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ARTICLE INFO ABSTRACT
Keywords: Background: Recent studies increasingly suggest notable changes in both the quantity and types of
Gut microbiota gut microbiota among individuals suffering from urinary tract stones. However, the causal
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relationship between GMB and urinary tract stone formation remains elusive, which we aim to
further investigate in this research through Mendelian Randomization (MR) analysis.

Materials and methods: Single nucleotide polymorphisms (SNPs) associated with the human GMB
were selected from MiBioGen International Consortium GWAS dataset. Data on urinary tract
stone-related traits and associated SNPs were sourced from the IEU Open GWAS database. To
investigate the causal relationships between gut microbiota and urinary tract stones, Mendelian
Randomization (MR) was applied using genetic variants as instrumental variables, utilizing a
bidirectional two-sample MR framework. This analysis incorporated various statistical techniques
such as inverse variance weighting, weighted median analysis, MR-Egger, and the maximum
likelihood method. To ensure the reliability of the findings, a range of sensitivity tests were
conducted, including Cochran’s Q test, the MR-Egger intercept, leave-one-out cross-validation,
and examination of funnel plots.

Results: The results revealed the causal relationship between the increase in the abundance of 10
microbial taxa, including Genus-Barnesiella (IVW OR = 0.73, 95%CI 0.73-0.89, P = 2.29 x 10-3)
and Genus-Flavonifractor IVW OR = 0.69, 95%CI 0.53-0.91, P = 8.57 x 10-3), and the
decreased risk of urinary tract stone formation. Conversely, the development of urinary tract
stones was observed to potentially instigate alterations in the abundance of 13 microbial taxa,
among which Genus-Ruminococcus torques group was notably affected (IVW OR = 1.07, 95%CI
0.64-0.98, P = 1.86 x 10-3). In this context, Genus-Clostridium sensustrictol exhibited a bidi-
rectional causal relationship with urinary tract stones, while the remaining significant microbial
taxa demonstrated unidirectional causal effects in the two-sample MR analysis. Sensitivity ana-
lyses did not identify significant estimates of heterogeneity or pleiotropy.

Conclusion: To summarize, the results of this study suggest a likely causative link between gut
microbiota and the incidence of urinary tract stones. This insight opens up potential pathways for
discovering biomarkers and therapeutic targets in the management and prevention of urolithiasis.
However, further in-depth research is warranted to investigate these associations.
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1. Introduction

Urinary tract stones are a commonly encountered urological condition, affecting an estimated 3%-20% of the global population
[1]. According to available data, expenditures by the United States for addressing kidney stones through preventive and treatment
measures exceeded $5 billion in the year 2005 [2]. Furthermore, as the incidence of kidney stones and its associated risk factors
(obesity, diabetes) continue to rise, it is projected that annual expenditures will increase by $1.24 billion by the year 2030 [3].
Simultaneously, urinary tract stones contribute to the etiology of diseases including renal dysfunction [4] and cardiovascular issues
[5]. In recent years, minimally invasive treatment methods for urolithiasis have rapidly advanced, accompanied by gradual im-
provements in treatment outcomes. However, there has been minimal progress in pharmacological treatment over the past three
decades [6]. Urinary tract stones are prone to recurrence, with approximately one-third of initial sufferers experiencing relapse, and an
even greater risk of recurrence among those who have already relapsed [7]. Consequently, delving into the pathophysiological un-
derpinnings that lead to the formation of urinary tract stones becomes crucial. This exploration is vital for developing innovative
strategies in pharmacological treatment.

In a healthy state, the human gastrointestinal tract hosts a vast number of bacteria, forming a unique ecosystem known as the
intestinal microbiota [8]. This intestinal microbiota, also referred to as the gut microbiota (GMB), actively participates in modulating
human metabolism and immune activities, contributing significantly to maintaining homeostasis. Furthermore, accumulating research
indicates a link between gut microbiota and the onset and advancement of various illnesses, such as metabolic syndromes, autoim-
mune conditions, and cancers [9]. The gut-kidney axis concept has recently become more prominent, spurring heightened investi-
gative attention on the gut microbiota’s contribution to urinary tract stone development [10]. Research findings demonstrate notable
changes in the gut microbiota’s diversity and composition among urinary tract stone patients, suggesting an imbalance in the microbial
ecosystem and the associated disruption of the gut barrier [11,12]. Compromised gut barrier integrity can lead the imbalanced gut
microbiota to potentially incite systemic inflammation, oxidative stress, and immune system malfunctions through the release of
metabolites like lipopolysaccharides and gut-derived uremic toxins. These processes can worsen the occurrence and progression of
urinary tract stone formation [13]. Studies have underscored a linkage between gut microbiota and the incidence of urinary tract
stones, implying that gut microbiota could be a contributing pathogenic element in their formation. Nonetheless, in-depth and
thorough biomedical and observational investigations are essential to ascertain the precise causal relationship of gut microbiota with
urinary tract stone development and to pinpoint the specific bacterial species that elevate the risk of their formation. Such research
endeavors are recognized for their high costs, intensive labor requirements, and complex control demands.

Mendelian randomization, known for its efficacy in causal inference, employs single nucleotide polymorphisms as genetic
instrumental variables to replicate the conditions of randomized controlled trials. This strategy significantly reduces the impact of
confounding factors and reverse causality, enabling extensive exploration of genetic associations with diseases across large pop-
ulations [14,15]. Importantly, given that gut microbiota does not change an individual’s DNA sequence [16], Mendelian randomi-
zation is a valuable tool to thoroughly investigate the link between urinary tract stones and gut microbiota.

This approach significantly contributes to further elucidating how the GMB influences the occurrence, progression, and treatment
of urinary tract stones.

Hence, the objective of this study is to clarify the possible causative influence of the gut microbiota on the likelihood of urinary tract
stone formation, employing MR for this analysis. Furthermore, the investigation will delve into the reciprocal nature of these causal
interactions, aiming to provide a comprehensive insight into the intricate interplay between the gut microbiota and urinary tract
stones.

2. Methods

This research considered each bacterial group within the GMB as a unique variable for exposure or outcome analysis. To delve into
the reciprocal causative dynamics between urinary tract stones and gut microbiota, we implemented a two-way MR analysis using
integrated data from extensive GWAS. Our approach encompassed four different MR techniques: IVW, MR-Egger regression analysis,
the application of the weighted median strategy, and ML evaluation. Moreover, we engaged in an array of sensitivity checks, including
but not limited to Cochran’s Q test, Egger intercept examination, and the MR PRESSO global assessment. The aim of these thorough
sensitivity checks was to meticulously probe for any heterogeneity and the existence of horizontal pleiotropy within the MR findings,
thereby solidifying the validity and trustworthiness of our conclusions.

2.1. Selection of GMB-related SNPs

SNPs related to human GMB were chosen as IVs from the MiBioGen International Consortium’s GWAS dataset. This study
constituted a large-scale association research involving 18,340 participants across 24 cohorts [17]. Participants in this study were
drawn from a range of countries, namely the United Kingdom, South Korea, Germany, the United States, Sweden, Israel, Finland,
Denmark, Belgium, the Netherlands, and Canada. The majority of participants, specifically in 16 cohorts (N = 13,266), had European
ancestral origins. Within the 24 distinct cohorts, 17 of these (encompassing 13,804 participants) consisted of individuals whose
average age fell between 50 and 62 years. The mapping analysis for quantitative microbiota-associated genetic loci (mbQTL) across
each cohort considered only those taxonomic units that appeared in more than 10% of the samples. Altogether, this comprehensive
analysis included 211 different taxonomic units. The mapping analysis for binary trait loci (mbBTL) considered taxonomic units
occurring at a frequency between 10% and 90% in the eligible samples.
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For the selection of SNPs in each classification group, a rigorous filtering methodology was employed: 1) SNPs linked with GMB
were identified as instrumental variables (IVs) using a genome-wide significance level of 5 x 107%; 2) Strict selection criteria, including
a linkage disequilibrium cutoff of r* < 0.001 and a maximum distance criterion of 10,000 kb, were imposed to guarantee IVs’ inde-
pendent selection under specific parameters; 3) The F statistic for each SNP was computed, and those with F < 10 were excluded to
reduce the risk of weak instrument bias [18]; 4) Palindromic SNPs, which presented incompatible genotypes or median allele fre-
quencies, were discarded during the process of harmonization.

2.2. Selection of urinary tract stones occurrence related SNPs

We gathered all the relevant traits associated with urinary system stones by downloading the Urolithiasis Dataset: finn-b-
N14_UROLITHIASIS from the IEU Open GWAS project, accessible at https://gwas.mrcieu.ac.uk/datasets/finn-b-N14_
UROLITHIASIS/. The GWAS dataset includes data related to urinary tract stones, and covers various phenotypes, including “kidney
stones, ureter stones, and bladder stones”. The research involved a total of 218,792 individuals, comprising 5347 individuals with the
condition under study and 213,445 control subjects. Notably, all participants in this research had a similar genetic heritage, with each
being of European ancestry.

2.3. Statistical analysis

2.3.1. Two-sample mendelian randomization (MR) analysis

As depicted in Fig. 1, our analysis involved estimating the causative link between the gut microbiota and urinary tract stone
formation by applying the traditional Mendelian Randomization model: fcausal effect = BZY/BZX (where fZX and BZY represent the
regression coefficients of gut microbiota SNPs and urinary system stone SNPs, respectively). In Mendelian Randomization analysis,
genetic variations are utilized as IVs to deduce causative connections between exposure factors and outcome variables. To ensure
effective and unbiased estimation, three critical assumptions need to be satisfied in forward MR analysis, as exemplified below: (1) The
IV must have a genuine association with the GMB (in this study, genetic associations were defined as p < 5 x 10-5); (2) It is essential
that the chosen instrumental variable remains unaffected by any confounding elements associated with both the gut microbiota and
the occurrence of urinary system stones; (3) The IVs should not directly affect urinary system stones but should influence them solely
through their association with GMB.

To determine the potential causative effects of GMB on the prevalence of urinary tract stones, this study integrated a multitude of
SNPs in a detailed bidirectional two-sample MR analysis. This analysis was conducted using a quartet of sophisticated techniques: IVW,
MR-Egger regression, weighted median analysis, and the ML approach. In instances where GMB categories demonstrated P-values
below 0.05 in the preliminary MR analysis with IVW, an expanded array of six diverse methods was utilized. These included not only
IVW, MR-Egger, and weighted median, but also ML, simple mode, and weighted mode techniques. This comprehensive and meticu-
lously executed strategy was designed to validate the precision, all-encompassing nature, and repeatability of our investigative
findings.

Within the array of four MR techniques used, the IVW outcomes were regarded as the principal MR estimates, and their congruence
with the results of other MR methods was evaluated. During the forward MR analysis, the Bonferroni adjustment was utilized to
regulate the level of significance. The modified significance threshold according to Bonferroni for a set containing n bacterial taxa is
calculated as 0.05/n. As an example, at the phylum level in MR results, the adjusted threshold for p-values was established at 0.0056
(0.05 divided by 9). Bacterial taxa are deemed to hold nominal significance if their p-value post-Bonferroni correction falls below 0.05.
In reverse MR analysis and additional tests, bi-directional p-values under 0.05 were treated as statistically significant.
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Fig. 1. An overview of the study design. SNP, single nucleotide polymorphisms.
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2.3.2. Sensitivity analysis

Cochran’s Q test was employed to assess the heterogeneity of the MR results, where a significance level of p < 0.05 would indicate
significant heterogeneity in SNP effect estimates. We assumed the absence of horizontal pleiotropy when the intercept of the MR-Egger
analysis approached zero, and the results of both IVW and MR-Egger analyses were consistent. To identify and address potential
outliers that might independently influence the observed causal relationships, we conducted a leave-one-out analysis. Additionally, we
utilized the Mendelian Randomization-Pleiotropy Residual Sum and Outlier (MR-PRESSO) test, which evaluates overall horizontal
pleiotropy by comparing the observed distances between all SNPs and the regression line (sum of squared residuals) with the expected
distances under the null hypothesis of no horizontal pleiotropy. The results of the MR-PRESSO global test are presented, and if het-
erogeneity or horizontal pleiotropy was detected, MR estimates were recalculated using the outlier SNPs identified by MR-PRESSO.

For the MR analysis, we utilized the “TwoSampleMR,” “mr-raps,” and “MR-PRESSO” packages in R (version 4.2.1), ensuring the
application of robust and well-established tools and methods for causal inference in our study.

3. Results

To identify significant SNPs, our strategy incorporated several stages, initiating with a genome-wide significance criterion (p <1 x
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Fig. 2. Assessment of the relationships between GMB and urolithiasis using MR. ‘A-B’ indicates the analysis with GMB as the influencing agent and
urolithiasis as the resultant condition, whereas ‘B-A’ represents the reverse scenario, suggesting urolithiasis as the influencing factor. Concentric
circles illustrate estimates from three different MR methodologies: inverse variance weighted, MR-Egger, and weighted median, each providing
unique insights in the bidirectional analysis. Color intensity variations in the graphic signify the range of p-values, offering a visual depiction of each

estimate’s statistical relevance. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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107%). Following this, we undertook LD testing, harmonization, MR-PRESSO evaluation, and validation through F statistics. SNPs

classified as outliers in the MR-PRESSO global test (p < 0.05) were not included in our final analysis. This careful selection process led
to the removal of these SNPs. Importantly, all remaining SNPs exhibited F statistics exceeding 10, signifying a robust correlation
between instrumental variables and their respective bacterial taxa. For the forward MR analysis, we included 204 bacterial taxa, while
the reverse MR analysis included 203 bacterial taxa, with each category having multiple SNPs ranging from 3 to 27. To interpret the

causal effects in our bidirectional MR analysis, we focused on the intersection of 194 bacterial taxa, and we summarized all the results
of bidirectional MR in Fig. 2. Additionally, significant results from the IVW method are presented in Fig. 3. For a comprehensive list of

the retained SNPs and associated statistical data, please refer to Supplementary Tables S3 and S4. These tables provide detailed in-
formation on the SNPs included in our analysis and the corresponding results.
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Fig. 3. This diagram presents MR findings and the outcomes of sensitivity assessments for the notable correlations between GMB and urolithiasis.
The notation ‘A-B' represents GMB as the influencing factor and urolithiasis as the resultant event, with ‘B-A’ illustrating the inverse relationship. The
graphic transitions from external to internal rings, detailing estimates derived via diverse MR approaches, including inverse variance weighted, MR-
Egger, and weighted median methods, complemented by sensitivity evaluations like Cochran’s Q test, Egger intercept, and MR-PRESSO global test in
the bidirectional MR framework. The gradations of color within the figure correlate with the p-value magnitudes, providing a visual tool to interpret
the statistical impact of both the MR estimates and sensitivity analysis outcomes. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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3.1. Causal impact of GMB on urolithiasis

In the forward MR IVW analysis, a total of 10 bacterial taxa exhibited a significant association with urolithiasis where P < 0.05
(refer to Table 1 and Fig. 4). Supplementary Table S5 provides detailed results for all analytical methods for these 10 taxa. Unfor-
tunately, ebi-a-GCST90017080 and ebi-a-GCST90016955 were categorized as unknown taxa in the original study. Among the
remaining 8 bacterial taxa, no statistically significant causal relationship with urinary tract stones was observed post strict Bonferroni
correction. However, we stated that there exists a notable causal effect of Genus-Barnesiella (IVW OR = 0.73, 95% CI 0.73-0.89, P =
2.29 x 10-3) and Genus-Flavonifractor (IVW OR = 0.69, 95% CI 0.53-0.91, P = 8.57 x 10-3) on urolithiasis within the urinary
system. Initially, at the genus classification level, applying the Bonferroni adjustment leads to a rigorous threshold, with the IVW
findings for both Genus-Barnesiella and Genus-Flavonifractor approaching this stringent threshold. Additionally, the outcomes from
alternative MR methodologies, such as WM, MR-Egger, ML, simple mode, and weight mode, corroborate the IVW findings (as seen in
Fig. 5: A-J). Notably, as depicted in Fig. 4, all 10 studied taxa indicate a potential causal link with a reduced incidence of urolithiasis.
The MR-Egger outcomes for Genus-Clostridium sensustrictol and Order-Clostridiales show a deviation from the results of the other five
MR methods, yet the IVW outcomes for the remaining taxa are in harmony with those derived from the other five MR methodologies.

3.2. Causal impact of urolithiasis on GMB

In the IVW analysis of reverse MR, a total of 13 taxonomic group classifications demonstrated P < 0.05, as presented in Table 2 and
Fig. 6. Detailed results for all analytical methods for all 13 taxonomic groups can be found in Supplementary Table S6. Notably, Genus-
Clostridium sensustrictol exhibited P < 0.05 in the IVW analysis conducted in both casual directions, suggesting a bidirectional causal
relationship between Genus-Clostridium sensu stricto 1 and urinary tract stones. In contrast, the remaining significant taxonomic
groups indicated unidirectional causal relationships. Among the 13 taxonomic groups, the impact of urolithiasis on the Genus-
Ruminococcus torques group was the most significant (IVW OR = 1.07, 95% CI 0.64-0.98, P = 1.86 x 10-3). Moreover, as illus-
trated in Fig. 7 (A-M), the IVW analysis results were consistent with those obtained from the other three MR analysis methods.

3.3. Sensitivity analysis

In order to reduce possible biases, a thorough array of techniques was implemented to evaluate the sensitivity of the bidirectional
MR analysis. Additionally, these methods were used to thoroughly examine the potential of pleiotropy affecting each phenotype IV. In
the forward MR analysis, no outliers that could be causally associated with urinary tract stones were detected among the IVs of the 10
taxonomic groups. Similarly, in the reverse MR analysis, no outliers that could be causally associated with the 13 taxonomic groups
were found among the urolithiasis IVs.

Tables 3 and 4 illustrate that the Cochrane’s Q tests applied to both MR-Egger and IVW methods did not show significant het-
erogeneity, as all p-values were above 0.05. Symmetry was observed in the funnel plots, as detailed in Supplementary Figs. S1 and S2.
The MR-Egger regression intercepts approached zero, implying a lack of horizontal pleiotropy. Additionally, leave-one-out analysis,
depicted in Supplementary Figs. S3 and S4, confirmed that omitting any individual SNP from the analysis would not substantially
change the outcome. The global test conducted by MR-PRESSO also did not yield any abnormal outcomes. Therefore, the findings
derived from these comprehensive sensitivity analyses emphasize the steadfastness and dependability of our bidirectional MR analysis.

4. Discussion

As of now, this research stands as the inaugural bidirectional MR investigation assessing the causal influence of GMB on the
likelihood of developing urinary tract stones. This analysis was based on a comprehensive GMB gene dataset and the largest available
GWAS dataset. The study’s outcomes elucidated a direct causal connection between a reduction in urinary stone formation risk and the
presence of 10 specific microbial taxa, as evidenced by an odds ratio (OR) less than 1. Moreover, the research highlighted that the
development of urinary tract stones might actively contribute to variations in the prevalence of 13 distinct microbial taxa. Notably,

Table 1
Significant MR results by IVW method. SNP, single nucleotide polymorphisms; fcasual effect, the effect size of the exposure on urolithiasis; SE,
standard errors; OR, odds ratio; IVW, inverse-variance weighted.

Exposure Method Number of SNPs Beasual effect SE P-value OR

Genus-Barnesiella vw 13 —0.31 0.10 2.29 x 1073 0.73
ebi-a-GCST90017080 VW 13 -0.20 6.50 x 1072 2.66 x 1072 0.82
ebi-a-GCST90016955 VW 13 -0.20 6.51 x 1072 2,67 x 1073 0.82
Genus-Flavonifractor vw 5 -0.37 0.14 8.57 x 1073 0.69
Order-NBln VW 12 -0.16 6.28 x 1072 1.03 x 1072 0.85
Family-Clostridiaceael VW 10 -0.29 0.12 1.30 x 1072 0.74
Genus-Howardella VW 9 -0.16 6.80 x 1072 1.61 x 1072 0.85
Genus-Clostridium sensustrictol vw 7 —0.28 0.13 2.36 x 1072 0.75
Order-Clostridiales VW 13 -0.23 0.11 3.09 x 1072 0.79
Genus-Oscillospira vw 8 —0.25 0.13 4,96 x 1072 0.77
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Exposure Method nSNP OR(95%ClI) P-value
Genus-Barnesiella VW 13 (————0 | 0.73(0.60 to 0.89) 0.002
ebi-a—-GCST90017080 VW 13 — 0.82(0.72 to 0.93) 0.003
ebi-a-GCST90016955 IVW 13 = | 0.82(0.72 to 0.93) 0.003
Genus—-Flavonifractor VW 5 —_— 0.69(0.53 to 0.91) 0.009
Order-NB1n IVW 12 —_— 0.85(0.75 to 0.96) 0.010
Family—Clostridiaceae1 VW 10 —_— 0.74(0.59 t0 0.94) 0.013
Genus—-Howardella VW 9 ] 0.85(0.74 t0 0.97) 0.016
Genus—Clostridium sensustricto1 IVW 7 —_— 0.75(0.59 to 0.96) 0.024
Order—Clostridiales VW 13 i 0.79(0.64 to 0.98) 0.031
Genus—0Oscillospira VW 8 oo 0.77(0.60 to 1.00) 0.050
0!4 oie 0!8 1‘

protective factor risk factor

Fig. 4. The figure illustrates the magnitude of influence each notable gut microbiota has on the development of urolithiasis. An odds ratio less than
1 implies a protective effect against urolithiasis, whereas an odds ratio greater than 1 suggests a contributory role in the disease’s pathogenesis.
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Fig. 5. Scatter diagrams representing the MR investigations that link 10 distinct gut bacterial groups with the likelihood of developing urolithiasis.
In these analyses, SNP stands for single nucleotide polymorphisms, and MR denotes Mendelian randomization.

there is a mutual causal relationship between Genus-Clostridium sensu stricto 1 and urinary stone formation, while the remaining
microbial taxa indicate unidirectional causal relationships in the bidirectional MR analysis. These findings illuminate the crucial
influence of GMB in the development of urinary tract stones and offer pertinent insights that are instrumental for future research
directions.

In recent years, there has been a gradual increase in the global incidence of urinary tract stones, driven by the growing population
affected by related diseases such as diabetes and hypertension, as well as the changing trends associated with global warming [1,19].
Urinary tract stones, commonly referred to as urolithiasis, are capable of causing a range of complications such as urinary blockage,
infections, discomfort, and potentially irreversible damage to the kidneys, thereby posing a substantial concern for public health [20].
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Table 2
Significant reverse MR results by IVW method. SNP, single nucleotide polymorphisms; pcasual effect, the effect size of the exposure on urolithiasis; SE,
standard errors; OR, odds ratio; IVW, inverse-variance weighted.

Exposure Method Number of SNPs Beasual effect SE P-value OR
Genus-Ruminococcus torques group VW 23 7.00 x 1072 2.25 x 1072 1.86 x 1072 1.07
Fanily-Clostridiaceael VW 21 ~7.72 x 1072 2.54 x 1072 2.42 x 1073 0.93
Genus-Clostridium sensustrictol VW 21 —7.42 x 1072 2.63 x 1072 4.82 x 1073 0.93
Family-Prevotellaceae VW 23 —6.57 x 1072 2.45 x 1072 7.44 x 1073 0.94
Genus-Eubacterium hallii group VW 22 593 x 1072 2.34 x 1072 1.12 x 1072 1.06
Class-Bacteroidia VW 23 —5.43 x 1072 2.21 x 1072 1.42 x 1072 0.95
Order-Bacteroidales VW 23 -5.31 x 1072 2.21 x 1072 1.64 x 1072 0.95
Class-Bacteroidetes VW 22 —5.22 x 1072 2.22 x 1072 1.89 x 1072 0.95
Genus-Streptococcus VW 22 5.52 x 1072 2.49 x 1072 2.65 x 1072 1.06
ebi-a-GCST90017083 VW 19 —7.61 x 1072 3.46 x 1072 2.76 x 1072 0.93
Phylum-Actinobacteria VW 23 4.56 x 1072 2.23 x 1072 4.13 x 1072 1.05
Genus-Prevotella9 VW 20 —6.60 x 1072 3.28 x 1072 4.40 x 1072 0.94
Family-Streptococcaceae VW 22 4.75 x 1072 2.42 x 1072 4,92 x 1072 1.05
Outcome Method nSNP OR(95%CI) P-value
Genus—Ruminococcus torques grouplVW 23 0 C——1 1.07(1.03 to 1.12) 0.002
Fanily-Clostridiaceae1 IVW 21 — 0.93(0.88 to 0.97) 0.002
Genus—Clostridium sensustricto1 VW 21 — 0.93(0.88 to 0.98) 0.005
Family-Prevotellaceae VW 23 | 0.94(0.89 to 0.98) 0.007
Genus—Eubacterium hallii group VW 22 —' 1.06(1.01to 1.11) 0.011
Class—-Bacteroidia VW 23 — 0.95(0.91 t0 0.99) 0.014
Order—Bacteroidales VW 23 — 0.95(0.91 to 0.99) 0.016
Class—Bacteroidetes VW 22 v—~—4 0.95(0.91 to 0.99) 0.019
Genus-Streptococcus IVW 22 ——t 1.06(1.01 to 1.11) 0.027
ebi-a—GCST90017083 IVW 19 — 0.93(0.87 to 0.99) 0.028
Phylum-Actinobacteria VW 23 v—~—- 1.05(1.00 to 1.09) 0.041
Genus—Prevotella9 IVW 20 — 0.94(0.88 to 1.00) 0.044
Family-Streptococcaceae VW 22 — 1.05(1.00 to 1.10) 0.049
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Fig. 6. This figure illustrates the impact of urolithiasis on each of the significant GMB. An odds ratio value < 1 indicates a decreasing causal effect,
while a value > 1 suggests the causal pathogenic incremental impact.

Therefore, comprehending the pathophysiology of urolithiasis and implementing preventive measures to mitigate its occurrence are
crucial.

The gut microbiota, representing the most expansive microbial ecosystem within the human body, plays an active role in influ-
encing the metabolism of diverse substances and energy. A decrease in the diversity of gut microbiota is linked to several health
conditions, including obesity, diabetes, and inflammatory bowel disease, each recognized as a risk factor for the development of
urinary tract stones [21-23]. Furthermore, an increasing amount of research indicates a distinctive imbalance in the gut microbiota of
individuals suffering from urinary tract stones [24]. This indicates a strong link between the gut microbiota and the development of
urinary stone disease, yet confirming a direct causal relationship continues to be an area of active research. Our study offers a sub-
stantial chance to deepen our comprehension of the possible causative link between gut microbiota and the occurrence of urinary tract
stones.

One intriguing microbial community in this context is Genus-Clostridium sensu stricto 1, which exhibits a bidirectional causative
relationship. In our study, we observed that urinary tract stones lead to a decrease in the abundance of Genus-Clostridium sensu stricto
1, while the reduction in the abundance of Genus-Clostridium sensu stricto 1 further promotes the risk of developing urinary tract
stones, resembling a “positive-feedback” regulatory mechanism for urinary tract stones. Previous research has established the sig-
nificance of Genus-Clostridium sensu stricto 1 as one of the vital anaerobic bacteria in the gut [25]. Its member, Clostridium butyricum,
is known to produce butyrate through fermentation, a short-chain fatty acid that plays a crucial role in intestinal health by providing
energy and maintaining overall gut mucosal health [26]. Puddu et al. [27] discovered that the abundance of butyrate in patients with
kidney stones was 2.3 times lower compared to the control group (p = 0.04). However, further research is necessary to confirm the
existence of this “positive-feedback” loop in the human body and whether interrupting this loop can mitigate the occurrence and
progression of urinary stone disease.

In the forward MR analysis, while none of the 10 microbial taxa reached the Bonferroni-corrected threshold, it’s important to
consider the stringent criteria for genus-level taxa. Notably, Genus-Barnesiella (IVW OR = 0.73, 95% CI 0.73-0.89, p = 2.29 x 10™3)
and Genus-Flavonifractor (IVW OR = 0.69, 95% CI 0.53-0.91, p = 8.57 x 10~>) exhibited a more significant causal effect on urinary
tract stones. Barnesiella plays a crucial physiological role in the human body by assisting in the decomposition and absorption of
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Fig. 7. Scatter diagrams illustrating the results of reverse MR studies exploring the relationship between urolithiasis and 13 different taxa of GMB.
In these charts, SNP refers to single nucleotide polymorphisms, and MR signifies Mendelian randomization.

Table 3

Sensitivity analysis results for forward MR.
Exposure Q-Egger P-value Q-IVW P-value Egger-Intercept P-value P-PRESSO Global Test
Genus-Barnesiella 12.28 0.42 12.24 0.35 —6.45 x 1072 0.85 0.44
ebi-a-GCST90017080 14.23 0.29 14.16 0.22 -7.93 x 1073 0.82 0.33
ebi-a-GCST90016955 14.28 0.28 14.21 0.22 —-7.97 x 1073 0.82 0.35
Genus-Flavonifractor 4.07 0.40 3.25 0.36 413 x 1072 0.45 0.46
Order-NB1ln 14.21 0.22 14.28 0.28 -1.96 x 1072 0.95 0.32
Family-Clostridiaceael 10.02 0.35 9.99 0.27 3.77 x 1072 0.89 0.39
Genus-Howardella 10.56 0.23 10.09 0.18 —2.50 x 1072 0.59 0.24
Genus-Clostridium sensustrictol 6.82 0.34 4.22 0.52 —4.84 x 1072 0.17 0.39
Order-Clostridiales 10.93 0.54 7.82 0.73 —3.59 x 1072 0.11 0.54
Genus-Oscillospira 10.18 0.18 10.07 0.12 1.50 x 1072 0.80 0.21




Y. Pan et al. Heliyon 10 (2024) e25704

Table 4

Sensitivity analysis results for reverse MR.
Outcome Q-Egger P-value Q-IVW P-value Egger-Intercept P-value P-PRESSO Global Test
Genus-Ruminococcus torques group 17.35 0.63 17.43 0.68 —0.003438148 0.77 0.95
Fanily-Clostridiaceael 18.68 0.48 18.76 0.54 —0.003714886 0.79 0.53
Genus-Clostridium sensustrictol 21.30 0.44 21.42 0.49 0.004440989 0.73 0.40
Family-Prevotellaceae 17.91 0.59 22.49 0.37 —0.026271479 0.04 0.49
Genus-Eubacterium hallii group 21.19 0.33 21.19 0.39 —0.000612152 0.97 0.80
Class-Bacteroidia 12.86 0.88 15.47 0.80 0.019723385 0.12 0.70
Order-Bacteroidales 21.50 0.25 22.48 0.26 0.015889976 0.38 0.70
Class-Bacteroidetes 11.77 0.95 12.37 0.95 0.009131151 0.45 0.68
Genus-Streptococcus 19.51 0.49 23.49 0.32 —0.024679994 0.06 0.37
ebi-a-GCST90017083 12.29 0.78 14.64 0.69 0.029828835 0.14 0.70
Phylum-Actinobacteria 18.56 0.61 18.59 0.67 —0.002047055 0.86 0.94
Genus-Prevotella9 12.91 0.91 13.05 0.93 —0.004356778 0.71 0.27
Family-Streptococcaceae 18.47 0.62 18.57 0.67 —0.003741666 0.75 0.39

complex polysaccharides, such as cellulose. It has the capacity to engage with other probiotic bacteria, resulting in the suppression of
detrimental bacterial proliferation and the sustenance of a harmonious microbial ecosystem in the intestinal tract [28,29]. Barnesiella
may also be associated with immune system regulation. In the research by Presley and colleagues [30], elevated concentrations of
Barnesiella in the colonic regions of mice were found to be associated with heightened levels of marginal zone B cells and invariant
natural killer T cells in both the spleen and liver [31]. Flavonifractor, a Gram-negative bacterium, derives its name from flavonoid
compounds closely linked to human health through dietary intake. In the gastrointestinal tract, Flavonifractor species are involved in
the biochemical processing of flavonoid compounds. This metabolism can generate substances with antibacterial, antioxidant, and
anti-inflammatory properties [32]. In an investigative study led by Shiyun Luo and colleagues [33], a comparative analysis revealed a
significantly higher presence of Flavonifractor bacteria in individuals from a normal control group, in contrast to those diagnosed with
arterial sclerosis. The study further delved into the therapeutic potential of Flavonifractor plautii, demonstrating its efficacy in for-
tifying the elastic fiber network within vascular structures. This reinforcement effectively mitigates the elevated pulse wave velocity, a
common complication in arterial sclerosis. The underlying mechanism involves the targeted suppression of MMP-2 (matrix
metalloproteinase-2), coupled with the inhibition of key inflammatory markers such as MCP-1 (monocyte chemoattractant protein-1)
and NF-kB (nuclear factor kappa-B), illustrating a multifaceted approach in vascular health improvement.

In the context of the forward MR analysis, microbial groups such as Family-Clostridiaceael and Genus-Oscillospira may exert an
influence on the inflammatory process by modulating the host’s immune response and inflammation levels [34-36]. Previous research
has highlighted the role of inflammatory immune responses in contributing to the development of Randall’s plaques and the subse-
quent formation of calcium-based kidney stones [37]. Furthermore, numerous families and genera within the Order-Clostridiales may
be associated with lipid metabolism, including the metabolism and regulation of fatty acids [38]. Some research suggests that certain
fatty acid supplements can enhance GMB diversity, benefiting conditions like neurological disorders and alcoholic liver disease [39].
Additionally, the intake of supplements rich in N-3 fatty acids has been demonstrated to effectively reduce critical risk factors asso-
ciated with stone formation, notably including the conditions of hypercalciuria and hyperoxaluria [40]. However, the mechanistic
contributions of these microbial groups to urological stone formation remain unclear, necessitating further investigation.

In the reverse MR analysis, urinary tract stones were found to impact the abundance of 13 bacterial taxa. While it may not be
definitive that the 12 bacterial taxa, excluding Genus-Clostridium sensustrictol, influence the course of urinary tract stones, it is worth
exploring whether changes in the abundance of these bacterial taxa can alter the overall composition and diversity of the GMB, thereby
affecting the etiology of stones or causing other complications. In the detailed findings of a reverse MR study, a notable emphasis was
placed on the Genus-Ruminococcus torques group, which exhibited a statistically significant impact (IVW OR = 1.07, 95% CI
0.64-0.98, P = 1.86 x 1073). This group of bacteria has been identified as a contributing factor in a range of health disorders,
prominently including hypertension, Crohn’s disease, Graves’ disease, and irritable bowel syndrome, indicating its broad relevance in
medical research and clinical diagnostics [41-44]. A meta-analysis conducted by Tianhui Yuan et al. [24] revealed that individuals
with kidney stones exhibited a decreased relative abundance of Prevotella9 compared to healthy individuals, consistent with our
study, while the relative abundance of Bacteroides increased, contradicting our results. These findings emphasize the need for
comprehensive and in-depth research into the GMB.

In evaluating the scope and applicability of our study, it is crucial to acknowledge certain inherent limitations. The cornerstone of
our analysis, the GWAS data, was drawn exclusively from subjects with European ancestry. This demographic specificity inherently
limits the extrapolation of our findings to diverse global populations, particularly those of non-European descent. As such, extrapo-
lating these results to broader, more varied demographic groups warrants additional scrutiny and caution. Secondly, our IVs were
derived from GWAS meta-analysis, which confines our ability to explore non-linear relationships and stratified effects. Although
existing observational studies do not offer conclusive evidence regarding the linearity of the impact of the GMB on the risk of urinary
tract stones, the potential for non-linear models cannot be dismissed. Furthermore, our analysis was constrained due to the lack of
detailed categorization regarding the types of kidney stones, such as distinctions between calcium oxalate and uric acid stones, which
restricted the scope of our subgroup analysis capabilities. Despite these constraints, our causal estimates have been reinforced through
a rigorous set of sensitivity analyses. However, in order to develop a more complete and nuanced understanding of how the GMB
influences the formation of urinary tract stones, it is imperative to undertake additional investigative efforts. Future research should
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focus on validating the observed effects and delving into the complexities of potential non-linear interactions within this framework.
5. Conclusion

In conclusion, our research has successfully demonstrated a cause-and-effect link between the GMB and the development of
urolithiasis using bidirectional Mendelian Randomization analysis. We have pinpointed 10 bacterial groups, including the genera
Barnesiella and Flavonifractor, as influencers in the risk of forming urinary tract stones. Additionally, 13 bacterial groups, notably the
Genus-Ruminococcus torques group and the Family-Clostridiaceae, have been identified as being affected by urolithiasis. These
identified microbial entities could be key in developing new biomarkers and exploring innovative therapeutic and preventive stra-
tegies for urinary tract stone conditions. We encourage healthcare professionals and researchers to prioritize monitoring the GMB in
urolithiasis management, as this could unveil additional risk predictors and potentially beneficial taxonomic groups. This represents a
significant clinical implication of our study.
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