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Abstract

Objective: Although the association between adiposity and gastrointestinal (GI) diseases

has been explored, the causal effects of adiposity on GI diseases are largely unknown.

Methods: Mendelian randomization was conducted using single-nucleotide polymor-

phisms associated with BMI and waist circumference (WC) as instrumental variables,

and the causal associations of BMI or WC with GI conditions were estimated among

>400,000 UK Biobank participants, >170,000 Finnish-descent participants, and numer-

ous consortia participants of predominantly European ancestry.

Results: Genetically predicted BMI was robustly associated with increased risk of

nonalcoholic fatty liver disease (NAFLD), cholecystitis, cholelithiasis, and primary bili-

ary cholangitis. For the diseases, the odds ratio per 1-SD increase in genetically pre-

dicted BMI (4.77 kg/m2) ranged from 1.22 (95% CI: 1.12–1.34; p < 0.0001) for

NAFLD to 1.65 (95% CI: 1.31–2.06; p < 0.0001) for cholecystitis. Genetically pre-

dicted WC was robustly associated with increased risk of NAFLD, alcoholic liver dis-

ease, cholecystitis, cholelithiasis, colon cancer, and gastric cancer. Alcoholic liver

disease was consistently associated with WC even after adjusting for alcohol con-

sumption in a multivariable Mendelian randomization analysis. The odds ratio per

1-SD increase in genetically predicted WC (12.52 cm) for such associations ranged
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from 1.41 (95% CI: 1.17–1.70; p = 0.0015) for gastric cancer to 1.74 (95% CI: 1.21–

1.78; p < 0.0001) for cholelithiasis.

Conclusions: High genetically predicted adiposity was causally associated with an

increased risk of GI abnormalities, particularly of hepatobiliary organs (liver, biliary

tract, and gallbladder) that are functionally related to fat metabolism.

INTRODUCTION

Global anthropometric measurements have rapidly changed in recent

decades from predominantly normal-weight or underweight status to

overweight or obesity status [1]. These immense changes in global

adiposity status over a relatively short period have likely been driven

by changes in the global diet to more processed, affordable, and high-

sugar foods, alongside the sedentary lifestyle associated with the

automation of many workloads and commuting modes [2]. With the

steep increase in the number of people with obesity worldwide, espe-

cially in low- and middle-income countries, it has become increasingly

important to identify the potential impact of fat mass quantity and its

distribution on human health. Thus far, the relationship between adi-

posity and cardiovascular diseases has been actively investigated [3],

whereas the relationship between adiposity and gastrointestinal

(GI) outcomes has been relatively unvisited. Despite the abdomen

being a predominant place where fats are concentrated, the adjacent

GI organs that are likely subject to the paracrine effect of visceral fat-

originated cytokines have, paradoxically, been overlooked.

Although numerous cross-sectional and cohort studies have explored

the relationship between adiposity and GI outcomes [4], they are observa-

tional and they provide evidence of association but not causation [5]. Cau-

sation could be inferred from randomized controlled trial (RCT) designs, but

interventions inducing obesity are neither practical nor ethical, limiting the

elucidation of causal inference. With limited evidence from observational

and interventional studies, the human genetics approach, Mendelian ran-

domization (MR), offers an opportunity to reliably inspect the potential

causal effect between increased adiposity and multiple GI phenotypes [6].

The MR approach is based on the concept of the naturally occurring ran-

dom allocation of alleles during meiosis and it uses genetic variants associ-

ated with risk factors as instrumental variables. This process is conceptually

analogous to the random allocation of participants in an RCT [6, 7]. MR can

overcome biases such as reverse causation and confounding, to which

observational studies are particularly susceptible [8]. Employing this well-

established genetic study design [6, 9], we conducted an MR analysis to

examine the causal relationship between adiposity and the risk of 19 GI

disorders.

METHODS

Study design

This study was designed to scrutinize the causal effect of adiposity on

the risk of multiple GI outcomes (Figure 1). We used an MR approach

in which genetic variants associated with a risk factor (adiposity) were

used as instrumental variables to infer causality of the risk factor on

the outcome of interest (Supporting Information Tables S1 and S2).

We used two-sample MR and summary statistics from relevant

genome-wide association studies (GWAS) of exposures and out-

comes. We purposefully avoided using dependent and overlapping

samples for exposure and outcome data sets to prevent inflation of

genetic association statistics. When performing MR, bias in causal

estimates can occur because of population stratification [10]. This bias

could be avoided by restricting the MR analysis to ethnically

Study Importance

What is already known?

• Increased body size has been associated with increased

odds of colon cancer and numerous gastrointestinal

(GI) diseases observationally, but whether adiposity

exerts a causal effect on GI outcomes is unclear. It is also

unclear which GI organs are particularly susceptible to

increased fat accumulation.

What does this study add?

• Adiposity exerted a suggestive causal effect on the risk of

more than half of the 19 GI diseases and a robust causal

effect on nearly a quarter of the 19 GI diseases.

• Hepatobiliary organs (liver, biliary tract, and gallbladder)

that are functionally related to fat metabolism are partic-

ularly susceptible to increased adiposity.

How might these results change the direction of

research or the focus of clinical practice?

• Testing for causal inference is particularly valuable in clar-

ifying the effect direction and development of interven-

tions or preventive strategies.

• Abdominal obesity as measured by waist circumference

might be more influential and relevant than BMI in asso-

ciation with a diverse range of GI disease risks, highlight-

ing a possible pathophysiological role of visceral

abdominal fat in the development of GI disorders and

cancers.
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homogenous samples. Therefore, we used European-specific GWAS

for obesity indices and GI outcomes to minimize population stratifica-

tion bias [10].

Data for exposure

We leveraged data of single-nucleotide polymorphisms (SNPs) that

are associated with the adiposity at genome-wide significance levels

(p < 5 � 10�8) discovered by GWAS from two large cohorts: Genetic

Investigation of Anthropometric Traits (GIANT) consortium and UK

Biobank (details in online Supporting Information Methods). Two

major adiposity measuring indices, body mass index (BMI) and waist

circumference (WC), were used to account for the varying effects of

fat distribution on clinical GI outcomes (Supporting Information

Table S3). BMI has traditionally been used to measure body size,

whereas WC has been assessed, more specifically, to indicate abdomi-

nal or central obesity [11]. We investigated these two measures simul-

taneously following the consensus statement from the International

Atherosclerosis Society and the International Chair on Cardiometa-

bolic Risk Working Group on Visceral Obesity, arguing for the neces-

sity of using both BMI and WC [11]. We did not utilize other

measures that indicate fat distributions, such as visceral adipose tissue

volume, arm fat ratio, leg fat ratio, and trunk fat ratio, considering that

the summary statistics were derived from mixed ancestry populations

or studies including UK Biobank participants [12, 13]. The summary

data from the GIANT consortium and UK Biobank used in this study

were adjusted for age, sex, and major genetic principal components

(Supporting Information Table S4). We selected independent SNPs

using linkage disequilibrium clumping with an r2 threshold of 0.01 and

clumping window within 10,000 kilobases (kb) using the 1000

Genomes Project reference panel (European population).

Data for outcome

We investigated 19 GI diseases that have been analyzed in GWAS

and thus have relevant information of genetic variants associated with

the diseases. Diseases of GWAS with a low number of cases (<500)

were excluded from our analysis (Barrett’s esophagus, diverticulum of

esophagus, hepatocellular carcinoma, other liver cancers, and small

intestinal cancers) because they are at high risk of false inference

because of limited statistical power. Chronic liver diseases (CLD) and

cirrhosis were excluded because most hepatobiliary conditions could

eventually progress to CLD in the end stage. Therefore, disease-

specific inferences could not be drawn for CLD and cirrhosis. The

19 GI outcomes, adjusted variables, and data sources are provided in

Supporting Information Tables S4 and S5. The genetic variants associ-

ated with the 19 GI outcomes were identified from the following:

(1) data from UK Biobank, a large prospective cohort study with more

than 500,000 people aged 40 to 69 years recruited between 2006

and 2010; (2) R4 release of the FinnGen consortium data, including up

F I GU R E 1 Study flow diagram and data sources used in this study. We used nonoverlapping multiple data sets and their combinations for
exposures and outcomes to avoid sample overlapping when conducting MR analysis. GERD, gastroesophageal reflux disease; GIANT, Genetic
Investigation of Anthropometric Traits consortium; GWAS, genome-wide association study; MR, Mendelian randomization; NAFLD, nonalcoholic
fatty liver disease; SNP, single-nucleotide polymorphism; WC, waist circumference [Color figure can be viewed at wileyonlinelibrary.com]
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to 170,000 participants of Finnish descent; and (3) GWAS catalog

data provided by the National Human Genome Research Institute and

the European Bioinformatics Institute of the European Molecular Biol-

ogy Laboratory (details in online Supporting Information Methods).

For available outcomes, we meta-analyzed nonoverlapping cohorts

using METAL to increase the statistical power [14]. We adhered to

the case definition/diagnosis done by the UK Biobank and FinnGen

consortia for most of the outcomes; however, for those requiring

complicated and thorough evaluations for diagnosis (i.e., nonalcoholic

fatty liver disease [NAFLD], primary sclerosing cholangitis [PSC], pri-

mary biliary cholangitis [PBC]), we used disease-specific consortium

data to minimize misclassification bias as summarized in Supporting

Information Table S5. For instance, NAFLD cases were diagnosed

with liver biopsy and/or ultrasonographically detected bright liver,

associated with metabolic syndrome [15].

Statistical analysis

We used multiple genetic variants as instrument variables rather than

an allele score in order to explore key assumptions, identify pleiot-

ropy, and conduct sensitivity and multivariable MR analyses more effi-

ciently [9]. We used four MR methods (inverse variance weighted

[IVW; random-effects model], weighted median, MR-Egger, and MR-

PRESSO) to test the consistency of the results across varying assump-

tions of heterogeneity and pleiotropy effects. The IVW method

assumes that all genetic variants are valid, but this method is prone to

bias when a large portion of SNPs is subject to horizontal pleiotropy

[16]. The weighted median method assumes that most genetic vari-

ants are valid. This method is suitable if the proportion of horizontal

pleiotropic variants is <50% [17]. When most genetic variants have

horizontal pleiotropy (>50%), the MR-Egger method performs well to

test causal estimations, despite being lower in statistical power than

other methods [18]. The MR-PRESSO method was used to test

whether horizontal pleiotropic outliers cause bias in the IVW test and

exclude outlier SNPs from analysis to draw a more balanced and reli-

able causal estimation [19].

We performed multivariable MR analyses adjusting for well-

established risk factors of GI problems, including alcohol consumption

and smoking [20, 21]. We used the IVW method to overcome poten-

tial confounding and estimate the causal effect of multiple exposure

variables independently on outcomes [22]. For certain relationships in

which the risk for reverse causation would be high because of a lack

of previous evidence ensuring the direction of effect (i.e., PBC/PSC

and ulcerative colitis [UC]/Crohn disease [CD]), we performed a bidi-

rectional MR analysis to clarify the direction of effect. We also per-

formed a leave-one-out analysis to identify whether a single genetic

variant strongly drove the effect of the association.

In forest plots, we presented the best causal estimations for each

GI outcome considering both pleiotropy and heterogeneity effect

[23]. A detailed flow diagram for selecting the best causal estimation

is described in Supporting Information Figure S1. We assessed hetero-

geneity using the Cochran Q test and I 2 and visualized them using

scatterplots [24]. Unbalanced pleiotropy was inspected using Egger

regression intercept, and horizontal pleiotropy was investigated using

a global test of MR-PRESSO [24]. The statistical power of MR was cal-

culated using the previously established method proposed by Brion

et al. [25] Statistical power >80% was deemed acceptable to assess

the effect of adiposity on GI diseases [26]. We applied Bonferroni cor-

rection (p < 0.0026, based on α = 0.05/19 GI outcomes) to stringently

correct for multiple testing. Associations with a p value between

0.0026 and 0.05 were deemed suggestively causal inference regard-

less of sensitivity analyses. Associations were considered “robust”
only when they reached the Bonferroni-corrected threshold

(p < 0.0026, α = 0.05/19), and three out of four MR methods (IVW,

weighted median, MR-Egger, and MR-PRESSO) showed consistent

results. All statistical analyses were carried out using R version 4.0.4

(R Foundation) and R package (“TwoSampleMR” and “MendelianRan-

domization”) for the MR analysis [27, 28]. We used the TwoSam-

pleMR package to yield causal estimates from four MR models (IVW,

weighted median, MR-Egger, and MR-PRESSO) and employed the

MendelianRandomization package to conduct multivariable MR. Fur-

ther details are provided in online Supporting Information Methods.

RESULTS

Main findings

The data sources of the outcomes (i.e., GIANT, UK Biobank, and multi-

ple consortia) are provided in Supporting Information Table S5. The

80 BMI-associated SNPs explained 1.61% of the variance in BMI (cor-

responding to an F statistic of 66) when only GIANT GWAS data were

used. In contrast, the 962 BMI-associated SNPs explained 7.85% of

the variance in BMI (F statistic of 60.3) when GIANT and UK Biobank

GWAS data were meta-analyzed (for the analysis of GI outcomes from

consortia composed of those not overlapping with GIANT and UK

Biobank participants). The 45 WC-associated SNPs from GIANT

GWAS data explained 1.14% of the variance in WC (F statistic of

59.9) (Supporting Information Table S3). Statistical power for GI out-

comes is provided in Supporting Information Tables S6 and S7.

After correction for multiple testing (Bonferroni-corrected thresh-

old of p < 0.0026) and testing for consistencies across the four MR

methods (IVW, weighted median, MR-Egger, and MR-PRESSO),

genetically predicted BMI was robustly associated with increased risk

of NAFLD, cholecystitis, cholelithiasis, and PBC. For the robust associ-

ations, the odds ratios (ORs) per 1-SD increase in BMI ranged from

1.22 (95% confidence interval [CI]: 1.12–1.34; p < 0.0001) for NAFLD

to 1.65 (95% CI: 1.31–2.06; p < 0.0001) for cholecystitis (Figure 2).

After correction for multiple testing and sensitivity analysis, geneti-

cally predicted WC was robustly associated with increased risk of

NAFLD, alcoholic liver disease (ALD), cholecystitis, cholelithiasis, colon

cancer, and gastric cancer. The ORs per 1-SD increase in WC for such

robust associations ranged from 1.41 (95% CI: 1.17–1.70; p = 0.0015)

for gastric cancer to 1.74 (95% CI: 1.21–1.78; p < 0.0001) for choleli-

thiasis (Figure 3).
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MR analyses showed that genetically predicted BMI was sugges-

tively associated (p < 0.05) with increased risk of cholangiocarcinoma,

cholecystitis, cholelithiasis, chronic pancreatitis, PBC, ALD, NAFLD,

diverticular disease, and CD and decreased risk of UC (Supporting Infor-

mation Table S1). Genetically predicted WC was suggestively associated

(p < 0.05) with increased risk of gastroesophageal reflux disease, choleli-

thiasis, cholecystitis, colon cancer, ALD, PBC, pancreatic cancer, NAFLD,

gastric cancer, esophageal cancer, and diverticular disease and decreased

risk of UC and PSC (Supporting Information Table S2).

Multivariable MR analysis

After adjustment for the effect of alcohol consumption and smoking

in the multivariable MR analysis, the findings were similar to the uni-

variable analysis with a few exceptions. BMI appeared to be signifi-

cantly associated with acute pancreatitis after adjustment for alcohol

consumption with an alcohol-adjusted OR of 1.27 (95% CI: 1.01–

1.58). BMI was no longer significantly associated with cholangiocarci-

noma and CD (Supporting Information Table S8). For WC, the ORs of

gastroesophageal reflux disease, pancreatic cancer, gastric cancer, and

UC were attenuated to the null after adjustment for alcohol consump-

tion and smoking. WC was no longer associated with gastric ulcer and

esophageal cancer after adjustment for alcohol consumption (Sup-

porting Information Table S9). Because of the cumulative evidence

regarding cholelithiasis as a risk factor for cholecystitis, we assessed

the potential mediating effect of cholelithiasis on cholecystitis using

multivariable MR. The cholelithiasis-adjusted ORs for cholecystitis

were 1.23 (95% CI: 0.98–1.55) and 1.19 (95% CI: 0.87–1.63) for BMI

and WC, respectively, indicating that the causal effect of adiposity on

cholecystitis is likely to be mediated through gallstone formation (Sup-

porting Information Table S10). Considering the lack of evidence

ensuring the direction of effect among PBC/PSC and UC/CD, we per-

formed a bidirectional MR analysis and identified that UC exerted a

causal effect on PSC but not vice versa (Supporting Information

Table S11). Scatterplots and funnel plots of 19 GI outcomes are pro-

vided in Supporting Information Figures S2–S5.

DISCUSSION

This study is the first, to our knowledge, to explore the causal effect

of adiposity on the entire GI system using an MR approach in a large

sample size. In total, we incorporated genetic data from more than

600,000 European individuals in our analyses. The holistic approach

covering the broad range of GI disorders provides a bird’s-eye view

on shared etiological pathways among different GI diseases and offers

new insights into organs that are particularly susceptible to increased

accumulation of body fat. We identified that increased adiposity was

strongly associated with NAFLD, cholecystitis, and cholelithiasis in

Body Mass Index (BMI)
Cholangiocarcinoma
Gallbladder disease/cholecystitis
Gallstone disease/cholelithiasis
Chronic pancreatitis
Primary biliary cholangitis
Alcoholic liver disease
NAFLD
Colon cancer
Pancreatic cancer
Diverticular disease
Crohn's disease
Primary sclerosing cholangitis
Esophageal cancer
Gastric ulcer
Rectal cancer
GERD
Gastric cancer
Ulcerative colitis
Acute pancreatitis

0.25 0.5 1

Odds Ratio

2 4

OR

1.82
1.65
1.64
1.59
1.47
1.39
1.22
1.22
1.20
1.12
1.11
1.11
1.10
1.04
1.02
1.01
1.01
0.86
0.65

95% CI

[1.04; 3.19]
[1.31; 2.06]
[1.48; 1.82]
[1.07; 2.37]
[1.21; 1.78]
[1.10; 1.76]
[1.12; 1.34]
[0.97; 1.53]
[0.92; 1.56]
[0.98; 1.27]
[1.00; 1.22]
[0. ; 1.15]
[0.90; 1.35]
[0.87; 1.25]
[0.79; 1.32]
[0.87; 1.18]
[0.86; 1.19]
[0.78; 0.95]
[0.34; 1.23]

ases

  610
 4325
28789
 1817
 2764
 1071
 1483
 4499
 1108
27311
12194
 2871
  913
 6347
 2979
24390
 1060
12366
 4275

obustness

Suggestive
Robust
Robust

Suggestive
Robust

Suggestive
Robust

Not significant
Not significant
Not significant

Suggestive
Not significant
Not significant
Not significant
Not significant
Not significant
Not significant

Suggestive
Not significant

OR (95% CI) per 1SD  increase in BMI

F I GU R E 2 Associations of genetically predicted 1-SD increase in BMI (4.77 kg/m2) with 19 GI conditions. The robustness of the results was
judged when the Bonferroni-corrected threshold was reached (p < 0.0026, α = 0.05/19) and three out of four MR methods (inverse variance
weighted, weighted median, MR-Egger, and MR-PRESSO) showed consistent results. The forest plot presents the best causal estimate for each GI
outcome. While numerous phenotypes were suggestively causative (p < 0.05), only four outcomes (cholecystitis, cholelithiasis, primary biliary
cholangitis, and NAFLD) remained robust after multiple testing and sensitivity analyses across diverse MR methods. GERD, gastroesophageal
reflux disease; GI, gastrointestinal; MR, Mendelian randomization; NAFLD, nonalcoholic fatty liver disease; OR, odds ratio
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both BMI and WC measures, which raises concern for the fat vulnera-

bility of hepatobiliary organs.

A causal relationship between adiposity and GI outcomes is

extremely difficult to establish in clinical settings because an RCT is

not likely to be possible for such an epidemiological relationship and

because observational studies can enable us to infer only association,

not causation. Searching for causation in the sea of association

becomes more important as researchers, clinicians, and policy makers

are increasingly aware that limited clinical implications can be drawn

from the association; association encompasses causation, reverse cau-

sation, mediation, and residual confounding and therefore it may

exaggerate the magnitude of effect while being limited in informing

the direction of effect [29, 30]. Owing to bidirectional associations

between obesity and GI outcomes, in which obesity could increase

the risk of GI outcomes and vice versa, testing for causal connection

is particularly valuable in clarifying the effect direction and in the

development of interventions or preventive strategies [29]. The MR

approach is a strong alternative in such topics because it enables the

exploration of causal inferences for perplexing epidemiological rela-

tionships between obesity and digestive systems using human genet-

ics [6].

From our findings that obesity predominantly elevates the risk of

malfunction in the hepatobiliary organs primarily involved in fat

metabolism, we hypothesize that disturbance in lipid metabolism may

ground the pathogenetic mechanisms for the obesity-induced

hepatobiliary diseases. A possible link between adiposity and liver risk

could be the fat mass and obesity-associated (FTO) gene, given that

our analysis identified variants associated with the FTO gene being

consistently outstanding in scatterplots across diverse hepatobiliary

outcomes (Supporting Information Tables S12 and S13). It is well

established that variants within the FTO region influence body mass

and composition phenotypes through functional regulation of IRX3

and IRX5 expression and many other metabolic pathway molecules

[31]. Further evidence has shown that hepatic FTO is associated with

lipid metabolism by reducing fatty acid oxidation and lipolysis and

increasing de novo lipogenesis in the liver; therefore, the overex-

pressed hepatic FTO is correlated with increased hepatic fat accumu-

lation [32, 33]. Excessive accumulation of nonesterified fatty acids

and triglycerides in the liver could lead to cytotoxicity, so-called lipo-

toxicity, resulting in the development and progression of liver diseases

[34].

Interestingly, our results showed that not only NAFLD but also

ALD was robustly associated with WC, even after adjustment for

alcohol consumption in multivariable MR (OR per 1-SD increase in

WC: 1.68 [95% CI: 1.24–2.28]; Supporting Information Table S9).

Given that ALD’s pathogenesis also involves fat deposition in hepato-

cytes at an early stage [35], it is likely that the shared etiology of ALD

and NAFLD with respect to adiposity lies in disrupted lipid metabo-

lism that results in abnormal lipid accumulation in the liver. Our result

is contextually in concordance with the study by Anstee et al. that

Waist circumference
GERD
Cholangiocarcinoma
Gallstone disease/cholelithiasis
Colon cancer
Gallbladder disease/cholecystitis
Alcoholic liver disease
Primary biliary cholangitis
Pancreatic cancer
NAFLD
Gastric cancer
Gastric ulcer
Esophageal cancer
Chronic pancreatitis
Diverticular disease
Rectal cancer
Acute pancreatitis
Crohn's disease
Ulcerative colitis
Primary sclerosing cholangitis

0.3 0.5 1

Odds Ratio

2 6

OR

2.42
1.84
1.74
1.72
1.70
1.65
1.54
1.51
1.50
1.41
1.41
1.36
1.30
1.27
1.23
1.21
1.13
0.83
0.37

95% CI

[1.11; 5.27]
[0.90; 3.79]
[1. ; ]
[1.29; 2.28]
[1.25; 2.32]
[1.21; 2.25]
[1.16; 2.03]
[1.08; 2.11]
[1.28; 1.74]
[1.17; 1.70]
[1.13; 1.74]
[1.06; 1.75]
[0.78; 2.15]
[1.08; 1.48]
[0.89; 1.71]
[0.88; 1.66]
[0.99; 1.29]
[0.72; 0.95]
[0.14; 0.95]

Cases

24390
  610

28789
 4499
 4325
 1071
 2764
 1108
 1483
 1060
 6347
  913
 1817
27311
 2979
 4275
12194
12366
 2871

Robustness

Suggestive
Not significant

Robust
Robust
Robust
Robust

Suggestive
Suggestive

Robust
Robust

Suggestive
Suggestive

Not significant
Suggestive

Not significant
Not significant
Not significant

Suggestive
Suggestive

OR (95% CI) per 1SD  increase in WC

F I GU R E 3 Associations of genetically predicted 1-SD increase in waist circumference (12.52 cm) with 19 GI conditions. The robustness of
the results was judged when the Bonferroni-corrected threshold was reached (p < 0.0026, α = 0.05/19) and three out of four MR methods
(inverse variance weighted, weighted median, MR-Egger, and MR-PRESSO) showed consistent results. The forest plot presents the best causal
estimate for each GI outcome. While numerous phenotypes were suggestively causative (p < 0.05), six outcomes (cholecystitis, cholelithiasis,
NAFLD, alcoholic liver disease, colon cancer, and gastric cancer) remained robust after multiple testing and sensitivity analyses across diverse MR
methods. GERD, gastroesophageal reflux disease; GI, gastrointestinal; MR, Mendelian randomization; NAFLD, nonalcoholic fatty liver disease; OR,
odds ratio
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highlighted shared genetic variants among ALD and NAFLD in the

PNPLA3 gene region, for which a substitution in the 148th amino acid

(I148M) appeared to promote the hepatic accumulation of triglycer-

ides [36].

Obesity is associated with increased bile acid synthesis, which

provokes supersaturation of bile acid in the gallbladder and subsequently

gallstone formation (cholelithiasis) [37]. Cholecystitis, an inflammation of

the gallbladder most often developed by a gallstone [37], was causally

associated with increased adiposity along with cholelithiasis in our results

(Figures 2 and 3). The result was in concordance with a previous

phenome-wide association study that reported the causal effect of

BMI on cholecystitis [38]. However, this previous study did not

examine the potential mediating effect of cholelithiasis on the devel-

opment of cholecystitis. To investigate the mediating effect, we con-

ducted multivariable MR analyses and identified that cholecystitis

no longer retained a causal relationship with both BMI and WC after

adjustment for cholelithiasis (Supporting Information Table S10),

implying that the causal effect of adiposity on cholecystitis is likely

to be mediated through gallstone formation rather than the effect of

adiposity per se. Because cholecystitis mediated by cholelithiasis

indicated vertical pleiotropy but not horizontal pleiotropy, this medi-

ating effect does not necessarily weaken the assumptions and reli-

ability of our MR results [9].

Numerous studies have reported that 15% to 40% of patients

with inflammatory bowel disease (IBD) have obesity, and an addi-

tional 20% to 40% have overweight [39, 40]. Although grouped

together in IBD, CD and UC are known to have heterogeneous eti-

ologies, disease mechanisms, and genetic backgrounds [41]. Simi-

larly, obesity has been shown to be associated with a risk of CD,

but not with UC, although results vary across studies [4, 42]. To

date, findings on the association between adiposity and IBD have

been derived from observational studies; therefore, the genuine

causal relationship remains uncertain. To pinpoint the causal infer-

ence, we leveraged genetic instruments as well as a large sample

size (>23,000 IBD cases) and confirmed that increases in BMI and

WC were suggestively causally linked to an increased risk of CD

and a reduced risk of UC (Figures 2 and 3). Although obesity may

be protective against UC, the result should be interpreted with cau-

tion given that the estimations were not consistent across diverse

MR methods and the relationship between WC and UC changed

toward the null findings when adjusted for smoking in multivariable

MR (Supporting Information Table S9).

PSC and PBC are chronic cholestatic liver diseases characterized

by progressive biliary duct damage and fibrosis. Practical guidance for

PBC from the American Association for the Study of Liver Diseases

recommended avoiding obesity. However, the advice was given in gen-

eral terms to patients with PBC, as obesity is generally unfavorable to

those with any form of liver disease [43]. It was challenging to find data

on enough people with PSC and PBC for an adequate sample size, and

there was a lack of evidence regarding the association between obesity

and PSC/PBC. To counter this lack of evidence, we used solid instru-

mental variables for exposure (Supporting Information Tables S14–S17)

and large consortia data and meta-analyzed GWAS results of PSC/PBC

to conduct the first MR analysis. Our findings suggest that obesity is a

putative causal risk factor for PBC but not for PSC. Such diverging

effects could be explained partially by IBD. Approximately two thirds

of all patients with PSC have comorbid IBD, of whom more than 75%

have UC [44]. Whether PSC or UC occurs first has long been contro-

versial; our bidirectional MR results revealed that genetic variants asso-

ciated with UC significantly increased the risk of PSC but not vice

versa (Supporting Information Table S11). Given the inverse associa-

tion of UC with increased adiposity (Figures 2 and 3), we hypothesize

that the risk of UC nullifies the effect size of PSC, compromising the

risk of PSC while marginally affecting PBC.

A recent consensus statement from the International Atheroscle-

rosis Society and the International Chair on Cardiometabolic Risk

Working Group of Visceral Obesity argued that WC was more closely

correlated with the absolute quantity of visceral fat compared with

other anthropometric indices [11]. We observed that a larger number

of GI phenotypes were robust in association with WC (an indicator of

abdominal or central obesity) than with BMI. In addition, the effect

sizes of GI outcomes were, on average, larger with WC than BMI, and

the difference was more prominent when the same clinical entity was

being compared (Figures 2 and 3). Altogether, the pattern may empha-

size the more significant influence of fat mass in the visceral cavity

over fat distribution in other locations [11], which is sensible given

the close or even adjacent spatial-anatomical relationship between

the abdominal fat pad and organs in the abdomen cavity. One expla-

nation for the greater impact of visceral fat on GI outcomes could be

the paracrine action of adipose tissues. Adipose tissues continuously

secrete proinflammatory molecules with a marked proportion to the

local cell environment [45]. This could imply that GI organs are influ-

enced by both endocrine and paracrine cytokines, differing from other

distant organs that are only affected by endocrine secretions from

adipocytes. Moreover, activated paracrine signals via adipokines have

been shown to alter the tumor microenvironment in organs closely

spaced with the fat pad, partially explaining the pathogenesis of GI

cancers [45].

This study disclosed a nontrivial gap between observational and

causal evidence for the association between obesity and GI outcomes.

It may be inferred that a substantial portion of previous observational

reports for significant associations may have resulted from reverse

causation or confounders/mediators shared by adiposity and GI con-

ditions. Causal evidence demonstrated in this study is expected to

stimulate policy and public health efforts for tackling GI disease bur-

dens attributed to increased adiposity. Further studies exploring bio-

logical plausibility and underlying mechanisms for the causal

associations should follow to validate and extend our understanding

of how obesity causes GI outcomes.

This study has several strengths. First, the study adopted a holis-

tic approach covering the entire GI system and identified the putative

shared mechanisms and patterns across GI organs influenced by adi-

posity. Second, the MR design mitigates the bias induced by reverse

causality and environmental factors. MR analysis uses alleles that are

randomly allocated during conception and thus is not likely to be sub-

ject to reverse causation and confounding [6]. Third, we used multiple
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MR models and multivariable analysis to avoid false-positive infer-

ences and further adjust for potential confounders, ensuring careful

interpretation of the results.

This study has several limitations. First, the statistical power was

not sufficient (<80%) for a few outcomes. Given that insufficient sta-

tistical power has been a limitation of MR analysis [6, 7], we endeav-

ored to maximize the power by using the data with the largest sample

size to date and meta-analyzing available cohorts for each GI out-

come. Moreover, among robust estimates in our analysis, only gastric

cancer was low in power in association with BMI and WC, implying

that the statistical power is less likely to alter our interpretations over-

all. Second, MR estimates reflect the effect of lifelong exposure [9].

Therefore, our results cannot inform the short-term effect of fat gain

on GI outcomes. Lastly, we restricted study samples to individuals of

European ancestry to minimize population stratification bias. This, in

turn, prevents our findings from being generalized to other ancestries.

CONCLUSION

This comprehensive study identified that adiposity exerted a sugges-

tive causal effect (p < 0.05) on the risk of more than half of the GI out-

comes and a robust causal effect (Bonferroni threshold p < 0.0026

and consistent results across multiple MR methods) on nearly a quar-

ter of the GI outcomes. Hepatobiliary organs (liver, biliary tract, and

gallbladder) that are functionally related to fat metabolism were par-

ticularly susceptible to increased adiposity. Abdominal obesity as mea-

sured by WC might be more influential and relevant than BMI in

association with a diverse span of GI disease risks, highlighting a pos-

sible pathophysiological role of visceral abdominal fat in the develop-

ment of GI disorders and cancers.O
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