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ARTICLE HIGHLIGHTS

� Why did we undertake this study?
Population-based data indicated that type 2 diabetes may serve as a risk factor of a wide range of gastrointestinal diseases.

� What is the specific questions we wanted to answer?
We aimed to investigate the associations between type 2 diabetes and the risk of several gastrointestinal diseases and explore possible genetic
and nongenetic pathways.

� What did we find?
Novel associations of genetic variants of type 2 diabetes with gastrointestinal phenotypes, including gastritis, duodenitis, and nonalcoholic fatty
liver disease, were revealed.

� What are the implications of our findings?
We suggest the necessity of early detection of gastrointestinal disease in type 2 diabetes and possible research direction on association
mechanisms.
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OBJECTIVE

We aimed to evaluate whether individuals with type 2 diabetes (T2D) were at
higher risk of developing a wide range of gastrointestinal diseases based on a
population-based cohort study.

RESEARCH DESIGN AND METHODS

This study included 374,125 participants free of gastrointestinal disorders at base-
line; of them, 19,719 (5.27%) with T2D were followed-up by linking to multiple med-
ical records to record gastrointestinal disease diagnoses. Multivariable Cox models
were used to estimate the hazard ratios (HRs) and CIs. Logistic models were used to
examine the associations between polygenic risk scores (PRS) and clinical gastroin-
testinal phenotypes.

RESULTS

During amedian follow-up of 12.0 years, we observed the new onset of 15 gastrointes-
tinal diseases. Compared with nondiabetes, participants with T2D had an increased
risk of gastritis and duodenitis (HR 1.58, 95% CI 1.51–1.65), peptic ulcer (HR 1.56, 95% CI
1.43–1.71), diverticular disease (HR 1.19, 95% CI 1.14–1.24), pancreatitis (HR 1.45,
95% CI 1.24–1.71), nonalcoholic fatty liver disease (HR 2.46, 95% CI 2.25–2.69), liver
cirrhosis (HR 2.92, 95% CI 2.58–3.30), biliary disease (HR 1.18, 95% CI 1.10–1.26), gas-
trointestinal tract cancers (HR 1.28, 95% CI 1.17–1.40), and hepatobiliary and pancre-
atic cancer (HR 2.32, 95% CI 2.01–2.67). Positive associations of PRS of T2D with
gastritis, duodenitis, and nonalcoholic fatty liver disease were also observed.

CONCLUSIONS

In this large cohort study, we found that T2D was associated with increased risks
of a wide range of gastrointestinal outcomes.We suggest the importance of early
detection and prevention of gastrointestinal disorders among patients with T2D.

Type 2 diabetes (T2D) is one of the most common chronic metabolic disorders, affect-
ing �415 million adults worldwide (1). Approximately 5 million deaths occur annually
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due to diabetes and corresponding com-
plications, posing a major global health
threat worldwide (1). Therefore, it is ur-
gent and critical to clarify the associations
between T2D and different complications.
Traditional complications of T2D aremainly
concentrated in vascular complications,
such as cardiovascular disease, and are in-
vestigated widely (1). Gastrointestinal dis-
eases were found to coexist with T2D in
epidemiological studies; however, there is
a lack of comprehensive assessment on
the subsequent risk of gastrointestinal
disorders after the diagnosis of T2D.
A recent Mendelian randomization study

examined the associations of genetic liabil-
ity to T2D with the risk of a wide range of
gastrointestinal diseases (2). Given the im-
portant roles of nongenetic risk factors on
the development and progression of T2D
(3), further evidence from population-
based cohort studies was crucial. How-
ever, the paucity of population-level data
on the associations of T2D with gastroin-
testinal complications is still a major gap in
population-level monitoring. Several spo-
radic epidemiological studies with limited
sample sizes and heterogeneous study de-
signs provided inconclusive evidence for
the association of T2D with gastroesopha-
geal reflux disease (4), diverticular disease
(5), nonalcoholic fatty liver disease (NAFLD)
(6), and gastrointestinal cancers (7). In addi-
tion, how T2D played a role in the incidence
of other gastrointestinal diseases, such as in-
flammatory bowel diseases, which caused
an increasingly great influence globally, was
still unclear. Homeostasis loss of metabolic
traits, such as BMI, leptin, incretin hor-
mones, and lipids, was reported in T2D
and related to the disease progression, as
well as gastrointestinal and pathologic
disorders, such as gut microbiota, in obser-
vational studies. Gastrointestinal enzymes,
especially liver and pancreatic enzymes,
are optimal markers for detecting changes
in the physiological state of the organs. Ex-
ploring the effects of genetics on the asso-
ciations would be interesting.
We therefore tried to address these

gaps in knowledge by using a well-
designed and administered cohort study
with a large sample size. We aimed to
assess and compare the associations be-
tween T2D and the risk of 15 gastrointes-
tinal diseases and explore possible genetic
and nongenetic pathways, and we con-
ducted a series of supplementary analy-
ses to test the robustness of the primary
analyses.

RESEARCH DESIGN AND METHODS

Study Population
We leveraged participants enrolled from
the UK Biobank to conduct a cohort study.
In brief, UK Biobank is a large-scale pro-
spective study that recruited �0.5 million
participants in 2006–2010. Participants
were asked to finish a touchscreen ques-
tionnaire, physical examination, and sam-
ple collection, and were followed-up to
document the health-related information.
The UK Biobank received ethical approval
from the North West Multicenter Research
Ethic Committee in Manchester (REC refer-
ence: 21/NW/0157). In the current study,
we excluded participants with gastrointesti-
nal diseases (n = 112,509) or type 1 diabetes
(n = 2,936) at baseline and participants with
new-onset T2D (n = 12,919) during follow-up,
leaving 374,125 participants for primary anal-
yses (Fig. 1 and Supplementary Table 1). All
participants included in this study provided
signed informed consent.

Ascertainment of T2D and
Gastrointestinal Diseases
Ascertainment of T2D at baseline was
based on the following criteria (8): 1) diag-
noses recorded in hospital inpatients
(International Classification of Diseases
[ICD]-9 codes [250] and ICD-10 codes
[E11-E14]), primary care (mapped Read
codes to ICD codes), death registry (ICD-10
codes [E11-E14]), or self-report; 2) random
blood glucose level $11.1 mmol/L; 3)
blood glycated hemoglobin (HbA1c) level
$48 mmol/mol; or 4) used antidiabetes
drugs at baseline. Read codes are a coded
thesaurus of clinical terms used in pri-
mary care since 1985, including version 2

(Read v2) and version 3 (Clinical Terms
Version 3 or Read v3), providing standard
vocabulary for clinical records.

The primary outcomes included 15 gas-
trointestinal disorders diagnosed from any
of themedical records (in-patient, primary
care data, death registry, and cancer regis-
try): Barrett esophagus, gastroesophageal
reflux disease, gastritis and duodenitis,
celiac disease, peptic ulcer, Crohn disease,
ulcerative colitis, irritable bowel syndrome,
diverticulum disease, pancreatitis, NAFLD,
liver cirrhosis, biliary disease (including
cholangitis, cholecystitis, and cholelithia-
sis), and gastrointestinal cancers (including
gastrointestinal tract cancers and hepato-
biliary and pancreatic cancers), ascertained
by ICD-9 codes (150–157) and ICD-10 co-
des (C15–C20, C22–C25).

Construction of Polygenic Risk Score
We constructed the polygenic risk score
(PRS) (9) using genetic variants ascer-
tained to be strongly related to T2D
(P < 5 * 10�8) from a transethnic ge-
nome-wide association study (GWAS) of
228,499 case subjects and 1,178,783 con-
trol subjects (included European, African
American, Hispanic, and Asian popula-
tions) (10), to estimate the genetic sus-
ceptibility to T2D for the UK Biobank
population. When we removed genetic
variants in linkage disequilibrium, 497
independent single-nucleotide polymor-
phisms (SNP) (r2 < 0.001) were used
(Supplementary Table 2), and we con-
structed the PRS by summing up the
identified SNP above weighted by effect
size on genetic liability to T2D (Supple-
mentary Fig. 1). The constructed PRS

All participants inAll participants in the the UK Biobank UK Biobank 
  N=502,489  N=502,489

Excluded:  Excluded:  · · 112,509 with gastrointestinal 112,509 with gastrointestinal 
    diseases at baseline      diseases at baseline  · · 2,936 with  type 1 diabetes 2,936 with  type 1 diabetes 
    at baseline     at baseline · · 12,919 with newly onset type 2 12,919 with newly onset type 2 
    diabetes during follow-up    diabetes during follow-up

Participants in the primary analyses Participants in the primary analyses 
N=N=374,125374,125

Participants in secondary analysesParticipants in secondary analyses
(genetic risk of type 2 diabetes and (genetic risk of type 2 diabetes and 

gastrointestinal diseases) gastrointestinal diseases) 
N=N=305,934305,934

Excluded:  Excluded:  · · 68,191 non-White ethnicity or 68,191 non-White ethnicity or 
    without genetic data    without genetic data

Figure 1—Flowchart of the current study.
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predicting T2D in UK Biobank and the
current study performed well, with odds
ratios of 1.78 (95% CI 1.76–1.80, P <
0.001) and 2.06 (95% CI 2.03–2.10, P <
0.001) of T2D for per 1-SD increase of
PRS. In the current analyses, PRS was
divided into three categories as high-
(highest quintile), intermediate- (quin-
tiles 2–4), and low- (lowest quintile)
genetic-risk groups. In the secondary
analysis associated with PRS of T2D
and phenotypes of gastrointestinal dis-
eases, 68,191 non-White ethnicities, or
without genetic data, were excluded,
with 305,934 individuals left for analysis
(Fig. 1).

To explore how genetically predicted
metabolic traits and gastrointestinal en-
zymes play roles in gastrointestinal dis-
eases, we additionally calculated the PRS
of BMI, leptin, incretin (fasting glucagon-
like peptide-1 [GLP-1], GLP-1 2 h, fasting
glucose-dependent insulinotropic poly-
peptide [GIP], and GIP 2 h), lipids (triglyc-
eride, total cholesterol, LDL cholesterol
[LDL-C], HDL cholesterol [HDL-C]), liver
enzymes (g-glutamyl transferase, AST,
ALT, and alkaline phosphatase), and pan-
creatic enzymes (trypsin1, trypsin2, tryp-
sin3) to examine the associations of
these PRS with the gastrointestinal phe-
notypes. The independent SNPs of BMI,
leptin, incretin, lipids, liver enzymes, and
pancreatic enzymes were derived from
the present open GWAS studies, and the
detailed information of SNPs for each
trait are presented in Supplementary
Table 3. The corresponding PRS were
computed for each individual by sum-
ming the product of the allele weighting
and the allele dosage across the selected
SNPs and divided into low (first quintile),
intermediate (2–4 quintile), and high (last
quintile) genetic risk according to quintiles.

Assessment of Covariates
We collected information on age, sex, eth-
nicity, education, Townsend deprivation
index (an area-based proxy measure for
socioeconomic status), smoking status, al-
cohol drinking status, and physical activity
and diet measured by a healthy diet score,
and BMI calculated by height and weight.
The healthy diet score was constructed
from seven food items, ranging from 0 to
7, with higher scores indicating a healthier
diet (11). We also gathered information
onmedication use (proton pump inhibitors),
inflammation (INFLA)-score (12), baseline

cardiovascular diseases, and metabolic
abnormalities (13). The INFLA-score con-
tains C-reactive protein, white blood cell
and platelet count, and the neutrophil-
to-lymphocyte ratio, used to reflect low-
grade inflammation, as described in a
previous study (12). For missing values of
each covariate, the sex-specific median
was used to impute for continuous varia-
bles, and categorical variables were im-
puted by plural (<3% missing) and an
indicator (>3% missing), respectively. The
missing rate of most covariates in the cur-
rent study was<3%, except for C-reactive
protein (6.73%) and the INFLA-score
(9.28%) (Supplementary Table 4).

Statistical Analysis
Baseline characteristics of included partici-
pants are described as mean (SD) or per-
centages according to baseline T2D status.
Follow-up time was calculated from the
baseline date to the date of occurrence
of gastrointestinal outcomes of interest,
death, loss, or the last data collection for
the practice (31 March 2021 for England
and Scotland and 28 February 2018 for
Wales), whichever occurred first.We used
age-scaled Cox regression models to eval-
uate the hazard ratios (HRs) and CIs. The
Schoenfeld residuals method (14) was
used to test the proportional hazard as-
sumptions. In primary analysis, we used
two age-scaled Cox models separately
adjusted for sex, Townsend deprivation
index, education, ethnicity, and further
adjusted for BMI, smoking status, drink-
ing status, physical activity, and adher-
ence to a healthy diet to assess the
associations between T2D and gastroin-
testinal diseases. Given disease duration,
HbA1c levels and medication were com-
mon risk factors for T2D-related com-
plications, stratification based on these
factors might help identify participants
at risk for complications. Thus, we eval-
uated the risk of gastrointestinal dis-
eases in T2D with different diabetes
duration (#5, 5–10, >10 years), HbA1c
levels ($53 mmol/mol or<53 mmol/mol),
and diabetes medication use (yes or no)
comparedwith nondiabetes.

In the additional post hoc analysis,
we examined whether genetic liability
of T2D and the other 17 metabolic traits
or enzymes were associated with the 15
gastrointestinal phenotypes. Multivariable
logistic regression models were used to
evaluate the odds ratio (OR) and 95% CI

for the associations of the constructed PRS
(low-, intermediate-, and high-genetic-risk
group) of T2D with gastrointestinal out-
comes. The associations of T2D-related
PRS were also stratified by the status of
baseline T2D.

To further evaluate whether the ob-
served association was altered by con-
founders, we tested the interaction
between diabetes and each covariate
and recalculated the associations of T2D
with gastrointestinal end points stratified
by age (#60, >60 years old), sex (female,
male), smoking status (ever, never smoker),
drinking status (current, noncurrent drinker),
BMI (obesity [$30 kg/m2], nonobesity
[<30 kg/m2]), and proton pump inhibi-
tor use (yes, no).

We also conducted several sensitivity
analyses to test the robustness of our
main findings: 1) changed the ICD-10
codes (E11–E14) in the diagnoses re-
corded used in the primary analyses to
ICD-10 code E11 (15); defined baseline
T2D as diagnosed by medical records or
self-report plus any of the following: ab-
normal blood glucose, abnormal HbA1c,
or use of antidiabetes drugs; 2) addition-
ally adjusted for C-reactive protein con-
centration, INFLA-score, proton pump
inhibitor use, baseline cardiovascular dis-
eases, and baseline metabolic abnormali-
ties based on the primary analysis; and
3) adopted the step function analyses
for Cox models that did not satisfy the
proportional hazards assumption (16).
Generally, when the proportional hazards
assumption is not fulfilled, modeling time-
varying coefficients by step function (split
the analysis time into several intervals) is
an alternative method (16). All analyses
were conducted using R 4.2.1 software.
All tests were two-sided, and association
with P value <0.05 was considered sug-
gestive, and a P value <0.05/15 (after the
Bonferroni test) was deemed significant.

Data and Resource Availability
Data are available from the UK Biobank
(www.ukbiobank.ac.uk/).

RESULTS

This study included 374,125 individuals,
among whom 19,719 (5.27%) had T2D,
with a mean age of 55.90 (SD 8.14)
years. Participants with T2D are more
likely to be older (P < 0.001), male
(P < 0.001), with higher BMI (P < 0.001)
(Table 1). During a median follow-up of

420 Type 2 Diabetes and Gastrointestinal Diseases Diabetes Care Volume 47, March 2024

https://doi.org/10.2337/figshare.24794355
https://doi.org/10.2337/figshare.24794355
https://doi.org/10.2337/figshare.24794355
http://www.ukbiobank.ac.uk/


12.0 years, patients with new onset of
gastrointestinal disease were documented,
including 3,246 with Barrett esophagus,
26,982 with gastroesophageal reflux dis-
ease, 24,310 with gastritis and duodenitis,
1,116 with celiac disease, 5,302 with pep-
tic ulcer, 729 with Crohn disease, 1,466
with ulcerative colitis, 5,469 with irritable
bowel syndrome, 32,630 with diverticulum
diseases, 1,613 with pancreatitis, 3,723
with NAFLD, 1,870 with cirrhosis, 11,915
with biliary disease, 6,570 with gastroin-
testinal tract cancers, and 1,700 with he-
patobiliary and pancreatic cancers.
We observed positive associations be-

tween T2D and subsequently increased
risk of 11 gastrointestinal diseases. Specifi-
cally, compared with nondiabetes, partici-
pants with T2D had higher risks of gastritis
and duodenitis (HR 1.58, 95% CI 1.51–1.65,
P < 0.001), peptic ulcer (HR 1.56, 95% CI
1.43–1.71, P < 0.001), diverticular disease
(HR 1.19, 95% CI 1.14–1.24, P < 0.001),
pancreatitis (HR 1.45, 95% CI 1.24–1.71,
P < 0.001), NAFLD (HR 2.46, 95% CI 2.25–
2.69, P < 0.001), liver cirrhosis (HR 2.92,
95% CI 2.58–3.30, P< 0.001), biliary disease
(HR 1.18, 95% CI 1.10–1.26, P < 0.001),
gastrointestinal tract cancers (HR 1.28,
95% CI 1.17–1.40, P < 0.001), and hepa-
tobiliary and pancreatic cancer (HR 2.32,
95% CI 2.01–2.67, P < 0.001). T2D was
suggestively associated with higher risks
of Barrett esophagus (HR 1.20, 95% CI

1.05–1.36, P = 0.006) and Crohn disease
(HR 1.36, 95% CI 1.02–1.80, P = 0.036).
In contrast, we did not observe any signif-
icant associations with gastroesophageal
reflux disease, celiac disease, ulcerative
colitis, or irritable bowel syndrome (Fig. 2).
For Cox models for risk of gastritis and du-
odenitis (P < 0.05), diverticular disease
(P< 0.05), and NAFLD (P< 0.05) not satis-
fying the proportional hazard assumption,
we adopted the step function analyses for
a series analyses. We observed consistent
positive associations of T2D with gastritis
and duodenitis, diverticular disease, and
NAFLD, with almost higher strengths
(Supplementary Table 14).

Among the 15 gastrointestinal pheno-
types examined associations with the
PRS of T2D, we found significant associ-
ations with gastritis and duodenitis (OR
1.08, 95% CI 1.03–1.13, P = 0.001) and
NAFLD (OR 1.42, 95% CI 1.26–1.59, P <
0.001), and a suggestive association with
biliary disease (OR 1.08, 95% CI 1.01–1.15,
P = 0.022) in the high-genetic-risk com-
pared with the low-genetic-risk group. We
did not observe any associations be-
tween PRS of T2D and other investigated
gastrointestinal diseases (Fig. 3 and
Supplementary Table 5). The above as-
sociations for NAFLD remained signifi-
cant in participants without baseline
T2D (OR 1.23, 95% CI 1.08–1.40, P =
0.002) (Supplementary Table 6). As for

other genetically predicted traits, we
found that higher PRS of BMI was associ-
ated with increased risk of pancreatitis,
NAFLD, and biliary disease, while higher
genetically predicted levels of leptin, in-
cretin (GIP 2 h), and lipids (triglyceride,
total cholesterol, LDL-C) showed inverse
associations with NAFLD, respectively. As
for gastrointestinal enzymes, higher PRS
of liver enzymes showed higher risk of
NAFLD and liver cirrhosis, but showed in-
consistent findings for risk of biliary dis-
ease. No significant associations with
gastrointestinal diseases for genetically
predicted trypsins were found (Supple-
mentary Table 7).

When we grouped T2D according to
diabetes duration, HbA1c level, or diabe-
tes medication, the association remained
consistent between T2D and the above
nine gastrointestinal diseases. We also
observed P trend for almost all diseases
subtyped by disease duration, except
for ulcerative colitis and irritable bowel
syndrome. In most related diseases, par-
ticipants with longer disease duration
(5–10 years or >10 years) seemed to
have higher estimates than general T2D
individuals. Considering the dichotomy,
we did not conduct the trend analyses
according to HbA1c and antidiabetes
medication. Furthermore, compared with
nondiabetes, we found a higher risk of
Barrett esophagus in T2D with 5–10 years

Table 1—Baseline characteristics of study participants by baseline T2D status

Characteristic Overall (N = 374,125) Non-T2D (n = 354,406) T2D (n = 19,719) P values

Age, mean (SD), years 55.90 (8.14) 55.72 (8.15) 59.10 (7.36) <0.001

Female sex 201,493 (53.9) 194,229 (54.8) 7,264 (36.8) <0.001

Townsend deprivation index, mean (SD) �1.38 (3.05) �1.43 (3.02) �0.44 (3.42) <0.001

BMI, mean (SD), kg/m2 27.06 (4.58) 26.82 (4.38) 31.28 (5.83) <0.001

College degree and above 128,693 (34.4) 123,769 (34.9) 4,924 (25.0) <0.001

White 352,271 (94.2) 335,566 (94.7) 16,705 (84.7) <0.001

Ever smoking 161,979 (43.3) 151,728 (42.8) 10,251 (52.0) <0.001

Current drinker 347,544 (92.9) 330,801 (93.3) 16,743 (84.9) <0.001

Regular physical activity 299,842 (80.1) 285,632 (80.6) 14,210 (72.1) <0.001

Adherence to a healthy diet 261,608 (69.9) 248,379 (70.1) 13,229 (67.1) <0.001

C-reactive protein, mean (SD), mg/L 2.30 (3.95) 2.24 (3.88) 3.30 (4.94) <0.001

INFLA-score, mean (SD) �0.39 (5.75) �0.49 (5.73) 1.33 (5.84) <0.001

Use of proton pump inhibitors 13,289 (3.6) 11,524 (3.3) 1,765 (9.0) <0.001

Baseline cardiovascular diseases 104,005 (27.8) 91,189 (25.7) 12,816 (65.0) <0.001

Baseline metabolic abnormalities 164,874 (44.1) 147,447 (41.6) 17,427 (88.4) <0.001

Data are presented as n (%), unless shown otherwise as mean (SD).
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or use of diabetes medication, and an
increased risk of gastroesophageal re-
flux disease in T2D with 5–10 years or
>10 years, which were not observed in
the primary analyses (Supplementary
Tables 8–10).

In further analyses, the associations
still existed in different subgroups, while
we found that interaction between dia-
betes and each covariate, especially BMI,
when associated with different gastroin-
testinal diseases (P interaction < 0.05)

(Supplementary Table 11). Overall, the
risk of gastrointestinal outcomes in T2D
seemed to be higher in participants who
were men, nonobese, ever smoked, and
not currently drinkers, although the ef-
fects of these covariates differed in di-
rection and magnitude (Supplementary
Table 11). In addition, the primary find-
ings were robust in a series of sensitiv-
ity analyses. HRs and significance also
did not differ substantially when the
definition of T2D was changed, additionally

adjusted for C-reactive protein, INFLA-
score, proton pump inhibitors use, base-
line cardiovascular diseases, or metabolic
abnormalities based on the primary Cox
models (Supplementary Tables 12 and 13).

CONCLUSIONS

This population-based cohort study pro-
vided strong epidemiological evidence
for the positive independent associa-
tions between T2D and a wide range of

Diseases

Esophagus

Barrett esophagus

Gastroesophageal reflux disease

Stomach and bowel

Gastritis and duodenitis

Celiac disease

Peptic ulcer

Crohn disease

Ulcerative colitis

Irritable bowel syndrome

Diverticular disease

Pancreas

Pancreatitis

Liver

Nonalcoholic fatty liver disease

Liver cirrhosis

Gallbladder and biliary

Biliary disease

Gastrointestinal cancers

Gastrointestinal tract cancer

Hepatobiliary and pancreatic cancer

Cases/Person years

Non−type 2 diabetes

2,964/4,165,615

25,122/4,044,024

22,017/4,056,443

1,060/4,173,169
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Figure 2—Adjusted HRs for incident gastrointestinal diseases according to baseline T2D. HRs (95% CIs) were calculated by age-scaled Cox models
adjusted for sex, Townsend deprivation index, education, ethnicity, BMI, smoking status, drinking status, physical activity, and adherence to a
healthy diet. The non-T2D group was set as the reference. P< 0.05/15 after Bonferroni correction was considered significant. *P< 0.05 and P>
0.05/15 and **P< 0.05/15 in the model 2.
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gastrointestinal diseases, which have not
been comprehensively investigated be-
fore. We also provided evidence for the
novel association between genetic liabil-
ity of T2D and the risk of gastritis and
duodenitis and NAFLD, as well as the

roles of genetically predicted traits of
BMI, leptin, incretin, lipids, and liver and
pancreas enzymes on gastrointestinal
disease. In brief, our findings draw atten-
tion to the high risks of incident gastritis
and duodenitis, diverticular disease, peptic

ulcer, hepatobiliary disease, and gastroin-
testinal cancers in T2D, with genetically
related mechanisms worth noting and
exploring.

Several studies have put forward the
positive associations of T2D with Barrett
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Figure 3—ORs and CIs for the association between the PRS of T2D and gastrointestinal diseases. OR (95% CI) was calculated by logistic models ad-
justed for sex, Townsend deprivation index, education, ethnicity, BMI, smoking status, drinking status, physical activity, and adherence to a healthy
diet. The low-genetic-risk group was the reference group. P < 0.05/15 after Bonferroni correction was considered significant. *P < 0.05 and
P>0.05/15 and **P< 0.05/15.
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esophagus (17), gastroesophageal reflux
disease (4), diverticular disease (5), pancre-
atitis (18), NAFLD (6) and advanced liver
diseases (19), and biliary disease (18), al-
though with small sample sizes and incon-
sistent study design. Evidence from a
majority of Mendelian studies (2) reported
the relationships between T2D and gastro-
esophageal reflux disease (20), pancreatitis
(21), cholelithiasis (22), NAFLD (23), and di-
verticular disease (24). Our study, based
on a large-scale cohort, complemented
findings from the previous studies, as well
as provided new insight into the increased
risk of gastritis and duodenitis and peptic
ulcer in T2D. Although there was weak evi-
dence of the positive association be-
tween T2D and gastroesophageal reflux
disease here, we found significant associ-
ations among diabetes duration-specific
(5–10 years and >10 years) individuals.
Studies showed that higher BMI, smok-
ing, and alcohol drinking, are important
independent risk factors for gastroesoph-
ageal reflux disease (20,25). In the current
study, the association existed when we
adjusted sex, Townsend deprivation in-
dex, education, and ethnicity, but was not
significant when we further adjusted BMI
and other lifestyle risk factors. Therefore,
combined with the previous evidence,
obesity and poor lifestyle, instead of T2D,
may play an important role in the develop-
ment of gastroesophageal reflux disease.
The disparity in the risk of gastroesopha-
geal reflux disease in T2D among studies
could be attributed to the different charac-
teristics for diseases, study design, or real
differences in the epidemiology in these
populations. We evaluated the risk of ce-
liac disease, Crohn disease, ulcerative coli-
tis, and irritable bowel syndrome and
found null associations, which have not
been investigated before.

Possible risk of cancer among individu-
als with T2D has long been speculated,
and reports from multiple epidemiologi-
cal and Mendelian studies have claimed
an increased risk of esophagus (26), liver
(27), pancreas (26), and colorectal can-
cer (28). A recent more rigorous meta-
analysis also found positive associations
of T2D with intrahepatic cholangiocarci-
noma cancer and colorectal cancer after
critical appraisal (7). However, the au-
thors pointed out that although most in-
cluded studies have strong claims of
significance for the associations, only a mi-
nority have robust supporting evidence
without hints of bias. We separately

examined the risk of gastrointestinal tract
cancer and hepatobiliary and pancreatic
cancer among individuals with T2D and
provided additional epidemiological evi-
dence for the positive associations. This
study, based on the large sample size and
a comprehensive diagnosis of T2D, may
better characterize the associations be-
tween T2D and risk of the gastrointestinal
cancer diagnosis.

Several existing mechanisms also sup-
port our findings for the association of
T2D and multiple gastrointestinal disor-
ders. Individuals with T2D had defective
insulin secretion and glucose homeosta-
sis, which can lead to a metabolic imbal-
ance responsible for the development
of multiple diseases (29). Several inves-
tigators have assessed the potential
pathways by which T2D can increase
hepatobiliary disease, especially NAFLD
risk, and insulin resistance seems to be
one of the key events and plays a medi-
ating role (30). The presence of meta-
bolic disorders represented by insulin
resistance and triglyceride metabolism,
leading to fat accumulation, oxidative
stress, and release of inflammatory me-
diators, were exactly one of the core
pathogenetic causes of intestinal dys-
biosis and numerous gastrointestinal
disorders (31), especially gastrointesti-
nal cancers (32) and NAFLD (19). Leptin
was taken as insulin mimetic to normal-
ize glucose levels in states of insulin de-
ficiency through multiple mechanisms
(33). Similarly, GIP receptor activation
has been considered as a promising
therapeutic concept, given GIP can im-
prove insulin sensitivity and lipid ho-
meostasis through specific metabolic
effects (34). In our analyses, we found
that genetically predicted higher levels
of leptin and GIP 2 h were associated
with lower risk of NAFLD and biliary dis-
eases. The protective effects of geneti-
cally predicted leptin and GLP against
hepatobiliary and pancreatic diseases
provided additional evidence for im-
paired insulin metabolism as a major
mechanism underlying the association
between T2D and the development of
gastrointestinal diseases. NAFLD risk was
associated with hyperglycemia and higher
insulin levels in several previous studies
(35). Findings from our study are a logical
extension of the previous studies, provid-
ing a more clinically relevant and easily
measured state of disease. Additionally,
experimental data showed that diabetes

aggravated pancreatitis by inhibiting the
regeneration of exocrine tissue, leading
to strong atrophy of the pancreas (36). Al-
though trypsin activation can be inter-
preted as the main step of pancreatitis
onset, we did not observe any significant
association between the PRS of trypsin
and pancreatitis.

Another possibility is the role of obe-
sity. As a common comorbidity of T2D,
obesity also served as a risk factor for a
series of gastrointestinal disorders (37)
and cancers (38). Thus, the potential me-
diating effect of obesity in T2D and gas-
trointestinal diseases deserved to be
explored. In genetic analyses of the PRS
of BMI, we found a positive association
between the PRS of BMI and the in-
creased risk of pancreatitis, NAFLD, and
biliary disease, reinforcing the explana-
tion that obesity plays an important role
in the risk of gastrointestinal diseases.
However, when we controlled the con-
founding effects of obesity in the model
by adjusting for BMI, a common measure
of general obesity, the associations ex-
isted, without great change. Therefore,
whether and how (e.g., by abdominal vis-
ceral fat) obesity plays roles on the effects
of T2D on the development of gastrointes-
tinal disorders needs to be supported by
more genetic and observational evidence.
A prior study also revealed that visceral
obesity increases the potential nonme-
chanical pathway for esophageal injury in
diabetes (17). Interestingly, when group-
ing T2D according to diabetes duration,
HbA1c level, or antidiabetes medication,
we found that longer disease duration
seems to show a trend toward higher
point estimates as well as novel associa-
tions that individuals with T2D at longer
disease duration or under treatment were
at higher risk of Barrett esophagus and
gastroesophageal reflux disease, indicat-
ing specific effects of disease features on
progression and complications, and de-
served more precise categorization for
better management. Overall, metabolic
pathways associated with T2D should be
further explored in the pathogenesis of
gastrointestinal diseases.

In the genetic analysis, we revealed
the relationship between genetic var-
iants of diabetes and clinically diagnosed
gastritis and duodenitis and NAFLD, con-
sistent with the positive associations we
observed in the primary cohort study.
And our additional genetic study might
offer new insight into possible common
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genetic pathways leading to the three
diseases. Previous studies put forward
that genetic polymorphism in the human
leptin receptor (LEPR) gene associated
with T2D and NAFLD (39), possibly through
pathways of regulating lipid metabolism
and insulin sensitivity. Correspondingly, our
findings on the associations with gastroin-
testinal disease risk of genetically predicted
lipids indicated the potential roles of lipid
metabolism to some extent. Our genetic
analyses also revealed the effects of liver
enzymes on liver diseases. However, there
are no such studies for gastritis and duo-
denitis, and how genetic factors play roles
in the correlation between T2D and gas-
tritis and duodenitis deserves more ex-
ploration. Overall, our study with the
large sample size added to the literature
demonstrating the value of studying
genetics, diabetes, and gastrointestinal dis-
eases, especially gastritis, duodenitis, and
NAFLD. Noteworthy, the area under the
curves for PRS in the UK Biobank and the
current analysis predicting T2D were 0.645
and 0.681, respectively. Participants with
higher PRS scores constructed by the
GWAS we used were reported with higher
risk for T2D (10), in line with our findings.
Of note, there are strengths of our

study, including the large sample size
and the cohort study design. Most im-
portantly, we compared the risk of 15
gastrointestinal end points in T2D in the
same study, which has not been consid-
ered before.
Several limitations also exist in the

current study. As an observational study,
we cannot avoid the bias of confounder
and reverse causation, although we tried
to adjust for multiple covariates that
may cause effects on the association of
T2D and gastrointestinal outcomes. We
further explored whether the risk of gas-
trointestinal outcomes changed in diabe-
tes with different HbA1c levels, disease
duration, or diabetes medication use,
considering a previous study indicated
that the duration of diabetes is also an
important factor for gastrointestinal symp-
toms (40).
Second, heterogeneity for the diagno-

sis of T2D was relatively large in previous
studies. We adopted the most common
diagnostic methods in the current study
and changed to a new diagnostic method
in the sensitivity analyses, with consistent
associations observed.
Finally, the participants leveraged in

our study were from the UK Biobank,

most of whom were of European de-
scent at an older age, limiting the gen-
eralization of our findings to other
populations but not affecting the valid
measures of association.

Conclusion
Our findings revealed T2D may serve as
a risk factor for a wide range of gastro-
intestinal diseases, and observed associ-
ations between genetic variants of T2D
and gastrointestinal phenotypes. Overall,
considering the great influence caused by
diabetes-related complications, this study
suggested the necessity of early detection
of gastrointestinal disease in T2D and pos-
sible research direction on association
mechanisms although more causal evi-
dence was needed.
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