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Background: Emerging evidence from observational studies and clinical trials
suggests a connection between the gut microbiota and variations in bone mineral
density (BMD). Nonetheless, the specific association between gut microbiota
and BMD alterations at different skeletal sites has not been comprehensively
explored. To address this, we employed Genome-Wide Association Study
(GWAS) summary statistics from a publicly accessible database, conducting a
two-sample Mendelian Randomization analysis to elucidate the potential causal
relationship between gut microbiota composition and BMD.

Methods: This study utilized two distinct thresholds for screening instrumental
variables (IVs), followed by an extensive series of quality control procedures to
identify IVs that were significantly related to exposure. Gut microbiota were
classified into two sets based on hierarchical levels: phylum, class, order, family,
and genus. Bone mineral density (BMD) data were systematically collected from
four skeletal sites: femoral neck, lumbar spine, forearm, and heel. For Mendelian
Randomization (MR) analysis, robust methods including Inverse-Variance
Weighting (IVW) and the Wald Ratio Test were employed. Additional analytical
tests such as the Outlier Test, Heterogeneity Test, ‘Leave-One-Out’ Test, and
Pleiotropy Test were conducted to assess the impact of horizontal pleiotropy,
heterogeneities, and the genetic variation stability of gut microbiota on BMD
causal associations. The MR Steiger Directionality Test was applied to exclude
studies with potential directional biases.

Results: In this two-sample Mendelian randomization analysis, we utilized five sets
of exposure GWAS (Genome-Wide Association Studies) summary statistics and four
sets of outcome GWAS summary statistics. The initial analysis, applying a threshold
of p<5x10-5, identified 48 significant causal relationships between genetic liability in
the gut microbiome and bone mineral density (BMD). A subsequent analysis with a
more stringent threshold of p<5x10-8 uncovered 14 additional causal relationships.
Upon applying the Bonferroni correction, 9 results from the first analysis and 10
from the second remained statistically significant.

Conclusion: Our MR analysis revealed a causal relationship between gut
microbiota and bone mineral density at all sites, which could lead to discoveries
in future mechanistic and clinical studies of microbiota-associated osteoporosis.
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Introduction

Osteoporosis, a systemic skeletal metabolic disease, predominantly
impacts the elderly and is characterized by reduced bone mineral
density (BMD) and deteriorated bone tissue microstructure
(Notelovitz, 1993). Osteoporosis also is a bone disease that increases
the risk of fractures due to reduced bone density and quality (NIH
Consensus Development Panel on Osteoporosis Prevention, Diagnosis,
and Therapy, 2001). Clinically, BMD serves as an indirect marker for
osteoporosis and associated fracture risk. Osteoporosis and its
associated fragility fractures have a significant impact on mortality and
morbidity in individuals, healthcare systems, and entire communities
(Clynes et al., 2020). A 2010 epidemiological study (Wright et al., 2014)
in the United States revealed that approximately 5 million elderly
Americans suffered from low bone mass or osteoporosis, particularly
at the femoral neck and lumbar spine, with over 80% exhibiting low
bone mass. The prevalence of osteoporosis-related fractures imposes a
considerable burden on public health, healthcare systems, and the
economy (Darba et al., 2015; Fischer et al., 2017; Aziziyeh et al., 2019).
According to the findings of an epidemiologic survey of 29 countries
(including 27 in the European Union, Switzerland, and the
United Kingdom), the economic burden of fragility fractures was €
5.7billion in 2019, resulting in more than 200,000 deaths. The number
of osteoporotic fractures in these countries is expected to rise by 25%
annually until 2034 (Willers et al., 2022).

The gut microbiota, a diverse assembly of microorganisms in the
gastrointestinal tract, encompasses bacteria, yeast, and various other
microorganisms (Rinninella et al., 2019). Numerous studies have
established a connection between gut microbiota composition and
bone mineral density (BMD) development. These bacterial species
within the gut microbiota are taxonomically categorized across genus,
family, order, and phyla (Rinninella et al., 2019). Research indicates
that an imbalance in gut microbiota, or dysbiosis, is linked to a range
of diseases, encompassing both intestinal disorders such as
inflammatory bowel disease and celiac disease, as well as
extraintestinal conditions including metabolic syndrome and obesity
(Carding et al., 2015; Rinninella et al., 2019). The influence of gut
microbiota extends to disease susceptibility and the effectiveness of
medications, suggesting its potential role in addressing unresolved
biological and infectious disease challenges (Nicholson et al., 2012).

In the burgeoning field of microbiome research, the influence of
gut microbiota on bone health has garnered considerable attention.
Research indicates that individuals with osteoporosis and bone loss
exhibit distinct changes in the composition and diversity of gut
bacteria compared with healthy controls (Wang et al., 2017; Li et al.,
2019; He et al., 2020; Rettedal et al., 2021). Studies, involving germ-free
mice, which display increased bone mineral density (BMD) relative to
conventional mice, and the observed normalization of bone mass
following gut microbiota colonization, provide evidence supporting
the regulatory role of gut microbiota in BMD (Sjogren et al., 2012).
These findings collectively suggest the existence of a gut microbiota—
bone axis, further underlining the connection between gut microbiota
composition and BMD development (He and Chen, 2022).
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As an experimental design for detecting associations between
genetic variants and traits in population samples (Visscher et al., 2017),
genome-wide association studies (GWAS) are a powerful method for
identifying genes associated with common human diseases (The
Wellcome Trust Case Control Consortium, 2007). GWAS have become
the most successful method for identifying variants and genes that have
a significant impact on BMD in recent years (Martinez-Gil et al., 2023).
In the past, more than 50 large-scale GWAS or GWAS meta-analyses
published 500 genetic loci associated with various bone parameters
(e.g., bone mineral density) (Martinez-Gil et al., 2023). The clinical
application of GWAS data allows for research on the susceptibility,
prevention, and treatment of low bone mass and osteoporosis.

It is well understood that the results of randomized controlled trials
are more capable of establishing causal links. Unfortunately, the majority
of current relevant studies are based on RNA sequencing methods to
examine the composition and changes in the gut microbiota in feces of
patients with bone loss (Li et al., 2019; Ozaki et al., 2021), which does
not provide a good indication of a causal link (He and Chen, 2022). This
Mendelian randomization (MR) study was carried out to investigate the
causal relationships between gut microbiota and body site bone mineral
density. MR is a method for improving causal inference by using genetic
variations as an indicator of exposure while avoiding the limitations of
traditional study designs (Smith and Ebrahim, 2003; Smith and
Ebrahim, 2004; Timpson et al., 2012). MR is a widely used method for
exploring potential causal relationships between environmental
exposure and disease, and it is designed to improve causal inferences by
analyzing inherent properties of common genetic variations for a
modifiable environmental exposure of interest (Smith and Ebrahim,
2003; Davey Smith and Hemani, 2014; Sekula et al., 2016).

In this study, bone mineral density (BMD) data were analyzed
from three distinct skeletal sites, namely, the femoral neck, forearm,
and lumbar spine, which were sourced from the Genetic Factors for
Osteoporosis Consortium (GEFOS) website, complemented by heel
BMD data from 426,824 participants in the United Kingdom
Biobank (UKB). This comprehensive investigation aimed to
elucidate the causal relationship between gut microbiota and BMD
alterations at multiple skeletal sites in the human body. The findings
have the potential to clarify the interaction between various gut
microbiota and BMD, offering insights for developing new
therapeutic strategies and treatment methods for osteoporosis that
leverage gut microbiota.

Methods
Exposure data

As instrumental variables in the exposure data, we used SNPs
from GWAS data in the International Consortium MiBioGen.' The

1 https://mibiogen.gcc.rug.nl/menu/main/home/

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1298838
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://mibiogen.gcc.rug.nl/menu/main/home/

Xue et al.

MiBioGen consortium currently has the most comprehensive study
of host-genetics-versus-microbiome associations, with the largest
sample size and geographic scope of the study (Wang et al., 2018). In
the study, the 16S ribosomal RNA (rRNA) gene sequencing profiles
and genotyping data of 18,340 participants came from the
United States, Canada, Israel, South Korea, Germany, Denmark, the
Netherlands, Belgium, Sweden, Finland, and the United Kingdom
(Kurilshikov et al., 2021). The flora was classified into 131 genera, 35
families, 20 orders, 16 classes, and 9 phyla.

Outcome data

The GWAS summary statistics for BMDs (unit, g/cm2) were
obtained from the website of the Genetic Factors for Osteoporosis
Consortium.” The data are based on the use of the Dual Energy X-ray
Bone Densitometer (DXA) to measure femoral neck bone mineral
density (FN-BMD, n=32,735), forearm bone mineral density
(FA-BMD, n=8,143), and lumbar spine bone mineral density
(LS-BMD, n=28,498) for men of older than 50years and
postmenopausal women. To date, this is the largest GWAS based on
DXA-measured BMD (Zheng et al., 2015).

In addition, from the GEFOS website, we downloaded and used
heel bone mineral density (HE-BMD) data from 426,824 UKB cohort
participants (Morris et al., 2019). The UKB cohort included
approximately 50,000 people aged 40 to 69years. The quantitative
ultrasound speed of sound (SOS) and broadband ultrasound
attenuation were used to calculate HE-BMD. The IEU GWAS
database® contains all of the above GWAS summary statistics for
BMD, and all participants were of European origin.

Selection of instrumental variables

Figure 1 illustrates the workflow of the study.
We independently analyzed the five taxonomic levels of gut
microbiota in the exposure group (genera, families, orders,
classes, and phyla) in relation to BMD outcomes. To ensure the
validity of the study, a rigorous quality control process was
implemented prior to commencing Mendelian randomization
(MR) analysis. Single Nucleotide Polymorphisms (SNPs)
significantly associated with gut microbiota were initially selected
as instrumental variables (IVs) using a genome-wide significance
threshold of 5x 107%. However, this stringent threshold yielded
only a limited number of gut microbiota.

To investigate the causal relationship between gut flora and
BMD in greater depth, we used (5x 107°) as the second threshold
and selected SNPs smaller than the genome-wide statistical
significance threshold (5x107°) as the second set of IVs.
We removed LD (clumping process:R*> <0.01 and clumping
distance =10,000 kb) because strong linkage disequilibrium (LD)
may cause bias in the results. At the same time, we removed

palindromic SNPs (e.g., A/T or G/C alleles) to ensure that the

2 GEFOS, http://www.gefos.org/
3 https://gwas.mrcieu.ac.uk/datasets/
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FIGURE 1
Flow chart.

effects of SNPs on exposure and results correspond to the same
allele and avoid distortion of strand orientation or allele
coding in MR.

We utilized the MR-PRESSO framework to conduct an outlier
test, which enabled the identification of aberrant SNPs (outliers
significantly divergent from other SNPs) in the exposure. Outliers
identified through this test were subsequently excluded.
Additionally, we executed the MR pleiotropy test to assess the
presence of horizontal pleiotropy in individual instrumental
variables (IVs). If the MR-Egger intercept does not significantly
differ from zero (p-value >0.05), it indicates the absence of
horizontal pleiotropy. In cases where horizontal pleiotropy is
detected, prior to conducting further MR analysis, the
PhenoScanner database* (Keller-Baruch et al., 2020) is utilized to
identify and exclude SNPs associated with potential confounders
(such as diet, frailty variables, physical activity levels, medications,

4 https://www.phenoscanner.medschl.cam.ac.uk/
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weight, BMI, gender, and bone density measurements) until the
pleiotropy is no longer statistically significant.

MR analysis

The current MR analysis focused on the causal relationship of
microbiome features with BMD at four skeletal sites in humans. The
Wald ratio test was used to estimate the causal relationship of
microbiome features with BMD (when features contained only one
IV) (Burgess et al., 2017). When features contain multiple IVs, five
established MR methods are available, namely, the inverse-variance
weighted (IVW) test (Burgess et al., 2013), the weighted mode
(Hartwig et al., 2017), the MR-Egger regression (Bowden et al., 2015),
the weighted median estimator (WME) (Bowden et al., 2016), and the
MR-PRESSO (Verbanck et al., 2018). However, the IVW method is
reported to outperform the other methods under certain conditions
and is currently the most accurate method for estimating causality
(Bowden et al., 2016; Holmes et al., 2017), so it was primarily used in
our study of multiple I'Vs.

To ensure the robustness of our findings, we conducted a leave-
one-out analysis to determine if individual SNPs significantly
influenced the results (Burgess and Thompson, 2017). SNPs
demonstrating a substantial impact were excluded prior to conducting
Mendelian randomization (MR) analysis. An SNP was deemed to
significantly alter the results if its central value in the leave-one-out
plot exhibited a trend contrary to the overall findings. Furthermore,
to identify any weak instrument variables, we calculated the F-statistic
for each instrumental variable (IV) related to the exposure using the
formula: F= {eyposure/ SE exposure-

If the F statistic is significantly greater than 10, a weak IV bias
is highly unlikely (Staiger and Stock, 1997). Individual IVs with F
values of less than 10 are regarded as weak IVs. On this basis,
we also performed the MR Steiger directionality test to observe if
the directionality of the MR results matches our assumption of the
correct direction of the results; if the directionality is incorrect, the
group of exposures and outcomes is excluded from our MR analysis.
In addition, we used the two-sample MR package to run the
heterogeneity test to look at the differences between the individual
IVs. There was no heterogeneity if Q statistics were significant at
p-value >0.05.

Furthermore, we used Bonferroni correction to establish a
multiple testing significance threshold at each level of the gut
microbiota (phylum, class, order, family, and genus). The p-value
was calculated as p 0.05/n, where n is the effective number of
independent bacterial taxa at each taxonomic level. The significance
thresholds for the different taxa levels were set to the following
values when the threshold was less than 5x107% class p=0.05
(0.05/1), order p=0.025 (0.05/2), family p=1.6x10-2(0.05/3),
and genus p=6.3 x 10-3(0.05/8). The significance thresholds for the
different taxa levels were set to the following values when the
threshold was less than 5x107% phylum p=0.05 (0.05/1), class
p=0.025 (0.05/2), order p=1.3x107%0.05/4), family
p=>5.5%1073(0.05/9), and genus p=1.8x107°(0.05/28). Although
the Bonferroni correction method is debatable (Rothman, 1990;
Armstrong, 2014), it reduces the likelihood of type I error in
numerous statistical tests (Staiger and Stock, 1997) and can produce
more reliable results.
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Results
SNP selection

The determination of the number of Single Nucleotide
Polymorphisms (SNPs) utilized in the analysis was based on a
predefined threshold value (p <5x10/-8), which was coupled with
multiple screenings and stringent quality control measures.
Specifically, for the femoral neck-bone mineral density (FN-BMD)
group, one SNP was selected; for the Forearm BMD (FA-BMD) group,
two SNPs were selected; for the Lumbar Spine BMD (LS-BMD) group,
four SNPs were selected; and for the Heel BMD (HE-BMD) group,
seven SNPs were selected. In a similar vein, setting a threshold value
of p<5x104-6, along with multiple screenings and rigorous quality
control, led to the selection of 50 SNPs for the FN-BMD group, 81
SNPs for the FA-BMD group, 72 SNPs for the LS-BMD group, and 52
SNPs for the HE-BMD group.

In the Mendelian randomization (MR) analysis, all instrumental
variables (IVs) demonstrated an F statistic exceeding 10, as shown in
Supplementary Table S1. This result suggests the absence of weak
instrumental variable bias in the study. Outlier IVs were identified and
removed using the MR-PRESSO test. Notably, in the MR analysis
focusing on the genus Turicibacter and its association with HE-BMD,
three outlier SNPs were detected (rs11054680, rs149744580, and
rs55756211), with an IV significance threshold set at p <5 x 107-6.

The causal relationship between gut
microbiota and BMD of human four
skeletal sites

Femoral neck bone mineral density

Upon setting the instrumental variable (IV) threshold at
Pp<5x104-8, our analysis identified several gut microbiota causally
associated with femoral neck bone mineral density (FN-BMD). At the
genus level, Tyzzerella3 was implicated (Figure 2; Table 1).

Further investigation revealed a class Lentisphaeria and two
families, Prevotellaceae and Acidaminococcaceae, as having causal
associations with FN-BMD. Additionally, at the genus level, the
Ruminococcus gauvreauii group, Actinomyces, Candidatus Soleaferrea,
Coprococcus, Hungatella, and Turicibacter were identified as
contributing factors. Notably, causal relationships with FN-BMD were
also observed at the order and phylum levels, specifically with
Victivallales (order) and Lentisphaerae (phylum) as presented in
Table 2 and Figure 3.

Forearm bone mineral density

In this study, we found that the gut microbiota genus
Ruminococcus torques group and genus Tyzzerella are causally
associated with FA-BMD when the instrumental variable (IV)
threshold was set at p<5x 10A-8 (Figure 2; Table 1).

Furthermore, at a threshold of p <5x102-6, nine gut microbiota
were identified as causally associated with FA-BMD. Seven of these
belonged to the genus level, including an unknown genus id 2071,
Sellimonas, Oscillospira, Olsenella, Lachnospiraceae ND3007 group,
Escherichia Shigella, Butyrivibrio, Alistipes, and Ruminococcus gnavus
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FIGURE 2

Gut microbiata(exposure) Number of SNPs Methods P value OR 95% CI
Lumbar spine bone mineral density
family.unknownfamily.id. 1000001214 1 Wald ratio 0.009 1.261 1.058-1.503 :
genus..Ruminococcustorquesgroup.id. 1 Wald ratio 0.006 1.476  1.112-1.959 :
genus.Tyzzerella3.id.11335 1 Wald ratio 0.0003 1.323 1.135-1.542  —a
genus.unknowngenus.id.1000001215 1 Wald ratio 0.009 1.261 1.058-1.503 —m
order.Gastranaerophilales.id. 1591 1 Wald ratio 0.009 1.261 1.058-1.503 ——t
Forearm bone mineral density :
genus..Ruminococcustorquesgroup.id. 1 Wald ratio 0.021 1.808 1.09-2.999 i =
genus.Tyzzerella3.id.11335 1 Wald ratio 0.044 1.297 1.005-1.672 H_.
Femoral neck bone mineral density
genus.Tyzzerella3.id. 11335 1 Wald ratio 0.003 1.219 1.067-1.391 D
Heel bone mineral density
class.Actinobacteria.id.419 1 Wald ratio 0.012 0.952 0.916-0.989 =
family.Bifidobacteriaceae.id.433 1 Wald ratio 0.012 0.954 0.92-0.99 l
family.Oxalobacteraceae.id.2966 1 Wald ratio 0.004 1.051 1.015-1.088 =
genus..Ruminococcustorquesgroup.id. 1 Wald ratio 0.006 1.086 1.023-1.153 -
genus.Allisonella.id.2174 1 Wald ratio  0.03 1.027 1.002-1.052 n
genus.Bilophila.id.3170 1 Wald ratio 0.012 0.955 0.922-0.99 =
order.Bifidobacteriales.id.432 1 Wald ratio 0.012 0.954  0.92-0.99 I .I I |
0 1 2 3

Mendelian randomization results of causal effects between gut microbiome and BMD (p<5 x 1078).

OR (95%Cl)

group. The remaining two, belonging to the family level, were
Rikenellaceae and Prevotellaceae (Table 3; Figure 4).

Lumbar spine bone mineral density

In the study, at an instrumental variable (IV) threshold of
Pp<5x10A-8, the gut microbiota found to be causally associated with
lumbar spine bone mineral density (LS-BMD) including an
unidentified family (id 1,000,001,214), genus Ruminococcus torques
group, genus Tyzzerella3, and order Gastranaerophilales (Figure 2;
Table 1).

Furthermore, when the IV threshold was set at p <5 x 10/-6, 19
gut microbiota were identified as having a causal association with
LS-BMD. These included the class Coriobacteriia, two families
(Clostridiaceael and Coriobacteriaceae), and 10 genera: Actinomyces,
Alistipes, Escherichia Shigella, Family XIII AD3011 group, Family
XIIUCG-001, Lachnospiraceae NK4A136 group, Prevotella9,
Ruminococcaceae UCG-003, Ruminococcaceae UCG-005, and
Terrisporobacter. Additionally, one order, Coriobacteriales, was also
found to have a causal relationship (Table 4; Figure 5).

Heel bone mineral density

At an instrumental variable (IV) threshold of p <5x 10/-8, our
analysis identified that seven gut microbiota were causally associated
with HE-BMD. These included the class Actinobacteria, families
Bifidobacteriaceae and Oxalobacteraceae, the genera Ruminococcus
torques group, Allisonella, and Bilophila, and the order Bifidobacteriales
(Figure 2; Table 1).

When the threshold was raised to p <5x 10/-6, eight additional
gut microbiota were found to be causally linked to HE-BMD. These
comprised three families: Actinomycetaceae, Family XI, and an
unidentified family (id 1,000,006,161); three genera: Eubacterium
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coprostanoligenes group, Eisenbergiella, and an unknown genus (id
1,000,006,162); and two orders: Actinomycetales and NB1n (Table 5;
Figure 6).

Sensitivity test

After phasing out individual SNPs in the vast majority of studies,
we discovered that the results did not change significantly, indicating
the stability of our results to some extent. However, in studies where
HE-BMD was used as an exposure, we discovered SNPs that
significantly changed the results (outcome: genus Rikenellaceae RC9
gut group. genus unknown-genus id 1,000,006,162, and genus
Turicibacter) (Supplementary Figures S1-53). We repeated the MR
analysis step after eliminating the single SNPs that caused significant
changes in the results (Supplementary Figures S4-56). In the
heterogeneity test, all p-values were greater than 0.05, indicating that
the effect of heterogeneity could be ignored in our results. No evidence
of horizontal pleiotropy in IVs was detected by the Pleiotrophy test
(p>0.05).

MR Steiger directionality test

The results of the MR Steiger directionality test indicated two
groups of studies with directional errors, which we excluded from the
study (exposure: HE-BMD; outcome: genus Turicibacter and genus
Ruminococcaceae NK4A214 group) (Table 5).
Bonferroni correction

After Bonferroni correction with the threshold set at p<5x107%,

the gut microbiota causally associated with LS-BMD was genus
Prevotella; the gut microbiota causally associated with FN-BMD were

frontiersin.org
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TABLE 1 Mendelian randomization (MR) results of causal effects between gut microbiome and BMD (p <5 x10-8).

Gut microbiota Bone density Method = Number p 95%Cl Correct Steiger
(exposure) reduction of SNPS causal p-
sites(outcomes) direction  value
Lumbar spine bone mineral density
Family.unknownfamily. 2.32E- | 8.95E- 1.058-
Lumbar spine ‘Wald ratio 1 0.009 1.261 TRUE 1.89E-05
id.1000001214 01 02 1.503
Genus. L2
Ruminococcustorquesgroup. | Lumbar spine Wald ratio 1 3.90E- | 1.44E- 0.006 1.476 1 059 TRUE 8.82E-04
id.14377 o1 o1 '
2.80E- 7.81E- 1.135-
Genus.Tyzzerella3.id.11335 | Lumbar spine ‘Wald ratio 1 0.0003 | 1.323 TRUE 6.55E-06
01 02 1.542
Order.Gastranaerophilales. 2.32E- | 8.95E- 1.058-
Lumbar spine ‘Wald ratio 1 0.009 1.261 TRUE 1.89E-05
id.1591 01 02 1.503
Forearm bone mineral density
Genus.
1.09-
Ruminococcustorquesgroup. | Forearm Wald ratio 1 5.92E- 2.58E- 0.021 1.808 5999 TRUE 9.45E-02
id.14377 01 01 ’
2.60E- 1.30E- 1.005-
Genus.Tyzzerella3.id.11335 | Forearm ‘Wald ratio 1 0.044 1.297 TRUE 1.45E-04
01 01 1.672
Femoral neck bone mineral density
1.98E- 6.76E- 1.067-
Genus.Tyzzerella3.id.11335 | Femoral neck Wald ratio 1 0.003 1.219 TRUE 1.67E-06
01 02 1.391
Heel bone mineral density
—4.88E- | 1.95E- 0.916-
Class.Actinobacteria.id.419 | Heel Wald ratio 1 0.012 0.952 TRUE 9.45E—18
02 02 0.989
Family.Bifidobacteriaceae. -4.65E- | 1.86E-
Heel ‘Wald ratio 1 0.012 0.954 | 0.92-0.99 TRUE 7.06E—18
id.433 02 02
Family.Oxalobacteraceae. 5.02E- | 1.76E- 1.015-
Heel Wald ratio 1 0.004 1.051 TRUE 3.22E-07
id.2966 02 02 1.088
Genus.
1.023-
Ruminococcustorquesgroup. | Heel ‘Wald ratio 1 8.32E- | 3.06E- 0.006 1.086 153 TRUE 7.60E-07
.15,
id.14377 02 02
2.71E- 1.25E- 1.002-
Genus.Allisonella.id.2174 Heel ‘Wald ratio 1 0.03 1.027 TRUE 4.47E-08
02 02 1.052
-4.54E- 1.82E- 0.922-
Genus.Bilophila.id.3170 Heel Wald ratio 1 0.012 0.955 TRUE 1.66E—18
02 02 0.99
Order.Bifidobacteriales. -4.65E- | 1.86E-
Heel ‘Wald ratio 1 0.012 0.954 | 0.92-0.99 TRUE 7.06E—18
id.432 02 02

phylum Lentisphaerae, family Prevotellaceae, and genus Ruminococcus
gauvreauii group; the gut microbiota causally associated with FA-BMD
was family Rikenellaceae; and the causally associated HE-BMD. The
gut microbiota with a causal association with HE-BMD are order
NBIln,
genus Eisenbergiella.

genus  Eubacterium  coprostanoligenes ~ group, and

Discussion

Numerous studies have shown that changes in the composition of
gut microbiota play an important role in bone mineral density changes
and the development of osteoporosis in humans. However, this is the

Frontiers in Microbiology

first comprehensive study to look into whether there is a causal MR
relationship between gut microbiota and bone density at four different
skeletal sites. We used the largest summary statistics from GWAS for
gut microbiota to determine causal relationships with BMD at four
skeletal sites in over 400,000 Europeans from GEFOS and UKB. Our
findings show that several gut microbiota genetic liabilities are causally
associated with BMD at various skeletal sites, with multiple gut
microbiota identified as protective factors or risk factors for BMD. The
goal of this study is to use gut microbiota to gain new insights into the
prevention and treatment of osteoporosis.

At a threshold level of p <5x 10/-6, our study identified six gut
microbiota as protective factors and five as risk factors for FN-BMD. In
the case of FA-BMD, 11 and 4 gut microbiota were classified as

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1298838
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

AB0101qOIDIN Ul SIB13U0I4

L0

610" uISIa1U0L

TABLE 2 Mendelian randomization (MR) results of causal effects between gut microbiome and femoral neck BMD (p <5 x 10-%).

Gut microbiota Bone density Method Number 95%Cl  Correct Steiger (@]
(exposure) reduction of SNPS causal p-value

sites(outcomes) direction
Class.Lentisphaeria.id.2250 Femoral neck vw 5 7.08E-02 3.43E-02 0.038 1.073 1.003-1.147 | TRUE 2.04E-21 1.926 4 0.749
Family.Acidaminococcaceae.

Femoral neck vw 4 0.025 0.871 0.772-0.983 | TRUE 3.73E-14 2.609 3 0.455
id.2166 —1.37E-01 | 6.17E-02
Family.Prevotellaceae.id.960 Femoral neck vw 9 1.24E-01 4.14E-02 0.002 1.131 1.043-1.227 | TRUE 6.06E-38 3.821 8 0.872
Genus.
Ruminococcusgauvreauiigroup. Femoral neck vw 7 0.001 0.851 0.771-0.939 = TRUE 1.20E-20 6.493 6 0.37
id.11342 —1.61E-01 | 5.01E-02
Genus.Actinomyces.id.423 Femoral neck Wald ratio 1 1.94E-01 9.45E-02 0.039 1.214 1.008-1.461 = TRUE 2.56E-04 NA NA NA
Genus.CandidatusSoleaferrea.

Femoral neck vw 3 0.019 0.886 0.801-0.98 TRUE 5.56E-12 0.554 2 0.757
id.11350 —1.20E-01 | 5.16E-02
Genus.Coprococcus3.id.11303 Femoral neck vw 4 —1.95E-01 | 7.34E-02 0.007 0.822 0.712-0.949 | TRUE 4.95E-12 0.9 3 0.825
Genus.Hungatella.id. 11306 Femoral neck vw 2 —1.13E-01 | 5.18E-02 0.028 0.892 0.806-0.988 | TRUE 9.26E-09 0.419 1 0.517
Genus.Turicibacter.id.2162 Femoral neck vw 6 —9.36E-02 | 4.27E-02 0.028 0.91 0.837-0.99 TRUE 7.52E-23 4.988 5 0.417
Order.Victivallales.id.2254 Femoral neck vw 5 7.08E-02 3.43E-02 0.038 1.073 1.003-1.147 = TRUE 2.04E-21 1.926 4 0.749
Phylum.Lentisphaerae.id.2238 Femoral neck wvw 4 8.12E-02 3.78E-02 0.031 1.084 1.007-1.168 = TRUE 1.18E-17 1.479 3 0.686
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Gut microbiata(exposure) No. of SNPs Methods P value OR 95% CI
class.Lentisphaeria.id.2250 5 VW 0.038 1.073 1.003-1.147 .
family.Acidaminococcaceae.id.2166 4 VW 0.025 0.871 0.772-0.983 -
family.Prevotellaceae.id.960 9 VW 0.002 1.131  1.043-1.227 —_—
genus..Ruminococcusgauvreauiigroup.id.11342 7 VW 0.001 0.851 0.771-0.939 -
genus.Actinomyces.id.423 1 Wald ratio  0.039 1.214 1.008-1.461 ——
genus.CandidatusSoleaferrea.id. 11350 3 VW 0.019 0.886 0.801-0.98 —
genus.Coprococcus3.id. 11303 4 VW 0.007 0.822 0.712-0.949 ——
genus.Hungatella.id. 11306 2 VW 0.028 0.892 0.806-0.988 "
genus.Turicibacter.id.2162 6 VW 0.028 0.91 0.837-0.99 —
order.Victivallales.id.2254 5 VW 0.038 1.073 1.003-1.147 e
phylum.Lentisphaerae.id.2238 4 VW 0.031 1.084 1.007-1.168 | |+ .
0.5 1.0 1.5
OR (95%CI)
FIGURE 3
Mendelian randomization results of causal effects between gut microbiome and femoral neck BMD (p <5 x 1079).

protective and risk factors, respectively. Regarding LS-BMD, six and
eight gut microbiota were identified as protective and risk factors,
respectively. For HE-BMD, two microbiota were protective, while six
were risk factors. At a more stringent threshold of p<5x10/-8, one
gut microbiota was associated as a risk factor for FN-BMD, two for
FA-BMD, four for LS-BMD, and three for HE-BMD, while four were
protective for HE-BMD.

In observational studies, it is possible to determine to some extent
whether gut microbiota is a protective or risk factor for BMD by
comparing the relative abundance of gut microbiota in patients with
that of the normal group, and the abundance of gut microbiota can
be affected by a variety of factors, and the abundance of gut microbiota
can provide a certain reference for the association between gut
microbiota and BMD. Actinobacteria and Bifidobacteriacea were
discovered to be BMD protective factors in our study, and Li, C et al.
demonstrated that the abundance of Actinobacteria, which was more
abundant in the normal-BMD group (Palacios-Gonzilez et al., 2020),
and Bifidobacteriaceae was positively correlated with BMD (Li et al.,
2019). One study found that the genus Escherichia Shigella was more
abundant in osteoporotic patients than in non-osteoporotic patients
(Das et al.,, 2019); our study found a causal link between the genus
Escherichia shigella and BMD.

Our study established a causal relationship between the
Rikenellaceae family and its beneficial effects on bone mineral density
(BMD); vet, previous research indicates a higher abundance of
Rikenellaceae in cases of low BMD (Ozaki et al.,, 2021). Das et al.
found Actinomyces to be more prevalent in individuals with
osteoporosis compared with those with normal BMD (Das et al.,
2019); a finding corroborated by our research, which also identifies
Actinomyces as a BMD risk factor. Additionally, our results are
consistent with previous studies indicating a greater prevalence of the
Coriobacteriales order in osteoporotic patients compared with
controls (He et al., 2020), suggesting its role as a BMD risk factor. In
summary, while comparing previous observational studies supports
our conclusions, discrepancies may arise from variations in population
demographics, experimental methodologies, and confounding factors.

Our study highlights the significant causal association of the
Ruminococcus torques group with various BMD sites, identifying it as
arisk factor for LS-BMD, FA-BMD, and HE-BMD. Initially identified
in 1974 (Holdeman and Moore, 1974), this bacterium, a member of
the Ruminococcus genus (Holdeman and Moore, 1974), has been
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understudied in the context of BMD. Our findings indicate that
Ruminococcus is a risk factor for BMD. Conversely, in our study, the
Ruminococcus gauvreauii group and the Ruminococcus gnavus group,
both from the same genus, emerged as beneficial for
BMD. Additionally, Tyzzerella was causally linked to BMD risk factors
at FN-BMD, LS-BMD, and FA-BMD. This genus, known for causing
infectious diarrhea in mice due to Tyzzer’s disease since 1917 (Yutin
and Galperin, 2013), has not been extensively studied for its
impact on BMD.

Our findings show that the results of the association between
BMD and gut microbiota differ in different skeletal sites. A previous
study found that gut microbiota composition had a higher
correlation with BMD values/T scores in the hip than in the lumbar
spine (Huang et al., 2023). Only pelvic BMD was eventually found
to have modest associations with gut microbiota in another
Polygenic Risk Score (PRS) analysis, which was performed using 31
different sites of BMD as the outcome (Cheng et al., 2020). The
studies discussed above provide evidence that the relationship
between BMD-related microbiota and different skeletal sites may
be inconsistent. However, research on the relationship of BMD with
gut microbiota at various sites is still limited (Cheng et al., 2020).
More research studies on the reasons for the differences in the
association of BMD with gut microbiota at different sites is required
in the future.

The mechanism by which the gut microbiota regulates changes in
human bone density is still unknown. There are currently several
points of view on the potential mechanism of gut microbiota for
osteoporosis: intestinal barrier and intestinal flora dysbiosis: Intestinal
flora dysbiosis can cause osteoporosis by affecting the intestinal
barrier and impairing its function (Wang et al., 2022). Gut flora
transplantation, on the other hand, improves intestinal barrier
function and gut flora composition in osteoporosis, reducing bone
loss (Ma et al., 2021). Short-chain fatty acids are metabolites produced
by intestinal flora fermentation of resistant starches, dietary fiber, and
other indigestible carbohydrates, and gut microbiota can play an
important role in osteoclasts and osteoblasts by influencing short-
chain fatty acids. (Corréa-Oliveira et al., 2016; Wallimann et al., 2021;
He and Chen, 2022). Another gut microbiota-derived metabolite
trimethylamine N-oxide, a choline metabolite, has also been shown to
promote adipogenic differentiation of bone marrow and mesenchymal
stem cells (BMSCs) through upregulating NF-kB signaling pathway,
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TABLE 3 Mendelian randomization (MR) results of causal effects between gut microbiome and forearm BMD (p <5 x 10-°).

Gut microbiota

(exposure)

Bone density
reduction
sites(outcomes)

Method

Number
of SNPS

95%Cl

Correct
causal
direction

Steiger
p-value

Q

Genus.unknowngenus.id.2071 Forearm vw 9 1.77E-01 8.52E-02 0.038 1.193 1.009-1.41 TRUE 4.78E-16 3.888 8 0.867
Genus.Sellimonas.id.14369 Forearm vw 6 1.19E-01 5.33E-02 0.025 1.126 1.014-1.251 | TRUE 3.36E-19 5.019 5 0.413
Genus.Oscillospira.id.2064 Forearm vw 12 1.42E-01 6.59E-02 0.031 1.152 1.012-1.311 | TRUE 7.64E-26 6.675 11 0.824
Genus.Olsenella.id.822 Forearm INAYY 7 —1.34E-01 | 6.71E-02 0.046 0.874 0.767-0.997 = TRUE 1.78E-19 8.635 6 0.195
Genus.LachnospiraceaeND300

Tgroup.id.11317 Forearm Wald ratio 1 o 4E01 339E.01 0.022 0.461 0.237-0.896 | TRUE 1.69E-01 NA NA NA
Genus.Escherichia.Shigella.

3504 Forearm VW 4 295501 | 1.23E.01 0.016 0.744 0.585-0.946 = TRUE 8.58E-07 0.495 3 0.919
Genus.Butyrivibrio.id.1993 Forearm vw 7 —1.27E-01 6.42E-02 0.048 0.88 0.776-0.999 | TRUE 1.08E-20 9.564 6 0.144
Genus.Alistipes.id.968 Forearm vw 9 —2.58E-01 9.36E-02 0.005 0.772 0.642-0.927 | TRUE 8.34E-07 3.414 8 0.905
Genus.

Ruminococcusgnavusgroup. Forearm vw 7 0.015 0.812 0.686-0.961 | TRUE 2.78E-14 9.789 6 0.133
id.14376 —2.08E-01 8.61E-02

Family.Rikenellaceae.id.967 Forearm vw 10 —2.71E-01 | 8.84E-02 0.002 0.762 0.641-0.907 | TRUE 7.84E—13 5.79 9 0.76
Family. Prevotellaceae.id.960 Forearm vw 9 1.98E-01 9.09E-02 0.029 1.219 1.02-1.457 | TRUE 4.78E—16 8.878 8 0.352
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Gut microbiata(exposure) Number of SNPs Methods P value OR 95% ClI
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genus.Sellimonas.id. 14369 6 VW 0.025 1.126 1.014-1.251 —-—
genus.Oscillospira.id.2064 12 VW 0.031 1.152 1.012-1.311 R
genus.Olsenella.id.822 4 VW 0.046 0.874 0.767-0.997 -
genus.LachnospiraceaeND3007group.id. 11317 1 Wald ratio 0.022 0.461 0.237-0.896 e
genus.Escherichia.Shigella.id. 3504 4 vw 0.016 0.744 0.585-0.946 —.—
genus .Butyrivibrio.id. 1993 7 VW 0.048 088 0.776-0.999 -
genus Alistipes.id.968 9 \ah 0.005 0.772 0642-0927 -
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family Prevotellaceae.id 960 9 VW 0.029 1.219 1.02-1457 i
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Mendelian randomization results of causal effects between gut microbiome and forearm BMD (p <5 x 107°).

inhibiting osteogenic differentiation, and resulting in bone loss and
even osteoporosis (Hartwig et al., 2017; Lin et al., 2020).

Trabecular bone BMD distributions in adults are independent of
skeletal site (Roschger et al., 2003, 2008), whereas mean mineral
content of cortical bone varies by skeletal site (Roschger et al., 2008).
Lumbar trabecular and cortical bone loss with age were responsible
for 29.5 and 70.5% of total bone BMD (Sandor et al., 1992),
respectively. Trabecular bone loss accounts for only approximately
one-third of the total bone loss each year, implying that cortical bone
loss is more significant in the context of increased osteoporosis risk
(Sandor et al., 1992). It is unclear whether gut flora has a greater
impact on cortical bone. However, given the importance of cortical
bone loss in the progression of osteoporosis, correlations may
be possible in the future.

Furthermore, one study found that men who engaged in weight-
bearing exercise had greater bone density in the lumbar spine, face,
and femoral neck, as well as a larger cortical cross-sectional area and
trabecular bone (Nilsson et al.,, 2013). Therefore, a study on the
association between gut microbiota and BMD could be carried out at
a later date specifically for people who regularly perform weight-
bearing exercise or other exercise, to explore whether exercise affects
BMD by altering gut microbiota and thereby influencing BMD
(Marshall et al., 2008). However, our study only included people of
European descent, comparing differences in gut flora, and affecting
cortical and trabecular bone between races could be a new avenue for
future research.

Dual X-ray absorptiometry (DXA) confirms that peak bone mass
(PBM) varies by site, for example, the hip tends to reach PBM before
the spine (Berger et al., 2010). Gender plays a role in bone density
variability at skeletal sites, as peak bone mass differs between genders.
For example, in Canadian women aged 50years and older, the
prevalence of osteoporosis (T score<2.5) is 12.0% (L1-L4) and 9%
(Berger et al,, 2010). In Canada, women aged 50 years and older have
a prevalence of osteoporosis (T-score<—2.5) at 12.0% (L1-L4) and
9.1% (total hip), while men have a prevalence of 2.9% (L1-L4) and
0.9% (total hip) (Berger et al., 2010). The reason for the difference in
BMD between genders may be due to a variety of factors, including
ovarian secretion in women. Furthermore, we believe that gender
differences in intestinal flora may be a contributing factor to BMD
differences. Furthermore, aging is known to cause changes in gut flora,
and bone loss increases with age. Moreover, does the gut flora that
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changes with age play an important role in direct bone loss? Or what
role does gut flora play in regulating BMD in response to time factors?
This requires additional research in the future.

The main causes of accelerated bone loss in women are increasing
age and decreased ovarian secretion after menopause, which can lead
to osteoporosis (Compston et al., 2019) and affect osteoclasts,
osteoblasts, and osteocytes (Khosla et al., 2012; Manolagas et al.,
2013). In patients with postmenopausal osteoporosis, there appears to
be an association between estrogen levels and gut microbes, with the
underlying mechanisms being a lack of estrogen, increased intestinal
permeability, entry of bacterial products into the circulation (Hass
etal, 2009), and the release of the pro-inflammatory cytokines TNF-a
and IFN-g, which leads to further intestinal permeability (Patrick
et al,, 2006). Facilitates the body’s circulation of intestinal metabolic
products and structural elements like endotoxins, short-chain fatty
acids, and microbe-associated molecular patterns (Hernandez et al.,
2016). Intestinal flora migrates to the lamina propria, promoting
inflammatory processes, activating pro-inflammatory T-cells in the
bone marrow, and influencing bone remodeling (Gomez et al., 2015;
Yu et al., 2020).

According to studies, Actinobacteria and Lachnospira are less
abundant in menopausal women than in pre-menopausal women,
while Prevotella is more abundant (Santos-Marcos et al., 2018).
Interestingly, these flora (or flora related to them) were found to
be causally associated with BMD in our study. Female menopause is
well known to be associated with a significant decrease in estrogen,
and estrogen levels have been shown to regulate gut flora (Chen and
Madak-Erdogan, 2016; Baker et al., 2017; Vieira et al., 2017). As a
result, it is reasonable to assume that changes in the gut flora caused
by altered estrogen levels, as well as the causal relationship between
these altered gut flora and BMD, could eventually influence BMD, but
we cannot rule out the influence of other factors during menopause.

Gut flora can influence human metabolomics studies via
metabolic pathways, potentially affecting osteoporosis. Additionally,
it has been demonstrated that altered amino acid metabolism may
be the mediating factor in the correlation between gut microbes and
osteoporosis, and that valine, leucine, and isoleucine degradation, as
well as the metabolism of tyrosine and tryptophan, are significantly
linked to both osteoporosis and microbiota biomarkers (Ling et al.,
2021). Lumbar spine osteoporosis was linked to increased activity in
bacterial pathways involving peptidases (Ling et al., 2021). The
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TABLE 4 Mendelian randomization (MR) results of causal effects between gut microbiome and lumbar spine BMD (P<5 x 10-9).

Gut microbiota

Bone density

Method

Number

95%Cl

Correct Steiger

(@]

(exposure) reduction of SNPS causal p-value

sites(outcomes) direction
Order.Coriobacteriales.id.810 Lumbar spine VW 5 1.68E-01 7.88E-02 0.033 1.182 1.013-1.38 | TRUE 2.73E-14 2.005 4 0.7349
Genus.Terrisporobacter.id.11348 Lumbar spine vw 2 —1.52E-01 = 6.69E-02 0.023 0.859 0.753-0.979 | TRUE 5.81E-09 NA NA NA
Genus.RuminococcaceaeUCGO005.

Lumbar spine TRUE 8.92E-35 14.26 8 0.0751
id.11363 vw 9 1.44E-01 6.74E-02 0.032 1.155 1.012-1.318
Genus.RuminococcaceaeUCG003.

Lumbar spine TRUE 3.47E-31 8.596 8 0.3775
id.11361 vw 9 —1.08E-01 = 5.22E-02 0.038 0.897 0.81-0.994
Genus.Prevotella9.id.11183 Lumbar spine vw 6 1.83E-01 5.12E-02 0.0003 12 1.086-1.327  TRUE 2.51E-21 3.621 5 0.6051
Genus.
LachnospiraceaeNK4A136group. Lumbar spine TRUE 3.67E-37 4.978 7 0.6627
id.11319 vw 8 1.12E-01 4.68E-02 0.017 1.118 1.02-1.225
Genus.FamilyXIITUCGO01.

Lumbar spine TRUE 6.52E—19 0.494 4 0.9741
id.11294 VW 5 —1.26E-01 | 6.05E-02 0.037 0.881 0.783-0.992
Genus.FamilyXIIIAD3011group.

Lumbar spine TRUE 8.18E-24 2.847 6 0.8278
id.11293 vw 7 1.17E-01 5.62E-02 0.037 1.123 1.006-1.254
Genus.Escherichia.Shigella.id.3504 Lumbar spine VW 3 —2.01E-01 | 8.33E-02 0.015 0.817 0.694-0.962 | TRUE 1.52E-09 1.227 2 0.5414
Genus.Alistipes.id.968 Lumbar spine vw 5 —1.61E-01 = 8.18E-02 0.048 0.851 0.725-0.999 | TRUE 1.89E-13 4.272 4 0.3704
Genus.Actinomyces.id.423 Lumbar spine Wald ratio 1 2.31E-01 1.10E-01 0.035 1.259 1.015-1.562 | TRUE 3.60E-04 NA NA NA
Family.Coriobacteriaceae.id.811 Lumbar spine vw 5 1.68E-01 7.88E-02 0.033 1.182 1.013-1.38 | TRUE 2.73E-14 0.285 1 0.5934
Family.Clostridiaceael.id.1869 Lumbar spine VW 2 —1.86E-01 | 9.31E-02 0.045 0.83 0.691-0.996 = TRUE 5.11E-08 0.285 1 0.5934
Class.Coriobacteriia.id.809 Lumbar spine vw 5 1.68E-01 7.88E-02 0.033 1.182 1.013-1.38 TRUE 2.73E-14 2.005 4 0.7349
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FIGURE 5
Mendelian randomization results of causal effects between gut microbiome and lumbar spine BMD (p <5 x 107).

underlying mechanism is that bacteria use peptidases to break down
proteins in the gut, producing tyrosine (Diether and Willing, 2019).
Tyrosine metabolism can produce succinate, which can stimulate
osteoclasts by binding to specific receptors on osteoclast cells,
potentially increasing bone loss (Guo et al., 2017).

Tryptophan metabolism is linked to femoral neck osteoporosis
(Ling et al.,, 2021), and the mechanism is thought to be related to
factors such as gene transcription. Leucine intake is strongly linked to
increased bone density in the spine and forearms (Jennings et al.,
2016), and plasma leucine levels are strongly correlated with gut
microbiota (Wu et al., 2020). The metabolic doctrine may account for
the variability in causal associations between different bone density
sites and gut microbiota (exposure) in our findings.

Research has demonstrated a negative correlation between the
tryptophan and phenylalanine metabolic pathways and
Lachnospiraceae (Zhang et al., 2021). It was also established in our
study that there was a causal correlation between BMD and the flora
Lachnospiraceae, and that this flora was one of the risk factors for
BMD in the lumbar spine. Furthermore, there was a negative
correlation between L-tryptophan and Tyzzerella (Zhang et al., 2021).
Our findings not only demonstrated a causal relationship between
Tyzzerella and BMD in the lumbar spine, forearm, and femoral neck
but also indicated that this flora was one of the risk factors for BMD,
which is entirely consistent with its negatively correlated phenylalanine
metabolic profile. In conclusion, additional research is required to
fully understand how the gut microbiota may contribute to the
development of BMD linked to amino acid metabolism.

Our findings, however, have some limitations. The IVW method
dominated our analysis of multiple IVs, and we did not use other MR
methods to validate our results, which may be susceptible to
non-robustness. Second, in this study, all of the subjects were of
European origin, so extrapolating our findings to other ethnicities
may not be appropriate, and more research with a diverse range of
ethnicities is needed.

Conclusion

In this study, we investigated the causal relationships between gut
microbiota and BMD at four skeletal sites. Our findings revealed
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distinct causal directions: FN-BMD exhibited six positive and seven
negative causal directions; FA-BMD showed seven positive and six
negative causal directions; LS-BMD had six positive and 13 negative
causal directions; and HE-BMD demonstrated six positive and nine
negative causal directions. These results challenge the conclusions of
some previous observational studies. Future research may require the
analysis of more extensive Genome-Wide Association Studies
(GWAS) data or advanced methodologies to corroborate our findings.
Crucially, our research contributes new insights into the prevention
and treatment of osteoporosis and osteopenia.
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TABLE 5 Mendelian randomization (MR) results of causal effects between gut microbiome and heel BMD (P<5x 10-).

Gut microbiota Bone density Method Number SE P-value 95%Cl Correct Steiger
(exposure) reduction of SNPS causal p-value

sites(outcomes) direction
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id.1000006161 1.62E-02 6.11E-03
Genus.Eubacterium

Heel vw 7 0.0002 1.066 1.029-1.103 = TRUE 8.98E-31 10.72 0.0974
coprostanoligenes group.id.11375 6.41E-02 1.76E-02
Genus.Eisenbergiella.id. 11304 Heel Ivw 5 —3.67E-02 9.48E-03 0.0001 0.963 0.946-0.982  TRUE 2.13E-23 2.603 0.6263
Genus.RikenellaceaeRC9gutgroup.

Heel VW 6 0.972-1.005 = TRUE 5.98E-30
id.11191 —0.0113267 0.0084897 0.182 0.988 8.417 0.1347
Genus.
RuminococcaceaeNK4A214group. Heel Ivw 7 0.945-0.992 | FALSE 6.82E-01
id.11358 —3.16E-02 1.24E-02 0.011 0.968 2.221 0.8983
Genus. Turicibacter.id.2162.

Heel vw 3 0.915 0.888-0.942 | FALSE
summary —8.88E-02 1.51E-02 4.5x107 4.17E-01 1.032 0.5969
Genus.unknowngenus.

Heel Ivw 9 0.003 1.018 1.005-1.031 = TRUE 8.19E-46
id.1000006162 1.86E-02 6.42E-03 5.682 0.6828
Order.Actinomycetales.id.420 Heel Ivw 2 4.50E-02 1.89E-02 0.017 1.046 1.007-1.085 = TRUE 1.92E-11 1.714 0.1905
Order.NB1n.id.3953 Heel vw 10 1.62E-02 6.11E-03 0.008 1.016 1.004-1.028 = TRUE 1.02E-50 7.102 0.6265
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