studies
(11,13–18). Although associations be-
tween type 2 diabetes and liver cir-
rhosis have not been widely studied,
MR studies provided evidence for causal
associations between genetic liability to
type 2 diabetes and increased risk of
nonalcoholic fatty liver disease (17,18).
In this study, we found a positive associ-
ation between type 2 diabetes and liver
cirrhosis, which might be likely to occur
through driving nonalcoholic fatty liver dis-
ease, which can progress to liver cirrhosis.
Moreover, we found positive associations
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between genetically predicted levels of
fasting insulin and fasting glucose with
risk of pancreatitis, cholelithiasis, and
nonalcoholic fatty liver disease, indicat-
ing the associations between type 2 dia-
betes and these gastrointestinal diseases
may be driven by impaired glucose and
insulin resistance, substantiated by basic
research (30). The findings between im-
paired glycemic homeostasis and gastro-
intestinal diseases could also be of clinical
importance and suggest that besides
type 2 diabetes, pharmacological or life-
style interventions that lower circulating
glucose levels, and thus also fasting in-
sulin levels, may be beneficial in pre-
venting gastrointestinal diseases.
In this study, we found evidence of

novel causal associations of genetic lia-
bility to type 2 diabetes with increased
risk of gastric ulcer, acute and chronic
gastritis, and irritable bowel syndrome,
but lower risk of ulcerative colitis, and
genetically predicted levels of fasting glu-
cose were significantly associated with
lower risk of Crohn’s disease. Although
epidemiological evidence for these

gastrointestinal diseases in type 2 diabetes
is scarce, cross-sectional studies showed
an increased prevalence of peptic ulcer,
severe acute gastritis, and irritable bowel
syndrome characterized by symptoms
such as abdominal pain, constipation,
and diarrhea in type 2 diabetes (31,32).
As for the inverse association between
genetic liability to type 2 diabetes and ul-
cerative colitis, authors of a cross-sectional
study observed reduced colonic inflamma-
tion in patients with metabolic syndrome
(33), which possibly occurred by shifting
the local inflammatory response to en-
hance the involvement of immunosup-
pressive cells and mediators, providing a
potential explanation the inverse causal
association of type 2 diabetes and fast-
ing glucose with inflammatory bowel
diseases in this study. Moreover, the
associations between genetic liability
to type 2 diabetes and risk of ulcerative
colitis did not remain when accounting
for BMI, which indicated that the associ-
ation might be biased by the pleiotropic
effects of the variants on obesity traits.
Our findings for the novel associations

between type 2 diabetes and the afore-
mentioned gastrointestinal diseases provide
evidence for support of early screening
of gastric ulcer, gastritis, and irritable
bowel syndrome in patients with type 2
diabetes.

We did not observe any association
between genetic liability to type 2 diabe-
tes and gastrointestinal cancers, although
previous studies provided inconclusive
evidence. An umbrella review of meta-
analyses (8) based on observational stud-
ies found that type 2 diabetes was asso-
ciated with increased risk of developing
colorectal cancer and cholangiocarci-
noma. Another umbrella review (3) found
the association of type 2 diabetes with
colorectal, hepatocellular, and pancreatic
cancers. A previous MR study showed
that genetic liability to type 2 diabetes
was associated with increased risk of
esophageal and pancreatic cancers but not
stomach or liver cancers (12). Previous MR
findings on colorectal and pancreatic
cancers were inconsistent (12,34–36).
Although we did not detect significant
associations between genetic liability to
type 2 diabetes and gastrointestinal can-
cers, the point estimates were above 1
for gastric cancer (OR = 1.02), pancreatic
cancer (OR = 1.09), and liver cancer (OR =
1.12). Given inconsistent results, the non-
significant associations in the present
study between genetic liability to type 2
diabetes and gastrointestinal cancers
need further examination. Moreover,
we found genetically predicted fasting
insulin levels were associated with an
increased risk of colorectal cancer, which
was in line with findings of a recent MR
study based on large-scaled consortium
data (37). Notably, type 2 diabetes has
been robustly associated with colorectal
cancer in observational studies (3,8) but
not in MR studies (37). A possible expla-
nation may be that diabetes cases pre-
dicted by high genetic liability predominate
in b-cell depletion instead of insulin resis-
tance. However, type 2 diabetes in obser-
vational studies reflects both, and the
association with colorectal cancer mainly
is driven by insulin resistance. The risk of
colorectal cancer appeared to be sub-
stantially increased among patients with
diabetes at the early stage and attenu-
ated over time (37), which supports our
hypothesis.

Several potential mechanisms support
the associations between type 2 diabetes
and gastrointestinal diseases. Individuals
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with type 2 diabetes have altered glu-
cose and insulin metabolism as well as
accelerated vascular endothelium dam-
age and chronic inflammation (6), which
may contribute to the observed associa-
tions with gastrointestinal diseases. Espe-
cially, type 2 diabetes–associated insulin
resistance was shown to promote the for-
mation of cholesterol gallstones (30). In
the present study, we found associations
of fasting insulin and fasting glucose with
gastrointestinal outcomes, especially
hepato-biliary and pancreatic diseases,
further substantiating the essential roles
of insulin and glucose in the associations
of type 2 diabetes with gastrointestinal
diseases. In addition to the disturbed in-
sulin and glucose metabolism, neuropathy,
and esophageal and intestinal dysmotility
(4,31) also played critical roles in gastro-
esophageal reflux disease, irritable bowel
syndrome, and diverticular disease. Down-
stream factors of diabetes diagnosis, like
medication, may also play a role in the
development of gastrointestinal diseases
in type 2 diabetes. For example, glybur-
ide prescribed to patients with type 2
diabetes was associated with an in-
creased risk of acute pancreatitis (38).
Some studies speculated that the link
between type 2 diabetes and gastroin-
testinal diseases might be caused by
shared risk factors such as obesity. How-
ever, the associations between type 2
diabetes and gastrointestinal disease re-
mained consistent in our sensitivity anal-
ysis excluding BMI-related SNPs and
multivariable MR analysis with adjust-
ment for genetically predicted BMI.

This study has several strengths. A
chief strength is the MR study design,
which mitigated confounding and reverse
causality bias. We obtained summary-
level data from large genetic studies
in the European populations, so the re-
sults are unlikely to be biased by the
population structure bias. However, this
confined the generalizability of our find-
ings to other populations. In addition,
the associations were estimated in inde-
pendent data sources and combined by
the meta-analysis, which ensured an ad-
equate statistical power and the robust-
ness of findings.

Limitations should be considered.
First, we could not completely rule out
the possibility that the type 2 diabetes–
related SNPs affect gastrointestinal dis-
eases through other causal pathways
(i.e., horizontal pleiotropy). To minimize

this bias, we excluded SNPs in the FTO
gene that were strongly associated with
obesity, excluded BMI-related SNPs, and
conducted multivariable MR with ad-
justment for BMI that possible exerted
pleiotropic effects. In addition, several
sensitivity analyses were conducted to
examine the consistency of the results.
Although the observed associations in
the primary analysis were no longer sta-
tistically significant in certain sensitivity
analyses (e.g., the weighted Median and
MR-Egger analyses), possibly due to re-
duced power, the direction of these asso-
ciations was consistent with the primary
findings, supporting the consistency of
our results. The consistent associations
obtained from these analyses indicated
that our findings were somehow mini-
mally influenced by horizontal pleiotropy.
Second, even though we combined data
from different outcome sources, which in-
creased the power to some extent, the
weak associations might still be over-
looked because of a few cases of un-
common outcomes, like liver cancer and
cholangitis. Given phenotypical variance
explained by SNPs for type 2 diabetes
could not be precisely estimated on the
basis of the summary-level data, the
power calculation was confined. Third,
the nonlinearity of the associations for
glycemic traits could not be assessed
on the basis of the summary-level data.
The MR analysis for type 2 diabetes (a
binary phenotype used as the exposure)
might be biased by the exclusion restric-
tion assumption if type 2 diabetes was
majorly defined by a dichotomization of
a continuous risk factor (39). However,
the exposure (i.e., type 2 diabetes) was
not merely defined by a cutoff of a con-
tinuous biomarkers but defined by ICD
codes, medication use, self-report, or cut-
off of HbA1c and blood glucose levels in
this study (27). In addition, a few associa-
tions were identified between genetically
predicted levels of fasting glucose and
HbA1c and the risk of gastrointestinal
diseases. Thus, the observed associations
between genetic liability to type 2 diabe-
tes and gastrointestinal diseases were
unlikely to be a consequence of viola-
tion of the exclusion restriction assump-
tion. Still, the OR of the outcomes could
not be interpreted in a direct unit of
the exposure in MR analysis for type 2
diabetes (39,40), which might confine the
comparison of our findings with observa-
tional studies regarding the magnitude.

Fourth, SNPs for type 2 diabetes were
obtained from the general population,
whereas SNPs for glycemic traits were
obtained from the population without
diabetes diagnosis. Thus, whether the
findings of glycemic traits can be gen-
eralized to the whole population or to
the patients with diabetes needs to be
confirmed in future studies even though
patients with diabetes were included
in the outcome data. Additionally, This
study only included European popula-
tions, which limits the generalizability
of the findings to other populations,
such as East Asian, African, and others.
Fifth, there might be case misclassifica-
tion due to discrepancy between diabe-
tes proxied by genetic score and clinical
diagnosis. However, the participants with
the highest polygenic risk had more than
five times the risk of being diagnosed as
type 2 diabetes compared with the refer-
ence group (20), which showed a good
predictive ability of genetic score.

In conclusion, we found that genetic
liability to type 2 diabetes was associ-
ated with increased risk of a broad range
of gastrointestinal diseases. Impaired gly-
cemic homeostasis, featuring high insulin
levels, was also associated with increased
risk of several gastrointestinal diseases.
These findings highlight the potential role
of early screening and prevention for gas-
trointestinal diseases in patients with
type 2 diabetes.
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