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Abstract

Background Observational studies have indicated a potential link between gut microbiota and sarcopenia. However, the underlying
mechanisms and a causal relationship have not been established. Thus, the objective of this study is to examine the possible causal
association between gut microbiota and sarcopenia-related traits, including low hand-grip strength and appendicular lean mass
(ALM), to shed light on the gut-muscle axis.

Methods To investigate the potential impact of gut microbiota on low hand-grip strength and ALM, we utilized a two-sample
Mendelian randomization (MR) approach. Summary statistics were obtained from genome-wide association studies of gut micro-
biota, low hand-grip strength, and ALM. The primary MR analysis employed the random-effects inverse-variance weighted (IVW)
method. To assess the robustness, we conducted sensitivity analyses using the MR pleiotropy residual sum and outlier (MR-PRESSO)
test to detect and correct for horizontal pleiotropy, as well as the MR-Egger intercept test and leave-one-out analysis.

Results Alcaligenaceae, Family XIII, and Paraprevotella were positively associated with the risk of low hand-grip strength (P-values < 0.05).
Streptococcaceae were negatively associated with low hand-grip strength (P-values < 0.05). Eight bacterial taxa (Actinomycetales, Acti-
nomycetaceae, Bacteroidaceae, Porphyromonadaceae, Prevotellaceae, Bacteroides, Marvinbryantia, and Phascolarctobacterium) were associated
with a higher risk of ALM (P-values < 0.05). Eubacterium fissicatena group was negatively associated with ALM (P-values < 0.05).

Conclusion We found several gut microbiota components causally associated with sarcopenia-related traits. Our findings provided
insights into novel strategies for the prevention and treatment of sarcopenia through the regulation of the gut microbiota, contributing
to a better understanding of the gut-muscle axis.
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Introduction The gut-muscle axis has been shown to play a crucial role in

The human intestine harbours a diverse community of gut mi-
crobiota that can be influenced by various factors such as diet,
environment, and genetics.! Previous studies have demonstrated
the crucial role of gut microbiota in the development of im-
mune, metabolic, psychiatric, and inflammatory diseases.”™ Sar-
copenia, characterized by low muscle mass and weak muscle
strength, is a common skeletal muscle syndrome that often ac-
companies ageing and several chronic conditions,® which leads
to impaired mobility, increased morbidity and mortality,/~° and
substantially elevated healthcare expenditures for patients.’® Al-
though the gut-muscle axis, which links gut health to muscle and
physical function, has been proposed by several independent re-
search groups,'*™3 the association between gut microbiota and
sarcopenia remains debatable. A better understanding of the role
of gut microbiota in the management of sarcopenia could pave
the way for more viable treatments.

regulating age-related muscle health in animal models and hu-
man studies. However, the underlying mechanisms remain poorly
understood, and the findings have been inconsistent across stud-
ies. Observational studies have reported that gut microbiota can
impact muscle mass and function through various factors such as
inflammation, immunity, substance metabolism, endocrine func-
tion, and insulin sensitivity.** By regulating the composition and
metabolism of proteins and amino acids, gut microbiota can
influence muscle synthesis.’>® Tryptophan, for instance, may
stimulate the production of insulin-like growth factor-1 in mus-
cle cells, promoting the expression of myofibril-related genes.'
Conversely, a protein-rich diet has been shown to shift bacte-
rial metabolism to the degradation and fermentation of amino
acids.’® A healthy gut microbiota can improve intestinal barrier
function and act as an immunomodulator. However, short-chain
fatty acids (SCFAs), which are produced by certain gut microbiota,
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Figure 1. Flowchart for the study of the association between gut microbiota and sarcopenia-related traits. LD: linkage disequilibrium; SNP: single

nucleotide polymorphism.

have been linked to increased chronic inflammation, which in
turn can lead to sarcopenia.’ Nonetheless, observational stud-
ies are subject to methodological challenges, such as confounding
bias and reverse causation, and methods that can infer causation
are needed to identify the association between gut microbiota and
sarcopenia.

Mendelian randomization (MR) is a valuable approach for es-
tablishing potential relationships that overcomes the method-
ological issues commonly present in observational studies by us-
ing genetic variations as instrumental variables (IVs) for expo-
sures.?’ The goal of this study was to uncover the potential causal
association between gut microbiota and sarcopenia, which would
lead to a better understanding of the gut-muscle axis.

Material and methods
Study design

To establish potential causal relationships between gut mi-
crobiota and sarcopenia-related traits, namely low hand-grip
strength and appendicular lean mass (ALM), we employed a two-
sample MR analysis, which provides stronger associations by min-
imizing many of the major biases present in traditional epidemi-
ologic observational studies. A flow chart of the study design is
shown in Fig. 1.

Data sources and instruments
Gut microbiota

We selected single-nucleotide polymorphisms (SNPs) associated
with the gut microbiota as IVs for our study. The summary-level
data for these SNPs were obtained from the MiBioGen consortium,
which analyzed 16S rRNA gene sequencing data from 18 340 par-
ticipants of various ethnicities and nationalities (72.3% of the pop-
ulation were European, with the remainder including individuals

from Middle-Eastern, East Asian, American Hispanic/Latin, and
African American populations).??

To select the most appropriate SNPs, we established a P-value
threshold of <107°.21:22 All SNPs need to be independently associ-
ated with the microbiota (linkage disequilibrium [LD], r? < 0.001,
clumping distance = 10 000 kb). Following the removal of 15 un-
known bacterial traits, we identified a total of 2 559 SNPs as-
sociated with 196 bacterial traits, including 9 phyla, 16 classes,
20 orders, 32 families, and 119 genera. An overview of genome-
wide association studies (GWAS) datasets for gut microbiota is
shown in supplementary Table 1, see online supplementary ma-
terial. IVs are listed in Supplementary Table 2, see online sup-
plementary material. To avoid potential pleiotropy, we also used
the PhenoScanner V2 (http://www.phenoscanner.medschl.cam.a
c.uk/) to exclude IVs associated with confounding or risk factors
for sarcopenia, such as older age, low socioeconomic status, low
physical activity, and poor diet.?> We submitted SNPs strongly
linked to gut microbiota for retrieval on the website. SNPs asso-
ciated with risk factors for sarcopenia, including older age, low
socioeconomic status, low physical activity, and poor diet, were
excluded (using a P-value threshold of <10~°). Finally, we discov-
ered no SNPs that were significantly associated with the afore-
mentioned four variables. As a result, 2 559 SNPs were available
for further MR analysis. All the confounders and excluded SNPs
are listed in supplementary Table 3, see online supplementary
material.

Sarcopenia-related traits

For each outcome variable, we have chosen the most recent
and largest GWAS studies available. Summary-level data for low
hand-grip strength were extracted from a large meta-analysis
GWAS including 256 523 participants of European ancestry’*
(ebi-a-GCST90007526). The cutoff level of low hand-grip strength
was male <30 kg, female <20 kg. Summary statistics of ALM
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were retrieved from a GWAS, in which 450 243 participants of
the UK Biobank Study were included? (ebi-a-GCST90000025). An
overview of GWAS datasets for low hand-grip strength and ALM
is shown in supplementary Table 1.

Instrument strength

To rule out the influence of weak IVs bias in association effect
estimation, we tested the strength of IVs with an F statistic > 10.
The following equation was used to compute the F statistic: F =
(R?/1-R?) (n—k—1/k), where R? is the variance interpreted by IVs
(per gut microbiota), and n is the sample size.’® The minor allele
frequency (MAF) and effect estimates (8) were used to calculate
R2: R? = 2MAF (1-MAF) (8/SD)2. SD is the standard deviation. The
F values of all variables in the present study were >10.

Statistical analysis

Our study utilized two-sample MR analysis as the primary sta-
tistical technique to investigate the potential causal association
between gut microbiota and low hand-grip strength and ALM. To
obtain a robust and reliable result, we combined several statisti-
cal methods. The inverse-variance weighted (IVW) method was
used as the primary approach, which has stable and balanced
pleiotropic effects. In addition, we employed the MR-Egger regres-
sion, weighted median, and MR pleiotropy residual sum and out-
lier (MR-PRESSO) tests as complementary methods to IVW, to es-
timate the relationship between exposures and outcomes under
various conditions.?”:28 When the two-sided P-value was <0.05,
statistical significance was considered.

The MR estimates are presented as odds ratios (ORs) and corre-
sponding 95% confidence intervals (CIs). The TwoSampleMR pack-
age (version 0.5.6) in R (v4.2.2) was used for the statistical analy-
ses.”

Sensitivity analysis

In our study, we utilized several methods to ensure the robust-
ness and reliability of our findings. To detect any potential het-
erogeneity, we employed Cochran’s Q statistic and visualized fun-
nel plots with a significance threshold of P-value < 0.05. Then we
utilized the MR-PRESSO test to detect and remove outliers, and
retested the results. Additionally, to detect horizontal pleiotropy,
we used the MR-Egger intercept test, with a significance threshold
of P-value < 0.05. Results are displayed using scatter plots.

We also performed leave-one-out analyzes where we repeated
the IVW analysis, removing one exposure-related SNP at a time, to
assess the robustness of our findings. By combining these meth-
ods, we aimed to ensure the validity and reliability of our findings
in determining the potential causal association between gut mi-
crobiota and the risk of low hand-grip strength and ALM.

Results

Gut microbiota and low hand-grip strength

Four bacterial taxa were found to be statistically associated with
the risk of low hand-grip strength using the IVW method (Fig. 2).
Alcaligenaceae, Family XIII, and Paraprevotella were found to have
significant positive causal effects on low hand-grip strength (OR:
1.167, 95% CI: 1.051-1.297, P = 0.004 for Alcaligenaceae; OR: 1.111,
95% CI: 1.022-1.209, P = 0.013 for Family XIII; OR: 1.088, 95% CI:
1.036-1.142, P = 0.001 for Paraprevotella; Table 1). Streptococcaceae
had a negative impact on low hand-grip strength (OR: 0.920, 95%
CI: 0.855-0.991, P = 0.027). We did not find evidence of heterogene-
ity or horizontal pleiotropy based on the funnel, scatter, and forest
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Figure 2. [VW estimates for association between gut microbiota and
sarcopenia-related traits. The color of each block represents the
IVW-derived P-value for each MR analysis.

plots (Supplementary Figs. 1-3). Multiple test corrections for the
P-values are shown in supplementary Table 4, see online supple-
mentary material.

Gut microbiota and ALM

There were nine bacterial taxa causally associated with ALM in
the IVW method (Fig. 2). Actinomycetales, Actinomycetaceae, Bac-
teroidaceae, Porphyromonadaceae, Prevotellaceae, Bacteroides, Marvin-
bryantia, Phascolarctobacterium had positive effects on ALM (OR:
1.029, 95% CI: 1.005-1.053, P = 0.017 for Actinomycetales; OR: 1.029,
95% CI: 1.005-1.052, P = 0.016 for Actinomycetaceae; OR: 1.041,
95% CI: 1.010-1.073, P = 0.008 for Bacteroidaceae; OR: 1.036, 95%
CI: 1.002-1.071, P = 0.037 for Porphyromonadaceae; OR: 1.034, 95%
CL: 1.007-1.061, P = 0.012 for Prevotellaceae; OR: 1.041, 95% CI:
1.010-1.073, P = 0.008 for Bacteroides; OR: 1.041, 95% CI: 1.000-
1.046, P = 0.045 for Marvinbryantia; OR: 1.027, 95% CI: 1.001-1.054,
P = 0.041 for Phascolarctobacterium). Eubacterium fissicatena group
had a negative effect on ALM (OR: 0.983, 95% CI: 0.967-1.100,
P = 0.044) (Table 2). Multiple test corrections for the P-values are
shown in supplementary Table 4.

In the sensitivity analysis, only two bacterial taxa, Prevotellaceae
and Eubacterium fissicatena group, showed heterogeneity. We re-
moved the outliers and performed the MR-PRESSO test to cor-
rect the heterogeneity. The results showed a significant associa-
tion (outlier-corrected: P = 0.034 for Prevotellaceae; P = 0.039 for
Eubacterium fissicatena group). Detailed information is provided in
supplementary Table 5, see online supplementary material. We
did not find evidence of horizontal pleiotropy based on the fun-
nel, scatter, and forest plots (supplementary Figs. 4-6, see online
supplementary material).

Discussion

This study represents the first comprehensive MR analysis inves-
tigating the potential causal relationships between gut microbiota
and sarcopenia-related traits. Our systematic evaluation of the ge-
netically predicted causal association between gut microbiota and
low hand-grip strength and ALM yielded novel findings indicating
that different gut microbiota taxa exert different effects on mus-
cle. These findings are consistent with earlier observational stud-
ies highlighting the pathophysiological interactions between gut
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Table 1. MR estimates of the association between gut microbiota and the risk of low hand-grip strength.

Exposure Outcome No. of IVs Method OR (95% CI) P-value? Heterogeneity MR Egger
Cochran’s Q Intercept
(P-value) (P-value)
Alcaligenaceae LHGS 18 A 1.167 (1.051, 1.297) 0.004 18.589 (0.069) —0.002 (0.922)
MR Egger 1.197 (0.721, 1.986) 0.502
Weighted median 1.194 (1.053, 1.353) 0.006
Family XIII LHGS 14 vw 1.111 (1.022, 1.209) 0.013 9.990 (0.441) —0.002 (0.866)
MR Egger 1.140 (0.846, 1.534) 0.411
Weighted median 1.109 (0.990, 1.243) 0.075
Streptococcaceae LHGS 17 VW 0.920 (0.855, 0.991) 0.027 9.492 (0.735) 0.003 (0.782)
MR Egger 0.883 (0.657, 1.186) 0.425
Weighted median 0.906 (0.819, 1.002) 0.054
Paraprevotella LHGS 13 J\AvY 1.088 (1.036, 1.142) 0.001 9.180 (0.688) 0.009 (0.337)
MR Egger 1.006 (0.858, 1.180) 0.939
Weighted median 1.073 (1.000, 1.151) 0.049

@Bold values indicate P-value < 0.05. LHGS, low hand-grip strength.

Table 2. MR estimates of the association between gut microbiota and the risk of ALM.

Exposure Outcome No. of IVs Method OR (95% CI) P-value? Heterogeneity MR Egger
Cochran’s Q  Intercept
(P-value?) (P-value)
Actinomycetales ALM 5 VW 1.029 (1.005, 1.053) 0.017 5.085 (0.279)  0.003 (0.358)
MR Egger 0.999 (0.943, 1.058) 0.972
Weighted median 1.015 (0.987, 1.044) 0.278
Actinomycetaceae ALM 5 VW 1.029 (1.005, 1.052) 0.016  5.064 (0.281) 0.003 (0.361)
MR Egger 0.999 (0.943, 1.058) 0.978
Weighted median 1.015 (0.988, 1.043) 0.275
Bacteroidaceae ALM 12 VW 1.041 (1.010, 1.073) 0.008  12.005 (0.151) 0.002 (0.711)
MR Egger 1.008 (0.852, 1.192) 0.927
Weighted median 1.022 (0.987, 1.060) 0.215
Porphyromonadaceae ALM 11 VW 1.036 (1.002, 1.071) 0.037  13.816 (0.087) 0.005 (0.232)
MR Egger 0.951 (0.832, 1.086) 0.481
Weighted median 1.047 (1.010, 1.086) 0.013
Prevotellaceae ALM 18 VW 1.034 (1.007, 1.061) 0.012  38.021(0.001) 0.003 (0.359)
MR Egger 0.990 (0.902, 1.087) 0.838
Weighted median 1.018 (0.994, 1.043) 0.142
Bacteroides ALM 12 I 1.041 (1.010, 1.073) 0.008 12.005 (0.151) 0.002 (0.711)
MR Egger 1.008 (0.852, 1.192) 0.927
Weighted median 1.022 (0.987, 1.060) 0.223
Eubacterium fissicatena group ALM 9 VW 0.983 (0.967, 1.100) 0.044  16.317 (0.038) 0.004 (0.540)
MR Egger 0.954 (0.870, 1.047) 0.353
Weighted median 0.978 (0.961, 1.995) 0.010
Marvinbryantia ALM 12 I 1.023 (1.000, 1.046) 0.045 12.223 (0.201) —0.001 (0.769)
MR Egger 1.037 (0.946, 1.137) 0.457
Weighted median 1.033 (1.007, 1.059) 0.013
Phascolarctobacterium ALM 11 I 1.027 (1.001, 1.054) 0.041 14.772 (0.064) —0.001 (0.888)
MR Egger 1.037 (0.909, 1.183) 0.603
Weighted median 1.014 (0.984, 1.042) 0.322

@Bold values indicate P-value < 0.05.

microbiota and muscle, commonly referred to as the gut-muscle
aXiS.11_13

Our results indicated that Alcaligenaceae, Family XIII, and Para-
prevotella had significant positive causal effects on low hand-grip
strength, which is negatively correlated with muscle strength.
In contrast, Streptococcaceae had a significantly negative effect
on low hand-grip strength. Previous studies have linked Para-
prevotella to the onset and progression of irritable bowel syn-
drome (IBS) and associated chronic intestinal inflammation.*°
Chronic intestinal inflammation and malabsorption of nutri-
ents can lead to decreased muscle function. However, in pa-

tients with chronic kidney disease, Paraprevotella inversely cor-
relates with the inflammatory factors interleukin 10 (IL-10)
and IL-4,*" which suggests that the association between Para-
prevotella and muscle function may be modulated by under-
lying disease states. In a previous study, Streptococcaceae di-
etary supplements were found to help muscles recover from
strenuous eccentric exercise, with a corresponding decrease in
blood IL-6 levels after 3 weeks of supplementation.®” Overall,
our MR-derived associations between gut microbiota and mus-
cle function are largely consistent with previous observational
studies.
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For another sarcopenia-related trait, Actinomycetales, Actino-
mycetaceae, Bacteroidaceae, Porphyromonadaceae, Prevotellaceae, Bac-
teroides, Marvinbryantia, and Phascolarctobacterium were found to
have significant positive causal effects on ALM, while Eubac-
terium fissicatena group were found to have significant negative
causal effects on ALM in the present study. Patients with liver
cirrhosis combined with muscle wasting had a higher abun-
dance of Bacteroides in their gut than those without muscle wast-
ing.*® Bacteroides can utilize both endogenous and exogenous
polysaccharides to create materials that might be advantageous
to the host. When substances like cellulose enter the colon, Bac-
teroides ferment and break them down into SCFAs, which are
thought to reduce inflammation and aid in the maintenance of
skeletal muscle mass. SCFAs appear to improve skeletal mus-
cle function, and some studies suggested that SCFAs supple-
mentation may improve exercise performance or strength 343
Pei et al’s research discovered that Bacteroides could also im-
prove the barrier function of the intestinal mucosa and inhibit
the Mystn/ActRIIB/SMAD? pathway to prevent muscle atrophy.®
In general, Bacteroides can affect muscle function and mass by
improving intestinal absorption and energy metabolism. A study
transplanted the feces of HF (high-function) and LF (low-function)
elderly separately into germ-free mice, and the grip strength of
HF-colonized mice increased after a 1-month follow-up, which
suggested that these gut microbiota had a beneficial role in main-
taining muscle strength in the elderly over 65 years old.*” The gut
microbiota Prevotellaceae was present in the HF group in the ex-
periment. Community-dwelling older adults with sarcopenia had
a higher concentration of Phascolarctobacterium than the control
group.®® Moreover, the reduction of Phascolarctobacterium was asso-
ciated with increased intestinal permeability, inflammation, and
nutritional imbalance. Another study found that the body mass
index, hand-grip strength, and mid-upper arm muscle circumfer-
ence were positively correlated with Phascolarctobacterium.

However, there were several studies’ results inconsistent with
the present study. Eubacterium fissicatena group was significantly
positively correlated with appendicular skeletal mass index and
grip strength, and significantly negatively correlated with five-
time chair standing test time, indicating that the Eubacterium fis-
sicatena group’s abundance is positively correlated with muscle
mass and muscle function.** The inconsistency in the results
could be attributed to the observational studies’ confounding fac-
tors. The positive correlation between Porphyromonadaceae and ex-
cess visceral adipose tissue (VAT) suggests that it may have an
impact on the body’s endocrine system.*! Through the endocrine
pathway of adipokines, obesity, especially central obesity with in-
creased VAT, increases the likelihood of sarcopenia.’ This condi-
tion is known as sarcopenic obesity. Further research into whether
Porphyromonadaceae affects muscle is necessary. There is currently
no research on the effects of Alcaligenaceae and Family XIII on
low hand-grip strength, and the effects of Actinomycetales, Actino-
mycetaceae, Prevotellaceae, and Marvinbryantia on ALM need to be
further explored. Theoretically, low hand-grip strength and ALM
should coexist in most cases of sarcopenia patients. However, the
gut microbiota related to these two variables in this study did
not overlap. This may be due to several reasons: first, different
gut microbiota may affect muscle mass or strength by secret-
ing similar factors. Second, there is a certain threshold range in
the study, and gut microbiota that reaches this threshold range
is determined to have statistically significant effects. However, if
the threshold is relaxed, gut microbiota related to low hand-grip
strength and ALM may have further overlap. In general, the re-
lationships discovered in this study between gut microbiota taxa
and ALM were partially consistent with previous research find-
ings, but there were still some research findings inconsistent or
even contradictory. Future research into the mechanism under-
lying the relationship between specific gut microbiota taxa and
muscle function and muscle mass is needed.
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Our finding demonstrates the presence of four gut microbiota
associated with reduced hand-grip strength, and nine gut micro-
biota associated with ALM. It is worth noting that other gut mi-
crobiota not covered in this study may also play a role in regu-
lating muscle function and mass. These findings provide valuable
insights for potential pharmacological interventions in the treat-
ment of sarcopenia.*? A study by Eloe-Fadrosh et al. found that
a supplement of Lactobacillus could modify resident microbiota to
increase the production of the SCFAs, which could increase the
cross-sectional area of muscle fibers and stop intramuscular fat
from accumulating.*®> Munukka et al. suggested that supplement
of Faecalibacterium prausnitzii could improve intestinal integrity, re-
duce inflammatory responses from the body, and improve insulin
sensitivity, which will help prevent sarcopenia.** Though there
have been some human and animal studies about the gut-muscle
axis, the mechanism behind it is still unclear. An overview of the
gut-muscle axis is shown in Fig. 3.

This study has several strengths. First, it is the largest and most
comprehensive MR study of the gut microbiota and sarcopenia-
related traits. Second, the GWAS data used in this paper to iden-
tify IVs has a large sample size and a high level of accuracy. Third,
the UK Biobank undergoes extensive genetic and phenotypic data
analysis and is strictly supervised and operated to ensure high
quality. Finally, several MR analysis methods were used in this
study, which allowed us to estimate the potential causal relation-
ship between the gut microbiota and the two sarcopenia-related
variables without interference from residual confounding or re-
verse causality. However, the study still has certain limitations.
First, because of the inherent nature of MR analysis, we can-
not be sure that our findings were not influenced by weak IVs,
even though all genetic tools were strongly associated with ex-
posure (F value > 10). Second, most of the GWAS data for gut
microbiota were from Europeans, whereas all the GWAS data for
sarcopenia-related traits were from Europeans, which may con-
tain some bias. Third, the 16S rRNA gene sequencing method only
describes the gut microbiota from genus to phylum level. Future
metagenomics and multi-omics approaches may be able to de-
scribe gut microbiota taxa at a finer level, avoiding species-related
bias. In order to provide more theoretical support for the mecha-
nism research of the 'gut-muscle’ axis, we will expand the sam-
ple size in future studies to investigate the relationship between
different gut microbiota taxa and sarcopenia-related traits at the
gene level.

With a particular emphasis on the impacts of various gut mi-
crobiota taxa on muscle, our findings give researchers a plat-
form to investigate the connection between gut microbiota and
sarcopenia-related traits. Future studies should investigate the
mechanism by which the gut microbiota and muscle are related,
as well as novel therapeutic strategies involving the gut micro-
biota in the management of sarcopenia.

Supplementary data
Supplementary data is available at PCMEDI online.
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