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Background

An epidemiological link between celiac disease (CeD) and inflammatory bowel disease (IBD) has been well established recently. In this study, Mendelian randomization (MR) analysis was performed employing pooled data of publicly available genome-wide association studies (GWAS) to determine the causal relationship between CeD and IBD, encompassing ulcerative colitis (UC) and Crohn’s disease (CD).



Methods

Dataset of CeD was acquired from GWAS for 12,041 cases and 12,228 controls. A GWAS of more than 86,000 patients and controls was used to identify genetic variations underlying IBD. MR analyses were performed with an inverse-variance-weighted approach, an MR-Egger regression, a weighted-mode approach, a weighted-median method, and sensitivity analyses of MR pleiotropy residual sum and outlie (MR-PRESSO).



Results

MR demonstrated that genetic predisposition to CeD was linked to a augmented risk of IBD (OR: 1.1408; 95% CI: 1.0614-1.2261; P = 0.0003). In the analysis of the two IBD subtypes, genetic predisposition to CeD was also linked to increased risks of UC (OR: 1.1646; 95% CI: 1.0614-1.2779; P = 0.0012) and CD (OR: 1.1865; 95% CI: 1.0948-1.2859; P = 3.07E-05). Reverse MR analysis results revealed that genetic susceptibility to IBD and CD was correlated with an augmented risk of CeD. However, there was no genetic correlation between UC and CeD. All of the above results were validated with other GWAS databases.



Conclusion

There is a bidirectional causal relationship of CeD with IBD and CD. However, UC only augments the risk of developing CeD.
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Introduction

IBD including CD and UC is characterized by chronic recurring inflammation of the gastrointestinal tract. It has a significant sickness burden globally (1, 2). CD can impact any portion of the gastrointestinal tract, with the colon and terminal ileum being the most commonly impacted sites. Inflammation in CD is discontinuous (i.e., skip areas) and frequently transmural. UC primarily affects the rectum and a portion of the colon, spreading in a continuous pattern. It is limited to the mucosa. It has more superficial inflammation than CD (3, 4). Celiac disease (CeD) is a chronic intestinal ailment associated with an immune system disorder and gluten intolerance. It causes parenteral and gastrointestinal symptoms in about 1.4% of the global population (5). Despite the fact that genetics contribute to the development of CeD, new evidence from observational research has shown that CeD is strongly linked to other chronic diseases, implying common causes or risk factors (5, 6). CeD and IBD are inflammatory gastrointestinal diseases that are increasing in incidence and prevalence. Both diseases are thought to share some genetic, immune, and environmental factors that either directly cause the disease or affect other factors to cause the disease, resulting in an altered immune response in patients with a genetic tendency (7–10).

The relationship between IBD and CeD has recently piqued people’s interest. Both illnesses are believed to be related to the interplay of specific environmental elements, which either cause the illness directly or make other factors cause the sickness and induce an altered immune response in patients with a hereditary predisposition (11). According to some studies, the risk of getting IBD is 5-10 times higher in CeD cases than in the general population (7, 12), while the risk of CeD in IBD patients is only moderately higher (13). However, other research have found that the risk of getting CeD is not augmented in IBD patients (12, 14). A recent meta-analysis (15) involving 65 studies has discovered a bidirectional correlation between CeD and IBD (including CD and UC). In patients with CeD, the risk of IBD was augmented 9-fold and the risk of CD was higher than that of UC. In cases with IBD, the risk of CeD was moderately increased and the risk of CD was higher than that of UC (15). Although increasing evidence (16, 17) has shown that CeD and IBD might influence each other, whether these diseases are causally related to each other remains unclear. At the same time, the majority of earlier research was observational and cannot be used to establish causation because it could have confounding variables and reverse causality (18).

MR is a method for determining genetic variations. By combining GWAS data, MR can effectively reduce results’ deviation caused by confounding and reverse causality of genetic variation as a tool variable (19). MR is frequently used to ascertain if exposure and outcomes are causally related. If the exposure is causal, instrumental variables that affect the exposure will have proportional effects on results (20). In this study, MR analysis was performed for two-sample GWAS data to evaluate the causal correlation between CeD and IBD (encompassing CD and UC).



Methods


Research and data sources

In MR research, the instrumental variable (IV) must meet three fundamental assumptions (Figure 1) (1): genetic variation ought to be significantly relevant to exposure; (2) genetic variation ought to be linked to exposure, not linked to any confounding factors associated with the outcome. (3) genetic variation should have nothing to do with exposure or confounding factor-dependent outcome. It is difficult to estimate causality without making any of the above assumptions (21). We used data from published research or publicly available GWAS statistics.




Figure 1 | Conceptual framework diagram for Mendelian randomization analysis.



The biggest GWAS reported for IBD (encompassing UC and CD) to date was selected to produce more complete and reliable results (22). Another GWAS study of IBD (23) was also included for verification. SNPs linked to IBD (encompassing CD and UC) were extracted. Effect estimation of SNPs relevant to CeD was extracted from two GWAS published CeD databases (24, 25). Dataset details are listed in Table 1. To avoid pleiotropic deviation of cross-lineage cases (26), all research participants were of European ancestry.


Table 1 | Description of GWAS summary samples used in this study.





Selection of instrumental variables

The best instrumental variables were chosen using the following high-quality procedures to guarantee the integrity and precision of study findings. Firstly, SNP (P < 5×10-8) known to significantly related to IBD with a genome-wide significance was selected as an instrumental variable. Secondly, palindromic SNPs with minor allele frequency (MAF) threshold of 0.3 were allowed. Thirdly, one of the principles of MR method was that there was no linkage disequilibrium (LD) clumping among included instrumental variables because the existence of strong LD might lead to deviation of results. In the present study, we selected independent SNPs (r2<0.001 and distance >10000kb) using the “clump”. Fourthly, it was critical in MR to ensure that the influence of SNP on exposure corresponded to the same allele as the influence on results. This principle states that palindrome SNP will not be included in instrumental variables. These carefully chosen SNPs served as instrumental variables in subsequent MR analysis. Our study investigated and excluded pleiotropic SNPs linked to confounding variables connected to exposure-outcome using the PhenoScanner database to supplement the evidence (27, 28). The selected SNP ought to be closely relevant to exposure according to the MR analysis hypothesis. F-statistic is widely used to gauge how strongly instrumental variables are related to exposure. According to previous research, instrumental variables and exposure have a weak correlation if the F-statistic is more than 10 (29).



Mendelian randomization analysis

The main analysis for MR is inverse variance weighting (IVW) (30), which is essentially a meta-analysis method. To generate an overall estimate of the influence of exposure on outcome, it is translated into a weighted regression of the impact of instrumental factors on outcomes of exposure effects. IVW can avoid confounding variables without a horizontal pleiotropy and produce unbiased estimation. Furthermore, we employed the following three additional methods that permitted horizontal pleiotropy with a lower statistical capability than IVW: (1) the MR-Egger regression (31); (2) the weighted median method (32); and (3) the weighted mode method (33).



Sensitivity analysis

According to MR, the genetic instrument can only influence the result by exposing people to it. Gene variations might have pleiotropic effects. Estimates may be inaccurate if the SNPs used as instruments have a horizontal pleiotropic impact, which causes the outcome to be influenced by a pathway other than the exposure. Using more SNPs might prevent this bias if the pleiotropic effects are balanced. Bias is also less likely by estimates consistent across numerous methodologies and various pleiotropy assumptions. Outliers in IVW linear regression might be detect and correct using the MR-PRESSO (34). To pass the MR-PRESSO outlier test, a minimum of 50% of variations should be genuine instrumental variables, should have balanced pleiotropy, and should depend on the instrumental strength independent of direct effects (InSIDE) condition. Furthermore, the heterogeneity of the chosen SNPs was evaluated employing the Cochran Q test (35). This study employed Cochran Q analysis to assess heterogeneity and considered the fixed-effects IVW approach as the main approach if p-values were higher than 0.05 without evidence of heterogeneity. The random-effects IVW approach was utilized if there was substantial heterogeneity (p < 0.05). R software (version 4.0.2, MR package) was employed to perform all statistical analyses.




Results

The genetic correlation between CD and UC (two subtypes of IBD) was 19.5%. These two subtypes rarely coexist due to their limited genetic link.


Causal relationship between CeD and IBD

According to the above selection standard, the linkage disequilibrium test was conducted to select SNPs associated with CeD and IBD (including UC and CD) at first. SNPs with F-statistics below 10 were then removed. Confounding factors were removed based on the PhenoScanner Database. Finally, abnormal values were removed through MR-PRESSO global outlier test. A total of 23, 29, and 26 SNPs related to CeD in association with IBD, UC, and CD, respectively, were obtained (Supplemental Table S1).

Cochran’s Q test revealed significant heterogeneity (PIBD = 0.002; PUC = 6.48E-07; PCD = 0.008) (Table 2). Analyses were conducted using the IVW with the multiplicative random-effects model. After pleiotropic SNPs were removed (Supplemental Table S5), a positive correlation between CeD and IBD (predicted genetically) was found (OR: 1.1408; 95% CI: 1.0614-1.2261; P = 0.0003). Analysis of the two IBD subtypes revealed that CeD was linked to both UC (OR: 1.1646; 95% CI: 1.0614-1.2779; P = 0.0012) and CD (OR: 1.1865; 95% CI: 1.0948-1.2859; P = 3.07E-05) (Figure 2). No remarkable horizontal pleiotropy was found using sensitivity analysis (regression intercept of MR-Egger was nearly zero, PIBD = 0.4221; PUC = 0.6641; PCD = 0.7851) (Table 2). Funnel plot, leave-one-out analysis, scatter plot, and forest plot of MR are presented in Supplementary Figures 1-3.


Table 2 | Heterogeneity and pleiotropy analysis of CeD with IBD, UC, and CD using different analytical methods.






Figure 2 | Causal estimates given as odds ratios (ORs) and 95% confidence intervals for the effect of CeD on IBD, UC, and CD. CeD, Celiac Disease; IBD, Inflammatory Bowel Disease; UC, Ulcerative Colitis; CD, Crohn’s Disease.



We conducted a verification test using another GWAS database and obtained 8, 8, and 9 SNPs related to CeD with IBD, UC, and CD in the same way (Supplemental Table S2). Cochran’s Q test revealed significant heterogeneity (PIBD = 0.0001; PUC = 0.0056; PCD = 0.0141) (Supplemental Table S9). Analyses were conducted using the IVW with the multiplicative random-effects model. After pleiotropic SNPs were removed (Supplemental Table S6), a positive correlation between CeD and IBD (predicted genetically) was found (OR: 1.2738; 95% CI: 1.1176-1.4519; P = 0.0002). Analysis two subtypes of IBD, CeD was associated with UC (OR: 1.2992; 95% CI: 1.1404-1.4801; P = 8.31E-05) and CD (OR: 1.2804; 95% CI: 1.1343-1.4453; P = 6.34E-05) (Supplemental Figure 13). No remarkable horizontal pleiotropy was found using sensitivity analysis (PIBD = 0.6949; PUC = 0.3858; PCD = 0.3637) (Supplemental Table S9). Funnel plot, leave-one-out analysis, scatter plot, and forest plot of MR analysis are presented in Supplementary Figures 4-6. The conclusion was still suitable for the verification group. Thus, a positive link between genetic susceptibility of CeD and risk of IBD (encompassing UC and CD) was discovered in MR.



Causal relationship between IBD and CeD

According to the same selection standard, the linkage disequilibrium test was conducted to select SNPs linked to IBD (encompassing UC and CD) and CeD at first. SNPs with F-statistics below 10 were then removed. Confounding factors were removed based on the PhenoScanner Database. Finally, abnormal values were removed through MR-PRESSO global outlier test. A total of 21, 13 and 15 SNPs related to IBD, UC, and CD, respectively, in association with CeD were obtained (Supplemental Table S3).

Cochran’s Q test showed remarkable heterogeneity (PIBD = 0.1201; PUC = 0.1997; PCD = 0.0035) (Table 3). Therefore, analyses were conducted using the IVW with the multiplicative fixed-effects model for IBD and UC. Analyses were conducted using the IVW with the multiplicative random-effects model for CD. After pleiotropic SNPs were removed (Supplemental Table S7), a positive correlation between CeD and IBD (predicted genetically) was found (OR: 1.1832; 95% CI: 1.1073-1.2642; P = 6.52E-07). However, different results were obtained in the analysis for the two subtypes of IBD, showing no genetic correlation between UC and CeD (OR: 1.0287; 95% CI: 0.9618-1.1004; P = 0.4082). CD had a positive correlation with CeD (OR: 1.1249; 95% CI: 1.0365-1.2208; P = 0.0047) (Figure 3). No remarkable horizontal pleiotropy was discovered using sensitivity analysis (PIBD = 0.5212; PUC = 0.3715; PCD = 0.9157) (Table 3). Funnel plot, leave-one-out analysis, scatter plot, and forest plot of MR are presented in Supplementary Figures 7-9.


Table 3 | Heterogeneity and pleiotropy analysis of IBD, UC, and CD with CeD using different analytical methods.






Figure 3 | Causal estimates given as odds ratios (ORs) and 95% confidence intervals for the effect of IBD, UC, and CD on CeD. IBD, Inflammatory Bowel Disease; UC, Ulcerative Colitis; CD, Crohn’s Disease; CeD, Celiac Disease.



We also conducted a verification test using another GWAS database and obtained 55, 43, and 47 SNPs related to IBD, UC, and CD, respectively, in association with CeD (Supplemental Table S4). Cochran’s Q test showed remarkable heterogeneity (PIBD = 6.22E-07; PUC = 0.0176; PCD = 0.0008) (Supplemental Table S10). Analyses were conducted using the IVW with the multiplicative random-effects model. After pleiotropic SNPs were removed (Supplemental Table S8), a positive correlation between CeD and IBD (predicted genetically) was found (OR: 1.2117; 95% CI: 1.1336-1.2953; P = 1.61E-08). Analysis results for the two subtypes of IBD were the same as those for the total experimental group. There was no genetic correlation between UC and CeD (OR: 1.0276; 95% CI: 0.9639-1.0893; P = 0.3598). There was a positive correlation between CD and CeD (OR: 1.1465; 95% CI: 1.0885-1.2076; P = 2.46E-07) (Supplemental Figure 14). No remarkable horizontal pleiotropy was found using sensitivity analysis (PIBD = 0.1061; PUC = 0.1823; PCD = 0.1302) (Supplemental Table S10). Funnel plot, leave-one-out analysis, scatter plot, and forest plot of MR are presented in Supplementary Figures 10-12. Conclusion obtained for the experimental group was still suitable for the verification group. Thus, there is a positive link between genetic susceptibility of IBD and risk of CeD. However, UC and CD play different roles in CeD. There is a positive link between genetic susceptibility of CD and the risk of CeD, and UC will not augment the risk of CeD.




Discussion

Within this MR analysis employing the GWAS study database, we assessed the causal link between CeD and IBD. What we discovered was that genetic susceptibility to CeD was linked to augmented IBD, CD, and UC risks. Similarly, genetic susceptibility to IBD was linked to an augmented risk of CeD. The association with CeD showed a difference between CD and UC. CD raised the risk of developing CeD. However, UC did not raise the risk of developing CeD. Therefore, there is a bidirectional causal effect for the association of CeD with IBD and CD, whereas UC only increases the risk of developing CeD.

Evidence from observational studies suggests that IBD and CeD often occur together (7, 15, 36, 37). Several meta-analyses and reviews have found that cases with IBD have an intermediate risk of linked CeD (3.96; 95% CI: 2.23-7.02) (13, 15). Contrarily, cases with CeD have a reported prevalence of IBD of 1-3.2% (7, 14, 38), which is 3–10 times higher than the prevalence of IBD in the general population, indicating that cases with CeD are significantly more likely to develop IBD (38, 39). The significantly higher risk of developing IBD in CeD cases has also been demonstrated by Matteo et al. (36) who have also compared subtypes CD and UC, further indicating that CeD cases have a considerably higher risk of getting IBD, CD, and UC. A recent large meta-analysis study (15) with 43,026 CeD cases, 165,637 IBD cases (38,606 with CD and 55,515 with UC), and 13,470,350 controls has discovered that relative risks of developing IBD, CD, and UC in CeD patients are 2.90 (95% CI: 1.88-4.48), 3.15 (95% CI: 1.77-5.62), and 2.81 (95% CI: 1.82-4.36), respectively. In contrast to controls, CeD was also observed in cases with IBD, CD, and UC with relative risks of 5.32 (95% CI: 3.79-7.46); 7.73 (95% CI: 5.09-11.73), and 4.08 (95% CI: 2.40-6.95), respectively. These investigations back up the current finding that there is a link between IBD and CeD. However, other studies have shown the potential of worse outcomes when IBD and CeD co-exist. Oxford et al. (40) have found that cases with both UC and CeD are more inclined to have complete colitis than controls in a study of 51 cases with concurrent IBD and CeD (OR: 3.30; 95% CI: 1.05-21.50). There was a higher frequency of IBD in 455 cases with CeD in a retrospective research by Yang et al. (14) In addition, three out of five cases with combined UC and CeD needed a colectomy for refractory UC. These investigations have provided a theoretical basis for further research into the long-term prognosis of patients with co-existing CeD and IBD.

At present, evidence suggests that CeD and IBD might share genetic loci. For example, 70% (113/163) and 12% (20/163) of IBD loci are shared with other complicated disorders and CeD, respectively. While using loci in the CeD risk region as a reference, 50% of CeD loci were shared with IBD (37). Patients with CeD had a substantially higher risk of getting IBD than those without CeD. By contrast, there was only a small augment in the prevalence of CeD with IBD compared to population controls (13, 41). This association might be due to shared genetic risk factors for the disorder. In meta-analysis, Festen et al. (41) have identified four common risk loci (IL18RAP, PTPN2, TAGAP, and, PUS10) between CeD and CD, suggesting that there might be a common genetic pathway for the development of these two disorders. Furthermore, the association between CeD and CD can be explained by intraepithelial T cells, a key point responsible for immunopathogenesis of both disorders. Some autoantibodies have been noted in patients with CeD and IBD (12). For instance, 39%-70% of CD patients were positive for anti-Saccharomyces cerevisiae antibodies (ASCAs) (42). In CeD, the ASCA positivity rate was 67% (43), suggesting a correlation between CeD and CD, which might explain the bidirectional causality of CeD and CD. In one study by Snook et al. (44), the positivity rate for antinuclear antibodies (ANAs) was 25%-51% in UC and 8%-17% in CeD. The HLA region can be observed as an association signal for most immune-mediated diseases. The impact of the HLA region is different for IBD and CeD, with the HLA locus being the major genetic susceptibility factor for CeD, accounting for 40% of the genetic risk. However, the HLA alleles associated with IBD are moderately associated and influence the genetic risk of IBD (23, 45). In addition to the HLA region, 163 loci were linked to IBD risk, and 40 susceptibility loci were linked to CeD risk (46). Although these data provide a correlation between the genetic basis of IBD and CeD, further validation and studies are needed for the genetic relationship between the two diseases. These data indicate that there is an association between CeD and UC. However, they are insufficient to draw conclusions about the causality. To activate the immune system and lead to pathological processes, IBD and CeD both require an environmental stimulus. Recent findings have demonstrated that IBD and CeD have extensive overlaps in their immune-mediated basis and genetic basis (37). A bidirectional association between IBD and CeD is also plausible. However, further research is needed on their causal relationship.

The clinical presentation of CeD and IBD are similar (47), and patients with CeD are often investigated for the presence of IBD, as the two disorders may coexist. However, not all patients diagnosed with CeD by serology and histology receive a combined diagnosis of IBD at the time of diagnosis, and vice versa (48). Therefore, this study provides a theoretical basis for the coexistence of both diseases, making clinicians pay more attention to diagnosing and preventing patients with CeD and IBD (encompassing UC and CD) in clinical practice.

Our study is the first two-sample MR analysis of IBD and CeD. MR is less vulnerable to non-differential measurement error, reverse causation, and confounding than observational research. The iterative method is conservative. It confirms the uniformity of the point calculated before and after removing outliers, strengthening the evidence. Additionally, our study also performed additional sensitivity analyses to ensure the consistency of causal estimates and to test the robustness of this study’s results.

Our study has several limitations. Firstly, participants from the exposure and result studies included in the MR ought to not overlap. However, we could not determine the extent of overlap in this study. Secondly, there is a limit in generalizing current results other races because results of this study are based on people of European ancestry. Therefore, caution is needed when using our findings in racially and ethnically diverse populations. Thirdly, there are strengths and weaknesses to each of the methods we used in our analysis. However, using different methods based on various presumptions could raise the likelihood of obtaining inconsistent or opposing results and obscure conclusions. Fourthly, due to the limitations of the GWAS summary statistics, the MR based on different ages, gender, and height was not feasible. Fifthly, the analysis divided pleiotropy into vertical and horizontal pleiotropy; the presence of horizontal pleiotropy violates the MR’s presumptions and introduces bias, which significantly impacts the study’s findings. However, there was no horizontal pleiotropy in the Egger intercept of the MR, demonstrating that the investigation of pleiotropy can successfully eliminate bias and increase the stability of results. Sixthly, even if confounding has been removed in this study, the influence of third-party conditions cannot be excluded, so the results may be nonlinear and need further confirmation.



Conclusions

We confirmed a bidirectional causal effect link of CeD with IBD and CD. We found that UC only increased the risk of developing CeD. This gives more weight to the diagnosis and prevention of CeD patients and IBD (encompassing UC and CD) patients in clinical practice. It also provides a new direction for research into both CeD and IBD (encompassing UC and CD).
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