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Background: Coronary artery disease (CAD) has been a dominating reason of

mortality globally due to its complexity of etiology. A variety of gastrointestinal

disorders (GDs) have been accounted to be related to CAD. Thus, this study aims

to determine their causal relationship by two-sample Mendelian randomization

(MR) analysis.

Methods: Single-nucleotide polymorphisms (SNPs) relevant to 22 GDs were

employed as instrumental variables from the genome-wide association summary

(GWAS) datasets. Genetic associations with CAD and HF were acquired from UK

Biobank, FinnGen, and other GWAS studies. We conducted a univariable MR

(UVMR) analysis followed by a meta-analysis. A multivariable MR (MVMR) analysis

was then performed with smoking and body mass index (BMI) as justifications.

Also, a bi-directional MR analysis was leveraged to verify the reverse

causal correlations.

Results: Generally, UVMR analyses separately observed the causal effects of GDs

on CAD and HF. Genetic liability to gastroesophageal reflux disease displayed a

positive association with both CAD (OR=1.19; 95%CI: 1.01-1.41) and HF (OR=1.22;

95%CI: 1.00-1.49) risk; genetic liability to celiac disease separately attributed to

CAD (OR=1.02; 95%CI: 1.01-1.03) and HF (OR=1.01; 95%CI: 1.00-1.02), which

also maintained after MVMR analysis. Besides, we observed mutually causal

associations between CAD and celiac disease.

Conclusion: Our work suggested that genetic susceptibility to some GDs might

causally increase the risk of CAD and HF, emphasizing the importance of

preventing CAD in patients with GDs.
KEYWORDS

causal inference, coronary artery disease, gastrointestinal diseases, Mendelian
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1 Introduction

By the 2020s, coronary artery disease (CAD) was found to affect

approximately 197 million patients and 9.1 million deaths,

accounting for 16.1% of all deaths globally, which is the most

common cardiovascular disease caused by the formation of

atherosclerosis due to the accumulation of fat or inflammatory

factors in the coronary arteries (1, 2). The plaque may contribute to

cardiac ischemia or infarction, usually called ischemic heart disease

(IHD), and develop into acute coronary syndrome (ACS), heart

failure (HF), and sudden death. The risk factors for CAD

progression and exacerbation are interactive rather than

independent, including poor lifestyle habits such as smoking,

alcohol consumption, sedentary behaviour, and mental stress, as

well as multiple risk factors such as obesity, type 2 diabetes,

hypertension, and metabolic syndrome (3–5). In addition, genetic

and family history cannot be ignored. Considering the intricate

pathogenesis of CAD, screening causal risk factors and preventing

them is imperative, which is meaningful for attenuating the burden

of related public health services (6).

Accumulating evidence indicates that the dysregulation of gut

microbiota could play a role in cardiac diseases, with a focus on

CAD and HF, and there are significant alterations between the

structure and composition of the gut microbiota in CAD patients

compared with controls. Classic microbiota-associated metabolites

have been found to affect the progression of cardiac disease, such as

trimethylamine-N-oxides (TMAO), short-chain fatty acids

(SCFAs), lipopolysaccharide (LPS) and secondary bile acids (7–9).

However, the sample size of the studies is too small, and there is a

lack of control for essential covariates such as drugs, diet, and

complications. On the other hand, the gut microbiome is so large

and variable that the relationship between the changes in gut

microbiota and its metabolites and cardiovascular disease cannot

be determined (10). Therefore, this study returned to specific

digestive disorders to see if they have a direct causal relationship

with CAD and explore the gut-heart axis clinically.

Currently, gastrointestinal diseases (GDs) are high-profile, and

accumulating evidence suggests that they are responsible for multi-

system disorders, such as Alzheimer’s disease in the enteric nervous

system (11), depression of psychological aspect (12), metabolic

syndrome (13), and cardiovascular diseases (14). Population-

based studies from epidemiology have observed that coronary

atherosclerosis might be caused by nonalcoholic fatty liver disease

and liver cirrhosis (15, 16); gastroesophageal reflux disease (GERD)
Abbreviations: CAD, Coronary artery disease; HF, heart failure; MR, Mendelian

randomization; GWAS, genome-wide association summary; UVMR, univariable

MR; MVMR, multivariable MR; BMI, body mass index; NAFLD, nonalcoholic

fatty liver disease; IVs, instrumental variables; UKB, UK Biobank; GDs,

gastrointestinal diseases; SNPs, single-nucleotide polymorphisms;

CARDIoGRAMplusC4D, Coronary ARtery DIsease Genome-wide Replication

and Meta-analysis plus The Coronary Artery Disease Genetics; MI, myocardial

ischemia; HERMES, Heart Failure Molecular Epidemiology for Therapeutic

Targets; ICD, International Classification of Diseases; IVW, inverse variance

weighted; MR-PRESSO, MR Pleiotropy Residual Sum and Outlier; OR, odds

ratio; CI, confidence interval; GERD, Gastroesophageal reflux disease.
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has been reported to cause angina and cardiac rhythm disturbances

(17); ulcerative colitis to result in increased morbidity for CAD

events (18). However, these observational causal connections are

only sometimes consistent, particularly in the case of cardio-hepatic

comorbidity. For example, a population-based study found that

probably because the gluten-free recipe lowered blood pressure and

cholesterol levels, celiac disease decreased the onset of myocardial

infarction slightly (19).

The emerging MR analysis, supported by large-scale genome-

wide association studies (GWAS) statistic data, has an advantage in

identifying the etiogenic inference between risk agents and disease

events by using genetic loci as instrumental variables (IVs) for

exposure (20). Unlike conventional epidemiological methods, the

MR approach exhibits merit in averting bias with confusion as

alleles are assorted randomly when fertilizing instead of being

confused by postnatal and self-developed factors (21). Also, MR

analysis holds back an inverse relationship due to the lack of

modification of germline genotype by disease (22). Although

published MR studies have reported the cause of several GDs,

including GERD (23), celiac disease (24), and inflammatory bowel

disease (25), on the risk of CAD, these shreds of evidence were

largely independent.

In this article, we aimed to comprehensively inspect the

associations of GDs with CAD by performing a two-sample MR

study in both directions, followed by a meta-analysis. Additionally,

according to updated data from the Framingham Heart Study, CAD

is a major risk factor for HF (26). Thus, we examined the

relationships between GDs and HF as supplementary evidence.

Finally, we carried out a multivariable MR (MVMR) analysis to

justify conventional predisposing agents.
2 Study design and methods

2.1 Study design

This MR analysis was designed to examine the causal effect of

common GDs on the risk of CAD and HF (Figure 1). We first

performed a univariable MR (UVMR) analysis using 22 kinds of

GDs and CAD as well as HF GWAS summary data of European

populations, publicly available in the UK Biobank (UKB) study

(27), FinnGen study, and other prominent international consortia.

Then, we combined the findings from the above MR studies with a

meta-analysis. We also conducted a bi-directional MR analysis to

estimate the inverse causation. Finally, we verified the causal factors

irrelevant to traditional risk elements by MVMR analysis, including

smoking and body mass index (BMI).
2.2 GWAS data for gastrointestinal diseases

We collected 22 GDs and assigned them to four broad location

groups, including six upper GDs, six lower GDs, nine hepato-biliary

and pancreas diseases, and others. Detailed data sources

information for GDs was collected in Additional File 1:

Supplementary Table 1.
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The criterion for selecting eligible IVs for GDs needs to be met

the following three hypotheses: (1) related to the exposure, namely

relevance hypothesis; (2) uncorrelated with any confounding

factors, namely independence hypothesis; (3) unconcerned with

the outcome under exposure conditions, namely exclusion

restriction hypothesis (20). Therefore, single-nucleotide

polymorphisms (SNPs) were selected through a series of steps as

valid IVs. First, due to the limitation of numbers of SNPs satisfying

the significant genome-wide, we appropriately widened the

associated boundary with p < 1 × 10–6 to obtain top associated

SNPs, except for GERD using P < 5×10-8. Second, those SNPs

with linkage disequilibrium (LD) (r 2 > 0.001 and clump distance <

10 MB) were eliminated to acquire top independent SNPs.

Meanwhile, we calculated the F statistics of individual SNP to

prevent weak IVs, which was greater than the threshold of 10

(20). Then, we extracted the acquired SNPs associated with

exposure from the outcome datasets. For SNPs unavailable in

CAD outcomes, we searched proxies in high LD (r2 > 0.8) in the

European reference panel of the 1000 Genomes Project (28), and we

discarded those still unavailable through proxy. Finally, we

coordinated the SNP alleles, which were associated not only with

exposure but also with outcome. The procedures for selecting IVs in

reverse MR analysis were the same. Applicable SNPs used in this

study are shown in Additional File 1: Supplementary Tables 2–4.
2.3 GWAS data for CAD

The GWAS statistical data for CAD was obtained from the

Coronary Artery Disease Genome-wide Replication and Meta-

analysis plus The Coronary Artery Disease Genetics

(CARDIoGRAMplusC4D) consortium, comprising 6 0801 cases
Frontiers in Endocrinology 03
which were identified as an inclusive diagnosis of myocardial

infarction, acute coronary syndrome, chronic stable angina, or

coronary stenosis >50% and 12 3504 controls from 48 individual

studies (29). The summarized statistical data for HF in European

ancestry was acquired from the Heart Failure Molecular

Epidemiology for Therapeutic Targets (HERMES) consortium,

including 47 309 samples and 930 014 controls (30). We further

collected genetic information for CAD and HF from the UKB and

FinnGen studies to conduct replication analyses, respectively.

The UKB research is a large-scale, promising cohort study with

more than 500,000 subjects recruited from individual centers across

the UK from 2006 to 2010. Summary level data for genetically

related CAD in this study were available from UKB, involving

17655 cases defined by the codes I21 and I22 from the International

Classification of Diseases version 10 (ICD-10). We further collected

the European GWAS statistics for HF in UKB with the code I50 in

ICD-10, comprising 1088 cases and 360 106 controls launched by

the Neale Lab (27).

The FinnGen consortium aims to study genetic information

with 30,952 samples and 187,840 controls from Finnish ancestry.

We used the fifth release of the GWAS data on CAD and HF,

diagnosed by the ICD-10 (31). Detailed information on data sources

and SNPs used as IVs are displayed in Additional File 1:

Supplementary Tables 1–4.
2.4 Statistical analysis

In this MR study, we applied UVMR analysis to evaluate the

causal role of genetic liability to GDs on the risk of CAD and HF.

We employed the inverse variance weighted (IVW) as the primary

analysis, which produces the most accurate estimates but is liable to
FIGURE 1

Flow diagram of the data acquisition and analytic process for the study.
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be biased by pleiotropy due to the assumption that all genetic

instruments are valid (32). We also used weighted median and MR-

Egger methods to conduct sensitivity analyses, purposing to inspect

the stability of the causality (33, 34). The weighted median assumes

that at least 50% of the SNPs are valid and provide the weight of

estimates, while MR-Egger regression assumes that all SNPs are

invalid. MR Pleiotropy Residual Sum and Outlier (MR-PRESSO)

method can detect underlying horizontal pleiotropy (35) and

correct for potential outliers contributing to heterogeneity across

SNPs’ estimates (36). We replicated primary and sensitivity analyses

after discarding the outliers if significant pleiotropy was detected.

The MR results were presented as odds ratio (OR) and 95%

confidence interval (CI). Finally, we conducted a meta-analysis of

IVW estimates to identify the combined causality of GDs on CAD

and HF from diverse sources. When there was pleiotropy, we

selected the later MR results for the meta-analysis. Based on the

I2 statistic, we used a fixed effect for I2 < 50%; otherwise, a random

effect for I2 > 50% (37). The effects of meta-analysis were considered

as the final causal references. Meanwhile, we were also concerned

about other MR results that were only significant in a particular

database. Furthermore, we conducted a reverse MR analysis if the

causality was detected in the forward analysis, and the final results

were also evaluated with a meta-analysis.

We also performed the Cochran Q test and generated a funnel

plot to appraise the heterogeneity and a leave-one-out (LOO)

analysis to determine whether a specific SNP drove the pooled

MR estimates (35). Besides, we adopted the Steiger directional test

to determine the positive bi-directional causalities in forward MR

analysis (38). Moreover, we applied the Benjamini-Hochberg

approach to adjust for multiple testing. All analyses were

completed using “TwoSampleMR” (39) and “MRPRESSO” R

packages in RStudio Version 4.2.3 (35).
Frontiers in Endocrinology 04
3 Results

3.1 Gastrointestinal diseases and CAD

Hereditary susceptibility to 3 GDs were increasingly associated

with risk of CAD in meta-analysis (Table 1, Figure 2). For 1-unit

increment in log-transformed OR of GERD and celiac disease, the

combined OR was separately 1.19 (95%CI: 1.01-1.41; pmeta=0.0001)

and 1.02 (95% CI: 1.01-1.03; pmeta=0.0284) for CAD risk, together

duodenal ulcer with the same directional association (OR=0.99;

95%CI: 0.97-1.02; pmeta=0.0307).

Additionally, there were other causal references of GDs with

CAD in some databases, but the causality lost significance after the

combination. Genetic liability to gastric ulcer with OR=1.06 (95%

CI: 1.00-1.12; p=0.047), Crohn’s disease with OR=0.979 (95%CI:

0.963-0.997; p=0.02) and NAFLD with OR=1.14 (95%CI: 1.08-1.20;

p=1.08E-06) was positively associated with CAD only in

CARDIoGRAMplusC4D; pancreatic cancer with OR=1.10 (95%

CI: 1.03-1.17; p=4.65E-03) and cholelithiasis with OR=0.05 (95%

CI: 0.01-0.37; p=3.20E-03) only in FinnGen. All these associations,

only the risk of GERD on CAD, remained significant after multiple

tests (Additional File 1: Supplementary Table 5).

The causal effects of GDs on CAD were in accordance with

primary results in sensitivity analyses in the same direction

(Additional File 1: Supplementary Table 6). We detected

heterogeneity in several gastrointestinal outcomes. We also observed

horizontal pleiotropy in the MR-Egger test for cholelithiasis and

NAFLD. As for MR-PRESSO analysis, we identified one to 16

outliers in all three data sources, mainly for celiac disease,

cholelithiasis, and NAFLD. These associations survived but with

smaller estimates and more rigorous CIs after removing outliers

except for that for cholelithiasis with no substantial risk of CAD.
TABLE 1 Combined causal relationship between 22 gastrointestinal diseases and CAD or HF.

Exposures
for GDs

Combined results for IVW

CAD HF

Data sources OR
(95%CI)

P value I2 (%) Data sources OR
(95%CI)

P value I2 (%)

Upper gastrointestinal tract

Gastroesophageal
reflux disease

CARDIoGRAMplusC4D
+UKB+FinnGen

1.19
(1.01, 1.41)

0.0001 97 HERMES
+UKB+FinnGen

1.22
(1.00, 1.49)

0.0001 98

Esophageal cancer CARDIoGRAMplusC4D
+UKB+FinnGen

0.93
(0.59, 1.47)

0.75 0 HERMES
+UKB+FinnGen

1.00
(0.81, 1.23)

0.99 0

Gastric ulcer CARDIoGRAMplusC4D
+UKB+FinnGen

1.03
(0.99, 1.07)

0.23 73 HERMES
+UKB+FinnGen

1.00
(0.97, 1.04)

0.91 0

Duodenal ulcer CARDIoGRAMplusC4D
+UKB+FinnGen

0.99
(0.97, 1.02)

0.03 0 HERMES
+UKB+FinnGen

0.99
(0.96, 1.03)

0.28 0

Acute gastritis CARDIoGRAMplusC4D
+UKB+FinnGen

1.01
(0.98, 1.04)

0.42 0 HERMES
+UKB+FinnGen

1.00
(0.97, 1.03)

0.11 0

Chronic gastritis CARDIoGRAMplusC4D
+UKB+FinnGen

1.02
(0.96, 1.08)

0.80 48 HERMES
+UKB+FinnGen

1.03
(0.98, 1.09)

0.23 65

(Continued)
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Reversely, no causal associations of CAD on GDs were detected,

including GERD (OR=1.02; 95%CI: 0.99-1.04; pmeta=0.1356) and

duodenal ulcer (OR, 1.00; 95%CI, 1.00-1.00; pmeta=0.2125)

(Additional File 1: Supplementary Table 7). Interestingly, CAD

appeared to affect the onset of celiac disease (OR=1.24; 95%CI: 1.02-

1.50; pmeta=0.0279), implying a bidirectional causal reference, which

was also identified in Steiger’s directional test (Additional File 1:

Supplementary Table 8). The above results remained stable in

sensitivity analyses and survived after adjustment in MVMR

analysis (Additional File 1: Supplementary Table 9).
Frontiers in Endocrinology 05
3.2 Gastrointestinal diseases and HF

Genetic susceptibility to 2 GDs was correlated to the risk of HF

(Table 1, Figure 2). With genetic prediction, per-unit increment in

log-transformed OR of GERD was highly associated with HF

(OR=1.22; 95% CI: 1.00-1.49; pmeta=0.0001) and celiac disease

(OR=1.01; 95% CI: 1.00-1.02; pmeta=0.12), but the significant

effect for celiac disease did not maintain in multiple testing.

Meanwhile, there were associations for Crohn’s disease (OR=0.97;

95% CI: 0.94-0.99; p=0.02), chronic pancreatitis (OR=0.94; 95%CI:
TABLE 1 Continued

Exposures
for GDs

Combined results for IVW

CAD HF

Data sources OR
(95%CI)

P value I2 (%) Data sources OR
(95%CI)

P value I2 (%)

Lower gastrointestinal tract

Irritable bowel
syndrome

CARDIoGRAMplusC4D
+UKB+FinnGen

0.89
(0.71, 1.12)

0.34 0 HERMES
+UKB+FinnGen

0.95
(0.87, 1.03)

0.22 0

Celiac disease CARDIoGRAMplusC4D
+UKB+FinnGen

1.02
(1.01, 1.03)

0.03 48 HERMES
+UKB+FinnGen

1.01
(1.00, 1.02)

0.12 0

Crohn’s disease CARDIoGRAMplusC4D
+UKB+FinnGen

0.99
(0.98, 1.01)

0.25 71 HERMES
+UKB+FinnGen

0.99
(0.98, 1.01)

0.49 66

Ulcerative colitis CARDIoGRAMplusC4D
+UKB+FinnGen

0.99
(0.96, 1.01)

0.45 28 HERMES
+UKB+FinnGen

1.00
(0.98, 1.02)

0.87 27

Diverticular disease CARDIoGRAMplusC4D
+UKB+FinnGen

1.00
(0.99, 1.01)

0.81 66 HERMES
+UKB+FinnGen

1.00
(1.00, 1.00)

0.83 0

Colorectal cancer CARDIoGRAMplusC4D
+UKB+FinnGen

1.02
(0.98, 1.06)

0.82 0 HERMES
+UKB+FinnGen

1.02
(0.99, 1.04)

0.98 0

Hepato-biliary and pancreas

Acute pancreatitis CARDIoGRAMplusC4D
+UKB+FinnGen

1.00
(0.98, 1.02)

0.73 0 HERMES
+UKB+FinnGen

0.99
(0.98, 1.01)

0.76 15

Chronic pancreatitis CARDIoGRAMplusC4D
+UKB+FinnGen

1.01
(0.98, 1.04)

0.74 0 HERMES
+UKB+FinnGen

0.99
(0.94, 1.03)

0.49 80

Pancreatic cancer CARDIoGRAMplusC4D
+UKB+FinnGen

1.05
(0.98, 1.13)

0.16 82 HERMES
+UKB+FinnGen

1.03
(0.96, 1.10)

0.71 0

Cholelithiasis CARDIoGRAMplusC4D
+UKB+FinnGen

0.43
(0.07, 2.73)

0.36 77 HERMES
+UKB+FinnGen

0.38
(0.07, 2.07)

0.23 80

Cholelithiasis with
cholecystitis

CARDIoGRAMplusC4D
+UKB+FinnGen

0.97
(0.93, 1.01)

0.13 90 HERMES
+UKB+FinnGen

0.99
(0.97, 1.01)

0.48 57

Cholangitis CARDIoGRAMplusC4D
+UKB+FinnGen

1.00
(0.98, 1.02)

0.34 0 HERMES
+UKB+FinnGen

1.01
(0.99, 1.03)

0.79 0

Non-alcoholic fatty
liver disease

CARDIoGRAMplusC4D
+UKB+FinnGen

1.05
(0.98, 1.13)

0.12 92 HERMES
+UKB+FinnGen

1.02
(0.99, 1.05)

0.20 74

Alcoholic liver
disease

CARDIoGRAMplusC4D
+UKB+FinnGen

0.99
(0.97, 1.01)

0.55 0 HERMES
+UKB+FinnGen

0.99
(0.97, 1.01)

0.82 27

Liver cirrhosis CARDIoGRAMplusC4D
+UKB+FinnGen

1.00
(0.98, 1.02)

0.17 0 HERMES
+UKB+FinnGen

1.00
(0.98, 1.03)

0.52 0

Other

Acute appendicitis CARDIoGRAMplusC4D
+UKB+FinnGen

1.02
(0.98, 1.07)

0.56 0 HERMES
+UKB+FinnGen

1.02
(0.92, 1.13)

0.82 0
fr
Bold values mean p < 0.05.
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0.90-0.98; p=2.50E-03), cholelithiasis (OR=0.05; 95%CI: 0.01-0.33;

p=1.93E-03), cholelithiasis with cholecystitis (OR=0.96; 95%CI:

0.92-1.00; p=0.03) with HF in FinnGen, and NAFLD (OR=1.05;

95%CI: 1.00-1.09; p=0.02) in HERMES.

These causal associations remained directionally unitive in

sensitivity analyses; however, we still detected heterogeneity and

horizontal pleiotropy in MR-Egger for some outcomes, such as

GERD in HERMES. Besides, we detected a few outliers in MR-

PRESSO in most consequences; despite smaller effect sizes, the

causal effects survived after removing these outliers (Additional File

1: Supplementary Table 10).

We further detected bi-directional MR analysis of HF on these

GDs, and no evidence suggesting a causal effect for GERD

(OR=1.07; 95%CI: 0.97-1.19; pmeta=0.1959) and celiac disease

(OR=1.21; 95%CI: 0.84-1.75; pmeta=0.2662). Besides, we did not

observe horizontal pleiotropy except for NAFLD (Additional File 1:

Supplementary Table 11).

In short, we ensured the reliability of UVMR analyses in the

following areas. First, the selected IVs were valid as the F statistics
Frontiers in Endocrinology 06
were above 10, except for esophageal cancer, irritable bowel

syndrome, and cholelithiasis, suggesting bias from weak

instrumentals (Additional File 1: Supplementary Tables 3, 4).

Second, although there was heterogeneity in Cochran’s Q test and

pleiotropy in the MR-Egger examination for some causalities

(Additional File 1: Supplementary Tables 6, 10), we did not

inspect severe asymmetry in funnel plots and significant Egger

intercepts in scatter plots after removing the outliers. Further, no

single SNP disturbed the combined effect of GDs on CAD and HF

in LOO analysis (Additional File 2: Supplementary Figures 1–18).
3.3 Multivariable MR analysis

We further adjusted for smoking and BMI using MVMR

analysis to rule out underlying pleiotropies (Additional File 1:

Supplementary Tables 12, 13). It turned out that genetic liability

to GERD still displayed the strongest association with CAD

(OR=1.15; 95%CI: 1.00-1.33; pmeta=0.0001) for smoking and
FIGURE 2

Forest plots and combined causality for the association of gastrointestinal diseases with CAD and HF. *p < 0.05 for combined effects; **p < 0.05
after adjusting for multiple testing.
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(OR=1.14; 95%CI: 1.00-1.31; pmeta =0.0001) for BMI, together with

HF (OR=1.18; 95%CI: 1.00-1.41; pmeta =0.0019) for smoking and

(OR=1.16; 95%CI: 1.00-1.37; pmeta =0.0008) for BMI. The causal

effect of celiac disease on HF barely reached significance after

correcting with smoking (OR=1.01; 95%CI: 1.00-1.02;

pmeta=0.2405) and BMI (OR=1.00; 95%CI: 1.00-1.01; pmeta

=0.4030), but acute appendicitis lost the significance, implying

that we should treat these causalities with caution.

Intricately, when added to MVMR analysis, BMI exhibited an

attractive influence on the association of colorectal cancer and

CAD, which made the causality statistically positive (OR=0.9968;

95%CI: 0.9940-0.9996; pmeta=0.0263; beta=-0.0032). Furthermore,

smoking also contributed to a significantly increased causal effect of

irritable bowel syndrome on HF (OR=0.73; 95%CI: 0.56-0.97; pmeta

=0.0285; beta=-0.3085).
4 Discussion

Exploration and illustration of the causal risk factors of GDs on

cardiovascular diseases, usually coexisting clinically, can inform the

formulation of optimal prevention strategies early. This study

estimated the causal association of 22 GDs with CAD and HF by

the two-sample MR analysis and verified the results. By analyzing

diverse large-scale GWAS datasets using an integrated MR analysis

process, we confirmed several genetic liabilities to GDs that exerted

a causal role on cardiac outcomes. Meanwhile, we ruled out some of

those traditionally regarded as risk factors for CAD.

The results indicated robust relationships between genetic

predisposition to GERD and increased risk of CAD and HF

independent of adjustment factors for multivariate variables. In

addition, there is a bidirectional causal effect of coeliac disease and

CAD. A study of genetic populations in the UK over the last ten

years found that the incidence of coeliac disease was one of the

autoimmune diseases with the most significant increase and was

significantly associated with environmental factors, showing a

transparent socioeconomic gradient related to Diet, smoking,

obesity, air pollution or other currently unrecognised ecological

exposures. Surprisingly, this is a reverse socioeconomic gradient,

which may be related to increased awareness and detection of the

disease in more affluent populations. It is well known that

cardiovascular disease is strongly associated with a poor lifestyle.

Although some studies have found a decline in smoking prevalence,

no corresponding decrease in morbidity has been found, which may

be due to a parallel increase in other risk factors, such as obesity,

over the same period. Therefore, caution should be exercised in

interpreting the bidirectional causal relationship between coeliac

disease and CAD, possibly due to shared confounding effects of

environmental factors.Also, genetically predicted duodenal ulcer

was mild and related to increased risk of CAD, but not HF.

Fortunately, we did not find that common malignant

gastrointestinal cancers, including gastric, colorectal and

pancreatic cancers, may induce heart disease, even though

cardiotoxicity, possibly due to the use of anticancer drugs, is

identifiable and manageable (40). In addition to these common

GDs, enterovirus infections remain a primary contributor to acute
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gastroenteritis worldwide (41). According to the epidemiological

characteristics of the virus, viral infection requires the host to have

the opportunity to contact with pathogenic microorganisms,

including environmental or dietary exposure, but this is

preventable. Therefore, this study did not investigate various viral

infections as exposure factors for CAD (42). As for inflammatory

bowel disease (IBD), we often refer to it as characterized by chronic

and relapsing intestinal inflammation; it is usually defined as either

Crohn’s disease or ulcerative colitis and irritable bowel syndrome

that overlaps with symptoms associated with IBD. Although we

found that Crohn’s disease increased the risk of CAD and HF in

Finngen, respectively, the pooled MR results did not detect such a

strong association, suggesting that we may have bias and cannot

ignore the effect of IBD on heart disease.

As one of the most common GDs, GERD traditionally manifests

as heartburn and acid regurgitation, yet it usually presents with

atypical symptoms, such as epigastric pain and chest pain, that

mimic those of CAD (43); thus, it is difficult to distinguish between

the two and contribute to misdiagnosis. To date, increasing

epidemiological proofs observe a concurrence of GERD and CAD

due to the utilization of proton pump inhibitors potentially (44).

Therefore, early prevention of CAD in patients with GERD is

necessary. Consistent with Sun et al. (23), we confirmed a causal

correlation between a hereditary disposition to GERD and a risky

onset of CAD and did not find any causal presence of CAD on

GERD through a bidirectional MR analysis. Additionally, in line

with a nationwide cohort study (45), we discovered that genetic

liability to GERD increased the risk of HF. Besides, these two

causalities survived after multiple testing and MVMR analysis.

We also detected an increased risk between genetic liability to

celiac disease and CAD, verified in epidemiology (46). Although the

causality was not maintained in multiple testing and MVMR

analysis, indicating that the causal role of celiac disease on CAD

might be biased by smoking and BMI traits, our results were still

more persuasive as using 56, 57, and 52 SNPs from three diverse

GWAS data sources separately than those of Huang based on 15

SNPs from only one GWAS dataset (24). Notably, we observed a

bidirectional relationship between celiac disease and CAD, which

might attributed to the shared pathogenesis, such as anabatic

systemic inflammation, triggering celiac disease in individuals

with CAD (47). Moreover, the inverse causality was reserved after

adjusting for smoking and BMI, and the effect sizes were even more

significant than those in forward MR analysis. Overall, it is of

importance clinically to promote the identification and therapy of

celiac disease in CAD patients.

Furthermore, we observed a slightly increased risk of duodenal

ulcer on CAD, but the causality may be false positive biased by

heterogeneity from different GWAS data sources. Inversely, the

finding from a prospective study was that patients with CAD were

highly associated with duodenal ulcers due to the use of aspirin (48).

Given this controversy in epidemiology and the slight significance

of this study, the relationship between duodenal ulcer and CAD still

needs to be explored.

We also found that genetic liability to celiac disease is causally

associated with HF with a very slight significance, and the point

estimate was mildly above 1, suggesting that the causality might be
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expected just by chance. Unexpectedly, celiac disease was seemingly

relevant with a diminished encumbrance of traditional risk factors

for cardiovascular diseases, such as higher BMI and incidence of

type 2 diabetes, and a smaller likelihood of smoking (49), which

explained why the effect sizes did not differ much before and

after adjustment.

It is well known that smoking, alcohol consumption and obesity

are independent high-risk factors for cardiovascular diseases (50,

51). Therefore, when considering the direct causal effect of GDs on

CAD, the confounding effects of smoking and alcohol consumption

should be adjusted. The results of MVMR suggest that the causal

effects of GERD on CAD and HF are independent of confounders,

but they may slightly influence celiac disease and acute appendicitis.

In addition, neither the single statistical effect nor the integrated

statistics after meta-analysis found that colorectal cancer and

irritable bowel syndrome contribute to CAD and HF, but after

MVMR adjustment, a causal relationship was found, indicating that

smoking and obesity may lead to their occurrence, which is in line

with clinical and epidemiological evidence (52, 53).

This work has several strengths. First is the study design based

on the MR method, which integrally analyzed the causal effects

across 22 GDs on CAD and HF. Second, the dependability derives

from applying the summary level data of the enormous GWAS

datasets and subsequently following a meta-analysis and a bi-

directional MR analysis to elucidate the anastrophic causation.

We also conducted an MVMR analysis to mitigate horizontal

pleiotropy caused by other underlying factors.

Nonetheless, the work has several limitations: 1. Our study only

employed data from European ancestry, which is likely slanted by

the population structure bias. 2. Because the number of SNPs

associated with exposure as IVs did not satisfy the significant

genome-wide because of stringent screening conditions, we

relaxed the threshold for P value, a common approach to deal

with too few SNPs. 3. We adjusted the effect estimates for multiple

testing via Benjamini-Hochgerg, which was a relatively relaxing

way. However, we repeated the analysis in different datasets, largely

avoiding false positives. 4. There were certain horizontal

pleiotropies in MR-Egger, implying that GDs-related SNPs result

in CAD through other traits. Still, we conducted MVMR analysis

adjusting for smoking and BMI and replicated analyses after

removing outliers detected in MR-PRESSO. Besides, we assessed

heterogeneity and horizontal pleiotropy primarily through Q-tests

and Egger intercepts. Although this statistically removes

heterogeneity and horizontal pleiotropy, there is not yet a

complete guarantee that heterogeneity and horizontal pleiotropy

do not exist in the clinical setting, which may be affected by

differences in the GWAS datasets used, phenotype definitions, or

disease classifications. Summary data MR relies on obtaining SNP‐

trait associations from a GWAS, which usually integrates data from

many studies. Therefore, we used Meta-analysis to combine results

from separate epidemiological studies as the final causal

associations, which reduces the heterogeneity to some extent. 5.

Owing to all exposures defined as binary phenotypes, the causations

may be predetermined by the hypothesis of exclusion restriction
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(54). However, GDs are not only diagnosed by continuous

indicators but also by clinical symptoms and others, suggesting

that we tried to uphold this assumption. In a word, we hope to

resolve the deficiencies mentioned above in future studies with the

emerging public availability of GWAS data in diverse regions

worldwide and the demonstration of these causalities based on

epidemiologic studies.
5 Conclusion

In summary, this MR study detected a series of GDs, of which

genetic liability to GERD, celiac disease and duodenal ulcer are risk

factors for CAD, and GERD and celiac disease probably increase the

risk of HF. Besides, these results are independent of smoking and

BMI after MVMR adjustment. Additionally, we also found a broad

range of causal links of GDs on CAD and HF only in individual

consortiums, whereas these causalities disappeared in summary

statistics by the meta-analysis, but we cannot curtly rule out these

weak associations. Our discoveries may shed light on the early

recognition and appropriate management of GDs in patients with

CAD and HF.
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