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Abstract: Background: This study aimed to identify novel associations between irritable bowel
syndrome (IBS) and a broad range of outcomes. Methods: In total, 346,352 white participants in the
U.K. Biobank were randomly divided into two halves, in which a genome-wide association study
(GWAS) of IBS and a polygenic risk score (PRS) analysis of IBS using GWAS summary statistics were
conducted, respectively. A phenome-wide association study (PheWAS) based on the PRS of IBS was
performed to identify disease outcomes associated with IBS. Then, the causalities of these associations
were tested by both one-sample (individual-level data in U.K. Biobank) and two-sample (publicly
available summary statistics) Mendelian randomization (MR). Sex-stratified PheWAS-MR analyses
were performed in male and female, separately. Results: Our PheWAS identified five diseases
associated with genetically predicted IBS. Conventional MR confirmed these causal associations
between IBS and depression (OR: 1.07, 95%CI: 1.01–1.14, p = 0.02), diverticular diseases of the intestine
(OR: 1.13, 95%CI: 1.08–1.19, p = 3.00 × 10−6), gastro-esophageal reflux disease (OR: 1.09, 95%CI:
1.05–1.13, p = 3.72 × 10−5), dyspepsia (OR: 1.21, 95%CI: 1.13–1.30, p = 9.28 × 10−8), and diaphragmatic
hernia (OR: 1.10, 95%CI: 1.05–1.15, p = 2.75 × 10−5). The causality of these associations was observed
in female only, but not men. Conclusions: Increased risks of IBS is found to cause a series of disease
outcomes. Our findings support further investigation on the clinical relevance of increased IBS risks
with mental and digestive disorders.

Keywords: irritable bowel syndrome; phenome-wide association study; individual-level Mendelian
randomization; summary-level Mendelian randomization

1. Introduction

Irritable bowel syndrome (IBS) is a common disorder worldwide and is characterized
by recurrent abdominal pain related to defecation or accompanied by a change in habit
frequency or form of stool, according to the criteria of Rome IV [1]. The prevalence of IBS is
high in Western countries, and in the general population, it is more common in women [2]
and young adults [3]. IBS significantly reduces health-related quality of life and accounts
for a considerable economic burden [4].

Previous observational studies have identified that IBS associated with glaucoma [5],
osteoporosis [6], Parkinson’s disease [7], anxiety [8], depression [8], neuroticism [9], mi-
graine [10], asthma [11], a gluten-containing diet [12], insomnia [13], some organic gas-
trointestinal diseases [14], and functional gastrointestinal disorders [15]. However, results
from the above-mentioned observational studies may be biased by potential confounding
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factors that have not been fully accounted for. Emerging evidence suggests that there may
be underlying pathophysiological disturbances and that IBS is unlikely to be merely a
somatosensory disorder [1]. Furthermore, research indicates that sex hormones play a role
in the pathophysiology of IBS [16]; however, no studies have compared the differences in
the broad-spectrum of health conditions associated with IBS between males and females.

A phenome-wide association study (PheWAS) together with Mendelian randomization
(MR), using genetic liability as a proxy for phenotypic measures, enables an unbiased and
hypothesis-free scan through a wide range of phenotypes and systematically analyzes
causal inferences. MR utilizes genetic variants as instrumental variables to approximate
the lifetime status of an exposure (herein IBS) and evaluates its causal effect on a clinical
outcome, which could overcome the limitations of observational studies susceptible to
reverse causality and residual confounding. MR leverages the random assignment of
genetic variants independent of environmental confounders; therefore, causal estimates of
exposure risks are substantially less confounded and not susceptible to reverse causality.

To comprehensively validate any possible health effects of IBS, in this study, we con-
ducted PheWAS to identify novel associations between genetically predicted IBS and a
broad range of outcomes in the U.K. Biobank, which is a large, population-based cohort.
To evaluate the influence of sex, we performed sex-stratified analyses in male and female
subjects, separately. Furthermore, we tested for causality of these phenome-wide associa-
tions using both one-sample (based on individual-level data) and two-sample (based on
summary Genome-wide association study [GWAS] statistics) MR.

2. Methods
2.1. Participants

In the current study, the participants were recruited from the U.K. Biobank. Briefly,
the U.K. Biobank recruited nearly half a million participants aged 40–69 years from the
United Kingdom (U.K.) general population between 2006 and 2010. At the baseline as-
sessment, data on participants’ medical history, demographic information, and lifestyle
were collected. The participants were then followed up, and health-related outcomes
were obtained through linkage to medical and other health-related records, including the
Hospital Episode Statistics (HES) for England, Scottish Morbidity Record, Patient Episode
Database for Wales, National Health Service (NHS) Digital for England and Wales, NHS
Central Register for Scotland, and patient records from general health care practitioners.

IBS cases were identified according to the following four alternative criteria [9]: (1) ful-
filling Roma III symptom criteria for IBS; (2) answered “yes” to the question “Have you ever
been diagnosed with IBS ?” in Digestive Health Questionnaire (DHQ); (3) self-reported IBS
diagnosis; and (4) a primary or secondary clinical International Classification of Diseases
version 10 (ICD-10) diagnosis of IBS (Supplementary Methods). In this study, patients with
other confounding medical conditions, such as inflammatory bowel disease or previous
intestinal resectional surgery before IBS diagnosis, were excluded (n = 427) (coding for
exclusion criteria are listed in Table S1). We further excluded U.K. Biobank participants
who withdrew their consent (n = 98), those were not European ancestry (n = 92,803), those
without genetic data, those who did not pass the quality control of genetic data (i.e., mis-
match sex, high rate of missingness and heterozygosity, kinship coefficient over 0.0884,
n = 62,105), and those who were lost to follow-up (n = 722). Following the application of
the exclusion criteria, 346,352 unrelated white British individuals were included in our final
analysis (Figure 1).

We followed the Strengthening the Reporting of Observational Studies in Epidemiol-
ogy (STROBE) reporting guideline.



J. Clin. Med. 2023, 12, 1106 3 of 14J. Clin. Med. 2023, 12, x FOR PEER REVIEW 3 of 15 
 

 

 
Figure 1. The flow of participants through the study. QC—quality control; GWAS—genome-wide 
association study; IBS—irritable bowel syndrome; PRS—polygenic risk score; PheWAS—phenome-
wide association study; MR—Mendelian randomization. 
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control procedure, a generalized linear mixed model (GLMM), controlling for population 
stratification and relatedness, was adopted for the GWAS in base data (Supplementary 
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(SNPs) based on the above-mentioned GWAS was calculated using PLINK1.9 software in 
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fraction of the ICD-9 coding system, which we firstly converted to the corresponding ICD-
10 codes using general equivalence mappings [19] and manual curation [20]. Then, we 

Figure 1. The flow of participants through the study. QC—quality control; GWAS—genome-wide
association study; IBS—irritable bowel syndrome; PRS—polygenic risk score; PheWAS—phenome-
wide association study; MR—Mendelian randomization.

2.2. Phenome-Wide Association Study

Prior to PheWAS, we performed GWAS for IBS in the U.K. Biobank and calculated the
polygenic risk score (PRS) for each participant as a proxy of genetic liability for IBS. We ran-
domly divided the study population into base (n = 173,176; case/control: 20,027/153,149)
and target (n = 173,176; case/control:19,936/153,240) samples to avoid sample overlap
(Figure 1), as required by the PRS calculation [17]. After the standard quality control proce-
dure, a generalized linear mixed model (GLMM), controlling for population stratification
and relatedness, was adopted for the GWAS in base data (Supplementary Methods) [18].
Then, the PRS of IBS derived from 58,314 single nucleotide polymorphisms (SNPs) based
on the above-mentioned GWAS was calculated using PLINK1.9 software in the target data
(Supplementary Methods) [17].

The phenome codes used in our study were derived from the primary and secondary
diagnoses of ICD-10 and the International Classification of Diseases version 9 (ICD-9) codes
in the HES in the U.K. Biobank. The inpatient diagnoses of the U.K. Biobank adopted
predominantly the ICD-10 disease classification and, in the early years, a small fraction of
the ICD-9 coding system, which we firstly converted to the corresponding ICD-10 codes
using general equivalence mappings [19] and manual curation [20]. Then, we used the
3-digit ICD-10 codes as phecodes to identify medical conditions by combining diagnoses
with the same first three ICD-10 codes. Subsequently, we excluded phecodes related to
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perinatal conditions, unclassified symptoms or signs, injuries, poisoning, morbidity, and
mortality (Restricted in Chapter 1–15 and 17 of ICD-10).

We maintained only phecodes with more than 250 cases [21]. Thus, 665 phecodes
were included in the study (the basic statistics of the phenotypes and their case num-
bers are shown in Table S2). We explored the association between the scaled PRS of IBS
and each phenotype with logistic regression in target data, adjusting for age (continu-
ous variables), sex (male/female), assessment cancer (category variables), and the first
10 genetic principal components (PCs) (continuous variables). PRS of IBS was scaled to a
unit reflecting one SD (equals to 1) increase of PRS. We applied the Bonferroni correction
(P threshold = 0.05/665 phecodes = 7.52 × 10−5) to correct for multiple testing.

2.3. Mendelian Randomization

Individual- and summary-level MRs were performed to test the causal associations
between IBS and disease outcomes identified in the PheWAS analysis.

2.3.1. Individual-Level MR for Causal Association between IBS with Health Outcomes

Individual-level MR was performed for target data by using two-stage sequential
regression analysis: the first-stage regressed the exposure (scaled PRS of IBS) on the
outcome of IBS, and the second-stage regressed the fitted values of the exposure from the
first stage on the outcome. Both stages were adjusted for age (continuous variable), sex
(male/female), and the first 10 genetic PCs (continuous variable).

2.3.2. Summary-Level MR for Causal Association between IBS with Health Outcomes

In order to increase statistical power, genetic instruments for exposure were derived
from a previously published study [9]. Instrumental variables were selected according to the
following criteria: (1) independent SNPs with a linkage disequilibrium threshold r2 < 0.001
within a clumping distance of 10,000 kb. Clumping was performed using PLINK1.9 with
the 1000 Genomes project as the reference panel. (2) Significant exposure with a cut-off at
1 × 10−5. In total, 80 SNPs were used as genetic instruments (Table S3). The corresponding
F-statistics were 19 to 39, indicating sufficient strength of instrumental variables (IVs) [22].

For the health outcomes, corresponding variant–outcome effects were estimated from
the total 346,452 unrelated white British participants from the U.K. Biobank with genetic
data using logistic regression, as previously described.

We firstly harmonized IVs-exposure and IVs-outcome, and IVs with intermediate
allele frequency (i.e., 0.42–0.58) were excluded from MR analysis. The inverse-variance
weighted (IVW) model was estimated by the ratio method, in which the ratios of the beta
coefficient of the SNP-outcome association divided by that of the SNP-exposure biomarker
association were calculated and then meta-analyzed [23]. To further address the potential
directional pleiotropic effects, we conducted MR-Egger regression, detecting potential
pleiotropy by allowing a non-zero intercept term, with P intercept < 0.05 indicating possible
pleiotropy [24]. Herein, MR IVW and MR Egger were selected as primary analysis.

2.3.3. Sensitivity Analysis

A valid genetic instrumental variable used in MR analysis should satisfy all of the
following three assumptions: (1) significantly associated with exposure, (2) not associated
with outcome via a confounding pathway, and (3) not affecting the outcome directly via
exposure. The second and third assumptions for IVs cannot be easily tested, we performed
several sensitivity analyses to account for potential bias in evaluating the robustness of the
MR results.

Firstly, we performed several analyses to test the robustness of the causal associations
between IBS and health outcomes. First (1), we used alternative median- or mode-based
weighted methods, which allow some invalid IVs and increase robustness when pleiotropy
exists [25]. Usually, it is not used as a standard for causal estimators because of its low
power, but the same direction resulting from weighted median and mode methods consis-
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tent with IVW results can be viewed as additional supporting evidence. Second (2), we
evaluated potential heterogeneity across genetic instruments with Cochran’s Q test. Third
(3), MR Pleiotropy Residual Sum and Outlier (MR PRESSO) was performed. Potential
heterogeneity among IVs was also tested by using the MR PRESSO global test. Significant
outliers were detected by the MR PRESSO outlier test and removed, and the MR PRESSO
distortion test was performed to detect differences after removing outliers [26]. Fourth (4),
the MR Steiger directionality test was performed to compare the instruments’ association
with the exposure and outcome to determine whether there is evidence that the assumed
direction of causality is correct. Fifth (5), visually leave-one-out and scatter plots were
performed to confirm that the results were not driven by a specific genetic instrument.
Finally (6), we manually pruned pleiotropic SNPs, which were significantly associated
(p < 7.52 × 10−5, 0.05/665) with risk factors of IBS and outcomes identified in PheWAS
analysis, and re-ran the primary MR analysis.

Secondly, to replicate our findings on the association between IBS and disease out-
comes in the U.K. Biobank dataset, we replicated the MR analysis using publicly available
summary-level data for depression, gastro-esophageal reflux disease (GERD), dyspepsia,
diaphragmatic hernia, and diverticular disease as outcomes and publicly available IBS
GWAS summary data as exposure data. (Supplementary Methods).

Reversed MR was performed to identify whether there was a reverse causality between
the outcomes identified and IBS. Publicly available IBS GWAS summary data were used as
the outcomes. Other diseases were used as exposures.

2.4. Sex-Stratification Analysis

To evaluate the influence of sex on the associated IBS disease spectrum, PheWAS-MR
analyses as described above were performed separately for female and male participants.
We first performed GWAS using GLMM in 92,559 female and 80,617 male participants from
the base data (Figure 1). Then, 57,954 SNPs for female and 163,411 SNPs for male were
retained for sex-specific PRS analyses (Supplementary Methods). Sex-stratified PheWAS
and individual-level MR analyses based on scaled PRS were performed according to the
analysis procedure described above. There are no publicly available sex-stratified GWAS
summary data for IBS; therefore, we did not perform summary-level MR.

The original estimate of MR (β) corresponds to the change in log odds for disease
outcome per unit increase in log odds of IBS and was further scaled to per doubling in
the odds of IBS by multiplying by 0.693 [27]. In the current study, we estimated that we
had 80% power to detect a 50% and 80% increase in risk per genetically determined IBS
increase for 37 and 106 outcomes with α = 0.05 and r2 = 0.0012 (Table S4), using the method
proposed by Burgess [28]. Data were analyzed using the “TwoSampleMR” package in R
(version 4.0) and PLINK (version 1.9).

3. Results

The current study included 346,352 unrelated individuals of European descent (Figure 1).
The median age of the included participants was 58 years (interquartile range [IQR]: 51–63),
and 53.34% were female. The characteristics of the study population are summarized in
Table 1. A total of 39,963 IBS patients were identified. Compared with individuals without
IBS, IBS patients were much younger and were more likely to be female.

3.1. Phenome-Wide Association Analyses

PRS-predicted IBS in the target sample, as calculated based on the GWAS statistics
obtained from the base sample, was significantly associated with phenotypic IBS. The risk
of incident IBS would increase 10% with one standard deviation (SD) increase in the PRS of
IBS (odds ratio (OR) 1.10, 95% confidence interval (CI), 1.08–1.11, p = 9.22 × 10−34). When
the PRS of IBS was further categorized into three groups according to the tertiles of PRS,
the risk of developing IBS in the high-genetic-risk group increased by 23% (OR = 1.23,
95% CI 1.18–1.27, p = 5.68 × 10−28) compared with the low genetic risk group. Genetically
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predicted IBS was not correlated with common confounders including age, sex, body mass
index (BMI), smoking, alcohol consumption, and genetic PC (Table S5).

Table 1. Baseline characteristics of the study cohort. p value less than 0.05 represents the significant
differences among groups using chi-square test.

Baseline Characteristics Total (n = 346,352) IBS (n = 39,963) No IBS (n = 306,389) p Value

Age at recruitment (years), Mean (SD) 56.98 (7.88) 55.88 (7.73) 57.12 (7.89)
Age at recruitment, n (%) <0.001

<55 years 125,241 (36.16%) 16,489 (41.26%) 108,752 (35.49%)
55–64 years 153,097 (44.20%) 17,695 (44.28%) 135,402 (44.19%)
≥65 years 68,014 (19.64%) 5779 (14.46%) 62,235 (20.31%)

Sex <0.001
Male 161,621 (46.66%) 11,585 (28.99%) 156,353 (51.03%)

Female 184,731 (53.34%) 28,378 (71.01%) 150,036 (48.97%)
Townsend quintile 0.06

1 86,491 (24.97%) 10,163 (25.43%) 76,328 (24.91%)
2 86,488 (24.97%) 9800 (24.52%) 76,688 (25.03%)
3 86,477 (24.97%) 9979 (24.97%) 76,498 (24.97%)
4 86,476 (24.97%) 9967 (24.94%) 76,509 (24.97%)

Unknown 420 (0.12%) 54 (0.14%) 366 (0.12%)
BMI, Mean (SD) 27.42 (4.75) 27.13 (5.02) 27.45 (4.72)

BMI, n (%) <0.001
Normal (<25 kg/m2) 113,826 (32.86%) 15,072 (37.71%) 98,754 (32.23%)

Overweight (25–30 kg/m2) 147,662 (42.63%) 15,492 (38.77%) 132,170 (43.14%)
Obese (≥30 kg/m2) 83,765 (24.18%) 9282 (23.23%) 74,483 (24.31%)

Unknown 1099 (0.32%) 117 (0.29%) 982 (0.32%)
Smoking status, n (%) <0.001

Never 188,601 (54.45%) 22,398 (56.05%) 166,203 (54.25%)
Previous 121,858 (35.18%) 14,098 (35.28%) 107,760 (35.17%)
Current 34,709 (10.02%) 3374 (8.44%) 31,335 (10.23%)

Unknown 1184 (0.34%) 93 (0.23%) 1091 (0.36%)
Alcohol status, n (%) <0.001

Never 10,517 (3.04%) 1286 (3.22%) 9231 (3.01%)
Previous 11,844 (3.42%) 1664 (4.16%) 10,180 (3.32%)
Current 323,685 (93.46%) 36,985 (92.55%) 286,700 (93.57%)

Unknown 306 (0.09%) 28 (0.07%) 278 (0.09%)

IBS—irritable bowel syndrome; PheWAS—phenome-wide association study; SD—standard deviation; OR—odds
ratio; CI—confidence interval; BMI—body mass index.

A total of 665 disease groups were included in the PheWAS analyses. We found that
one SD increase in the PRS of IBS was significantly associated with the risk of diverticular
diseases of the intestine (OR 1.04, 95% CI, 1.02–1.05, p = 1.12 × 10−7), depression (OR 1.05,
95% CI, 1.03–1.07, p = 7.54 × 10−6), GERD (OR 1.04, 95% CI, 1.02–1.05, p = 1.08 × 10−5),
dyspepsia (OR 1.07, 95% CI, 1.04–1.10, p = 9.83 × 10−7), and diaphragmatic hernia (OR
1.04, 95% CI, 1.02–1.05, p = 7.89 × 10−6) (Table 2).

3.2. Mendelian Randomization Analyses

Individual-level MR was performed to infer causal relationships among all outcomes
identified in the initial PheWAS analysis. As shown in Figure 2 and Table S6, per doubling
the odds of IBS was significantly correlated with increased risks of all outcomes identified
in PheWAS. For example, per doubling the odds of IBS was associated with depression (OR
1.40, 95% CI, 1.21–1.63, p = 1.10 × 10−5), GERD (OR 1.28, 95% CI, 1.14–1.43, p = 2.55 × 10−5),
dyspepsia (OR 1.57, 95% CI, 1.30–1.90, p = 3.23 × 10−6), diaphragmatic hernia (OR 1.28,
95% CI, 1.14–1.44, p = 2.11 × 10−5), and diverticular disease of the intestine (OR 1.33,
95% CI, 1.19–1.47, p = 2.03 × 10−7).



J. Clin. Med. 2023, 12, 1106 7 of 14

Table 2. PheWAS results in the total population and in female and male participants.

Description
PheWAS

IBS (n) No IBS (n) OR (95% CI) p

Total Population (N = 173,176)
Depression 10,163 137,939 1.05 (1.03–1.07) 7.54 × 10−6

GERD 18,830 129,272 1.04 (1.02–1.05) 1.08 × 10−5

Dyspepsia 6153 141,949 1.07 (1.04–1.10) 9.83 × 10−7

Diaphragmatic hernia 18,516 129,586 1.04 (1.02–1.05) 7.89 × 10−6

Diverticular disease of intestine 22,706 125,396 1.04 (1.02–1.05) 1.12 × 10−7

Female (N = 92,172)
Depression 6398 73,306 1.06 (1.03–1.09) 8.02 × 10−6

Esophagitis 2726 76,978 1.08 (1.04–1.12) 7.28 × 10−5

GERD 10,287 69,417 1.07 (1.05–1.09) 8.52 × 10−10

Dyspepsia 3799 75,905 1.08 (1.04–1.11) 5.59 × 10−6

Diaphragmatic hernia 10,278 69,426 1.04 (1.02–1.07) 7.06 × 10−5

Male (N = 81,004)
Depression 3765 64,633 1.03 (1.00–1.07) 0.06

GERD 8543 59,855 0.99 (0.97–1.01) 0.46
Dyspepsia 2354 66,044 1.04 (1.00–1.08) 0.08

Diaphragmatic hernia 8238 60,160 1.01 (0.99–1.04) 0.32
Diverticular disease of intestine 10,882 57,516 1.02 (1.00–1.04) 0.13

PheWAS—phenome-wide association study; OR—odds ratio; CI—confidence interval; GERD—gastro-esophageal
reflux disease.

As shown in Figure 3 and Table S7, the results from summary-level MR were consistent
with the results from individual-level MR. Per doubling the odds of IBS was associated
with depression (OR: 1.07, 95% CI: 1.01–1.14, p = 0.02), diverticular diseases of the intes-
tine (OR: 1.13, 95% CI: 1.08–1.19, p = 3.00 × 10−6), GERD (OR: 1.09, 95% CI: 1.05–1.13,
p = 3.72 × 10−5), dyspepsia (OR: 1.21, 95% CI: 1.13–1.30, p = 9.28 × 10−8), and diaphrag-
matic hernia (OR: 1.10, 95% CI: 1.05–1.15, p = 2.75e × 10−5). MR-Egger analysis indicated
that there was no unbalanced pleiotropy (P Egger intercept > 0.05), and the correlations be-
tween IBS and health outcomes were consistent with the above-mentioned MR results, but
with wider confidence intervals.

3.3. Sex-Stratified PheWAS and MR Analyses

The sex-stratified PheWAS analysis showed that, in women, consistent with the
general population, per one SD increase in PRS of IBS was associated with depression,
GERD, dyspepsia, and diaphragmatic hernia (Table 2) but not with diverticular diseases of
the intestine. Additionally, a new association between IBS and esophagitis was identified
in women (Table 2). The causality of these associations was confirmed by a one-sample MR
in female participants (Figure 2 and Table S6). However, no significant association pairs
were identified in men.

3.4. Sensitivity Analysis

Results from the weighted median, weighted mode, and MR PRESSO methods sup-
ported the causal associations between IBS and these five disease outcomes, further sup-
porting the robustness of the primary analysis findings. Potential heterogeneity among the
genetic instruments was observed in the correlation between IBS and diverticular disease
(Figure 3, Table S7). The MR Steiger directionality test provided evidence to support the
correct directions from IBS to these five disease outcomes (Figure 3, Table S7). Visual inspec-
tion of the scatter and leave-one-out plots did not suggest biased estimates or pleiotropy
among patients with IBS and the five identified outcomes (Figures S1 and S2). After manual
exclusion of three potential pleiotropic genetic variants simultaneously associated with IBS
and diverticular disease (Table S8), genetically predicted IBS was significantly associated
with diverticular disease (OR: 1.008, 95% CI: 1.005–1.012, p = 1.86 × 10−7), although the
possible heterogeneity still remained.
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ciated with depression (OR: 1.07, 95% CI: 1.01–1.14, p = 0.02), diverticular diseases of the 
intestine (OR: 1.13, 95% CI: 1.08–1.19, p = 3.00 × 10−6), GERD (OR: 1.09, 95% CI: 1.05–1.13, 
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Figure 2. Forest plot of individual-level MR estimates for association between IBS and the out-
comes identified in PheWAS in total and sex-stratified population. IBS—irritable bowel syndrome;
PheWAS—phenome-wide association study; MR—Mendelian randomization; OR—odds ratio;
CI—confidence interval; GERD—gastro-esophageal reflux disease.

The causal associations between IBS and the five identified outcomes were replicated
in additional, publicly available GWAS statistics of outcomes (Table S9). However, potential
pleiotropic effects were observed in the causal association between IBS and depression, as
well as diverticular disease (PEgger intercept < 0.05) (Table S9).

Subsequently, a reversed MR analysis was performed, and putative bidirectional
causal associations between depression, GERD, diaphragmatic hernia, diverticular disease,
and IBS were identified. Cochran’s Q test indicated significant heterogeneity among genetic
variants in the causal associations between depression, diaphragmatic hernia, diverticular
disease, and IBS (Table S10).
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4. Discussion

In this comprehensive phenome-wide MR study, we found that genetically predicted
IBS was significantly associated with depression, GERD, dyspepsia, diaphragmatic hernia,
and diverticular disease of the intestine on a phenome-wide scale, with robust evidence
for the causal relationship based on MR analyses using different approaches accounting
for bias of weak instruments, heterogeneity, and directional pleiotropy. We also noticed
significant sex discrepancy in the PheWAS-MR analyses for IBS. The above-mentioned
causal associations, as well as an additional association between IBS and esophagitis, were
identified in women only, but not in men.

In the present study, we observed a causal relationship between IBS and digestive
disorders. IBS was causally associated with dyspepsia but not vice versa, as supported
by the IVW, weighted median, and MR PRESSO methods without potential pleiotropy,
as well as replicated causality using publicly available GWAS data. This finding was
consistent with that of previous observational studies in which IBS was identified as one of
the risk factors for dyspepsia [29], and Bulgarian adults with IBS were reported to have
a significantly higher prevalence of functional dyspepsia [30]. Sex differences were also
reported in an observational study showing that female sex is correlated with a higher risk
of dyspepsia in patients with IBS [31].

We also found bidirectional causal associations between IBS and diaphragmatic hernia
and intestinal diverticular disease. However, significant heterogeneity among the instru-
mental variables was observed between these two diseases and IBS, indicating possible
pleiotropy. IBS and hernia have similar symptoms, such as abdominal pain, constipation,
and diarrhea, but few studies have focused on the association between these two diseases.
One study focused on 558 patients with small bowel hernia and observed that IBS was more
common in these patients than in those without enterocele [32]. Although the pathogenesis
of IBS and diverticular disease remains incompletely understood, substantial overlap or
coexistence of these two diseases has been observed. IBS was significantly more prevalent
in patients with recurrent diverticulitis after sigmoidectomy. One previous study showed
that patients over the age of 60 with symptomatic uncomplicated diverticular disease were
associated with increased risks of abdominal pain and IBS symptoms [33].
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Bidirectional causal associations between IBS and GERD were identified without
potential heterogeneity or pleiotropy. GERD and IBS are common gastrointestinal disorders
and are often concurrent in the same patient, and a significant association between IBS
and GERD was found [34]. IBS was also reported to be associated with a poor response
to proton pump inhibitor therapy in GERD patients [35]. Genetic similarities between IBS
and GERD have been demonstrated; for example, polymorphisms in the GNB3 gene have
been reported to be associated with both IBS [36] and GERD [37]. In addition, similarities
in gastrointestinal sensory–motor abnormalities between IBS and GERD may be another
reason for the high concurrence and bidirectional causality of these two diseases [37].

Although physiological and etiologic associations between IBS and these digestive
disorders have not been fully investigated, some common risk factors, including psycho-
logical factors, dietary factors, gut microbiota, infection, and involvement of the immune
system, were found to be involved in both IBS and these digestive disorders. These stimuli
may lead to abnormal immune function of the mucosa, impaired intestinal mucosal barrier
function, and increased intestinal sensitivity and permeability, which further increases the
severity of these digestive diseases.

Our study provides evidence to support previous findings that bidirectional causal as-
sociations exist between IBS and depression [9], although significant heterogeneity among
genetic instruments was observed in the causation from depression to IBS. Psychological
disorders have been demonstrated to be risk factors for gastrointestinal diseases. Compared
with healthy controls, the occurrence of mental disorders is more common and severe in
patients with IBS. The bidirectional association between these two diseases is consistent
with the gut–brain axis theory that IBS may facilitate the presence of a series of psycho-
logical symptoms, further aggravating gastrointestinal tract symptoms [1]. Psychological
symptoms may lead to changes in intestinal motility and secretion and cause visceral hy-
persensitivity and psychological symptoms initiated by dysfunction of the mucosal barrier;
immune activation also increases susceptibility to IBS [38]. In turn, bacteria and their
metabolic products in the gut may influence the vagus nerve, immune system, permeability
of the blood–brain barrier, and neuroinflammation, further exacerbating psychological
symptoms and behaviors [39]. Therefore, it is speculated that the existence of the gut–brain
axis, microbiome dysfunction, genetic factors, and infections may be implicated in the
pathophysiology of the interaction between IBS and depression.

Sex differences have been widely reported in gastrointestinal diseases. IBS is more
common in women [40], and female sex is associated with a high risk of IBS incidence [41]
and other gastrointestinal diseases [42]. At the genetic level, a previous GWAS of IBS
identified a sex-specific variant, which only increased the risk of IBS in women, but not
in men [16]. However, few studies have addressed sex differences in IBS causality across
the phenome-wide scale. Our study highlighted the sex disparities in the associations
between IBS and other health outcomes. In women, we found IBS was associated with
depression, esophagitis, GERD, dyspepsia, and diaphragmatic hernia, whereas in men,
none of the above-mentioned associations were observed. Further one-sample MR results
identified a causal link between IBS and depression, esophagitis, GERD, dyspepsia, and
diaphragmatic hernia in women. Patients with IBS have higher estradiol levels than
healthy controls [43]; therefore, it is postulated that sex hormones, including estrogens and
androgens, may play important regulatory roles in patients with IBS [40]. Sex hormones
may influence the peripheral and central regulatory functions of the gut–brain axis, leading
to different visceral sensitivity, motility, intestinal barrier function, and immune activation
of the intestinal mucosa [44], which may be the factors responsible for the sex differences
in the association between IBS and its related health conditions. We also noticed the
association between IBS and diverticular disease in women was no longer significant after
the Bonferroni correction in PheWAS, which might be attributed to reduced statistical
power caused by decreased sample size in subgroup analysis.

Our study has several strengths. First, we systematically explored the association
between genetically predicted IBS and health outcomes on a phenome-wide scale. Com-
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pared to hypothesis-driven MR studies that consider only a single disease outcome, this is
the first PheWAS-MR study to explore the causal effects of IBS across a broad-spectrum
of diseases. Although randomized controlled trials remain the gold standard for testing
causality, MR provides an alternative method to investigate causality in a time- and cost-
saving manner. Second, it has been reported that sample overlap may lead to inflation of
type 1 error when calculating PRS [17]. Therefore, we divided the 346,352 participants into
two groups and calculated the effect sizes of instrumental variables in the base data and the
PRS as well as PheWAS in the target data. However, in two-sample MR analysis, genetic
instruments derived from GWAS analysis require a much larger sample size to achieve
adequate statistical power. Therefore, we used publicly available GWAS summary data of
IBS instead of GWAS summary statistics in the base data. Third, more IVs were selected
as we relaxed the threshold of the p value when selecting IVs, which provide increased
power and facilitate testing for horizontal pleiotropy. Fourth, we employed comprehensive
and complementary sensitivity analysis strategies to overcome the infallible causality that
results from pleiotropy. Finally, this is the first study to investigate sex differences in the
causal association of IBS on a phenome-wide scale, and one new causality of IBS has been
identified in females.

However, our study has some limitations. First, genetic instruments for IBS were
derived from a meta-analysis that included U.K. Biobank participants; no available GWAS
summary data excluding U.K. Biobank participants could be retrieved. There may be
some sample overlap between exposure and outcomes; therefore, various sensitivity anal-
yses were performed in our study. Second, summary-level MR of IBS stratified by sex
was not performed because of the lack of available sex-stratified GWAS data. Third, al-
though we excluded potential pleiotropic SNPs simultaneously correlated with IBS and
diverticular disease, heterogeneity still exists between IBS and diverticular disease. How
these heterogeneous SNPs influence causality needs to be explored further. Fourth, the
potential molecular mechanisms implicated in causal association remain unclear, and some
experimental methods are expected to be carried out in the future. Finally, our study was
restricted to participants of European descent; therefore, the generalizability of the results
to other ethnic groups should be investigated further.

In conclusion, this phenome-wide MR analysis provided putative evidence of the
causal association between IBS and increased risks of depression, GERD, dyspepsia, di-
aphragmatic hernia, and diverticular disease of the intestine. New causal association
between IBS and esophagitis together with putative causal association between IBS and
depression, GERD, dyspepsia, and diaphragmatic hernia were found in women only, but
not in men. These findings provide a rationale for further investigation of the molecular mech-
anisms that contribute to the causal associations between IBS and various health outcomes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm12031106/s1, Figure S1: Scatter plots to visualize the causal
effect between IBS and depression, GERD, diaphragmatic hernia, dyspepsia and diverticular disease;
Figure S2: Leave-one-out sensitivity analysis of the causal associations between IBS and depression,
GERD, diaphragmatic hernia, dyspepsia and diverticular disease; Table S1: Exclusion criteria of
ICD-10, self-reported and operative codes in IBS cases definition; Table S2: The number of cases in
each disease category; Table S3: SNP information of instrumental variables of IBS used in summary-
level MR analysis; Table S4: Power to detect associations between IBS and disease outcomes on
available numbers of cases, considering different effect sizes for expected causal effect by genetically
predicted IBS; Table S5: The association between PRS of IBS and common confounding factors;
Table S6: Individual-level MR results between IBS and identified outcomes in total and sex-stratified
population; Table S7: Summary-level MR results between IBS and outcomes identified in PheWAS;
Table S8: Identified pleiotropic SNPs of the association between genetically predicted IBS and
disease outcomes with the significance threshold FDR = 0.05 in the PheWAS analysis; Table S9:
Sensitivity analysis of MR results by using additional publicly available GWAS summary data;
Table S10: Bidirectional MR results with 5 identified disease conditions as exposure and IBS as
outcome; Supplementary Methods [9,17,18,45–57].
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