STROBE-MR checklist of recommended items to address in reports of Mendelian randomization studies1 2 

	Item No.
	Section
	Checklist item 
	Page No.
	Relevant text from manuscript

	1
	TITLE and ABSTRACT
	Indicate Mendelian randomization (MR) as the study’s design in the title and/or the abstract if that is a main purpose of the study
	1
	Title:Causal relationship between Human Gut Microbiome and Bone Mineral Density: A Mendelian Randomization Study


	
	INTRODUCTION
	
	
	

	2
	Background
	Explain the scientific background and rationale for the reported study. What is the exposure? Is a potential causal relationship between exposure and outcome plausible? Justify why MR is a helpful method to address the study question
	
	[bookmark: OLE_LINK17][bookmark: OLE_LINK18]Previous studies have indicated that the gut microbiome may influence bone metabolism by the mechanism of the gut-bone axis. Back in the first study that proved the connection between the gut microbiome and bone metabolism, BMD was linked to gut bacterial overgrowth.(18, 19). Furthermore, numerous studies have discovered a connection between the gut microbiome and low BMD, and changes in the gut microbiome might be indicators or treatment targets for people at greater risk of BMD loss(20-23). Due to potential lingering confounding variables and other common biases in observational research and research with small sample sizes, it is difficult to establish the causality of correlations. Only two Mendelian randomization (MR) analyses have demonstrated the causality between the gut microbiome and BMD: one found out the order Clostridiales and the family Lachnospiraceae causally affect the heel BMD, and the other discovered weak correlation between gut microbiome and pelvis BMDs(24, 25). Therefore, it is necessary to explore whether causality exists between certain gut microbes and BMDs at various skeletal sites.


	3
	Objectives
	State specific objectives clearly, including pre-specified causal hypotheses (if any). State that MR is a method that, under specific assumptions, intends to estimate causal effects
	
	[bookmark: OLE_LINK8][bookmark: OLE_LINK22][bookmark: OLE_LINK4]In this study, we utilized summary data of the gut microbiome and BMD data at five different skeletal sites (total body BMD (TB-BMD), femoral neck BMD (FN-BMD), forearm BMD (FA-BMD), heel BMD (H-BMD) and lumbar spine BMD (LS-BMD)) from GWAS to infer causality between the gut microbiome and BMD.


	
	METHODS
	
	
	

	4
	Study design and data sources
	Present key elements of the study design early in the article. Consider including a table listing sources of data for all phases of the study. For each data source contributing to the analysis, describe the following: 
	
	Study design presented in Figure 1

	
	a)
	Setting: Describe the study design and the underlying population, if possible. Describe the setting, locations, and relevant dates, including periods of recruitment, exposure, follow-up, and data collection, when available.
	
	2.2.1 Gut microbiome GWAS
[bookmark: _Hlk126863259][bookmark: _Hlk126422294][bookmark: OLE_LINK27][bookmark: OLE_LINK25][bookmark: _Hlk126422280][bookmark: _Hlk126438263][bookmark: _Hlk126425412]We acquired the summary statistics of the gut microbiome from MiBioGen (https://mibiogen.gcc.rug.nl/), the largest genetic study of the human microbiota involving 18,340 participants (1,708 children and 16,632 adolescents) from 24 cohorts (16 cohorts of European, n=13266; one cohort of Middle Eastern, n=481; one cohort of East Asian, n=811; one cohort of American Hispanic/Latin, n=1097; one cohort of African American, n=114; 4 cohorts of multiple ancestral samples, n=2571) (30). The composition of microbiome was analyzed by targeting three variable regions of the 16S rRNA gene, and direct taxonomic binning was used for taxonomic classification. Microbiota quantitative trait loci mapping analysis was performed to explore the effect of the genetic loci on the relative abundance of microbial taxa. A total of 211 bacterial taxa are included in the summary statistics. With 15 microbial taxa that have no species names (family or genus unknown) excluded, our study covered 9 phyla, 16 classes, 20 orders, 35 families, and 131 genera.
2.2.2 BMD GWAS
[bookmark: _Hlk127828504][bookmark: _Hlk126867553][bookmark: _Hlk126434897][bookmark: OLE_LINK3][bookmark: _Hlk127828548][bookmark: _Hlk127828742][bookmark: _Hlk127828800][bookmark: _Hlk127828561][bookmark: _Hlk127828573]We used BMD data from five different skeletal sites as outcomes, including TB-BMD (n=56,284), FN-BMD (n=32,735), FA-BMD (n=8,143), H-BMD (n=426,824), LS-BMD (n=28,498). TB-BMD, FN-BMD, FA-BMD and LS-BMD were measured by DXA, whereas H-BMD was measured by quantitative ultrasound (QUS), which are two completely different procedures(31).  All genetic data can be downloaded from the IEU GWAS database (https://gwas.mrcieu.ac.uk)(accessed on 9 September 2022). The GWAS summary data for the FN-BMD, FA-BMD and LS-BMD were from one large meta-analysis of European participants(32). In addition, the genetic determinants of TB-BMD were investigated by performing a meta-analysis with 56,284 participants of European ancestry(33). A meta-analysis investigated the genetic variants associated with the H-BMD of 426,824 European participants(34). For postmenopausal females and males over 50, the usual skeletal locations selected in DXA scans for BMD measurement are the femoral neck, forearm, and lumbar spine. For seniors, LS-BMD and FN-BMD tests are commonly used to diagnose osteoporosis; for children, TB-BMD is the best option for unbiased measurement of BMD variation(33). 


	
	b)
	Participants: Give the eligibility criteria, and the sources and methods of selection of participants. Report the sample size, and whether any power or sample size calculations were carried out prior to the main analysis 
	
	[bookmark: _GoBack]See above

	
	c)
	Describe measurement, quality control and selection of genetic variants
	
	[bookmark: _Hlk127828639][bookmark: _Hlk126873202][bookmark: _Hlk126355311][bookmark: _Hlk126875381][bookmark: _Hlk126424549][bookmark: OLE_LINK11][bookmark: _Hlk126354690]Above all, a total of 196 bacterial taxa were included in the subsequent MR analysis. We chose instruments at a P value < 5×10-6 (which is usually emphasized as “suggestive” genetic variants(35)) to obtain suggestive and adequate single-nucleotide polymorphisms (SNPs) because there were only 31 gut microbiome taxa found at a P value < 5×10-8. Since linkage disequilibrium SNPs can affect the results, we excluded the linkage disequilibrium SNPs (r2<0.01, distant=10000 kb) for higher accuracy. After the above two steps, 1,401 independent SNPs were collectively reserved and set as IVs.


	
	d)
	For each exposure, outcome, and other relevant variables, describe methods of assessment and diagnostic criteria for diseases
	
	-

	
	e)
	Provide details of ethics committee approval and participant informed consent, if relevant
	
	Each GWAS used in this study received ethical approval, which is documented in the original articles. Therefore, extra ethical approval was not required. 


	5
	Assumptions

	Explicitly state the three core IV assumptions for the main analysis (relevance, independence and exclusion restriction) as well assumptions for any additional or sensitivity analysis
	
	Moreover, we evaluated the strength of each IV by utilizing the F-statistic (F-statistic = (β/se)2)(37, 41). The SNP is a strong IV when the F-statistic is more than 10, which results in causality data of higher reliability. Rejected IVs are those with a F-statistic of less than 10.
The F-statistic of each IV was within the range of 17.17–88.43, all F > 10, suggesting less bias was caused.

	6
	Statistical methods: main analysis
	Describe statistical methods and statistics used
	
	2.4 Statistical Analysis
[bookmark: _Hlk126873146][bookmark: _Hlk126873166]Our study mainly used the inverse variance weighted (IVW) method to infer the effect of the exposure on the outcome, which pooled the Wald estimations of each SNP by utilizing meta-analysis(36). The IVW method was used to estimate causality for traits with more than one SNP; otherwise, we planned to perform the Wald ratio method(37). The weighted median (WM) method was applied to reduce type I errors and provide a valid causal estimation when over half of the weight was derived from valid IVs(38). The Mendelian randomization‐Egger (MR-Egger) regression method could provide a valid result with more than half of invalid IVs despite being less efficient than WM. The MR-Egger regression method is based on the Instrument Strength Independent of Direct Effect assumption, wich means pleiotropic effects and instrument exposure are unrelated(39). In addition, given that multiple tests were performed at each gut microbiome taxonomic rank, 0.05/n (n is the number of tested traits in each rank) was marked as significant P value after the Bonferroni correction to control the false discovery rate, and P value from 0.05/n to 0.05 was marked as nominally significant(40). Moreover, we evaluated the strength of each IV by utilizing the F-statistic (F-statistic = (β/se)2)(37, 41). The SNP is a strong IV when the F-statistic is more than 10, which results in causality data of higher reliability. Rejected IVs are those with a F-statistic of less than 10. In this study, numerous analyses of MR which include Mendelian Randomization Pleiotropy Residual Sum and Outlier (MR‐PRESSO), Cochrane’s Q test, MR-Egger intercept test, and “leave-one-out” sensitivity method were employed to access the pleiotropy, heterogeneity, and stability of exposures for the IVs. MR-PRESSO was utilized to remove outliers in IVW linear regression which cause horizontal pleiotropy and reanalyze again(42). In the Cochrane’s Q test that evaluated the heterogeneity of SNP estimation in each analysis, the IV was deemed as heterogeneity when the P value was less than 0.05(43). When the P value of the intercept test for the SNP used as IV was less than 0.05, it seemed that SNP had the directional horizontal pleiotropy(39). Finally, the "leave-one-out" sensitivity test was run to determine whether a specific SNP in the IVs had a significant influence on the overall causal estimation.
2.5 Reverse MR Analysis
[bookmark: _Hlk126873356][bookmark: _Hlk126873363]After the statistical analysis, we conducted a reverse MR analysis with the identified significant bacterial taxa as the outcome and BMD as the exposure. The aim was to investigate if BMD had any causal impact on those taxa. The reverse MR analysis procedure was the same as the above MR analysis. 
[bookmark: _Hlk118974654]2.6 PhenoScanner curated database
PhenoScanner database uses curated GWAS data and human genotype-phenotype associations to enable 'phenome scans' and links SNPs with disease mechanisms and biology(44, 45). We connected the SNPs found in the current study with potential low BMD mechanistic pathways by using the PhenoScanner. To find the relationships of the selected SNPs with illness features, we looked up data regarding the selected SNPs linked to the relevant circulating protein levels.



	
	a)
	Describe how quantitative variables were handled in the analyses (i.e., scale, units, model)
	
	-

	
	b)
	Describe how genetic variants were handled in the analyses and, if applicable, how their weights were selected
	
	-

	
	c)
	Describe the MR estimator (e.g. two-stage least squares, Wald ratio) and related statistics. Detail the included covariates and, in case of two-sample MR, whether the same covariate set was used for adjustment in the two samples
	
	In the Cochrane’s Q test that evaluated the heterogeneity of SNP estimation in each analysis, the IV was deemed as heterogeneity when the P value was less than 0.05(43). 

	
	d)
	Explain how missing data were addressed
	
	-

	
	e)
	If applicable, indicate how multiple testing was addressed
	
	-

	7
	Assessment of assumptions
	Describe any methods or prior knowledge used to assess the assumptions or justify their validity	
	
	Moreover, we evaluated the strength of each IV by utilizing the F-statistic (F-statistic = (β/se)2)(37, 41). The SNP is a strong IV when the F-statistic is more than 10, which results in causality data of higher reliability. Rejected IVs are those with a F-statistic of less than 10.

	8
	Sensitivity analyses and additional analyses
	Describe any sensitivity analyses or additional analyses performed (e.g. comparison of effect estimates from different approaches, independent replication, bias analytic techniques, validation of instruments, simulations)
	
	The Mendelian randomization‐Egger (MR-Egger) regression method could provide a valid result with more than half of invalid IVs despite being less efficient than WM. The MR-Egger regression method is based on the Instrument Strength Independent of Direct Effect assumption, wich means pleiotropic effects and instrument exposure are unrelated(39). In addition, given that multiple tests were performed at each gut microbiome taxonomic rank, 0.05/n (n is the number of tested traits in each rank) was marked as significant P value after the Bonferroni correction to control the false discovery rate, and P value from 0.05/n to 0.05 was marked as nominally significant(40). Moreover, we evaluated the strength of each IV by utilizing the F-statistic (F-statistic = (β/se)2)(37, 41). The SNP is a strong IV when the F-statistic is more than 10, which results in causality data of higher reliability. Rejected IVs are those with a F-statistic of less than 10. In this study, numerous analyses of MR which include Mendelian Randomization Pleiotropy Residual Sum and Outlier (MR‐PRESSO), Cochrane’s Q test, MR-Egger intercept test, and “leave-one-out” sensitivity method were employed to access the pleiotropy, heterogeneity, and stability of exposures for the IVs. MR-PRESSO was utilized to remove outliers in IVW linear regression which cause horizontal pleiotropy and reanalyze again(42). In the Cochrane’s Q test that evaluated the heterogeneity of SNP estimation in each analysis, the IV was deemed as heterogeneity when the P value was less than 0.05(43). When the P value of the intercept test for the SNP used as IV was less than 0.05, it seemed that SNP had the directional horizontal pleiotropy(39). Finally, the "leave-one-out" sensitivity test was run to determine whether a specific SNP in the IVs had a significant influence on the overall causal estimation.


	9
	Software and pre-registration
	
	
	

	
	a)
	Name statistical software and package(s), including version and settings used 
	
	All analyses were two-sample and performed based on TwoSampleMR packages. Heat map and forest plots were visualized by utilizing pheatmap packages and forestploter packages. All packages are in the R software (version 4.2.1) (http://www.r-project.org) (46). The STROBE-MR guidelines were strictly followed in our finding report(Supporting Information file 1)(47).


	
	b)
	State whether the study protocol and details were pre-registered (as well as when and where)
	
	-

	
	RESULTS
	
	
	

	10
	Descriptive data
	
	
	

	
	a)
	Report the numbers of individuals at each stage of included studies and reasons for exclusion. Consider use of a flow diagram
	
	-

	
	b)
	Report summary statistics for phenotypic exposure(s), outcome(s), and other relevant variables (e.g. means, SDs, proportions)
	
	After the linkage disequilibrium was removed, overall 1,401 IVs associated with 196 traits (P < 5×10-6) were reserved. These IVs were respectively assigned in 9 phyla (65 SNPs), 16 classes (121 SNPs), 20 orders (152 SNPs), 32 families (243 SNPs) and 119 genera (820 SNPs), of which phylum is the highest and broadest taxonomic rank. 
The IVs used in the reverse MR analyses were comprehensively described in Supporting Information Table S5.

	
	c)
	If the data sources include meta-analyses of previous studies, provide the assessments of heterogeneity across these studies
	
	-

	
	d)
	For two-sample MR:
   i.  Provide justification of the similarity of the genetic variant-exposure associations between the exposure and outcome samples
   ii.  Provide information on the number of individuals who overlap between the exposure and outcome studies
	
	Firstly, the two-sample MR analyses in this study could not ascertain the exposure and outcome GWAS overlapping degree. Although the maximum estimate overlapping rate is 15%, bias caused by overlapping samples can be reduced by making use of powerful instruments like F-statistic(90). 

	11
	Main results
	
	
	

	
	a)
	Report the associations between genetic variant and exposure, and between genetic variant and outcome, preferably on an interpretable scale
	
	See supplement for summary estimates used in the analysis

	
	b)
	Report MR estimates of the relationship between exposure and outcome, and the measures of uncertainty from the MR analysis, on an interpretable scale, such as odds ratio or relative risk per SD difference
	
	-

	
	c)
	If relevant, consider translating estimates of relative risk into absolute risk for a meaningful time period
	
	-

	
	d)
	Consider plots to visualize results (e.g. forest plot, scatterplot of associations between genetic variants and outcome versus between genetic variants and exposure)
	
	Main results are presented in figures.

	12
	Assessment of assumptions
	
	
	

	
	a)
	Report the assessment of the validity of the assumptions
	
	The F-statistic of each IV was within the range of 17.17–88.43, all F > 10, suggesting less bias was caused.

The whole MR analysis results can be found in Supporting Information Table S2. The P-values of MR‐PRESSO, Cochran's Q test, and intercept tests from MR-Egger regression for the significant and nominally significant estimates were all over 0.05, showing no sign of heterogeneity or horizontal pleiotropy (Supporting Information Table S4).

The F-statistic for IVs of BMD are large than 10.

	
	b)
	Report any additional statistics (e.g., assessments of heterogeneity across genetic variants, such as I2, Q statistic or E-value)
	
	See above

	13
	Sensitivity analyses and additional analyses
	
	
	

	
	a)
	Report any sensitivity analyses to assess the robustness of the main results to violations of the assumptions
	
	See above

	
	b)
	Report results from other sensitivity analyses or additional analyses
	
	See above

	
	c)
	Report any assessment of direction of causal relationship (e.g., bidirectional MR)
	
	See above

	
	d)
	When relevant, report and compare with estimates from non-MR analyses
	
	[bookmark: _Hlk127829115][bookmark: _Hlk127829121]Most of the previous research on the gut microbiome-BMD relationship has failed to reveal a convincing causal relationship, while our findings may provide strong evidence. The study used observational and linear regression techniques to identify the genus Escherichia Shigella as negatively related to L1-L4 BMD. Although significant association was not detected, our study showed that higher number of Escherichia Shigella was negatively associated with LS-BMD with a β of IVW is 0.2(54). Established causal links deepen our understanding of low BMD related diseases and the gut microbiome while also having the ability to direct the selection of interventions. 



	
	e)
	Consider additional plots to visualize results (e.g., leave-one-out analyses)
	
	Main results are presented in figures

	
	DISCUSSION
	
	
	

	14
	Key results 
	Summarize key results with reference to study objectives
	
	[bookmark: _Hlk126874751][bookmark: OLE_LINK13]We assessed the causal effects of the gut microbiome on BMDs at different skeletal sites by using a two-sample MR. Of note, the results suggested that higher number Eisenbergiella significantly caused lower H-BMD while Oscillibacter had an opposite effect on H-BMD. The use of Mendel's second law allowed us to reduce the confounding factors when using the MR design. A variety of techniques were adopted to investigate heterogeneity and correct pleiotropy, which led to results of remarkable consistency. Furthermore, the reverse MR study showed no sign of any causal effect of the H-BMD on the Eisenbergiella and Oscillibacter. Throughout our study, PhenoScanner played a role in finding probable pleiotropic SNPs and exploring the disease mechanisms as well as biology links to the selected SNPs.


	15
	Limitations
	Discuss limitations of the study, taking into account the validity of the IV assumptions, other sources of potential bias, and imprecision. Discuss both direction and magnitude of any potential bias and any efforts to address them 
	
	Our article contains some limitations that should be noted. Firstly, the two-sample MR analyses in this study could not ascertain the exposure and outcome GWAS overlapping degree. Although the maximum estimate overlapping rate is 15%, bias caused by overlapping samples can be reduced by making use of powerful instruments like F-statistic(90). Secondly, despite the fact that most of the gut microbiome data included in our analysis came from European populations, a small proportion was acquired from groups of other ancestries, which could have skewed our results. Finally, we advise that future GWASs for BMD should take sex specificity into account because several disorders that cause lower BMD, such as osteoporosis, are more common in postmenopausal women. Nevertheless, the greater sample size for BMD might lessen the bias.

	16
	Interpretation
	
	
	

	
	a)
	Meaning: Give a cautious overall interpretation of results in the context of their limitations and in comparison with other studies
	
	The role of a single microbiota in pathogenesis may be difficult to convince considering the intactness of the ecosystem and the dynamic response of the gut microbiome to environmental factors. Thus, it poses a challenge for gut microbiota MR analysis to completely exclude other microbiome functions or their interactions. Furthermore, the two genus we found were significantly associated with H-BMD alone but not with other skeletal sites, which calls for more caution causality studies. Association replication studies and/or functional validation of supporting mechanistic principles will be important for our identified bacterial genera in the future.


	
	b)
	Mechanism: Discuss underlying biological mechanisms that could drive a potential causal relationship between the investigated exposure and the outcome, and whether the gene-environment equivalence assumption is reasonable. Use causal language carefully, clarifying that IV estimates may provide causal effects only under certain assumptions 
	
	[bookmark: OLE_LINK7][bookmark: OLE_LINK6]In the Genome Taxonomy Database website, the genus Eisenbergiella is classified as a member of the family Lachnospiraceae, order Eubacteriales, class Clostridia in the phylum Firmicutes (http://gtdb.ecogenomic.org/). According to one study that used observational and GWEI analysis, Eisenbergiella has a significant effect on TB-BMD and plays a potential role in the aetiology of osteoporosis(54). Likewise, Wei M et al. discovered that Eisenbergiella is more prevalent in individuals with osteoporosis than in the control group (44 patients with osteoporosis and 64 controls), suggesting that Eisenbergiella is associated with BMD and osteoporosis risks(65). Furthermore, the Lachnospiraceae family, to which the genus Eisenbergiella belongs, has been proved to demonstrate a reverse regulation pattern with heel BMD(25). More importantly, sphingolipids and xanthurenic acid both have a negative correlation with the number of Eisenbergiella(66). Sphingolipids are associated with skeletal development, and disturbed sphingolipids metabolism can lead to early-onset osteoporosis(67, 68). In addition, xanthurenic acid has been positively correlated with BMD(69). In brief, we suggest the reason why Eisenbergiella causes low BMD is that high Eisenbergiella level is associated with low sphingolipids and xanthurenic acid, which are two essential acids for BMD. However, more research into the pertinent mechanism is required due to the absence of biological evidence. We hypothesized that the detrimental effect of Eisenbergiella on BMD may be genus-specific by combining data from observational studies, MR analysis, 16S rRNA, and animal experimentation.
[bookmark: OLE_LINK15]The genus Oscillibacter is listed as a member of the family Oscillospiraceae, order Eubacteriales, class Clostridia, and phylum Firmicutes on the Genome Taxonomy Database website (http://gtdb.ecogenomic.org/). A significant bacterial linked to inflammatory bowel disease is Oscillibacter(70). However, the association between Oscillibacter and BMD remains unclear. Our results showed a positive correlation, and we speculate that Oscillibacter are related to the gut microbial excretion products. According to some studies, Oscillibacter can create short-chain fatty acids, which increases bone density effectively by influencing osteoclast metabolism and bone mass(71-74). Furthermore, Oscillibacter is a butyrate-producing bacteria(75). Butyrate stimulates Tregs while suppressing osteoclasts, promoting bone formation by modulating WNT10B expression via regulatory T cells(76-78). More importantly, regulatory T cells inhibit bone resorption while also encouraging bone formation via parathyroid hormone and osteoblast development(79-81). In some studies, higher relative abundance of fecal Oscillibacter has been causally linked to lower triglyceride concentrations, and lower triglyceride levels have been linked to lower risks of osteoporosis(82, 83). Further research is needed to decipher the latent potential mechanism.
[bookmark: _Hlk118974709]We then searched for the 17 selected SNPs by using the PhenoScanner v2 curated database (http://www.phenoscanner.medschl.cam.ac.uk/) to detect the possible causal mechanistic associations between the gut microbiome and BMD (P < 5 × 10−6) (Supporting Information Table S6)(45). Out of the six SNP variants genetically associated with Eisenbergiella, two were found in the intron region of the genes ROBO4 and SNTG1; also, four SNPs were found in the intergenic region of the genes RP11-747E23.1, RP11-209E8.1 and LOC105370823 and LOC107983981, DPH6-AS1, and AP000472.3. Out of the 11 SNP variants genetically linked to Oscillibacter, five were found in the intron region of the genes RP11-362A1.1 and LINC02426, FAM129A, NUBPL, GFRA2, and TENM4; three SNPs were found in the intergenic region of NDRG2, LINC02171, RP11-443B9.1, and LOC105375951; one SNP was found in the upstream of LINC01656 gene; also, one SNP was found in the 3_prime_UTR of ADNP gene; and one SNP was found in the missense region of TTN. A few SNPs had no known connection with diseases. It should be noted that the disease and trait in the PhenoScanner curated database for the rs12278566, which is the Eisenbergiella SNP, is H-BMD, suggesting a linkage between the genus Eisenbergiella and BMD biology. The Oscillibacter SNP rs11627628 was associated with the NDRG2 gene, which encourages osteoblast differentiation while inhibiting osteoclast differentiation(84, 85). What’s more, through the control of FAM129, which is Oscillibacter SNP rs234108 associated gene, could affect a crucial regulator of autophagy in osteoclasts proliferation and differentiation(86). According to one study, ADNP mutations affect the regulation of ossification and osteoblast differentiation, and ADNP is the Oscillibacter SNP rs761240 associated gene(87). As we all know, in vivo, two competing processes—osteoblasts produce bone while osteoclasts resorb bone—maintain a balanced bone remodeling process. Loss and decreased BMD can be caused by unbalanced bone remodeling, like inadequate osteoblastic bone formation and/or excessive osteoclastic bone resorption. TTN, which is the Oscillibacter SNP rs16866406 associated gene, shows the function in suppressing the expression of TNF-α, and TNF inhibitors can maintain femoral neck BMD while increasing lumbar spine BMD and total hip BMD(88, 89). As a consequence, we believe the Oscillibacter may have a protective effect on BMD, which could be caused by the gene as mentioned above. It is necessary to investigate the mechanistic pathway underlying this impact using experimental laboratory data.
[bookmark: OLE_LINK24]This study has benefits in several ways. Firstly, to boost the statistical power to identify causal relationships, our work used a number of variants that have been summarized from large-scale GWAS studies on the gut microbiome and BMDs. Secondly, we studied up to five taxonomic ranks (phylum, class, order, family and genus) and BMDs at five different skeletal sites. Thirdly, to fully satisfy the fundamental MR assumptions, we used independent SNPs as IVs and performed various sensitivity studies, such as heterogeneity evaluation and reverse MR analysis. To account for multiple testing, the Bonferroni approach was utilized, which produced compelling evidence of the relationships. 


	
	c)
	Clinical relevance: Discuss whether the results have clinical or public policy relevance, and to what extent they inform effect sizes of possible interventions
	
	It is plausible that our findings may contribute to a better understanding of the relationship between the gut microbiome and bone health. And, theoretically, direct the design of interventional studies to promote bone health with a higher probability of success.

	17
	Generalizability   
	Discuss the generalizability of the study results (a) to other populations, (b) across other exposure periods/timings, and (c) across other levels of exposure
	
	Secondly, despite the fact that most of the gut microbiome data included in our analysis came from European populations, a small proportion was acquired from groups of other ancestries, which could have skewed our results. 

	
	OTHER INFORMATION
	
	
	

	18
	Funding
	Describe sources of funding and the role of funders in the present study and, if applicable, sources of funding for the databases and original study or studies on which the present study is based
	
	-

	19
	Data and data sharing 
	Provide the data used to perform all analyses or report where and how the data can be accessed, and reference these sources in the article. Provide the statistical code needed to reproduce the results in the article, or report whether the code is publicly accessible and if so, where
	
	Summary data used for this study can be accessed through the following links: microbiota, https://mibiogen.gcc.rug.nl/; TB-BMD, https://gwas.mrcieu.ac.uk/datasets/ebi-a-GCST005348/; FN-BMD, https://gwas.mrcieu.ac.uk/datasets/ieu-a-980/; FA-BMD, https://gwas.mrcieu.ac.uk/datasets/ieu-a-977/; H-BMD, https://gwas.mrcieu.ac.uk/datasets/ebi-a-GCST006979/; LS-BMD, https://gwas.mrcieu.ac.uk/datasets/ieu-a-982/

	20
	Conflicts of Interest  
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