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Abstract

Background Gut microbiota dysbiosis and sarcopenia commonly occur in the elderly. Although the concept of the gut—
muscle axis has been raised, the casual relationship is still unclear. This systematic review analyses the current evidence
of gut microbiota effects on muscle/sarcopenia.

Methods A systematic review was performed in PubMed, Embase, Web of Science, and The Cochrane Library data-
bases using the keywords (microbiota* OR microbiome*) AND (sarcopen* OR muscle). Studies reporting the alter-
ations of gut microbiota and muscle/physical performance were analysed.

Results A total of 26 pre-clinical and 10 clinical studies were included. For animal studies, three revealed age-related
changes and relationships between gut microbiota and muscle. Three studies focused on muscle characteristics of
germ-free mice. Seventy-five per cent of eight faecal microbiota transplantation studies showed that the recipient mice
successfully replicated the muscle phenotype of donors. There were positive effects on muscle from seven probiotics,
two prebiotics, and short-chain fatty acids (SCFAs). Ten studies investigated on other dietary supplements, antibiotics,
exercise, and food withdrawal that affected both muscle and gut microbiota. Twelve studies explored the potential
mechanisms of the gut-muscle axis. For clinical studies, 6 studies recruited 676 elderly people (72.8 = 5.6 years,
57.8% female), while 4 studies focused on 244 young adults (29.7 = 7.8 years, 55.4% female). The associations of
gut microbiota and muscle had been shown in four observational studies. Probiotics, prebiotics, synbiotics, fermented
milk, caloric restriction, and exercise in six studies displayed inconsistent effects on muscle mass, function, and gut
microbiota.

Conclusions Altering the gut microbiota through bacteria depletion, faecal transplantation, and various supplements
was shown to directly affect muscle phenotypes. Probiotics, prebiotics, SCFAs, and bacterial products are potential
novel therapies to enhance muscle mass and physical performance. Lactobacillus and Bifidobacterium strains restored
age-related muscle loss. Potential mechanisms of microbiome modulating muscle mainly include protein, energy, lipid,
and glucose metabolism, inflammation level, neuromuscular junction, and mitochondrial function. The role of the gut
microbiota in the development of muscle loss during aging is a crucial area that requires further studies for translation
to patients.
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Introduction

Sarcopenia is characterized by a progressive loss of muscle
mass, function, and physical performance during aging, and
the disease has now become a global threat.? In fact, the in-
cidence of sarcopenia has reached up to 5-13% in
60-70 years old population and 11-50% in those at 80 years
or above.® With these rapidly increasing numbers, the diag-
nosis of sarcopenia was further updated by the European
Working Group on Sarcopenia in Older People (EWGSOP2)
and Asian Working Group for Sarcopenia (AWGS) in 2019.%°
The latest cut-off points of muscle mass, strength, and phys-
ical performance were reported (Table 1).

There is currently convincing evidence that sarcopenic in-
dividuals have higher risk of falls, fractures, and all-cause
mortality.5® In 2019, two studies showed the annual cost
to exceed $2315.7 in the USA and £2707 in the UK for a single
sarcopenic patient hospitalized.>° It is also estimated that
with a reduction in the prevalence of sarcopenia by 10%,
the US healthcare system would save $1.1 billion annually.**
Therefore, public policies are urgently required to cope with
these at-risk patients.* As of now, there is still a lack of a sin-
gle effective therapeutic drug targeting sarcopenia.'? Resis-
tance exercise is the primary non-pharmacological approach
to improve muscle mass and function,*® but elderly patients
often have poor adherence®® and lack physical fitness for
long-term sustainability.*®> The increment of protein intake,
essential amino acids and their derivatives, antioxidant sup-
plements, polyunsaturated fatty acids, minerals, and vitamin
D appears to be beneficial to muscle mass and function in
the elderly.**2° However, the beneficial effects of exercise
and nutrients were mainly observed in healthy older popula-
tion, and more evidence of these strategies in frail and mal-
nourished older population are needed. In addition, new
insights of the mechanisms underlying muscle loss should
be considered.

Table 1 Cut-off points used to diagnose sarcopenia

The human gut microbiota consists of 10—100 trillion mi-
croorganisms, with Bacteroidetes and Firmicutes predomi-
nantly in adults.?* The complex ecosystem plays a vital role
in intestinal immune and endocrine functions, energy ho-
meostasis, nutritional status, and health maintenance.?? In
fact, the gut microbiota serves an intermediate role by break-
ing down carbohydrates, proteins, and lipids to supply energy
for the host.?® To regulate tissues beyond the gastrointestinal
tract, microbial products can traverse past the intestinal bar-
rier or can be further metabolized via other organs to enter
the circulatory system.?*?® For instance, lipopolysaccharide
(LPS) and trimethylamine-N-oxide induce a pro-inflammatory
status, while short-chain fatty acids (SCFAs) and bile acids
regulate host metabolism.?®

More importantly, advanced age not only affects the mus-
cle but also causes gut microbiome dysbiosis,?” with altered
microbial diversity and predominant bacteria, and lower ben-
eficial bacterial metabolites.?®*° Gut microbiota-derived
micronutrients and metabolites can reach and act on
muscle.3® Therefore, the concept of the ‘gut-muscle axis’
has been raised to study this relationship.3! Recent advances
elucidated that interventions via the axis have the potential
to reverse sarcopenic phenotype.®® Lactobacillus and
Bifidobacterium supplements notably enhanced muscle mass,
strength, and endurance capacity in aged mice.3? Clinical
studies have also shown evidence that old people can benefit
from the relevant pathways.>® Therefore, interventions via
the gut—-muscle axis may be a novel target to delay age-
related muscle wasting and dysfunction.®* Currently, there
is a need to further understand the complex molecular mech-
anisms of this axis. The purpose of this systematic review was
to characterize and analyse current studies to shed light on
this topic:

1. Causal relationship: can the gut microbiota directly affect
muscle mass and function?

Test

EWGSOP2 (2019)*

AWGS (2019)°

Grip strength Men < 27 kg

Women < 16 kg (as a key characteristic)

Men < 20 kg
Women < 15 kg

Appendicular skeletal muscle mass (ASM)

Men < 28 kg
Women < 18 kg
/

ASM/height? Men < 7.0 kg/m? Dual-energy X—ra}l absorptiometry:
Women < 5.5 kg/m® Men < 7.0 kg/m
Women < 5.4 kg/m?
or bioelectrical impedance analysis:
Men < 7.0 kg/m?
Women < 5.7 kg/m”
Gait speed <0.8 m/s <1.0 m/s
Short Physical Performance Battery (SPPB) <8 point score <9 point score
Timed Up and Go >20s /
400 m walk test Non-completion or >6 min for completion /
5-time chair stand test >15s >12's
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2. Sarcopenia target: what kinds of bacteria and bacterial
products are beneficial to muscle?

3. Mechanisms: how does the gut microbiome regulate
muscle?

Methods
Search strategy

Four electronic databases, PubMed, Embase, Web of Science,
and The Cochrane Library (date last accessed 17 September
2020), were screened. The following keywords were used in
the search strategy: (microbiota* OR microbiome*) AND
(sarcopen* OR muscle). Reference lists of related reviews
were searched for additional studies. This review was con-
ducted following the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) guidelines.3*

Search criteria

The inclusion criteria were (i) clinical/pre-clinical original
studies, (ii) study on gut microbiota and its effects on skeletal
muscle/sarcopenia, and (iii) study reporting muscle mass and
function indicators. The exclusion criteria were (i) review arti-
cles, (ii) conference and abstract publication, (iii) study not in-
volving the gut microbiota or muscle/sarcopenia, (iv) athletes
and patients/animal models with other diseases rather than
age-related sarcopenia, (v) lack of baseline characteristics
data, and (vi) non-English article.

Selection of studies

Two reviewers screened titles and abstracts of articles ob-
tained through the search strategy followed by full text for el-
igible criteria independently. Any disagreements were
decided and solved by consensus.

Data extraction

Data extraction was performed by two reviewers. The follow-
ing data were extracted from pre-clinical studies: author,
year, animal model, assessment methodology, intervention,
endpoints, outcome measures (muscle mass and mecha-
nisms, physical performance, description of gut microbiota,
and relationships), and key findings. For clinical studies, the
extracted data were author, year, demographics (age and
sex), sample size, intervention, follow-up duration, assess-
ment methodology, outcome measures (muscle mass, physi-
cal performance, description of gut microbiota, and
relationships), and key findings.

Data analysis

Due to the heterogeneity in both clinical and pre-clinical stud-
ies, a qualitative review was performed. The outcomes
among groups that showed significantly statistical differences
were displayed (P < 0.05). Clinical data representation was
shown by mean + standard deviation or median (interquartile
range), and P value if applicable.

Results

A total of 3224 studies were extracted through electronic da-
tabase search (Figure 1). After removing duplicates, 2282
studies were identified for title and abstract screening.
Among these studies, 116 full texts were reviewed, and 36
studies (26 pre-clinical trials and 10 clinical trials) satisfied
all inclusion and exclusion criteria. Supporting Information,
Table S1 shows the summary for pre-clinical studies, and
Table S2 shows the clinical studies.

Pre-clinical studies

Animal models

There were 26 (4 non-interventional and 22 interventional)
animal studies.3*3>™>° A total of 22 (84.6%) studies were mice
(1 day to 20 months) using C57BL/6 in 13,3%35737,39-42,44,45,57~
9 BALB/C in 2,3%5% institute of cancer research (ICR) in 5,8
30:52,53 senescence accelerated mouse prone 8 (SAMPS8) in
1,*” and Kunming (KM) in 1. Four (15.4%) studies were rats
(30 days to 24 months) using Wistar rats.*34651:56

Study designs

Three studies observed age-related changes in gut
microbiome and muscle,>>**** and another one study focused
on gene knockout animals to explore the alterations of their
gut bacteria, skeletal muscle mass, and functions.* Three
studies showed the influence of gut microbiota depletion on
muscle and/or functions.3>394° A total of 22 studies had inter-
ventional groups with microbiota transplantation in 9
studies,*®™>°%>9 sypplement intake in 13 studies,3>3
46-50,52-56,58 ntibiotics administration in 4 studies,®¥>"™> ex-
ercise training in 2 studies,”®** and food withdrawal in 1
study.> Please refer to Table S1.

Outcome assessments of the gut microbiota

Gut microbiota in faecal samples was analysed in 16
studies, 3%3673841-45,49-515457-59  anq 5 studies extracted
microbiome from the caecum,3>5%53555¢ ¢olon,*® or small
intestine.>® High-throughput 16s rRNA sequencing were per-
formed on diverse platforms in 16 studies,3%367384143-
4549,51-53,55,57-59 \ith amplified hypervariable region 34
(V3—V4),32'38'49'51_53'55'59 V3,36 V4,37'41'45'58 V1 and V3,57 or
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Figure 1 Study search

V4-V6.** Two studies utilized metagenomic sequencing,****

and two used quantitative polymerase chain reaction (PCR)
to quantify the bacteria.*®*° The abundance or relative abun-
dance of microbiota was studied on phylum, class, order,
family, genus, or species levels in 18 studies.3>3673841~
45/49,51-53,55-39 Five studies assessed the concentrations of
SCFAs in faeces by *H nuclear magnetic resonance spectros-
copy and gas or liquid chromatography.**°%>%%68 Alpha di-
versity was presented in 9 studies,32-36:384143:45,51,58,59 5,

beta diversity was evaluated in 11 studies.3%36384143~
45,51,52,55,59

Outcome assessments of muscle and function
Among studies that assessed muscle mass, 16 studies re-
ported the weights of gastrocnemius, soleus, tibialis
anterior, quadriceps, extensor digitorum longus, and/or
triceps,323°:39424345,48-54,57-59 34 7 studies measured lean
body mass through magnetic resonance (MR) and dual-
energy X-ray absorptiometry (DXA).36:37:41434547.56 Tya|ye
studies evaluated size and types of myofibres, muscle
metabolites, and target genes of muscle growth and
atrophy.32’37_40’44’45’47’48’51’57’59

Physical performance was conducted in 19 studies.
42,44-50,52-55,58,59 Njine studies performed exhaustive swim-
32,35,48-50,52755 9 five studies tested with treadmill

32,35,39—

ming test,

and selection process.

running task to reveal anti-fatigue properties.3%4146:58:59 The

measurement of locomotion was performed
studies. 39404244746 \qyscle strength were assessed in 13 stud-
ies, using forelimb grip strength test,3%39414447-50,52-54
four-limb hanging test,*” or ex vivo muscle contractile
function.>® Serum fatigue-related markers were reported in
seven studies.*®°052735

in  six

Key findings

Relation between gut microbiota and muscle mass/function
In the process of aging, decreased muscle mass and/or func-
tion were compatible with gut microbiota composition
changes in two studies of mice and one of rats.3>#>%% Al
though certain bacteria genera were correlated with muscle
mass in old rats,*® Langille et al. observed that neither frailty
index nor age were good predictors of microbiome
alterations.** Ghrelin-null (Ghrlf/f) mice had microbial
dysbiosis when young and had reduced muscle mass and phys-
ical function when aged.*® Two studies showed that gut micro-
biota depletion directly induced muscle atrophy.>>3° For
physical performance, one study reported germ-free (GF) mice
were more fatigable,®® and another study found an attenuated
muscle strength.® Bacteroides fragilis gnotobiotic mice
showed higher function and muscle mass compared with GF
mice.>®> However, one study comparing GF with
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conventionalized mice indicated the absence of microbiota
improved locomotor activity.*® To explore the direct relation-
ship of muscle and gut microbiota, six out of eight studies
(75%) using microbiome-transplanted models indicated the
muscle phenotypes of recipient mice were similar to their
donors. 3739415859 Eoyr studies showed replicated muscle
mass characteristics of colonized mice donated by lean or
obese pigs,*® healthy or malnourished children,®”
pathogen-free (PF) mice,®® and conventionally raised mice.>®
Functional abilities, including grip strength, locomotor activity,
and/or endurance capacity, were also transmitted to the recip-
ients in four studies.>¥*1°%>° However, two studies did not
find differences in either muscle mass or function after
microbiome transplant.3®42 One study revealed that gavaging
faecal matter diluted from lean or obese human did not affect
muscle mass of colonized mice.>® GF mice transplanted micro-
biota from old compared with young mice also showed com-
parable muscle mass and locomotion between groups.*?

Interventions targeting the gut microbiota Six studies re-
ported seven probiotic supplements Saccharomyces boulardii
(SB),*® Lactobacillus casei LC122 (LC122),%? Bifidobacterium
longum BL986 (BL986),>* Lactobacillus paracasei PS23
(LPPS23),*” Lactobacillus salivarius SA-03 (SA-03),%° Lactoba-
cillus plantarum TWK10 (LP10),*® and Bifidobacterium longum
OLP-01 (OLP-01)>° were beneficial to muscle growth3>4748
and function.32*¢7>° The majority of SCFAs were acetate, pro-
pionate, and butyrate, which were in favour of maintaining
muscle mass and strength in GF mice.?® Infusion of acetate im-
proved functional ability in antibiotic-treated mice, but buty-
rate did not have the benefits.>® Dietary supplements that
altered gut microbiome had different effects on muscle. De-
clining muscle mass was found in animals fed with diets based
on low microbiome-accessible carbohydrate (LMC), soy pro-
tein, or whey protein.*®*® A single administration of inulin
with colonization had no extra benefits on muscle mass but
could improve anti-fatigue capacity in mice.>® Curcumin as
prebiotics ameliorated gut microbiome composition, muscle
mass, and functions.> High microbiome-accessible carbohy-
drate (HMC) diet, oyster polypeptide (OP), and kefir com-
posed of lactic acid bacteria could also improve muscle mass
and/or performance by shifting intestinal microbes.>>°3>5°8
Beef extract (BE) had microbiota-independent effects on mus-
cle function promotion.>* Consistent results of four studies
showed that antibiotics induced gut microbiota dysbiosis,
muscle atrophy, and poor functions.>**”™° One study re-
ported that a 3 day mild exercise did not affect gut microbiota
and muscle mass in rats.>* Another study showed a 6 week ex-
ercise course increased the amount of faecal butyrate and had
a positive effect on muscle function.>® Short-term food with-
drawal altered microbial composition, but not muscle mass.>*

Mechanisms involved in regulation of muscle The mecha-
nisms of the gut—-muscle axis have been investigated in 12

animal studies,3237740:4445,47,48,51,57.59 The muscle fibre fea-
tures (size and types) could be transferred from the pig to
mice.3® High-dose LP10 supplements increased the
slow-twitch fibres of young mice,*® while antibiotic reduced
the size of myofibres.>’

The absence of the gut microbiota induced the degrada-
tion of branched-chain amino acids (BCAA) in muscle. In the
BCAA pathway, serum corticosterone concentrations, gene
expression of Kruppel-like factor 15 (KLF15), branched-chain
aminotransferase 2 (BCAT2), and branched-chain-keto acid
dehydrogenase (BCKDH) were increased, while BCKDH kinase
(BCKDK) was reduced. The quantities of alanine and glycine
were higher in GF mice.®® Muscle amino acid concentrations
increased in the mice transplanted by undernourished com-
pared with the healthy donors.>” The functional annotation
of gut microbiota indicated the creatine degradation in aging
mice, which was related to muscle atrophy.**

Germ-free mice also had increased phosphorylation of the
adenosine  5/-monophosphate-activated protein  kinase
(AMPK) in muscle,®*%° which resisted obesity by promoting
fatty acid oxidation. The expression of forkhead box O3
(Fox03) and its downstream Atrogin-1 and muscle RING-fin-
ger protein-1 (Murf-1) were significantly up-regulated in GF
mice. These could be reversed by microbiota transplantation.
Lower levels of myosin heavy chain genes, insulin-like growth
factor 1 gene (IGF1), myoblast determination protein 1
(MyoD), and myogenin in GF mice also had adverse effects
on muscle growth.3® SCFAs attenuated muscle loss of GF mice
via regulating Atrogin-1 and MyoD.3° Two studies reported
that antibiotic-treated mice had higher expression of FoxO3
and other muscle atrophy genes,>>’ but another study did
not find any changes of muscle-related genes after
treatment.®® The measured muscle genes in Ghrl™'~ mice
did not change, although there was lower normalized lean
mass.*>

Mitochondrial dysfunction occurred in the GF mice, ac-
companied with decreased mitochondrial DNA (mtDNA) con-
tent, succinate dehydrogenase (SDH) activity, expression of
peroxisome proliferator-activated receptor y coactivator 1 al-
pha (PGCla), mitochondrial transcription factor A (TFAM),
and cytochrome oxidase subunits of complex V.3 LC122
and BL986 supplements increased the expression of salt in-
ducible kinase 1 (SIK1) and/or PGCla4, as well as attenuated
inflammatory cytokines [tumour necrosis factor (TNF), inter-
leukin (IL)-6, and IL-1PB], which improved the muscle protein
synthesis.3? The old mice supplied with LPPS23 had more
mtDNA copy number, higher expression of superoxide dis-
mutase (SOD), glutathione peroxidase (GPx), PGClo, nuclear
respiratory factor 1 (NRF1), and TFAM in muscle. LPPS23 also
alleviated the muscle inflammation by increasing IL-10
level.*” Exercise combined with food withdrawal altered gut
microbiota composition, as well as increased the expression
of PGC-1o, IGF1 receptor, carnitine palmitoyl transferase
(CPT)1b, CPT2, and uncoupling protein 3 (UCP3) in muscle.>?
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The damaged neuromuscular junction (NMJ) in GF mice
was reflected in reduced gene of acetylcholine receptor
(AChR) subunits, Rapsyn, and increased muscle-specific ki-
nase (MuSk).3® After the GF mice transplanted microbes by
PF mice, the expression of Rapsyn and low-density lipopro-
tein receptor-related protein 4 (Lrp4) genes were elevated.*
To further study the mechanisms of muscle function changes,
seven studies analysed the fatigue-related markers in serum,
including lactate, ammonia, creatine kinase (CK), and blood
urea nitrogen (BUN).**7°9525% Ccompared with the vehicle
groups, supplement with LP10, SA-03, OLP-01, curcumin, ke-
fir, BE, or OP selectively reduced the concentrations of these
markers after exercising and enhanced the endurance capac-
ity of animals.*®30->2755

Clinical studies

There were 10 clinical studies in which 5 were observational
studies (N = 35-338)%°7%* and 5 were interventional studies
(N = 17-54).338578 | total, 920 participants were included.
A total of 676 (73.5%) were elderly participants
(72.8 + 5.6 years, 57.8% female) in 6 studies,>*6%:61.64.66.68
and 244 (26.5%) were young adults (29.7 + 7.8 years, 55.4%
female) in 4 studies.®>5%5%57 The inclusion criteria of subjects
were based on physical performance, muscle mass and
strength, exercise, dietary, and smoking habits. One study re-
ferred to the sarcopenia recommendations of Foundation for
the National Institutes of Health (FNIH)®® to confirm muscle
mass cut-off points and only used short physical performance
battery as the functional test.®® For two studies, one or sev-
eral items to diagnose frailty syndrome were used as the in-
clusion criteria.3*8

To evaluate muscle mass, four studies used DX
four studies used bioelectrical impedance analysis (BIA).
%8 One studied muscle protein degradation-related amino
acids.®®> Nine studies performed functional tests, muscle
strength assessment, habitual physical ability, questionnaires,
and endurance and fatigue-related serum markers as physical
performance results.336076466-68 The gyt microbiota of faecal
samples was assessed by 16s rRNA sequencing in six
studies,®%4%%® shotgun metagenomics in one study,®® and
quantitative PCR in two studies.®*** The abundance of micro-
biota was classified by order, family, genus, and species in
seven studies.®®"®® The concentrations of gut microbial metab-
olites were analysed by untargeted metabolomics and
targeted SCFAs using gas chromatography—mass spectrometer
in one study.®* Alpha and beta diversity analyses were shown
in five®®®3%5 and four studies,®* %% respectively.

A60—63 and

64,66—

Key findings

The summary of the 10 clinical studies is described in Table
S2. Four observational studies investigated the relationship
between muscle mass, functions, and gut microbiota through

the comparison of older people with or without sarcopenia
(N = 35),%° with high or low physical fitness (N = 207),%* and
sedentary or active adults (N = 109, N = 40).5>5% Two studies
revealed the discrepancies in the relative abundance of gut
microbiome that were strongly correlated with age-related
muscle loss and poor physical performance.®®®! The correla-
tion of microbes and muscle mass was also found in young
women.®® Active individuals with greater muscle mass had a
higher diversity of gut microbiota.®? One observational study
compared old people drinking fermented milk with different
frequency and found no differences in muscle mass and func-
tion (N = 338).%* One non-controlled longitudinal study found
caloric restriction (CR) changed muscle protein breakdown
markers in blood without significant impact on gut bacteria
(N = 41).%° One non-randomized comparative trial (N = 29)
found the relative abundance of Bacteroides to be signifi-
cantly increased in sedentary women after 12 weeks of aero-
bic exercise, which was positively correlated with improved
walking performance.®® In three randomized controlled trials,
prebiotics, probiotics, and synbiotic were supplied separately
with inconsistent results.>>%75% prebiotics Darmocare Pre®,
which consist of inulin and fructooligosaccharides (FOS), sig-
nificantly enhanced the grip strength and endurance capacity
in frail elderly people (N = 50).3* Similarly, in young healthy
adults (N = 54) who took LP10 daily, an increased muscle
mass and a dose-dependent higher anti-fatigue capacity were
observed.®” In a small-sized study (N = 17), the long-term in-
take of synbiotic (FOS, Lactobacillus strains, and
Bifidobacterium lactis) did not ameliorate fat-free mass or
muscle strength in the elderly.®®

Interventions bridging animal and human The positive effects
of LP10 on muscle mass and anti-fatigue properties had suc-
cessfully been verified in both young animal and human.*®%”
Although LC122, BL986,%? and LPPS23* improved muscle
mass and function in aged animal models, the synbiotic that
contain Lactobacillus and Bifidobacterium strains, as well as
fermented milk containing L. casei strain Shirota, had no ef-
fects on muscle status in elderly people.®*®® Prebiotics in-
cluding inulin played a positive role in physical performance
of microbiota-reduced mice and frail elderly people.3*°8

Discussion

In this review, 36 studies were included. Among the 26 animal
studies, mice were mostly used because of their similar ge-
nome to humans and advantages to study mechanisms of dis-
eases, which is necessary for further clinical translation.”®
Three studies investigated the changes of gut microbiota and
muscle during aging.3>**** However, the causality of the
gut—muscle axis could not be verified by observational studies.
Transplantation,®6™##%85%  prebiotics,>>°® probiotics,3>*¢~>°
and bacterial products®*>*°® directly influence the gut
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microbiota, which were better choices to study the effects of
bacteria on host organs. Antibiotics,*¥°"™? exercise,”®>* food
withdrawal,>* gene knockout,*® and other nutrition
supplements®*® might regulate muscle and gut microbes si-
multaneously, but whether the gut bacteria are mediators in
muscle regulation remains unclear.

16s rRNA and metagenomic sequencing are the two most
utilized microbial analysis approach. 16s rRNA sequencing is
cost-effective and required low biomass, and metagenomics
is more accurate to identify species level and annotate func-
tional pathways.”* Quantitative PCR using universal bacterial
primers or special strains primers could quantify the bacteria
load or actual abundance.’®>° Microbiota-derived metabo-
lites not limited to SCFAs were important to be
measured.*?°%456:58 Alpha and beta diversity were calcu-
lated to present the variability within a sample and between
samples. The latter could also justify whether faecal microbi-
ota was successfully transplanted from donors to
recipients.*? A total of 24 out of 26 (92.3%) studies measured
muscle mass and/or muscle-related factors. Compared with
muscle weight, the lean body mass could be measured by
MR and DXA3235737,39,41-43,45,47-54,56-59 Animal models had
the advantages to study mechanisms of muscle via
histomorphology, gene and protein expression, and
metabolites,3%37740:44,45,47,48,51,57,59 Endurance and
fatigue-related serum metabolites, grip strength, and loco-
motion tests displayed the anti-fatigue capacity, maximum
force, and voluntary activity in 19 studies (73.1%).3%353%"
42,44-50,52-55,58,59

Age-related changes of gut microbiota and muscle status
occurred together, but the causal correlations had not been
clearly investigated. There is growing evidence suggesting
the gut microbiota is involved in regulating muscle physiology
in various muscle wasting diseases.**”?>7% Sarcopenia has a
high incidence in the elderly and may be affected by gut mi-
crobiota dysbiosis. In this review, three animal studies fo-
cused on the links of age-related changes in gut microbiota
and muscle/function.3>**4% One study investigated aged
Wistar rats characterized by low muscle mass.** A variation
in gut microbiome were also observed.*® 16s rRNA-based op-
erational taxonomic units of aged rats were correlated with
decreased muscle mass and increased fat mass.** According
to the results of metagenomic functional content, the gut mi-
crobiota played an important role in vitamin synthesis, lipid
metabolism, growth, and immune-related factors to regulate
muscle phenotype.*® Another study did not evaluate muscle
mass directly but found frail mice had a higher creatine deg-
radation functionality assessed by microbiome sequencing,**
which may suppress myogenesis.”> One study reported old
mice had poor physical performance, lower muscle mass, as
well as distinctive bacterial functions, such as reduced anti-
gen processing and presentation, mineral absorption, and
bile secretion.>? Gene knockout mice, such as Ghrl ™'~ mice,
had a special microbiome composition towards

pro-inflammation status, but whether it contributes to the
muscle degeneration during aging is still unknown.*® After
transplanting the gut bacteria from young and old C57BL/6
donor mice, there were no differences in the muscle mass
and function of young GF mice. Surprisingly, the recipients
colonized with old mice faeces had higher faecal butyrate
levels and triggered the prolongevity signalling pathways.*?
However, other studies showed microbiome from aged mice
did not have positive effects on recipients.”®”” Therefore,
whether gut microbiota dysbiosis accelerates age-related
muscle wasting requires more research into its mechanisms.

Three animal studies analysed the effects of gut microbiota
depletion on skeletal muscle.>>74% The absence of gut mi-
crobiota reduces muscle mass, but the changes of various
functions are inconsistent. Compared with PF mice, GF condi-
tion in C57BL/6 mice was significantly associated with lower
muscle mass, especially lower gastrocnemius weight in two
studies.>>° However, there were inconsistent roles of the
gut microbiota for functional ability. One study revealed re-
duced locomotor activity in GF mice compared with
conventionalized mice.3® Another study was the opposite,
which may be due to the higher adaptability of GF mice when
fed with special diets, such as high-fat, sugar-rich diet.*® A de-
clined muscle strength of GF mice was also revealed in an-
other study.>® Whether the absence of gut microbiota
reduced anti-fatigue capacity is still controversial in two stud-
ies, because swimming and running endurance tests might
lead to the slightly different results.>>3°

Muscle phenotypes, including muscle mass and function
characteristics, can be transferred from donors to recipients,
although it is not always successful. Faecal microbiota trans-
plantation is a novel therapy for intestinal disorders and has
been clinically applied to patients with recurrent Clostridium
difficile infection.”® To find the causality between gut micro-
biota and muscle, eight transplantation studies were
analysed. 3673941425859 Thare is a widespread use of
GF*>372  and  antibiotic-induced  gut  microbiota
depletion mice models to perform transplant experi-
ments. After transplanting faecal microbiota to recipient
mice, six studies demonstrated characteristics of muscle mass
and/or function could be transferred through gut
microbiota.3” 39415859 Faecalibacterium prausnitzii were
predominant in higher muscle mass recipient mice donated
by healthy infants, while Clostridium neonatale were pre-
dominant in recipients donated by malnourished and under-
weight infants.3” F. prausnitzii has anti-inflammatory roles
and can be a next-generation probiotic.”® Colonization with
mono-microbiome B. fragilis*®> or cohousing with PF mice®®
restored muscle mass and function for GF mice. The potential
mechanisms of reversal may be due to increased muscle mi-
tochondrial oxidative and glucose metabolism.*° Natural
reseeding antibiotic-treated mice affected muscle mass
slightly. The caecum was hypertrophic in antibiotic-treated
mice, and no differences were found in muscle mass

36,59
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normalized by caecum-free body weight between
antibiotic-treated and reseeding groups.®®> However,
reseeding improved physical performance through

microbiome-driven glucose homeostasis.>® The combination
of prebiotics and faeces transplantation from HMC-diet-fed
mice enhanced the endurance of LMC-diet-fed mice, which
indicated that HMC diet might benefit muscle function via
gut microbiota.®® One study investigated Rongchang pigs
(RP) that had lower lean mass, and Yorkshire pigs (YP) charac-
terized by higher fibre diameter and cross-sectional area. GF
mice transplanted with faeces from RP and YP displayed sim-
ilar muscle characteristics with their pig donors.3® One study
transplanted gut microbiota from high or low function human
to GF mice and found only the characteristic of muscle
strength was replicated in mice.** The muscle mass and en-
durance capacity of colonized mice remained the same.**
Kundu et al. indicated GF recipient mice colonized by old
and young mice donors had similar muscle mass at Week 8,
but the related genes were not reported.*? Another study
compared recipient mice donated by lean or obese humans,
but no differences in muscle mass were found.>® Because
the muscle mass of two groups of donors was not shown,
whether this indictor had differences was unclear.?® In sum-
mary, GF and antibiotic-treated mice could both replicate
the muscle status of donors of different species after microbi-
ota transplantation. To improve the efficiency, it is necessary
to analyse the muscle phenotypes in the donors and whether
the recipients are successfully colonized by gut microbiota in
the future gut—-muscle transplanting studies.

A variety of interventions have been raised to target gut
microbiota. Probiotics, prebiotics, SCFAs, bacteria, and die-
tary supplements effectively enhanced muscle mass and/or
physical performance. Antibiotics induced muscle loss and
dysfunction and reduced gut microbiota. The role of gut mi-
crobiota in muscle changes by antibiotic, exercise, and food
withdrawal was unclear. Probiotics LC122, BL986, and LPPS23
prevented the age-related loss of muscle mass and strength,
as well as gut microbiota dysbiosis in old C57BL/6 mice and
SAMP8 mice.>**” The anti-aging ability of probiotics was at-
tributed to the regulation of inflammation levels (IL-6, TNF-
o, MCP-1, and IL-1B), muscle mitochondrial function, and bio-
genesis and ultimately modulated the expression of muscular
genes.®>*” Animal and cell studies revealed the positive ef-
fects of LP10 and Lactobacillus curvatus CP2998 on muscle
whereby the suppression of glucocorticoid receptor (GR) acti-
vation and the improvement of glucose utilization.*®#° OLP-
01, SA-03, and SB were also favourable to physical fitness,
but the roles in muscle weight gain remained uncertain.*®*°
Probiotics offered from kefir fermented milk reduced the
Firmicutes/Bacteroidetes ratio, which increased muscle mass,
strength, and endurance in mice.>® Gut microbiota can de-
grade prebiotics to remodel the community of bacteria.’!
Okamoto et al. found inulin combined with microbial trans-
plantation only improved endurance, but not muscle mass

in LMC-diet mice.®® It could be interpreted that only a
single-time inulin supplement was difficult to benefit muscle
growth. A high dose of nano-bubble curcumin altered the
community of gut bacteria, including the higher Firmicutes/
Bacteroidetes ratio, which played a positive role in muscle.>?
Provision of prebiotic-enriched diet to gestating mice en-
hanced the muscle growth of offspring.8? Unexpectedly, only
three animal studies focused on prebiotics and muscle, and
the efficiency of specific prebiotic to increase muscle mass
is unclear.>**%82 A cocktail of SCFAs reduced the expression
of Atrogin-1 and increased MyoD, muscle mass, and function
in GF mice.? Additionally, SCFAs switched the energy metab-
olism of myotubes from oxidative phosphorylation to
glycolysis.3® Subcutaneous infusion of acetate restored
anti-fatigue capacity of antibiotic-treated mice but did not
rescue muscle mass.>® Similar outcomes were not found in
butyrate infusion.® However, 5% butyrate fed diet prevented
muscle loss in sarcopenic mice via the improvement of mito-
chondrial function.®® The administration route and different
animal models might influence the results. Besides, the ef-
fects of acetate, propionate, and butyrate should be investi-
gated to illustrate the signalling pathways that SCFAs
improved muscle status.?® Higher muscle mass, endurance
capacity, concentrations of SCFAs, bacterial diversity, and
lower Firmicutes/Bacteroidetes ratio were found in HMC-
diet-fed mice.>® An observational study that included older
adult men identified higher levels of butyrate-producing bac-
teria and gene counts for butyrate production in subjects
with higher values of lean mass, physical function, and
dietary fibre density (grams of fibre consumed per 100
calories).®* Nutrient supplements OP and BE improved
muscle function but not mass.>**> BE also aided
GF mice to enhance endurance capacity, and so it had
microbiota-independent effect on function.>® Diets based
on soy and whey protein induced muscle loss in rats com-
pared with placebo diet.>® However, human studies indicated
protein supplements increased muscle mass and perfor-
mance through the gut-muscle axis.®>®” The better reaction
of human subjects may be due to their frail conditions.
Long-term use of antibiotics destroy systemic microbiome
community, and geriatric population were most often
affected.®® Four studies discovered that antibiotic induced
muscle atrophy and/or fatiguability in mice.3%*”~>° The regu-
lations of myogenetic factors, muscular adipogenesis, and ox-
idative  metabolic capacity supported the above
changes.?>%7°8 One study did not find any differences in
muscle-related protein expression after antibiotic treatment,
and microbiota structure was not significantly variable.>® In-
deed, muscle mass was also reduced in antibiotic-treated
GF mice, indicating antibiotic had microbiota-independent ef-
fects on muscle.>” The perspective of antibiotic—gut—muscle
highway has been challenged based on existing research.
Using antibiotic-induced pseudo GF animal models to study
muscle should be the last resort. Exercise-related studies only
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showed minimal changes in muscle mass, although the phys-
ical performance and gut microbiota had changed.>®°* Unlike
bacteria and their products, antibiotics, exercise, and nutri-
tion supplements regulated muscle and gut microbiota to-
gether. To investigate the roles of gut microbiota in the
process, transplantation of faeces from treated mice to dis-
ease models may be a solution.®®

The mechanisms of the gut—-muscle axis were discussed.
GF conditions, transplantation, SCFAs, probiotics, prebiotics,
and other supplements could affect the protein synthesis
and degradation balance, energy, glucose, and lipid metabo-
lism, mitochondria, NMJ, metabolites, and various molecular
pathways in muscle. The gut microbiota not only alters mus-
cle mass and function but also the myofibre size and
types.3®*®>7 The up-regulation of BCAA catabolism in GF
mice was one factor of muscle atrophy.> It was intriguing
that the increased concentrations of several amino acids in
muscle of the mice colonized with undernourished donor fae-
ces might be stored for oxidation and energy production.?”
The aging gut microbiota might also degrade the creatine of
old mice.** Exogenous creatine supplements could reverse
the age-related muscle loss.°® The gut microbiome modified
metabolic pathways of fatty acids and glucose to maintain
energy balance of the host.3%%° The functional annotation
showed microbiome and the hosts had an interaction of im-
mune response, vitamin, lipid, and glucose metabolisms,
which might regulate muscle growth.3%***3 As for the pro-
tein synthesis and degradation, myogenin, MyoD, FoxO3
pathway, and its downstream E3 ubiquitin ligases genes were
also regulated by gut microbiota and derived
metabolites.>*# Mitochondria dysfunction was found in GF
mice and aged mice and could be prevented by
probiotics.3#3%4751 Age-related low-grade inflammation and
NMJ dysfunction were causative factors of sarcopenia.®%?
Probiotics reduced the systemic pro-inflammatory cytokines
in old mice, and the bacteria colonization improved the
NMJ function of GF mice.3>*” Except for damaged NMJ, the
serum fatigue factors also affected the physical performance
of mice and human. Probiotics and other bacterial supple-
ments improved the ability of liver to remove metabolic
wastes, increased the glycogen in liver and muscle, and en-
hanced the cardiopulmonary function via increased maximal
oxygen uptake.*®30>275567 Although gene knockout, exer-
cise, antibiotic, and food withdrawal influenced signalling
pathways in muscle, it is still unclear whether it is modulated
by microbiota.

In vitro studies also showed microbial products (quorum
sensing molecules, LPS) directly affected myogenesis.>*°*
LPS activated toll-like receptor 4 (TLR4) and induced muscle
catabolism.®® Two gut microbial metabolites, indoxyl sulfate
(IS) and p-cresyl sulfate, are increased during aging and play
a role in muscle.®® IS, known as a uraemic sarcopenia bio-
marker, was inversely associated with muscle mass and phys-
ical activity.>”°® In vivo and in vitro studies showed that IS

accelerated muscle atrophy through elevating inflammation
level, oxidative stress, excess antioxidative response, and
damaged muscular mitochondrion.”?%71%  pytrefactive
bacteria-produced p-cresyl sulfate also led to poor muscle
status. It caused insulin resistance and increased the muscle
lipid content.’®* The current known mechanisms of how gut
microbiota affect muscle mass are shown in Figure 2. Besides,
how other gut microbial metabolites impact muscle and
sarcopenia needs further studies, such as amino acids, bile
acids, and their derivatives.19>%®

Current clinical translation

In this review, 10 clinical studies were included. A total of
26.5% participants were young adults, and 73.5% were old
people. None of the aging studies focused on sarcopenia or
strictly followed the recommended guidelines of sarcopenia
diagnosis. 336061646668 pya BIA functional tests, and physi-
cal activity level were recorded to divide subjects into differ-
ent groups or used to observe the effects of treatments. The
methodology of gut microbiota analysis in human and animal
studies was similar.

Gut microbiota dysbiosis is related to lower muscle mass
and poor physical function, and exercise-induced improve-
ment of function is associated with alterations of gut
microbiome. Four observational studies found the gut
microbiome was separated between different groups of peo-
ple, such as old subjects with or without physical frailty and
sarcopenia,®® low or high physical fitness,®* and sedentary
or active young people.5%%% Several bacteria could be bio-
markers to identify old individuals under the conditions of re-
duced muscle mass and poor functions (Table $2).6%%%
Another observational study indicated that Lactobacilli,
F. prausnitzii, and Bacteroides/Prevotella ratio declined
sharply and Enterobacteriaceae increased in the frail old
people.’®” Active adults had higher muscle mass, functions,
and different predominant bacteria when compared with
sedentary individuals.®>®® One interventional study reported
aerobic exercise did not increase muscle mass compared with
trunk muscle training but changed microbiota and physical
performance in the old women.®® Moreover, the abundance
of Bacteroides was shown positively associated with 6 min
walk test.®® CR modulated the blood amino acids related to
skeletal muscle protein breakdown, but the composition of
microbiota did not change.®® One animal study showed food
withdrawal increased the variation of the microbiome but did
not influence muscle mass.>*

In this context, only three studies provided bacterial supple-
ments to the young®” and old®*®® people. The benefits of tak-
ing supplements for muscle/sarcopenia are conflicting, which
may depend on the type, dose, intake duration, and target
populations. Six-week LP10 intake dose-dependently in-
creased the endurance capacity of young individuals, in the
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. 32,39,47,80
and functions.

aspects of physical performance and serum indicators during
and after exercise.®” After proteome and microbiota analysis
in mice, LP10 improved energy utilization via the promotion
of peroxisomal fatty acid oxidation in liver and more
butyrate-producing bacteria.’®® The anti-inflammation effect
of Lactobacilli was assumed to protect against muscle atrophy,
which had been studied in cachexia mouse models.*®® One
study focused on physical frailty in old subjects and revealed
that prebiotics (inulin and FOS) significantly improved their
physical performance, but without changes in serum TNF-
.33 Discoveries of another study suggested that long-term
provision of synbiotic had no extra benefit to muscle as well
as inflammatory status in older people.®® One observational
study separated older adults ingesting fermented milk into
three groups (0-2, 3-5, and 6—7 days/week) and showed sim-
ilar muscle mass and physical activity although increased
abundance of Lactobacillus was detected in the
high-frequency groups.®* High-quality randomized controlled
trials are required. Due to a single study with each interven-
tion, the effect of diverse supplements remains difficult to

For abbreviations of the main text, please see Table S3.

draw an overall conclusion. There is a lack of effective bacterial
supplements to help old subjects gain muscle mass. Therefore,
we urgently need novel strategies to improve the efficiency of
bacterial products, such as hydrogel, genetically modified bac-
teria, and programmed inhibitor cells.*1%12

The understanding of the gut—-muscle axis is still insuffi-
cient. Bacteria correlation with muscle mass is shown in Table
2. The current knowledge of primary bacteria that maintain
muscles includes Lactobacillus and Bifidobacterium, while
the bacteria negatively affecting muscle mass are uncertain
due to the lack of interventional studies. Other conflicting re-
sults depend on the level of microbiota, interventions, exper-
imental subjects, and their counterparts. The alterations of
gut microbiota impacted the muscle through various path-
ways, which were partially overlap to the pathogenesis of
sarcopenia (Figure 2). It is important to identify specific gut
bacteria or metabolites that can discriminate old individuals
with or without sarcopenia based on a larger sample size.
These bacteria can potentially regulate age-related muscle
disorder and be targeted.
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Strengths and limitations

This is the first systematic review focusing on the gut—-muscle
axis, especially on sarcopenia. This review includes both clin-
ical and pre-clinical studies of gut microbiota, muscle, and/or
physical performance in available databases, with a reproduc-
ible search approach. Our study highlights the key findings
and issues under exploration in this field via summarizing
and analysing current literatures. Moreover, we explained po-
tential mechanisms with current evidence. There are several
limitations of this review. We excluded athletes and patients
with metabolic disorders, cancer, and secondary muscle
wasting diseases because of discrepancies in mechanisms.
Furthermore, due to the limited eligible studies, there was
heterogeneity. More well-designed mechanism research and
clinical practice of the gut—-muscle axis are required in the
future.

Conclusions

The role of the gut—-muscle axis is vital in both animals and
humans. Absence of the gut microbiota was harmful to mus-
cle growth, but its influences on physical performance were
inconsistent. The gut microbiota can directly affect muscle
phenotypes through faecal transplantation and supplements.
Probiotics Lactobacillus, Bifidobacterium, and Saccharomyces
strains, prebiotics inulin and curcumin, SCFAs, and some nu-
trient supplements (kefir, HMC diet, and OP) enhanced mus-
cle mass or function by shifting the microbial community.
Current potential pathways included protein synthesis and
degradation, mitochondrial function, NMJ function, inflam-
mation, energy, glucose, and lipid metabolism. As for
sarcopenia, L. casei LC122, L. paracasei PS23, and B. longum
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