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Background and objectives: Lactose intolerance and coeliac disease are common clinical nutrient malabsorption disorders, with an unclear pathogenesis and limited therapeutic options. It is widely believed that the gut microbiota plays an important role in many digestive disorders, but its role in lactose intolerance and coeliac disease is not yet clear. This study aimed to investigate the correlation between gut microbiota and lactose intolerance and coeliac disease.

Materials and methods: This study utilized the genome-wide association study database to investigate the association between gut microbiota and lactose intolerance and coeliac disease using Mendelian randomization (MR). The robustness of our findings was confirmed through subsequent analyses including Cochrane’s Q statistic, MR-Egger Intercept Regression, MR-PRESSO Global Test and Leave-one-out methods.

Results: By employing the inverse variance weighted method, we identified that family Veillonellaceae, genus Oxalobacter and Senegalimassilia were protective against lactose intolerance, whereas genus Anaerotruncus, Eubacterium rectale group and Ruminococcus2 were found to be risk factors for lactose intolerance. Regarding coeliac disease, class Bacilli and Gammaproteobacteria, family FamilyXIII and Veillonellaceae, genus Eisenbergiella, Lachnoclostridium, RuminococcaceaeUCG014 and Ruminococcus2 were identified as protective factors, while class Betaproteobacteria, genus Eubacterium xylanophilum group and Blautia were risk factors. Furthermore, reverse the MR analysis did not reveal any evidence of a causal relationship between lactose intolerance or coeliac disease and the bacteria identified in our study.

Conclusion: This study provides novel insights into exploring the role of gut microbiota in lactose intolerance and coeliac disease; however, further experiments investigations are required to elucidate the specific underlying mechanisms.
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1 Introduction

Over the past two decades, there has been a significant increase in the number of cases of malabsorption disorders. In addition to intestinal symptoms such as bloating, abdominal pain or diarrhea, malabsorption disorders can also be complicated by fatigue, headache, depression and other extra-intestinal manifestations, leading to a decline in patients’ quality of life (1). Lactose intolerance and coeliac disease are common clinical nutrient malabsorption disorders, with an unclear underlying mechanism and limited therapeutic options.

Lactose intolerance is a disorder characterized by impaired lactose digestion and absorption due to reduced or absent lactase activity in the small intestinal mucosa, leading to a range of clinical symptoms including abdominal discomfort, bloating or gas, cramping, and diarrhea (2). It has been that up to 70% of the world’s population suffers from primary lactase deficiency (3). In addition to gastrointestinal symptoms, patients with lactose intolerance may experience parenteral symptoms, such as headache, joint and/or muscle pain, osteoporosis, eczema, oral ulcers, heart palpitations skin lesions and anxiety. These symptoms can have a negative impact on both quality of life and nutritional status (4, 5). Current management strategies for lactose intolerance are limited to reducing the intake of lactose-rich foods and utilizing lactose replacement medications (6). However, the clinical efficacy of lactase supplementation remains suboptimal (7).

Coeliac disease is a permanent T-cell-mediated enteropathy that primarily affecting the small intestine. It arises from genetic susceptibility combined with gluten ingestion (the major protein component in wheat, rye, and barley) in genetically susceptible individuals. The prevalence rate in the general population is approximately 1%. Individuals with a family history of coeliac disease face a lifetime risk ranging from 10 to 15% for developing this condition (8). Classic coeliac disease predominantly occurs in children under 5 years old and presents with chronic diarrhea, loss of appetite, weight loss, bloating, muscle wasting, and mood changes. Non-classical coeliac disease is commonly characterized by non-specific intestinal complaints such as recurrent abdominal pain, bloating, diarrhea, or constipation, as well as extraintestinal manifestations including persistent iron deficiency, chronic fatigue, dermatitis herpetiformis, or hypergammaglobulinemia (8, 9). In addition, the disease is associated with an elevated risk of psychiatric comorbidities, non-Hodgkin’s lymphoma, and intestinal adenocarcinoma (10). Lifelong adherence to a strict gluten-free diet is the only known effective treatment, creating an urgent need for more effective treatments (11).

Evidence has demonstrated a close association between gut microbiota and lactose intolerance as well as coeliac disease. The clinical manifestations of lactose intolerance are influenced by small intestinal bacterial overgrowth and the composition of the gut microbiome (12). Furthermore, studies have shown that gut microbiota is involved in lactose metabolism (13). Unabsorbed lactose alters intestinal osmotic pressure and the growth of gut microbiota. Gut microbiota, in turn, promotes the fermentation of unabsorbed lactose, leading to the production of hydrogen, methane and other gasses, that cause abdominal distension and pain (14). Bifidobacterium or other lactose-fermenting bacteria were reported to affect the production of lactose in the gut (12, 15). Gois et al. (13) analyzed data of intestinal disease, genetics, gut microbiome and diet from 959 Dutch participants, and observed an increase of Bifidobacterium abundance in lactose intolerance individuals compared with non-lactose-intolerance individuals. The abundance of adult gut bifidobacteria depends on genetic variation related to lactose intolerance as well as its interaction with dairy intake. On the contrary, studies reported that some intestinal probiotics could promote lactose metabolism and alleviated symptoms associated with lactose intolerance (16). Similarly, approximately 30% of the general population carries the HLA-DQ2/8 coeliac disease susceptibility gene; however, only 2–5% of these individuals go on to develop coeliac disease, suggesting that other environmental factors, including gut microbiota, contribute to the development of the disease (17). Caminero et al. (18) demonstrated that modified gluten peptides from Pseudomonas aeruginosa activated gluten-specific T cells in patients with Crohn’s disease. In contrast, Lactobacillus spp. from the duodenum of non-coeliac disease patients regulated the production of degraded gluten peptides by human proteases and Pseudomonas aeruginosa proteases, thereby reducing their immunogenicity (18). In addition, fecal culture and duodenal biopsies showed an increased abundance of Gram-negative bacteria, Bacteroides, Clostridium, and E. coli in patients with coeliac disease compared to healthy adults (19). The mechanisms through which gut microbiota influences the onset or progression of coeliac disease may involve activation of the innate immune system responses, modulation of epithelial barrier, or exacerbation of an alcohol-soluble protein-specific immune response (17). However, establishing a causal relationship between gut microbiota and lactose intolerance as well as coeliac disease may be limited due to various confounding factors such as environment, dietary habits and lifestyle.

Mendelian randomization (MR) offers an alternative approach for investigating causality in epidemiological studies by modifying exposure to associated genetic variation to assess causal outcomes, reducing confusion and potential bias in reverse causality (20, 21). In recent years, the causal relationship between gut microbiota with lactose intolerance as well as coeliac disease has remained unclear. Moreover, gut microbiota is susceptible to confounding factors, and observational studies restrict our ability to explore causality effectively. Hence, in this study, we employed MR analysis to investigate the relationship between genetic variation in the gut microbiota and lactose intolerance as well as coeliac disease.



2 Materials and methods


2.1 Study design

In this study, a bidirectional two-sample MR analysis was used to investigate the causal relationship between gut microbiota and lactose intolerance as well as coeliac disease. The study flow chart is depicted in Figure 1. Subsequently, reverse MR Analysis was conducted to explore whether lactose intolerance or coeliac disease exerted a causal effect on the identified microbiome, with lactose intolerance and coeliac disease being considered as exposures.

[image: Figure 1]

FIGURE 1
 Bidirectional MR analysis process and three basic assumptions. SNPs, single nucleotide polymorphisms; MR, Mendelian randomization.




2.2 Data sources

Our study obtained single nucleotide polymorphisms (SNPs) associated with the gut microbiota as instrumental variables (IVs) from the genome-wide association study (GWAS) dataset of the International Consortium MiBioGen1. The consortium analyzed genotyping data and 16S rRNA gene sequencing profiles from 18,340 participants across 24 cohorts encompassing countries such as the United States, Canada, Israel, South Korea, Germany, Denmark, the Netherlands, Belgium, Sweden, Finland, and the United Kingdom (22). This study incorporated 211 taxa, which consisted of 9 phyla, 16 classes, 20 orders, 35 families, and 131 genera.

In our study, we focused on the trait “lactose intolerance.” GWAS data for lactose intolerance were sourced from the GWAS Catalog2 under study accession “GCST90044159.” The analysis encompassed a total of 456,348 individuals of European (U.K.) descent, comprising 150 cases of European ancestry and 456,198 controls of European ancestry (23). The phenotype “coeliac disease” was adopted in our research. GWAS data for coeliac disease were obtained from the FinnGen database (24), and the GWAS consisted of 3,690 cases (including 2,456 females and 1,234 males) and 361,055 controls. Our dataset was sourced from distinct databases to minimize the possibility of sample overlap.



2.3 Selection of IVs

Our choice of IVs conforms to the three basic assumptions of MR analysis as follows: (1) the relevance assumption: SNPs were directly associated with exposure; (2) the independence assumption: SNPs do not affect outcome through confounders; (3) the exclusion restriction assumption: SNPs affect outcomes only through exposure (25). To ensure a strong correlation between SNPs and exposure and to be able to obtain a sufficient number of IVs, we set a genome-wide statistical significance threshold of p < 1.0 × 10−5 to screen for SNPs associated with exposure. For the IVs used for reverse MR analysis, we set the genome-wide statistical significance threshold to p < 5.0 × 10−8, but did not filter a sufficient number of IVs for lactose intolerance, so we adjusted it to p < 1.0 × 10−5 for lactose intolerance. Then we performed a linkage disequilibrium (LD) analysis clumping SNPs to ensure independence among the selected SNPs. The chain imbalance threshold was set to r2 < 0.001, and the clumping window size was set to 10,000 kb, using a reference panel from the European 1,000 Genomes Projects. Next, we removed IVs with F-statistics less than 10 [F = (beta/se)2] to avoid bias caused by weak IVs (26). Proxies are not used for IVs that are not successfully harmonized.

To avoid the influence of confounding factors, we used the PhenoScanner online tool (PhenoScanner3) to query for traits associated with the selected SNPs and reviewed the literature to check whether these traits affect the outcome. The filtered SNPs should satisfy p > 1.0 × 10−5 in the outcome to ensure their independence for the outcome. Finally, we removed SNPs with palindromic structures.



2.4 MR analysis

We performed two-sample MR analyses to investigate the causal relationship between gut microbiota and lactose intolerance and coeliac disease. For the reverse MR analysis, we used two diseases as exposures and gut microbiota as outcomes. This approach allows us to assess whether there is a bidirectional causal link between gut microbiota and the two diseases. For the MR analysis, we used inverse variance weighted (IVW), MR Egger, Weighted median, Simple mode, and Weighted mode methods for evaluation. When SNPs perfectly adhered to the three assumptions of the MR study, the IVW method exhibited prior statistical power compared to all other methods, and therefore, we gave priority to the results obtained by the IVW method (27). A significance level of p < 0.05 was considered to determine whether potential causal effects were statistically significant.



2.5 Sensitivity analysis

Cochrane’s Q test was utilized to evaluate the presence of heterogeneity in the IVs, with significance considered when p < 0.05. The assessment of potential horizontal pleiotropy involved examining the intercept of the MR-Egger regression and MR-PRESSO, with horizontal pleiotropy deemed present when p < 0.05. Furthermore, we investigated whether a single IV was the driving factor behind the results through the “leave-one-out” method.

All statistical analyses were done using R software (version 4.3.2). MR and sensitivity analyses were done using the “TwoSampleMR” package (version 0.5.7) (28) and the “MRPRESSO” package (version 1.0) (29).




3 Results


3.1 IVs for analysis

Following the screening SNPs based on the locus-wide significance threshold of p < 1.0 × 10−5, we collected the data of 211 gut microbiota taxa from the MiBioGen official website. A total of 13,671 SNPs from 196 gut microbiota were used for the subsequent analyses after excluding SNP data from 15 unknown taxa. Then IVs with palindromic structures were eliminated, and the remaining SNPs were required to have p > 1.0 × 10−5 in the outcome data.

This process resulted in 2,106 SNPs related to lactose intolerance and 2,078 SNPs associated with coeliac disease from 196 gut microbiota taxa for subsequent MR analysis, with detailed information presented in Supplementary Tables S1, S2. Furthermore, the SNPs utilized for reverse MR analysis can be found in Supplementary Tables S3, S4.



3.2 Causal effect of gut microbiota on lactose intolerance and coeliac disease

Through the MR analysis, we discovered that 1 family and 5 genera had a causal relationship with lactose intolerance. Specifically, at the family level, the IVW analysis indicated a negative correlation between Veillonellaceae [odds ratio (OR) = 0.31, 95% confidence interval (95% CI), 0.13–0.75, p = 0.0096] and the occurrence of lactose intolerance. At the genus level, Anaerotruncus, (OR = 9.64, 95% CI, 2.76–33.62, p = 0.00038), Eubacterium rectale group (OR = 6.53, 95% CI, 1.37–31.23, p = 0.01869) and Ruminococcus2 (OR = 5.24, 95% CI, 1.74–15.78, p = 0.00319) were positively correlated with lactose intolerance, while Oxalobacter (OR = 0.45, 95% CI, 0.23–0.90, p = 0.02325) and Senegalimassilia (OR = 0.21, 95% CI, 0.05–0.87, p = 0.03066) were negatively correlated with lactose intolerance (Figure 2A).
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FIGURE 2
 Causal association between gut microbiota and lactose intolerance and coeliac disease. (A) Causal association between gut microbiota and lactose intolerance. (B) Causal association between gut microbiota and coeliac disease. (C) Positive IVW-MR results was shown with heatmap with red indicating risk factors and blue indicating protective factors, respectively. IVW, inverse variance weighted; SNPs, single nucleotide polymorphisms; OR, odds ratio; CI, confidence interval.


Meanwhile, we identified 3 classes, 2 families and 6 genera that exhibited a causal relationship with coeliac disease. Specifically, at the class level, Bacilli (OR = 0.76, 95% CI, 0.61–0.94, p = 0.01297) and Gammaproteobacteria (OR = 0.69, 95% CI, 0.49–0.97, p = 0.03299) showed a negative association to the development of coeliac disease, while there was a positive association of Betaproteobacteria (OR = 1.49, 95% CI, 1.10–2.02, p = 0.01033). At the family level, we identified both FamilyXIII (OR = 0.61, 95% CI, 0.43–0.87, p = 0.00621) and Veillonellaceae (OR = 0.83, 95% CI, 0.69–0.99, p = 0.04233) as having a negative association with the development of coeliac disease. At the genus level, Eubacterium xylanophilum group (OR = 1.34, 95% CI, 1.05–1.72, p = 0.0171) and Blautia (OR = 1.37, 95% CI, 1.05–1.80, p = 0.01869) were positively correlated with coeliac disease, while Eisenbergiella (OR = 0.82, 95% CI, 0.70–0.97, p = 0.01824), Lachnoclostridium (OR = 0.72, 95% CI, 0.56–0.93, p = 0.01115), RuminococcaceaeUCG014 (OR = 0.76, 95% CI, 0.60–0.95, p = 0.01877) and Ruminococcus2 (OR = 0.82, 95% CI, 0.67–0.99, p = 0.04445) were negatively correlated with coeliac disease (Figure 2B).

Our study notably unveiled a causal relationship between the family Veillonellaceae and genus Ruminococcus2 in relation to both lactose intolerance and coeliac disease. Veillonellaceae emerged as a common protective factor for both conditions, whereas Ruminococcus2 was identified as a risk factor for lactose intolerance but a protective factor for coeliac disease (Figure 2C). The scatter plots of MR analysis for lactose intolerance and coeliac disease can be found in Figures 3, 4. More comprehensive details of the MR results are available in Supplementary Tables S5, S6. Additionally, an alternative representation of the effects of SNPs can be observed in Supplementary Figures S1, S2, which features a forest plot.
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FIGURE 3
 Scatter plots of the causal association between gut microbiota and lactose intolerance. SNP, single nucleotide polymorphism; MR, Mendelian randomization.


[image: Figure 4]

FIGURE 4
 Scatter plots of the causal association between gut microbiota and coeliac disease. SNP, single nucleotide polymorphism; MR, Mendelian randomization.




3.3 Sensitivity analysis

The sensitivity analysis conducted in our study aimed to ensure the reliability and robustness of the results obtained. In Cochrane’s Q test, p-values were all >0.05, indicating that heterogeneity bias did not significantly influence the outcomes (Tables 1, 2). Moreover, the findings from both the MR-Egger intercept and MR-PRESSO Global Test, showing p-values >0.05, suggest the absence of horizontal pleiotropy, affirming that the IVs did not impact the risk of lactose intolerance or coeliac disease through pathways unrelated to gut microbiota (Tables 1, 2). For a comprehensive view of the sensitivity analyses conducted on all taxa and their association with lactose intolerance and coeliac disease, please refer to Supplementary Tables S7–S12. The leave-one-out analysis indicated that no individual IV significantly influenced the overall estimates for either condition, as depicted in Figures 5, 6.



TABLE 1 Sensitivity analysis between gut microbiota and lactose intolerance.
[image: Table1]



TABLE 2 Sensitivity analysis between gut microbiota and coeliac disease.
[image: Table2]
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FIGURE 5
 Leave-one-out sensitivity analysis for gut microbiota on lactose intolerance. Error bars indicate 95% confidence interval.
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FIGURE 6
 Leave-one-out sensitivity analysis for gut microbiota on coeliac disease. Error bars indicate 95% confidence interval.




3.4 Reverse MR analysis

In the reverse MR analysis focusing on the gut microbiota composition identified in the forward MR analysis, no evidence of reverse causality between lactose intolerance and coeliac disease was found across various analytical methods, as outlined in Supplementary Tables S13, S14. Subsequent Cochrane’s Q test did not reveal the presence of heterogeneity, and MR-Egger regression intercept analysis and MR-PRESSO Global Test did not reveal the presence of horizontal pleiotropy (Supplementary Tables S15–S20), thus supporting the robustness of the findings. In summary, the reverse MR analysis confirmed the absence of causal relationships between the gut microbiota taxa and the studied diseases.




4 Discussion

There are approximately 40 trillion bacteria in the human body, approximately 99% of which are contained in the human colon. Gut microbiota homeostasis is essential for nutrient absorption, and the imbalance of gut microbiota may lead to impaired nutrient absorption. Evidence has shown that gut microbiota play a pivotal role in the progression of lactose intolerance and coeliac disease (12, 17). In this study, MR analysis was conducted using GWAS data from the International Consortium MiBioGen database, the GWAS Catalog, and the FinnGen database to investigate the causal relationship between the gut microbiota and lactose intolerance as well as coeliac disease. Overall, we identified 6 microorganism taxa for lactose intolerance and 11 microorganism taxa for coeliac disease with either positive or negative effect. This study establishes a potential causal link between the composition of the gut microbiota and the development of lactose intolerance and coeliac disease, offering a fresh perspective on the pathogenesis of these conditions and pointing toward novel therapeutic targets.

For lactose intolerance, we found that family Veillonellaceae, genus Oxalobacter and Senegalimassilia were protective factors for lactose intolerance, while genus Anaerotruncus, Eubacterium rectale group and Ruminococcus2 were identified as risk factors. Family Veillonellaceae, a group of Gram-negative bacteria in Firmicutes, was known to ferment lactic acid and produced acetate, propionate, and carbon monoxide (30). Firrman et al. (31) harvested fecal samples from 18 donors and performed anaerobic culture in the presence or absence of lactose, and they found that the abundance of Veillonellaceae increased as lactose intake increased indicating that Veillonellaceae was closely related to lactose utilization. Our study identified Veillonellaceae to be a protective factor for lactose intolerance. Therefore, these suggest that Veillonellaceae involved lactose utilization disorder plays a part in the mechanism of lactose intolerance. Genus Oxalobacter, a protective factor for lactose intolerance in our study, was reported to degrade intestinal oxalate and prevent hyperoxaluria (30). Kumar et al. (32) found that the abundance of Oxalobacter was reduced in the feces of patients with inflammatory bowel disease (IBD). These suggested that Oxalobacter might protect against some gastrointestinal diseases (32). Regarding Senegalimassilia, Jiang et al. found that genus Senegalimassilia exhibited a protective effect against pancreatic cancer (33). Adamberg et al. (34) observed Senegalimassilia exhibited enhanced growth in fecal samples of normal-weight children upon supplementation with sugar substrates, contrasting with the findings in overweight children. In addition, the genome of Senegalimassilia encodes proteins involved in glycolysis (phosphofructokinase) and sugar transport (sugar ABC transporter proteins), suggesting a potential for sugar utilization (34). But the direct role of Oxalobacter and Senegalimassilia in lactose utilization or lactose intolerance has not been reported. Genus Anaerotruncus, has been reported to be positively associated with the risk of several diseases, such as nervous system diseases, obesity and liver cancer (35–37). Anaerotruncus, a conditionally pathogenic bacterium, was shown to be increased in the feces of mice on a high sucrose diet and was linked to sugar metabolism dysregulation (36). Ye et al. (38) found gut microbes and aging, and identified genus Eubacterium rectale group to be a frailty-related taxon. Meanwhile, a comparative study conducted by Di Stefano et al. (39) showed that the prevalence of lactose malabsorption tended to increase with age. These results indicate a possible age-mediated link between Eubacterium rectale group and lactose intolerance (38, 39). But there is no direct evidence to prove that Anaerotruncus and Eubacterium rectale group are associated with the development of lactose intolerance.

For coeliac disease, microorganism taxa including class Bacilli and Gammaproteobacteria, family FamilyXIII and Veillonellaceae, genus Eisenbergiella, Lachnoclostridium, RuminococcaceaeUCG014 and Ruminococcus2 displayed significant protective effects. Conversely, class Betaproteobacteria, genus Eubacterium xylanophilum group, and genus Blautia were associated with increased risk of coeliac disease. Class Bacilli was found to be a protective factor for coeliac disease in our study, which could be supported by previous research. De Angelis et al. (40) identified that Bacilli could improve gluten digestion in gluten-sensitive patients by hydrolyzing immunogenic peptides during gastrointestinal digestion. Khan et al. (41) demonstrated that Bacillus subtilis LZU-GM alleviated the adverse effects of gluten-added foods in mice and balanced the gut microbiota in mice. Moreover, this study showed reduced expression of IFN-γ, TNF-α, IL-10, and COX-2 in the lamina propria of mice treated with Bacillus subtilis (41). The results above suggested that Bacilli, particularly Bacillus subtilis, might have beneficial effects in improving gluten digestion and balancing gut microbiota, thus potentially alleviating the adverse effects associated with gluten consumption, with the possible mechanism in mitigating inflammation at the gastrointestinal level. In the gut microbiota of patients with active coeliac disease, there was an increase in the abundance of Betaproteobacteria, while the abundance of Gammaproteobacteria decreased (42). At the family level, FamilyXIII and Veillonellaceae are protective against coeliac disease. There are few studies on FamilyXIII, but one study showed that FamilyXIII UCG001 under this family was negatively correlated with serum levels of TNF-α (43). Therefore, we suggest that subpopulations under FamilyXIII may be involved in the regulation of inflammatory responses in humans. Research by Li et al. (44) demonstrated that Veillonellaceae could reduce intestinal inflammation by downregulating pro-inflammatory molecules such as IL-6, IL-1β, iNOS, and IFN-γ as well as oxidative stress markers like MDA and MPO. These suggest that Veillonellaceae may play a protective role in certain autoimmune diseases. Bonder et al. (45) investigated the gut microbiome of 21 healthy volunteers following a gluten-free diet and found a significant reduction in Veillonellaceae during the intervention. The pathogenic nature of the genus Eubacterium xylanophilum group, as indicated by its potential to inhibit the growth of SCFA-producing bacteria and its associations with metabolic disorders and colon cancer, raised concerns regarding its role in coeliac disease (46). Butyric acid has shown to be an important SCFA associated with various diseases. Butyric acid has a positive metabolic effect on enterocytes and is beneficial to intestinal barrier function. Moreover, butyric acid has been demonstrated to alleviate inflammation of the gastrointestinal mucosa (47). Therefore, we speculated that the pathogenic effect of Eubacterium xylanophilum group in coeliac disease might be mediated by SCFA. At the same time, Rabdosia serra, an herbal tea ingredient, was found to alleviate dextran sulfate sodium (DSS) salt-induced colitis in mice by decreasing the abundance of Eubacterium xylanophilum group and other pathogenic bacteria, regulating the composition of intestinal microbiota (48). Genus Blautia, a mucin degrader, was observed to be increased in IBD and primary sclerosing cholangitis (PSC) compared to healthy controls (49). Garay et al. (50) found that increased Blautia abundance was associated with the risk of developing Crohn’s disease, while reduced level of Blautia was reported in the feces of patients with coeliac disease, but the further mechanism has not been elucidated (51). This phenomenon may result from host feedback regulation of pathogenic bacterial abundance. Gryaznova et al. (52) observed a significant reduction in the genus Eisenbergiella among patients with ulcerative colitis. Eisenbergiella is known to play a crucial role in producing butyrate, which is the primary energy source for intestinal epithelial cells (53, 54). Butyrate has been shown to have anti-inflammatory properties in the gastrointestinal mucosa, potentially contributing to its protective effects against coeliac disease. Lachnoclostridium is a crucial component of the human gut microbiome, playing a role in maintaining homeostasis and exhibiting anti-inflammatory properties. Its metabolites, such as butyrate, alleviate colitis in mice by altering the distribution of intraepithelial lymphocytes, thereby promoting intestinal health and inducing the differentiation and expansion of regulatory T cells (55–57). Clinical studies had shown that Lachnoclostridium abundance is significantly lower in patients with IBD compared to healthy individuals (58). According to Stene et al. (59), recurrent rotavirus infection was a predictor of higher risk of coeliac disease autoimmunity. Lachnoclostridium abundance was reduced in rotavirus-infected children with diarrhea. This suggests that viral infections early in life may affect immune development by affecting the gut microbiota, thereby causing coeliac disease (60). However, direct evidence supporting this relationship is currently lacking in the existing studies. Limited information is available on the genus RuminococcaceaeUCG014. One study stated that glycine could ameliorate LPS-induced intestinal injury in mice with an increased abundance of RuminococcaceaeUCG014, implying its possible protective effect of RuminococcaceaeUCG014 against intestinal injury (61). Yu et al. (62) demonstrated a negative correlation between the abundance of RuminococcaceaeUCG014 and the expression of pro-inflammatory cytokines (IL-1a, IL-6, IL-12a, IL-12b, IL-17a), suggesting a potential role in reducing intestinal inflammation. Regarding genus Ruminococcus2, Wang et al. (63) found that its depletion was one of the alterations in gut microbiology in autoimmune diseases. In an observational study conducted by Li et al. (64), the abundance of Ruminococcus2 was higher in patients with lower levels of T cell and B cell. However, its effects on coeliac disease have been rarely reported.

Our study elucidates the independent effects of different bacteria on lactose intolerance and coeliac disease. However, it is worth emphasizing that the human digestive system is complex and the role of the microorganisms (such as archaea, viruses, and fungi) should also be taken into account. Archaea has a strong pro-inflammatory effect and a strong correlation with TNF-α, which may be a risk factor for coeliac disease (65, 66). Viruses, as mentioned earlier, may influence disease progression by altering the composition of the gut microbiota. As for fungi, Harnett et al. detected Candida sp. in 33% of fecal specimens from coeliac disease patients compared to 0% of controls, suggesting that Candida may act as a trigger for autoimmune responses in genetically susceptible people (67). There is a similarity between the hyphal wall protein 1 of Candida albicans and the coeliac disease-associated gliadin T-cell epitope (68, 69). This hypothesis was supported by higher serum levels of anti-hyphal wall protein 1, anti-gliadin and anti-tissue transglutaminase 2 antibodies in coeliac disease patients than in healthy controls (70). Diet is another important factor influencing gut microbial composition. Dairy consumption was positively correlated with Saccharomyces abundance, and carbohydrate intake was positively correlated with Candida and Methanobrevibacter abundance (71, 72). Lactose and gluten, while acting as pathogenic factors, and their insufficient intake may also affect the composition of gut microorganisms and their interactions, further influencing the disease. The interactions between different gut microbiomes should be elucidated in future studies of lactose intolerance and coeliac disease.

This study has several strengths. The utilization of MR analysis enables the identification of causal relationships between gut microbiota and lactose intolerance as well as coeliac disease, thereby enhancing the capacity to infertility by eliminating the impact of confounding variables and the potential for reverse causation. The genetic variation data pertaining to gut microbiota lactose intolerance and coeliac disease were derived from the largest GWAS meta-analysis of published papers, ensuring the reliability of the IVs used for MR analysis. Moreover, the GWAS data were obtained from diverse databases, including MiBioGen, GWAS Catalog, FinnGen database, thereby mitigating the bias resulting from sample overlap between the exposure and the outcome. During the IV selection process, we augmented the F-statistic to ensure the strength of SNPs and filtered out confounding SNPs using the PhenoScanner online tool. Analyses were subjected to Cochrane’s Q-test to assess for heter and tested for horizontal pleiotropy through MR-Egger regression and MR-PRESSO. Nevertheless, it is important to acknowledge that this study has certain limitations. Ethnic disparities in the prevalence of lactose intolerance and coeliac disease, and we were unable to narrow down our analysis to specific ethnic groups due to limitations in the available GWAS data. Despite we tried to select as much sample data as possible, the relatively small sample size of case data may still impose certain limitations when performing MR analysis. In addition, since our data samples primarily originate from European populations, caution should be exercised when generalizing their relevance to other populations.



5 Conclusion

In conclusion, through MR analysis, we have identified specific taxa of gut microbiota associated with lactose intolerance and coeliac disease. For lactose intolerance, the family Veillonellaceae, genus Oxalobacter and Senegalimassilia were found to be protective factors, while the genus Anaerotruncus, Eubacterium rectale group and Ruminococcus2 were identified as risk factors. In the case of coeliac disease, the class Bacilli and Gammaproteobacteria, family FamilyXIII and Veillonellaceae, as well as the genera Eisenbergiella, Lachnoclostridium, RuminococcaceaeUCG014 and Ruminococcus2, were considered protective factors. Conversely, the class Betaproteobacteria, genus Eubacterium xylanophilum group and Blautia were designated as risk factors for coeliac disease. Additionally, reverse MR analysis indicated that lactose intolerance or coeliac disease did not influence the abundance of the aforementioned bacteria. This study highlights the potential role of gut microbiota in the pathogenesis and treatment of lactose intolerance and coeliac disease, suggesting new avenues for research in this area.

While MR analysis established statistical causality to some extent, providing valuable evidence for the relationship between exposure and outcome, it is essential to note that definitive causality cannot be conclusively proven. The precise protective or risk effects of the identified gut microbiota on lactose intolerance and coeliac disease warrant further investigation through cohort studies or fundamental medical research in the future.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

ZH: Conceptualization, Formal analysis, Investigation, Methodology, Software, Writing – original draft. YR: Conceptualization, Writing – review & editing. JLi: Writing – original draft. XZ: Validation, Writing – review & editing. HY: Validation, Writing – review & editing. JLiu: Methodology, Writing – review & editing. SD: Formal analysis, Writing – review & editing. HJ: Resources, Writing – review & editing. ZY: Data curation, Writing – review & editing. YL: Methodology, Writing – review & editing. LG: Data curation, Writing – review & editing. SZ: Writing – review & editing. SB: Writing – review & editing, Supervision. WY: Writing – review & editing. BW: Writing – review & editing. LZ: Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was funded by the National Natural Science Foundation of China [grant numbers 81860109]; and the Natural Science Foundation of Tianjin [grant number 21JCZDJC00880].



Acknowledgments

We want to acknowledge the participants and investigators of the FinnGen study.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2024.1395801/full#supplementary-material



Footnotes

1   https://www.mibiogen.org

2   https://www.ebi.ac.uk/gwas/

3   https://www.cam.ac.uk



References

 1. Zingone, F, Bertin, L, Maniero, D, Palo, M, Lorenzon, G, Barberio, B , et al. Myths and facts about food intolerance: a narrative review. Nutrients. (2023) 15:4969. doi: 10.3390/nu15234969 

 2. Ghafoor, A, Karunaratne, T, and Rao, SSC. Bacterial overgrowth and lactose intolerance: how to best assess. Curr Opin Clin Nutr Metab Care. (2022) 25:334–40. doi: 10.1097/MCO.0000000000000861 

 3. Storhaug, CL, Fosse, SK, and Fadnes, LT. Country, regional, and global estimates for lactose malabsorption in adults: a systematic review and meta-analysis. Lancet Gastroenterol Hepatol. (2017) 2:738–46. doi: 10.1016/S2468-1253(17)30154-1 

 4. Casellas, F, Aparici, A, Perez, MJ, and Rodriguez, P. Perception of lactose intolerance impairs health-related quality of life. Eur J Clin Nutr. (2016) 70:1068–72. doi: 10.1038/ejcn.2016.80 

 5. Facioni, MS, Raspini, B, Pivari, F, Dogliotti, E, and Cena, H. Nutritional management of lactose intolerance: the importance of diet and food labelling. J Transl Med. (2020) 18:260. doi: 10.1186/s12967-020-02429-2

 6. Micic, D, Rao, VL, and Rubin, DT. Clinical approach to lactose intolerance. JAMA. (2019) 322:1600–1. doi: 10.1001/jama.2019.14740

 7. Szilagyi, A, and Ishayek, N. Lactose intolerance, dairy avoidance, and treatment options. Nutrients. (2018) 10:994. doi: 10.3390/nu10121994 

 8. Catassi, C, Verdu, EF, Bai, JC, and Lionetti, E. Coeliac disease. Lancet. (2022) 399:2413–26. doi: 10.1016/S0140-6736(22)00794-2

 9. Lindfors, K, Ciacci, C, Kurppa, K, Lundin, KEA, Makharia, GK, Mearin, ML , et al. Coeliac disease. Nat Rev Dis Primers. (2019) 5:3. doi: 10.1038/s41572-018-0054-z

 10. Laurikka, P, Kivela, L, Kurppa, K, and Kaukinen, K. Review article: systemic consequences of coeliac disease. Aliment Pharmacol Ther. (2022) 56:S64–72. doi: 10.1111/apt.16912

 11. Mooney, PD, Hadjivassiliou, M, and Sanders, DS. Coeliac disease. BMJ. (2014) 348:g1561. doi: 10.1136/bmj.g1561

 12. Misselwitz, B, Butter, M, Verbeke, K, and Fox, MR. Update on lactose malabsorption and intolerance: pathogenesis, diagnosis and clinical management. Gut. (2019) 68:2080–91. doi: 10.1136/gutjnl-2019-318404 

 13. Gois, MFB, Sinha, T, Spreckels, JE, Vich Vila, A, Bolte, LA, Weersma, RK , et al. Role of the gut microbiome in mediating lactose intolerance symptoms. Gut. (2022) 71:215–7. doi: 10.1136/gutjnl-2020-323911 

 14. Zhu, Y, Zheng, X, Cong, Y, Chu, H, Fried, M, Dai, N , et al. Bloating and distention in irritable bowel syndrome: the role of gas production and visceral sensation after lactose ingestion in a population with lactase deficiency. Am J Gastroenterol. (2013) 108:1516–25. doi: 10.1038/ajg.2013.198 

 15. Kato, K, Ishida, S, Tanaka, M, Mitsuyama, E, Xiao, JZ, and Odamaki, T. Association between functional lactase variants and a high abundance of Bifidobacterium in the gut of healthy Japanese people. PLoS One. (2018) 13:e0206189. doi: 10.1371/journal.pone.0206189 

 16. Oak, SJ, and Jha, R. The effects of probiotics in lactose intolerance: a systematic review. Crit Rev Food Sci Nutr. (2019) 59:1675–83. doi: 10.1080/10408398.2018.1425977 

 17. Verdu, EF, Galipeau, HJ, and Jabri, B. Novel players in coeliac disease pathogenesis: role of the gut microbiota. Nat Rev Gastroenterol Hepatol. (2015) 12:497–506. doi: 10.1038/nrgastro.2015.90 

 18. Caminero, A, Galipeau, HJ, McCarville, JL, Johnston, CW, Bernier, SP, Russell, AK , et al. Duodenal Bacteria from patients with celiac disease and healthy subjects distinctly affect gluten breakdown and immunogenicity. Gastroenterology. (2016) 151:670–83. doi: 10.1053/j.gastro.2016.06.041

 19. Chibbar, R, and Dieleman, LA. The gut microbiota in celiac disease and probiotics. Nutrients. (2019) 11:2375. doi: 10.3390/nu11102375 

 20. Skrivankova, VW, Richmond, RC, Woolf, BAR, Yarmolinsky, J, Davies, NM, Swanson, SA , et al. Strengthening the reporting of observational studies in epidemiology using Mendelian randomization: the STROBE-MR statement. JAMA. (2021) 326:1614–21. doi: 10.1001/jama.2021.18236 

 21. Bowden, J, and Holmes, MV. Meta-analysis and Mendelian randomization: a review. Res Synth Methods. (2019) 10:486–96. doi: 10.1002/jrsm.1346 

 22. Kurilshikov, A, Medina-Gomez, C, Bacigalupe, R, Radjabzadeh, D, Wang, J, Demirkan, A , et al. Large-scale association analyses identify host factors influencing human gut microbiome composition. Nat Genet. (2021) 53:156–65. doi: 10.1038/s41588-020-00763-1 

 23. Jiang, L, Zheng, Z, Fang, H, and Yang, J. A generalized linear mixed model association tool for biobank-scale data. Nat Genet. (2021) 53:1616–21. doi: 10.1038/s41588-021-00954-4 

 24. Kurki, MI, Karjalainen, J, Palta, P, Sipila, TP, Kristiansson, K, Donner, KM , et al. FinnGen provides genetic insights from a well-phenotyped isolated population. Nature. (2023) 613:508–18. doi: 10.1038/s41586-022-05473-8 

 25. Davies, NM, Holmes, MV, and Davey, SG. Reading Mendelian randomisation studies: a guide, glossary, and checklist for clinicians. BMJ. (2018) 362:k601. doi: 10.1136/bmj.k601

 26. Burgess, S, and Thompson, SG, Collaboration CCG. Avoiding bias from weak instruments in Mendelian randomization studies. Int J Epidemiol. (2011) 40:755–64. doi: 10.1093/ije/dyr036

 27. Burgess, S, Davey Smith, G, Davies, NM, Dudbridge, F, Gill, D, Glymour, MM , et al. Guidelines for performing Mendelian randomization investigations: update for summer 2023. Wellcome Open Res. (2019) 4:186. doi: 10.12688/wellcomeopenres.15555.1

 28. Hemani, G, Zheng, J, Elsworth, B, Wade, KH, Haberland, V, Baird, D , et al. The MR-base platform supports systematic causal inference across the human phenome. eLife. (2018) 7:7. doi: 10.7554/eLife.34408

 29. Verbanck, M, Chen, CY, Neale, B, and Do, R. Detection of widespread horizontal pleiotropy in causal relationships inferred from Mendelian randomization between complex traits and diseases. Nat Genet. (2018) 50:693–8. doi: 10.1038/s41588-018-0099-7 

 30. Scheiman, J, Luber, JM, Chavkin, TA, MacDonald, T, Tung, A, Pham, LD , et al. Meta-omics analysis of elite athletes identifies a performance-enhancing microbe that functions via lactate metabolism. Nat Med. (2019) 25:1104–9. doi: 10.1038/s41591-019-0485-4 

 31. Firrman, J, Liu, L, Mahalak, K, Hu, W, Bittinger, K, Moustafa, A , et al. An in vitro analysis of how lactose modifies the gut microbiota structure and function of adults in a donor-independent manner. Front Nutr. (2022) 9:1040744. doi: 10.3389/fnut.2022.1040744

 32. Kumar, R, Ghoshal, UC, Singh, G, and Mittal, RD. Infrequency of colonization with Oxalobacter formigenes in inflammatory bowel disease: possible role in renal stone formation. J Gastroenterol Hepatol. (2004) 19:1403–9. doi: 10.1111/j.1440-1746.2004.03510.x

 33. Jiang, Z, Mou, Y, Wang, H, Li, L, Jin, T, Wang, H , et al. Causal effect between gut microbiota and pancreatic cancer: a two-sample Mendelian randomization study. BMC Cancer. (2023) 23:1091. doi: 10.1186/s12885-023-11493-y 

 34. Adamberg, K, Adamberg, S, Ernits, K, Larionova, A, Voor, T, Jaagura, M , et al. Composition and metabolism of fecal microbiota from normal and overweight children are differentially affected by melibiose, raffinose and raffinose-derived fructans. Anaerobe. (2018) 52:100–10. doi: 10.1016/j.anaerobe.2018.06.009 

 35. Zhang, X, Coker, OO, Chu, ES, Fu, K, Lau, HCH, Wang, YX , et al. Dietary cholesterol drives fatty liver-associated liver cancer by modulating gut microbiota and metabolites. Gut. (2021) 70:761–74. doi: 10.1136/gutjnl-2019-319664 

 36. Kong, C, Gao, R, Yan, X, Huang, L, and Qin, H. Probiotics improve gut microbiota dysbiosis in obese mice fed a high-fat or high-sucrose diet. Nutrition. (2019) 60:175–84. doi: 10.1016/j.nut.2018.10.002

 37. Xi, C, Li, A, Lai, J, Huang, X, Zhang, P, Yan, S , et al. Brain-gut microbiota multimodal predictive model in patients with bipolar depression. J Affect Disord. (2023) 323:140–52. doi: 10.1016/j.jad.2022.11.026 

 38. Ye, H, Ghosh, TS, Hueston, CM, Vlckova, K, Golubeva, AV, Hyland, NP , et al. Engraftment of aging-related human gut microbiota and the effect of a seven-species consortium in a pre-clinical model. Gut Microbes. (2023) 15:2282796. doi: 10.1080/19490976.2023.2282796 

 39. Di Stefano, M, Veneto, G, Malservisi, S, Strocchi, A, and Corazza, GR. Lactose malabsorption and intolerance in the elderly. Scand J Gastroenterol. (2001) 36:1274–8. doi: 10.1080/003655201317097119 

 40. De Angelis, M, Siragusa, S, Vacca, M, Di Cagno, R, Cristofori, F, Schwarm, M , et al. Selection of gut-resistant Bacteria and construction of microbial consortia for improving gluten digestion under simulated gastrointestinal conditions. Nutrients. (2021) 13:992. doi: 10.3390/nu13030992 

 41. Khan, A, Li, S, Han, H, Jin, WL, Ling, Z, Ji, J , et al. A gluten degrading probiotic Bacillus subtilis LZU-GM relieve adverse effect of gluten additive food and balances gut microbiota in mice. Food Res Int. (2023) 170:112960. doi: 10.1016/j.foodres.2023.112960 

 42. D'Argenio, V, Casaburi, G, Precone, V, Pagliuca, C, Colicchio, R, Sarnataro, D , et al. Metagenomics reveals Dysbiosis and a potentially Pathogenic N. flavescens strain in duodenum of adult celiac patients. Am J Gastroenterol. (2016) 111:879–90. doi: 10.1038/ajg.2016.95 

 43. Zhi, T, Hong, D, Zhang, Z, Li, S, Xia, J, Wang, C , et al. Anti-inflammatory and gut microbiota regulatory effects of walnut protein derived peptide LPF in vivo. Food Res Int. (2022) 152:110875. doi: 10.1016/j.foodres.2021.110875 

 44. Li, N, Wang, H, Zhao, H, Wang, M, Cai, J, Hao, Y , et al. Cooperative interactions between Veillonella ratti and Lactobacillus acidophilus ameliorate DSS-induced ulcerative colitis in mice. Food Funct. (2023) 14:10475–92. doi: 10.1039/D3FO03898J 

 45. Bonder, MJ, Tigchelaar, EF, Cai, X, Trynka, G, Cenit, MC, Hrdlickova, B , et al. The influence of a short-term gluten-free diet on the human gut microbiome. Genome Med. (2016) 8:45. doi: 10.1186/s13073-016-0295-y 

 46. Li, H, Liu, F, Lu, J, Shi, J, Guan, J, Yan, F , et al. Probiotic mixture of Lactobacillus plantarum strains improves lipid metabolism and gut microbiota structure in high fat diet-fed mice. Front Microbiol. (2020) 11:512. doi: 10.3389/fmicb.2020.00512 

 47. Tjellstrom, B, Hogberg, L, Stenhammar, L, Falth-Magnusson, K, Magnusson, KE, Norin, E , et al. Faecal short-chain fatty acid pattern in childhood coeliac disease is normalised after more than one year's gluten-free diet. Microb Ecol Health Dis. (2013) 24:24. doi: 10.3402/mehd.v24i0.20905

 48. Li, H, Wang, Y, Shao, S, Yu, H, Wang, D, Li, C , et al. Rabdosia Serra alleviates dextran sulfate sodium salt-induced colitis in mice through anti-inflammation, regulating Th17/Treg balance, maintaining intestinal barrier integrity, and modulating gut microbiota. J Pharm Anal. (2022) 12:824–38. doi: 10.1016/j.jpha.2022.08.001 

 49. Torres, J, Bao, X, Goel, A, Colombel, JF, Pekow, J, Jabri, B , et al. The features of mucosa-associated microbiota in primary sclerosing cholangitis. Aliment Pharmacol Ther. (2016) 43:790–801. doi: 10.1111/apt.13552 

 50. Raygoza Garay, JA, Turpin, W, Lee, SH, Smith, MI, Goethel, A, Griffiths, AM , et al. Gut microbiome composition is associated with future onset of Crohn's disease in healthy first-degree relatives. Gastroenterology. (2023) 165:670–81. doi: 10.1053/j.gastro.2023.05.032 

 51. Shi, T, Feng, Y, Liu, W, Liu, H, Li, T, Wang, M , et al. Characteristics of gut microbiota and fecal metabolomes in patients with celiac disease in Northwest China. Front Microbiol. (2022) 13:1020977. doi: 10.3389/fmicb.2022.1020977 

 52. Gryaznova, MV, Solodskikh, SA, Panevina, AV, Syromyatnikov, MY, Dvoretskaya, YD, Sviridova, TN , et al. Study of microbiome changes in patients with ulcerative colitis in the central European part of Russia. Heliyon. (2021) 7:e06432. doi: 10.1016/j.heliyon.2021.e06432 

 53. Clavijo, V, Morales, T, Vives-Flores, MJ, and Reyes, MA. The gut microbiota of chickens in a commercial farm treated with a Salmonella phage cocktail. Sci Rep. (2022) 12:991. doi: 10.1038/s41598-021-04679-6 

 54. Rios-Covian, D, Ruas-Madiedo, P, Margolles, A, Gueimonde, M, de Los Reyes-Gavilan, CG, and Salazar, N. Intestinal short chain fatty acids and their link with diet and human health. Front Microbiol. (2016) 7:185. doi: 10.3389/fmicb.2016.00185

 55. Di Martino, L, Osme, A, Ghannoum, M, and Cominelli, F. A novel probiotic combination ameliorates Crohn’s disease–like ileitis by increasing short-chain fatty acid production and modulating essential adaptive immune pathways. Inflamm Bowel Dis. (2023) 29:1105–17. doi: 10.1093/ibd/izac284 

 56. Umesaki, YSH, Matsumoto, S, Imaoka, A, and Itoh, K. Differential roles of segmented filamentous Bacteria and Clostridia in development of the intestinal immune system. Infect Immun. (1999) 67:3504–11. doi: 10.1128/IAI.67.7.3504-3511.1999

 57. Atarashi, K, Tanoue, T, Oshima, K, Suda, W, Nagano, Y, Nishikawa, H , et al. Treg induction by a rationally selected mixture of Clostridia strains from the human microbiota. Nature. (2013) 500:232–6. doi: 10.1038/nature12331 

 58. Willing, B, Halfvarson, J, Dicksved, J, Rosenquist, M, Järnerot, G, Engstrand, L , et al. Twin studies reveal specific imbalances in the mucosa-associated microbiota of patients with ileal Crohnʼs disease. Inflamm Bowel Dis. (2009) 15:653–60. doi: 10.1002/ibd.20783 

 59. Stene, LC, Honeyman, MC, Hoffenberg, EJ, Haas, JE, Sokol, RJ, Emery, L , et al. Rotavirus infection frequency and risk of celiac disease autoimmunity in early childhood: a longitudinal study. Am J Gastroenterol. (2006) 101:2333–40. doi: 10.1111/j.1572-0241.2006.00741.x 

 60. Manouana, GP, Kuk, S, Linh, LTK, Pallerla, SR, Niendorf, S, Kremsner, PG , et al. Gut microbiota in vaccine naïve Gabonese children with rotavirus a gastroenteritis. Heliyon. (2024) 10:e28727. doi: 10.1016/j.heliyon.2024.e28727 

 61. Zhang, Y, Mu, T, Jia, H, Yang, Y, and Wu, Z. Protective effects of glycine against lipopolysaccharide-induced intestinal apoptosis and inflammation. Amino Acids. (2022) 54:353–64. doi: 10.1007/s00726-021-03011-w 

 62. Yu, H, Li, X-X, Han, X, Chen, B-X, Zhang, X-H, Gao, S , et al. Fecal microbiota transplantation inhibits colorectal cancer progression: reversing intestinal microbial dysbiosis to enhance anti-cancer immune responses. Front Microbiol. (2023) 14:1126808. doi: 10.3389/fmicb.2023.1126808 

 63. Wang, T, Sternes, PR, Guo, XK, Zhao, H, Xu, C, and Xu, H. Autoimmune diseases exhibit shared alterations in the gut microbiota. Rheumatology. (2023) 63:856–65. doi: 10.1093/rheumatology/kead364

 64. Li, Y, Zhang, S-X, Yin, X-F, Zhang, M-X, Qiao, J, Xin, X-H , et al. The gut microbiota and its relevance to peripheral lymphocyte subpopulations and cytokines in patients with rheumatoid arthritis. J Immunol Res. (2021) 2021:1–9. doi: 10.1155/2021/6665563

 65. Garcia-Bonete, MJ, Rajan, A, Suriano, F, and Layunta, E. The underrated gut microbiota helminths, bacteriophages, Fungi, and Archaea. Life. (2023) 13:1765. doi: 10.3390/life13081765 

 66. Primec, M, Klemenak, M, Di Gioia, D, Aloisio, I, Bozzi Cionci, N, Quagliariello, A , et al. Clinical intervention using Bifidobacterium strains in celiac disease children reveals novel microbial modulators of TNF-α and short-chain fatty acids. Clin Nutr. (2019) 38:1373–81. doi: 10.1016/j.clnu.2018.06.931 

 67. Harnett, J, Myers, SP, and Rolfe, M. Significantly higher faecal counts of the yeasts candida and saccharomyces identified in people with coeliac disease. Gut Pathog. (2017) 9:26. doi: 10.1186/s13099-017-0173-1 

 68. Nieuwenhuizen, WF, Pieters, RHH, Knippels, LMJ, Jansen, M, and Koppelman, SJ. Is Candida albicans a trigger in the onset of coeliac disease? Lancet. (2003) 361:2152–4. doi: 10.1016/S0140-6736(03)13695-1 

 69. Staab, JFBS, Fidel, PL, and Sundstrom, P. Adhesive and mammalian transglutaminase substrate properties of Candida albicans Hwpl. Science. (1999) 283:1535–8. doi: 10.1126/science.283.5407.1535

 70. Corouge, M, Loridant, S, Fradin, C, Salleron, J, Damiens, S, Moragues, MD , et al. Humoral immunity links Candida albicans infection and celiac disease. PLoS One. (2015) 10:e0121776. doi: 10.1371/journal.pone.0121776 

 71. Shuai, M, Fu, Y, Zhong, HL, Gou, W, Jiang, Z, Liang, Y , et al. Mapping the human gut mycobiome in middle-aged and elderly adults: multiomics insights and implications for host metabolic health. Gut. (2022) 71:1812–20. doi: 10.1136/gutjnl-2021-326298 

 72. Hoffmann, C, Dollive, S, Grunberg, S, Chen, J, Li, H, Wu, GD , et al. Archaea and fungi of the human gut microbiome: correlations with diet and bacterial residents. PLoS One. (2013) 8:e66019. doi: 10.1371/journal.pone.0066019


Copyright
 © 2024 Han, Ran, Li, Zhang, Yang, Liu, Dong, Jia, Yang, Li, Guo, Zhou, Bao, Yuan, Wang and Zhou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Association of gut microbiota with lactose intolerance and coeliac disease: a two-sample Mendelian randomization study



		1 Introduction



		2 Materials and methods



		2.1 Study design



		2.2 Data sources



		2.3 Selection of IVs



		2.4 MR analysis



		2.5 Sensitivity analysis









		3 Results



		3.1 IVs for analysis



		3.2 Causal effect of gut microbiota on lactose intolerance and coeliac disease



		3.3 Sensitivity analysis



		3.4 Reverse MR analysis









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/cover.jpg
’ frontiers | Frontiers in Nutrition

Association of gut microbiota
with lactose intolerance and
coeliac disease: a two-sample
Mendelian randomization study












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Nutrition






OPS/images/fnut-11-1395801-g005.jpg
family Veillonellaceae genus Anaerotruncus genus Eubacterium rectale group

170087 —_— :
womeaen L e T oo
razsse0z N N 0 0 563550 PRI [ [
] : f 306954
ezssssz0 JRre —l L
o)LL L H
ool | | [ I LT L LT [RIDUNSES — 10248854
rreTIeD 272208 —
szseirie s
oy || L [ [T [ LL siorsozaz LI
g0 rissses | S A stav004765
eutores . e i
mocoses - N S S 005030 £ —_— —
moustes  —————e———— 7 T
g —————e rezssisr
o e erowss . e
reon2sa2 . ————e——————— mssonon- L ————e ro2saTz
e — -
2 | e o2 L e
wsosete ———
I T a ~
20 45 Ao a5 oo 0 1 2 3 i
genus Ruminococcus2 genus Oxalobacter genus Senegalimassilia
wieiser — N
2serar streTezs e
Fa mtvisseran
s7Sti0805
S
rst2906625
000009 L
sss7o7116 rstossissT
rasezzs ooz
sei71585 oA S or7sry ———————————
wreosses
0578 e
st2406300
o rooonssgn  —————e————— 1080708 —————e——————
rs0zro isopsss | S S SO U S
e sseaccs. | N N 5SS O O
e
L S
ranz0ans
e ——
~ ~






OPS/images/fnut-11-1395801-g006.jpg
class Betaproteobacteria class Gammaproteobacteria
s — e i
s L ez :
oot wisass
rosessy st
sotesr st
oz it mizioss
s
ey atones —
e osron
amssests mszoen s
e
i) e o173
0 s
oo 02 o4 o6 o8 ds  ©s 44 o2 00
family Veilonellaceae ‘genus Eubacterium xylanophitum group
ot L o SR S
e eomsez
erasne I R B B e
Ll b e, L L L
waricss
s sy e e
arsers o o zoizos
e B B R S
o rsssaet I BN S f
e e T S
e D —— .
e ——— e -
ooty B
44 63 o2 61 o0 00 02 o4 o6
genus Eisenbergiella genus Lachnociostrdium
wisoo P mis2aro
namesrs stz e
om0 N
pi proes v
25 - D
mioszes
iy wiorsiss wiorans
P oy i)
warsars v T A
ey
s s ———— ety e
" " "
oo 02 04 s $4 93 62 41 o0 o6 <4 <2 oo
genus RuminococcaceaeUCGO14 genus Ruminococcus2
wrisrrese arsezs St o e e
wronses [ B s B
b oy [ [ [ LT -
o wirosiz 20 L B o B>
o —————— L
worsris arorses
o g T T T T T T T
T e N .
sy
ooz e e
o o
. : g4 63 <2 G100





OPS/images/fnut-11-1395801-g003.jpg
SNP effect on Lactose intolerance

SNP effect on Lactose intolerance

family Veillonellaceae

SNP effect on Veillonellaceae
genus Ruminococcus2

SNP effect on Ruminococcus2

SNP effect on Lactose intolerance

SNP effect on Lactose intolerance

genus Anaerotruncus

SNP effect on Anaerofruncus
genus Oxalobacter

SNP effect on Oxalobacter

MR Test
nverse variance weighted /, Weighted i
/ WR Egger Weighted mode
Simple mode

SNP effect on Lactose intolerance.

SNP effect on Lactose intolerance

genus Eubacterium rectale group

‘SNP effect on Eubacterium rectale group

genus Senegalimassilia

SNP effect on Senegalimassilia





OPS/images/fnut-11-1395801-g004.jpg
SNP effect on Coeliac disease

SNP effect on Coeliac disease

SNP effect on Coeliac disease

SNP effect on Coeliac disease

class Bacilli

'SNP effect on Bacili
family FamilyXill

SNP effect on FamilyXill

genus Blautia

005 025

oo ol ok
SNP effect on Blautia
genus RuminococcaceaeUCG014

obs oio ois o3
SNP effect on RuminococcaceaeUCGO14

class Gammaproteobacteria
o0s-

class Betaproteobacteria

%ol 3
H §
g 8
2 1
8 8
s 5
3 Il 3
s | H
: :
s [
% H
006 000 o012 005 oo o5
'SNP effect on Betaproteobacteria SNP effect on Gammaproteobacteria

family Veillonellaceae genus Eubacterium xylanophilum group
" goo
H B
Fou -1 §
3 8 .
goo Il = e el )
3 o |EmEEE -
8.0, 8 il —oop——
00 o T
§ s
Gonl K
% %

SNP effecton Veilonellaceas SNP effect on Eubacterium xylanophium group

genus Eisenbergiella genus Lachnoclostridium

2 o
& Boos-
8 . 2 .
3 . . 5
8 8
2o, 2 o
3 | 2 o101 /
S S
§ s ¥
=i Fao
o~ s + s .
o o
z 200l
o ot obs i oo riny i
SNP effect on Eisenbergiella SNP effect on Lachnoclostridium
genus Ruminococcus2
] {
Gooo_jie
8
2 i
Soos-
5 i
g L
qon
2
&
ois ol ois o ols
SNP effect on Ruminococcus2
MR Test
Inverse variance weighted / Weighted median
/ MR Egger Weighted mode.

Simple mode





OPS/images/fnut-11-1395801-t001.jpg
Taxonomies Bacterial traits Heterogeneity test Horizontal pleiotropy test

Cochrane’s Q MR-Egger Intercept MR-
PRESSO
Global Test
Method Intercept P

Family Veillonellaceae 19 MR-Egger 15.223 0579 ~0.043 0.569 0.664
ww 15.560 0623

Genus Anaerotruncus 12 MR-Egger 6922 0733 ~0.048 0734 0832
ww 7044 0795

Eubacterium rectale group 8 MR-Egger 669 0350 -0017 0930 0551
ww 6699 0.461

Ruminococcus? 4 MR-Egger 12768 0386 ~0082 0485 0428
ww 13321 0423

Oxalobacter 1 MR-Egger 7471 0588 0.130 0.600 0652
ww 7.766 0652

Sencgalimassilia 4 MR-Egger 1288 0525 0012 0.964 0760
ww 1291 0731

SNPs, single nucleotide polymorphisms; IVW, inverse variance weighted.





OPS/images/fnut-11-1395801-t002.jpg
Taxonomies  Bacterial traits Heterogeneity test Horizontal pleiotropy test

Cochrane’s @ MR-Egger Intercept MR-
PRESSO
Global Test
Method Intercept P
Class. Bacilli 18 MR-Egger 18.817 0278 0.000 0989 0389
wvw 18.817 0339
Betaproteobacteria 10 MR Egger 10.501 0232 —0.004 0915 0.363
wvw 10.517 0310
Gammaproteobacteria 7 MR-Egger 2078 0838 0015 0736 0905
wvw 2205 0.900
FamilyXIIl ¥ MR-Egger 2.798 0.731 0.023 0613 0.824
ww 3.089 0.798
Veillonellaceae 18 MR-Egger 15382 0.497 0.019 0213 0504
wvw 17.064 0.450
Genus Eubacterium xylanophilum group 9 MR-Egger 5513 0.598 0017 0584 0692
wvw 5.842 0.665
Blautia 12 MR-Egger 5579 0.849 —0.016 0546 0.881
wvw 5.969 0.875
Eisenbergiella 11 MR-Egger 9.164 0422 —0.073 0.281 0392
wvw 10.504 0397
Lachnoclostridium 13 MR-Egger 4250 0.962 —0.063 0.054 0.708
wvw 8.898 0712
RuminococcaceaeUCGO14 10 MR-Egger 3.882 0.868 0.008 0735 0935
ww 4.005 0911
Ruminococcus2 15 MR-Egger 5354 0.967 —0.008 0.693 0.982
wvw 5.517 0977

SNPs, single nucleotide polymorphisms; IVW, inverse variance weighted.





OPS/images/fnut-11-1395801-g001.jpg
Confounders

Instrument variables
SNPs associated with
lactose intolerance, coeliac

disease

Instrument variables | Assumption 1
SNPs associated with gut Gut microbiota
microbiota

Assumption 1

Lactose intolerance
Coeliac disease

Reverse MR

Assumption 3

*..

Assumption 3

ST | SR e

l.._....-._.._...__.._.x...._.....___...___._._..._._...._





OPS/images/fnut-11-1395801-g002.jpg
Taxonomies  Bacteralraits Method SNPs  OR(ES%CI) P alue
famity Veiloeliaceae W19 03101310078 =i 000960
genus Anserotuncus W2 964Q760RE) | 000038
Eubacterum recalegroop W 8 653(137108128) {————e———>001669
Ruminococcus? W14 526017401578 | ———e————>000319
Oxalobacter MW 11 04502310090) 002325
Senegaiimassia W4 0210050087 = 003066
P05 was consors sttty s o : 0
protectve factor sk factor
Taxonomies  Bacteralaits Mothod SNPs  OR(SHCI) Palue
ciss Bacil MW 8 0760610094 oorzer
Betaprteobactera W10 testiowzoen 00033
Gammaprotecbaciera W7 0e90491097) 005299
famity Famipxil MW7 0810436087) ocos21
Veilonelcese W1 0808910099 o4z
genus Eupacterum ylarophium grop W 9 134 (105101.72) 001710
Bauta Wz 1aosweis) oozies
Eisenvergela w1 omE7wo) ooz
Lactmocostidun W1 07205008 ooits
RuminococcaceaeUCGors W 10 076(08010095) ooter
Ruminosoccus? W15 0m0s700%) oousss
[P ——— . Y

protective actorisk factor

clase Bl

class Beaprteobacteri

dass Gammaproeabacteis
iy Velonlcese

iy Famin

genus Eubacterum et group

‘genus Ansrotuncus

genus Oxalobicter

genus Ruminococeus?

genus Senegainassiln

‘genus Ebactaiam xylanophium group
genus Bluti

‘genus Eisnbergiel

‘genus Lachnoclstriium

genus RuminococeaceaellCGOi4






