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Abstract

Background Age-related muscle dysfunctions are common disorders resulting in poor quality of life in the elderly. Pro-
biotic supplementation is a potential strategy for preventing age-related sarcopenia as evidence suggests that probiotics
can enhance muscle function via the gut–muscle axis. However, the effects and mechanisms of probiotics in age-related
sarcopenia are currently unknown. In this study, we examined the effects of Lactobacillus casei Shirota (LcS), a probiotic
previously reported to improve muscle function in young adult mice.
Methods We administered LcS (1 × 108 or 1 × 109 CFU/mouse/day) by oral gavage to senescence-accelerated mouse
prone-8 mice for 12 weeks (16- to 28-week-old). Sixteen-week-old and 28-week-old SMAP8 mice were included as
non-aged and aged controls, respectively. Muscle condition was evaluated using dual-energy X-ray absorptiometry
for muscle mass, holding impulse and grip strength tests for muscle strength, and oxygen consumption rate, gene ex-
pressions of mitochondrial biogenesis, and mitochondrial number assays for mitochondria function. Inflammatory cy-
tokines were determined using enzyme-linked immunosorbent assay. Gas chromatography–mass spectrometry was
utilized to measure the short-chain fatty acid levels. The gut microbiota was analysed based on the data of 16S rRNA
gene sequencing of mouse stool.
Results The LcS supplementation reduced age-related declines in muscle mass (>94.6%, P < 0.04), strength (>66%
in holding impulse and >96.3% in grip strength, P < 0.05), and mitochondrial function (P < 0.05). The concentration
of short-chain fatty acids (acetic, isobutyric, butyric, penic, and hexanoic acid) was recovered by LcS (>65.9% in the
mice given high dose of LcS, P < 0.05) in the aged mice, and LcS attenuated age-related increases in inflammation
(P < 0.05) and reactive oxygen species (>89.4%, P < 0.001). The high dose of LcS supplementation was also associ-
ated with distinct microbiota composition as indicated by the separation of groups in the beta-diversity analysis
(P = 0.027). LcS supplementation altered predicted bacterial functions based on the gut microbiota. Apoptosis
(P = 0.026), p53 signalling (P = 0.017), and non-homologous end-joining (P = 0.031) were significantly reduced,
whereas DNA repair and recombination proteins (P = 0.043), RNA polymerase (P = 0.008), and aminoacyl-tRNA bio-
synthesis (P= 0.003) were increased. Finally, the genera enriched by high-dose LcS [linear discriminant analysis (LDA)
score > 2.0] were positively correlated with healthy muscle and physiological condition (P < 0.05), while the genera
enriched in aged control mice (LDA score > 2.0) were negatively associated with healthy muscle and physiological con-
dition (P < 0.05).
Conclusions Lactobacillus casei Shirota represents an active modulator that regulates the onset and progression of
age-related muscle impairment potentially via the gut–muscle axis.
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Introduction

The issue of aging and its associated diseases is becoming
increasingly important worldwide. Sarcopenia is a disease
that frequently occurs in older adults and is characterized
by the loss of muscle mass and function. Additionally, it in-
creases the risk of poor quality of life due to its negative out-
comes, such as falls, disability, fractures, and mortality.
Therefore, maintaining muscle function is an important com-
ponent of healthy aging.1

Age-related sarcopenia can be induced through a cycle of
inflammation, oxidative stress, and mitochondrial
dysfunction.2 In the cycle, age-related inflammation results
in mitochondrial damage and further increases in the level
of reactive oxygen species (ROS) and pro-inflammation.2 Re-
cently, the gut microbiota has been suggested to be involved
in inducing the cycle of age-related sarcopenia due to a novel
concept referred to as the gut–muscle axis.3 The gut–muscle
axis describes how the gut microbiota impacts muscle mass
and function by influencing inflammation and levels of
short-chain fatty acids (SCFAs).3 Given that gut microbiota
dysbiosis frequently occurs in older individuals, triggering in-
flammation and anabolic resistance, age-related alternations
in gut microbiota composition may contribute to sarcopenia
in older adults via the gut–muscle axis.3 Indeed, an increasing
number of studies provide evidence that muscle function can
be modulated by gut microbiota.4 Lahiri et al.5 demonstrated
the existence of a gut microbiota-skeletal muscle axis by
showing that the skeletal muscle of germ-free mice exhibited
atrophy that could be reversed by applying microbial metab-
olites. Moreover, a clinical study of post-transplant patients
with haematological malignancies also indicated that the
gut microbiota seemed to improve skeletal muscle via the
gut–muscle axis.6 However, a question remained as to how
to improve sarcopenia via the gut–muscle axis.

Oral supplementation of probiotics is a potential strategy
to promote gut–muscle axis-induced prevention of
sarcopenia, since many studies have demonstrated that
probiotics can regulate gut microbiota, produce SCFAs, and
induce anti-ROS and anti-inflammatory effects. For example,
Munukka et al.7 revealed that the administration of
SCFA-producing probiotics modulated the gut microbiota
composition, reduced systemic inflammation, and increased
muscle mass in high-fat fed mice. Additionally, Lactobacillus
helveticus has been shown to decrease age-related oxidative
stress and alternations in the gut microbiota composition in a
mouse model.8 A mixed supplement of multiple Lactobacilli

probiotics also reduced inflammation and muscle atrophy
markers.9 Moreover, one of the most well-known probiotics,
Lactobacillus casei Shirota (LcS), has significant anti-ROS and
anti-inflammatory effects in numerous mouse and human
studies.10–12 Recently, LcS was linked to the induction of
healthy gut microbiota, SCFA, and muscle.10,13,14 Although
these studies were not performed in aged subjects, they pro-
vide a basis for our hypothesis that supplemental probiotics
may help protect against age-related sarcopenia.

In the present study, we selected LcS as the probiotic to
test this hypothesis, because LcS has been used as a probiotic
since 1930 with several studies related to human health.10–14

LcS was administered over 12 weeks to pre-aged and aged
senescence-accelerated mouse-prone 8 (SAMP8) mice, which
are used as an animal model of age-related muscle
impairment.15 The effect of LcS and its underlying mecha-
nisms were evaluated on the basis of muscle and mitochon-
drial conditions, inflammatory cytokines, ROS, SCFA, and gut
microbiota.

Methods

Animals and Lactobacillus casei Shirota

SAMP8 mice were provided by Prof Ming-Fu Wang
(Providence University, Taiwan) and housed under a 12/12 h
light/dark cycle at 22–24°C and 40–60% humidity. A
commercially diet (local supplier) and sterile water were
provided to mice ad libitum. LcS was purchased from Yakult
Co., Ltd., Taiwan, and administered to mice at 1 × 108 and
1 × 109 CFU/200 μL after it was subcultured.

Twenty-four mice were randomly and equally divided in to
four groups, namely, NA (16-week-old non-aged controls), A
(aged mice administered saline), S1X (aged mice adminis-
tered low-dose 1 × 108 CFU LcS/mouse/day), and S10X (aged
mice administered high-dose 1 × 109 CFU LcS/mouse/day).
The dose of LcS was based on the previous study of LcS re-
garding anti-inflammation.16 The sample size was based on
previous studies regarding the composition of gut microbiota
in mice.17

The NA group was humanely sacrificed at 16 weeks old,
and the other groups were sacrificed after 12 weeks of treat-
ment at 28-weeks-old. The in vivo trials were performed in
accordance with protocols approved by the Institutional
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Animal Care and Use Committee of Shih Chien University
(IACUC-10509).

Appearance of senescence

The degree of apparent senescence was assessed based on a
graded scoring system described previously.18 Briefly, senes-
cence related to reactivity, passivity, skin and hair, eyes, and
spine was classified into 11 categories. Scores in each cate-
gory ranged from 0 to 4 as rated by four well-trained investi-
gators. Mice with more serious senescence received higher
scores. The criteria for the graded scoring system are listed
in Supporting Information, Table S1.

Body composition

Body composition was determined using dual-energy X-ray
absorptiometry (DEXA) scans collected on a GE Lunar
PIXImus2 densiometer (GE, Madison,WI, USA) three days be-
fore sacrifice. The data were analysed using software in-
cluded by the manufacturer.

Muscle strength

Muscle strength was evaluated using the four-limb hanging
and grip strength tests. The procedure for the tests followed
the description in a previous study.19 The results are repre-
sented as holding impulse (weight (g) × duration (s) of hold-
ing) and grip force (gm f), respectively.

Oxygen consumption rates

Oxygen consumption rates (OCRs) were detected by an XF24
Extracellular Flux analyser (Seahorse Bioscience, North Biller-
ica, MA, USA). Briefly, the gastrocnemius was homogenized
using a Polytron homogenizer in ice-cold mitochondrial assay
solution (MAS) buffer (115 mM KCl, 10 mM KH2PO4, 2 mM
MgCl2, 3 mM HEPES, and 1 mM EGTA) containing 0.2% fatty
acid-free bovine serum albumin. Nuclei and cell debris were
removed by centrifugation at 700g for 10 min followed by
centrifugation at 8000g for 10 min to collect the mitochon-
dria. The mitochondria pellets were re-suspended in MAS,
and the isolated mitochondria were plated in XF24 V7 micro-
plates (Seahorse Bioscience) at a concentration of 10 μg of
protein per well. After centrifugation at 2200g for 20 min at
4°C, 625 μL of MAS (containing 5 mM glutamate, 5 mM ma-
late, and 5 mM succinate) was added to each well at 37°C.
The XF24 plate was transferred to an XF24 Extracellular Flux
analyser at 37°C and equilibrated for 10 min. Subsequently,
ADP (3.2 μM), oligomycin (4 μM), FCCP (4 μM), and a cocktail
of rotenone (4 μM) and antimycin A (2 μM) were injected

into the assay plate, sequentially. All reagents in the assay
were purchased from Sigma-Aldrich (Saint Louis, MI, USA).

Gene expression levels

RNA was extracted from tissues using RNeasy Mini kit
(Qiagen, Hilden, Germany). RNA was reverse-transcribed
using an iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA,
USA), following the manufacturer’s instructions. We per-
formed quantitative PCR in a MyiQ Single-Color Real-Time
PCR Detection System (Bio-Rad). The primers for the genes
(Purigo, Taipei, Taiwan) are listed in Table S2. mRNA levels
of the genes were normalized to β-actin.

Mitochondrial DNA copy number

Total DNA was isolated from tissues using DNeasy Blood &
Tissue Kits (Qiagen). Quantitative PCR was performed in a
MyiQ Single-Color Real-Time PCR Detection System (Bio-
Rad). The level of the COXII gene was normalized to an 18S
rRNA gene to evaluate mitochondrial quantity. The primers
for the genes (Purigo) are listed in Table S2.

Plasma cytokines

The level of inflammation-related cytokines in serum was de-
termined using the Mouse TNF-alpha ELISA MAX Standard
and ELISA MAX™ Standard Set Mouse IL-10 (Biolegend, San
Diego, CA, USA) according to the manufacturer’s instructions.
Absorbance was read at 450 nm using an ELISA reader
(BioTek, Winooski, VT, USA).

Protein carbonyl content

The concentration of protein carbonyls was determined using
a protein carbonyl assay kit (Cayman Chemicals, Ann Arbor,
MI, USA) according to the manual. Briefly, 200 mg of gastroc-
nemius was homogenized in pH 6.7 phosphate buffer, and
then debris was removed by centrifugation at 10 000g for
15 min at 4°C. The sample was incubated with
dinitrophenyl-hydrazine for 1 h at RT. Then, the protein was
precipitated with trichloroacetic acid and resuspended in
guanidine hydrochloride. After centrifugation at 10 000g for
10 min at 4°C, the absorbance of the supernatant was mea-
sured at 370 nm using an ELISA reader (BioTek).

Determination of short-chain fatty acid levels

A 300 ± 1 mg stool sample was mixed with 1.2 mL of 1 M HCL
and sonicated for 10 min in an ice water bath. After
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centrifugation at 2300 g for 20 min at 4°C, the supernatant
was collected and extracted with 1 mL ethyl acetate for
3 min and centrifuged at 13 200 g for 15 min. Finally, the su-
pernatant was filtered using a 0.22 μm membrane and
injected into GC–MS. GC–MS analysis was performed using
an Agilent 7890 gas chromatograph system coupled with an
Agilent 5975C mass spectrometer. The system utilized a
HP-FFAP capillary column. A 1 μL aliquot of the analyte was
injected in split mode (5:1). Helium was used as the carrier
gas, the front inlet purge flow was 3 mL/min, and the gas flow
rate through the column was 1 mL/min. The initial tempera-
ture was kept at 100°C for 1 min, then raised to 150°C at a rate
of 5°C per minute, then raised to 200°C at a rate of 10°C per
minute, then kept for 8 min at 240°C at a rate of 40°C per
minute. The injection, transfer line, quad, and ion source tem-
peratures were 250°C, 260°C, 150°C, and 230°C, respectively.
The energy was �70 eV in electron impact mode. The mass
spectrometry data were acquired in full-scan mode with the
m/z range of 20–350 after a solvent delay of 3 min.

16S rRNA gene sequencing and data analysis

The procedure for the analysis followed the description in our
previous study.20 Briefly, the V3–V4 region of the 16S rRNA
gene was amplified by PCR with the primers 341 F (50-
CCTAYGGGRBGCASCAG-30) and 806 R (50-
GGACTACNNGGGTATCTAAT-30) to develop the amplicon li-
braries following the Illumina 16S Metagenomic Sequencing
Library Preparation manual protocol. The amplicons were
paired-end sequenced (2 × 250) using an Illumina HiSeq
2000 platform according to the manufacturer’s protocol.
The paired forward and reverse reads that passed quality
control were merged and mapped to the SLIVA database to
construct operational taxonomic units at 97% identity
through the UPARSE pipeline (drive5, Tiburon, California).

Data analysis was performed using Quantitative Insights
Into Microbial Ecology, and chimeric sequences were re-
moved using ChimeraSlayer. Sequences with ≥97% similarity
were assigned to the same operational taxonomic unit. Alpha
diversity analysis (Shannon and Simpson index) was assessed
using Quantitative Insights Into Microbial Ecology. Beta diver-
sity was analysed using principal coordinate analysis, and sta-
tistical significance of beta diversity was analysed by
PERMANOVA. Linear discriminant analysis (LDA) effect size
(LEfSe) was performed online using the Galaxy workflow
framework.

Statistical analyses

Data are presented as the mean ± standard error of the
mean. Bacterial data were analysed using non-parametric
one-way analysis of variance and Dunn post hoc, and the

other data were analysed using one-way analysis of variance
with a Tukey’s honestly significant difference post hoc test.
Spearman’s correlation coefficient was used to evaluate the
relationship between the bacteria and physiological parame-
ters and between the bacteria and level of SCFA. A P
value < 0.05 was considered statistically significant.

Results

Lactobacillus casei Shirota delays the appearance
of senescence and age-related muscle mass
deposition

The SAMP8 mouse is used as an animal model in many
age-related studies because it begins aging at 4 months
old.18,19 In the present study, food intake (Figure 1A) and
body weight (Figure 1B) were stable during the experiment
and were not different between the groups. The senescence
score in the A group was approximately four times higher
than the NA group (Figure 1C). Moreover, the muscle and
fat properties were nearly 40% lower and 50% higher in the
A compared with the NA group, respectively (Figure 1D).
Thus, we first confirmed that the appearance of senescence
and age-related loss in muscle mass occurred in 16-week-
old to 28-week-old SAMP8 mice. Since aging presented in
the SAMP8 mice, the effect of LcS on the appearance of se-
nescence and age-related muscle mass loss was investigated
in this mouse model. The results showed that LcS supplemen-
tation decreased the senescence scores and increased muscle
mass in aged SAMP8 mice (Figure 1C,D). LcS also lowered the
age-related increase in fat mass (Figure 1D). The statistical
powers of senescence score and fat and muscle properties
were 1.00, 0.94, and 0.93, respectively.

Age-related decline in muscle strength was
improved by Lactobacillus casei Shirota

In addition tomuscle mass loss, weaker muscle strength is also
an important feature of age-related muscle disorders. There-
fore, we conducted the holding impulse and grip force assays
to evaluate muscle strength. Similar to muscle mass, the
lower holding impulse (Figure 2A) and grip force (Figure 2B)
in the A group compared with the NA group indicated that
aging significantly reduced muscle strength in this study. In
the aged mouse groups (A, S1X, and S10X), the holding
impulse was highest in the S10X group followed by the S1X
and A groups, respectively (Figure 2A). Grip force was also
higher in the S1X and S10X groups compared with the A group
(Figure 2B). The higher holding impulse and grip force in
LcS-treated SAMP8mice indicated that LcS maintained muscle
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strength in the aged mice. The statistical powers of holding
impulse and grip force were 1.00 and 0.79, respectively.

Lactobacillus casei Shirota attenuated age-related
mitochondrial disorders

Since age-related muscle loss and weakness could be caused
by mitochondrial dysfunction, we further investigated mito-
chondrial function in the muscle of SAMP8 mice. OCRs were
measured using the Seahorse XFe analyser (Figure 2C,D).
The A group had lower OCR values than the NA group in
the stages after ADP and FCCP injection (0.42 and 0.47,
respectively). In these two stages, the OCR values of the
S10X group were 1.41 and 1.96 times higher than the A group
(Figure 2D). The results show that LcS reduced decreases in
phosphorylating respiration induced by ADP and maximal
respiration in response to uncoupling by FCCP. Therefore,
age-related mitochondrial dysfunction could be reduced by
LcS supplementation. The statistical powers of OCR values
of post-ADP and post-FCCP were 1.00. Mitochondrial dys-
function and aging are typically associated with dysregulation
of mitochondrial biogenesis. Therefore, we measured the
expression of PGC1α, SIRT1, NRF1, and TFAM, which are in-
volved in mitochondrial biogenesis. The results showed that
these genes were significantly down-regulated in the A group
compared with the NA group (Figure 2E). Although the levels
of PGC1α were not different between the A and LcS-treated

groups, the levels of SIRT1, NRF1, and TFAM were signifi-
cantly up-regulated in the S10X group compared with the A
group. Slightly higher levels of SIRT1, NRF1, and TFAM were
also observed in the S1X group. Because the mitochondrial
copy number is another marker for assessing mitochondrial
disorders, we also determined the mitochondrial copy num-
ber by measuring the ratio of mitochondrial and nuclear
DNA copy numbers. The mitochondrial copy number of the
A group was 51.7% that of the NA group. Moreover, mice
given LcS at both the high and low dose had a significantly
higher mitochondrial copy number than aged control mice
(A group) (Figure 2F). Taken together, LcS prevented
age-related mitochondrial dysfunction in muscle, especially
in mice given high-dose LcS. The statistical powers of the
levels of PGC1α, SIRT1, NRF1, and TFAM, and mitochondria
copy number were 0.89, 1.00, 0.84, 0.68, and 1.00,
respectively.

Age-related alternations in ROS and
inflammation-related cytokines were attenuated
by LcS

Age-relate sarcopenia can be derived from a cycle of
age-related inflammation, mitochondrial dysfunction, and in-
creases in ROS. Because LcS was able to reduce age-related
muscle decline and mitochondrial dysfunction, we measured

Figure 1 Food intake, body weight, senescence scores, and body composition. Average food intake (A) and weight (B) were measured fromWeeks 1 to
12. Senescence scores (C) and body composition (D) were measured in Week 12. Different superscript letters (a, b, & c) differ significantly (P < 0.05)
according to one-way analysis of variance with Tukey’s honestly significant difference post hoc test. n = 6.
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the levels of inflammation-related cytokines and ROS to eval-
uate whether LcS prevented sarcopenia by disrupting this cy-
cle. The results showed that the proinflammatory cytokine,
TNF-α (Figure 3A), and the anti-inflammatory cytokine, IL-10
(Figure 3B), were up-regulated and down-regulated, respec-
tively, in the muscle of the A group compared with the NA
group. Age-related changes in TNF-α and IL-10 in the muscle
were reduced by LcS (Figure 3A,B). The similar pattern of
TNF-α and IL-10 expression was also observed in the serum
samples from the four groups (Figure 3C,D). The statistical
powers of the levels of serum TNF-α and IL-10 and muscle
TNF-α and IL-10 were all 1.00. Another component of the
sarcopenia-inducing cycle, ROS, was measured. ROS levels
were approximately seven times higher in the A group com-
pared with the NA group (Figure 3E). The levels of ROS in

the S1X and S10X groups were about one-fifth of the A group
(Figure 3E). Therefore, LcS significantly decreased the
age-related increases in inflammation and ROS in the aged
mice. The statistical power of the level of ROS was 1.00.

Lactobacillus casei Shirota diminished age-related
alternations in short-chain fatty acids

Given that SCFAs are important mediators of the gut–muscle
axis, we investigated the effect of aging and LcS on SCFA
levels by measuring acetic, propionic, isobutyric, butyric,
isovaleric, penic, and hexanoic acids in the stool. The levels
of SCFAs measured in this study significantly decreased dur-
ing aging as indicated by the lower levels of SCFAs in the A

Figure 2 Muscle strength and mitochondria function. (A) holding impulse and (B) grip force to evaluate the muscle strength of SAMP8 mice; (C) graph-
ical description of cellular respiration; (D) average oxygen consumption rate in each step of real-time respirometer analysis performed with XF24
analyser; (E) expression of mitochondrial biogenesis genes; and (F) mtDNA copy number. Different superscript letters (a, b, & c) differ significantly
(P < 0.05) according to one-way analysis of variance with Tukey’s honestly significant difference post hoc test. n = 6.
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group compared with the NA group, except for propionic and
isocaleric acids (Figure 4A–G). Compared with the A group,
the S10X group had higher levels of acetic, isobutyric, butyric,
penic, and hexanoic acids, and the SCFA levels increased
slightly in the S1X group (Figure 4A–G). These results indicate
that LcS supplementation could maintain SCFA levels in the
aged mice. The statistical powers of the levels of acetic,
isobutyric, butyric, penic, and hexanoic acids were 0.15,
0.88, 1.00, 0.90, and 0.83.

Lactobacillus casei Shirota modified the gut
microbiota in aged mice

Since we demonstrated that LcS affected the muscle and
SCFA levels in the stool, we could assume that LcS might im-
prove age-related muscle disorders through the gut–muscle
axis. Therefore, we investigated the effect of LcS on gut

microbiota. The results were evaluated by at least 54 830
reads per sample. The results of the Shannon (Figure 5A)
and Simpson (Figure 5B) analysis revealed that the alpha di-
versities were not different among the four groups. The mi-
crobial communities of all groups were separated, especially
between NA and A (P = 0.027), NA and S1X (P = 0.027), NA
and S10X (P = 0.026), A and S10X (P = 0.027), and S1X and
S10X (P = 0.031) (Figure 5C). In all groups, the most two clas-
sified bacteria were bacteroidetes and firmicutes (Figure 5D),
and the ratio of firmicus/bacteroidete was not different
(Figure 5E). However, the dominant bacterial genus was dif-
ferent between the groups (Figure 5F). These results suggest
that LcS could direct the composition of gut microbiota to a
preferred condition, but did not prevent age-related alterna-
tions in gut microbiota. Therefore, we further analysed the
abundant bacterial genus and predicted bacterial function
in the three aged groups (A, S1X, and S10X groups) to avoid
the disruption of age. Odoribacter and Oscillibacter were

Figure 3 Levels of inflammation-related cytokines in serum and muscle and reactive oxygen species in muscle. (A, B) The relative expression of TNF-α
(A) and IL-10 (B) in muscle; (C, D) the serum levels of TNF-α (C) and IL-10 (D); and the level of reactive oxygen species in muscle. Different superscript
letters (a, b, & c) differ significantly (P < 0.05) according to one-way analysis of variance with Tukey’s honestly significant difference post hoc. n = 6.
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the dominant bacterial genera (top 35) and had significantly
higher relative abundance in the A group than S10X group
(Figure 5G). Lachnospiraceae_UCG_006 and
Erysipelatoclostridium were the dominant bacterial genera
with higher relative abundance in the S10X and S1X groups,
respectively, than the A group. The results of LEfSe analysis
showed that 23, 5, and 11 genera were enriched in the S1X,
S10X, and A groups, respectively (Figure 5H). Moreover, the
functions of the microbiota were then predicted using
PICRUST database. The level 1 KEGG pathways predicted sig-
nificant differences in cellular processes and genetic informa-
tion processing between the A and S10X groups (Table 1).
The cellular processes pathway was enriched in the A group
(P < 0.05), whereas the genetic information processing path-
way was enriched in the S10X group (P < 0.05) (Table 1). To
identify the functional pathways more specifically, we
analysed the pathways in KEGG level 3. Pathways related to
apoptosis, p53 signalling, ubiquitin system, DNA repair and
recombination proteins, non-homologous end-joining, RNA
polymerase, and aminoacyl-tRNA biosynthesis were signifi-
cantly different among three groups. The pathways of apo-
ptosis, p53 signalling, and non-homologous end-joining
were higher in the A group compared with the S10X group
(Table 1). Significant pathways related to cellular processes
and genetic information processing were enriched in the
S10X compared with the A group, including DNA repair
and recombination proteins, RNA polymerase, and

aminoacyl-tRNA biosynthesis (Table 1). The gut microbiota
community and function prediction results indicate that LcS
supplementation could regulate the gut microbiota composi-
tion, which might produce functional changes in the host.

LcS decreased bacterial genera negatively
correlated with muscle and mitochondrial function
and positively correlated with senescence
appearance, ROS, and inflammation

As our results revealed that LcS improved physiological phe-
nomena and regulated the gut microbiota, we further investi-
gated correlations in LcS effects in agedmice using Spearman’s
correlation. The bacterial genus was analysed only when LDA
scores > 2.0 in the A, S1X, and S10X groups. In the A group,
the enriched bacterial genera were all negatively correlated
with muscle and mitochondrial function, including
Odoribacter, Oscillibacter, Burkholderia_Caballeronia_Para
burkholderia, Anaerotruncus, Conexibacter, Acidothermus,
Lachnospiraceae_UCG_010, Ruminococcaceae_UCG_009,
Desulfovibrio, actinobacterium_BGR_88, and Leifsonia. These
bacterial genera were also positively correlated with either se-
rum or muscle proinflammatory cytokine, TNF-α, and nega-
tively correlated with either serum or muscle anti-
inflammatory cytokine, IL-10, expect Leifsonia. The level of
ROS was positively correlated with Anaerotruncus,

Figure 4 Short-chain fatty acids in stool. Different superscript letters (a, b, c) differ significantly (p < 0.05) according to one-way analysis of variance
with Tukey’s honestly significant difference post-hoc test. n = 6.
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Conexibacter, Lachnospiraceae_UCG_010, and Ruminococca
ceae_UCG_009. In the S1X group, Ruminococcus_1,
Lachnospiraceae_UCG_001, Acidocella, Granulicella,
Ruminococcaceae_UCG_005, Ruminococcaceae_ NK4A214
group, Bryobacter, Acidisoma, and Cohnellawere linked to un-
healthy physiological phenomena, as opposed to
Erysipelatoclostridium and Candidatus_Stoquefichus. The
enriched bacterial genera, Candidatus_Saccharimonas,
Lachnospiraceae_UCG_006, and unidentified_rumen_
bacterium_RF32, in S10X mice were positively
correlated with muscle ability, mitochondrial function, and
IL-10, and negatively correlated with the appearance of senes-
cence and levels of TNF-α or ROS (Table 2).

The dominant bacteria (top 35) enriched in the A, S1X, or
S10X groups showed different correlation status to the pre-
dicted functional pathways.

The correlation of the predicted functional pathway and
dominant bacteria (top 35) that were enriched in one of
the aged mice groups were analysed. The results demon-
strated that the dominant bacteria enriched in the A group,
Odoribacter and Oscillibacter, presented the similar pattern
that was positively correlated with apoptosis and negatively

correlated with DNA repair and recombination proteins,
RNA polymerase, and aminoacyl-tRNA biosynthesis. RNA po-
lymerase pathway was positively correlated with
Erysipelatoclostridium (enriched in the S1X group) and
Lachnospiraceae_UCG_006 (enriched in the S10X group).
Lachnospiraceae_UCG_006 was also negatively correlated
with the predicted functional pathways including p53
signalling, ubiquitin system, and non-homologous end-joining
(Table 3).

Discussion

This is the first study to provide evidence of the effects of
probiotics on the onset and progression of age-related mus-
cle impairment via the gut–muscle axis. In the present study,
our results demonstrated that LcS, a probiotic, maintained
muscle and mitochondrial functions and regulated the gut
microbiota composition in aged SAMP8 mice. LcS also re-
duced age-related changes in inflammatory cytokines and
SCFAs, which are reported signal mediators in the gut–muscle

Figure 5 Analysis of gut microbiota. (A) Shannon analysis; (B) Simpson analysis; (C) PCoA analysis; (D) heatmap of phylum; (E) ration of firmicus/
bacteroidete; (F) heatmap of genus; (G) relative abundance of dominant bacterial genera with significant difference between the A group and either
the S1X or S10X groups (P < 0.05); (H) LEfSe analysis of A, S1X, and S10X groups. n = 4.
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axis. Moreover, the bacterial genera regulated by LcS were
correlated with younger muscle condition and physiological
phenomena in aged SAMP8 mice. Given that the concept of
the gut–muscle axis is based on the correlation between
gut microbiota and muscle function, our results suggest that
LcS regulates the onset of age-related sarcopenia via the
gut–muscle axis. This indicates that LcS plays an important
role in gut microbiota modification and causes changes in
the production of mediators including SCFAs, inflammatory
cytokines, and ROS, which subsequently maintains mitochon-
drial function and ultimately delays the progression of muscle
deposition in aged mice.

Probiotics are reported to influence muscle mass and
strength. For example, Bindels et al.9 revealed that oral sup-
plementation with Lactobacillus species reduced sarcopenia
in a mouse model of acute leukaemia. In elite athletes,
probiotics increased skeletal muscle function.21 However,
there is limited evidence of the benefits of probiotics in the
muscles of older subjects. Although our previous study
indicated that Lactobacillus paracasei PS23 attenuated age-

related sarcopenia, the correlation between the microbiota
and muscle function was not investigated due to a lack of
gut microbiota data.19 In the present study, we not only
demonstrated that another probiotic, LcS, improved age-
related sarcopenia, but we also analysed how LcS
regulates the gut microbiota to determine whether LcS
utilizes the gut–muscle axis to achieve its anti-sarcopenia
effects. Our results show that the LcS-enriched bacterial
genera were positively correlated with better physiological
and muscle conditions. Moreover, LcS inhibited several
bacterial genera in aged mice, and the abundance of these
genera was negatively correlated with better physiological
and muscle conditions. Interestingly, some bacterial
genera enriched in the aged control group (A group),
such as Odoribacter, Oscillibacter, Anaerotruncus, and
Ruminococcaceae_UCG_009 have been linked to diminished
health in older adults in previous studies.22 Since the effects
of oral LcS supplementation on the muscle and gut microbi-
ota were observed and linked, our results suggest that LcS
affects the muscle through the gut–muscle axis.

Figure 5 Continued
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In addition to our observed correlation between
LcS-regulated muscle function and gut microbiota, our results
involving gut–muscle mediators, such as inflammatory cyto-
kines, SCFAs, and ROS,3 provide further evidence identifying
the gut–muscle axis as the mechanism of LcS-induced anti-
sarcopenia given that LcS supplementation significantly in-
creased the levels of the anti-inflammatory cytokine, IL-10,
and several SCFAs and decreased the levels of the proinflam-
matory cytokine, TNF-α,and ROS. Inflammation mediates
communication between the gut and muscle.23 Aging can in-
duce inflammation by influencing intestinal function and gut
microbiota composition, resulting in muscle dysfunction.3

Moreover, reductions in SCFAs are a general phenomenon
in older adults since aging decreases SCFAs-producing bacte-
ria in the gut.3 The age-related decline in SCFAs not only
leads to inflammation but also mitochondrial dysfunction,
followed by ROS increases and physiological disorders due
to reduced SCFAs, particularly butyrate, which is
well-known for its anti-inflammatory and mitochondrial
maintaining effects.23 Increase of ROS is an inducer of age-re-
lated sarcopenia, because ROS can damage the mitochondria
resulting in sarcopenia.23 Our results also demonstrate that
the bacteria genera enriched in aged control mice were neg-
atively correlated with levels of SCFA and IL-10 and positively
correlated with levels of TNF-α and ROS. We further analysed
the correlation of gut microbiota and potential mediators of
the gut–muscle axis to investigate how LcS regulated the
gut microbiota to initiate the gut–muscle axis. Odoribacter
and Oscillibacter—that were the only two genera that were
the dominant genera (top 35) and significantly higher in the
A group than S10X groups (LDA score > 2 and P < 0.05)—
were positively correlated with inflammation, frailty,
sarcopenia, and unhealthy physical condition in the mice
and human elder.22,24 Lachnospiraceae_UCG_006 was an-
other dominant genus significantly different between the A
and S10X groups, which was enriched in the S10X group. Al-
though Lachnospiraceae_UCG_006 was rarely discussed in
the study with old subjects, it was reported as a genus con-
tributing to the anti-inflammation condition in young
subjects.25 Therefore, based on the present study, inflamma-
tion should be involved in the gut–muscle axis. Therefore,

one possible mechanism of LcS in age-related sarcopenia is
that LcS modulates the gut microbiota, especially
Odoribacter, Oscillibacter, and Lachnospiraceae UCG 006, to
attenuate the age-related inflammation so that muscle re-
tains healthy mitochondria and good functions, even in the
elderly.

Short-chain fatty acids generated from fermentation by gut
microbiota in the large intestine is known to exert antioxidant
properties, immunomodulatory function, and regulate energy
metabolism.26 The observed increases of SCFAs are likely to
be involved in the anti-inflammation states in the groups
treated with LcS, but the correlation of dominant bacteria
and butyric acid was only partially supported through previ-
ous studies. In this study, Lachnospiraceae UCG 006—which
was reported as a producer of butyric acid25—was also signif-
icantly positively correlated with the levels of butyric acid. To
our knowledge, the correlation of butyric acid and
Odoribacter and Oscillibacter was not reported in the aged
subjects, but these bacteria were indicated to produce bu-
tyric acid in some studies with non-aged experimental ani-
mals. Thus, how LcS regulated butyric acid production still
needs further investigation in subsequent studies.

Reactive oxygen species increase is an inducer of age-re-
lated sarcopenia because ROS can damage the mitochondria,
resulting in sarcopenia.3 In the present study, LcS significantly
suppressed the level of ROS. The level of ROS was positively
correlated with the bacteria genera enriched in the A group
and negatively correlated with those in the S10X group, al-
though only part of the correlation was significant
(P < 0.05). Among the dominant and significantly changed
bacteria, only Lachnospiraceae UCG 006 was significantly neg-
atively correlated with ROS. The negative association of
Lachnospiraceae UCG 006 and ROS was also reported in a pre-
vious study.27 Thus, the LcS-shaped gut microbiota composi-
tion might lower the ROS in the aged SAMP8 mice.

In addition to LcS-regulated gut microbiota, LcS might
achieve the preventing effect on age-related sarcopenia via
reducing oxidative and inflammatory stress. LcS was reported
to attenuate the oxidative and inflammatory stress in the
2,20-azobis(2-amidinopropane) dihydrochloride-treated
enterocytes-like epithelial cells.11 Matsumoto and colleagues

Table 1 The functions predicted with significance in KEGG Levels 1 and 3

KEGG—level 1 P A S1X S10X

Cellular processes 0.06 3.73E-02 ± 5.11E-04 3.36E-02 ± 2.12E-03 3.00E-02 ± 2.35E-03*
Genetic information processing 0.036 1.93E-01 ± 1.84E-03 1.95E-01 ± 2.00E-03 2.01E-01 ± 2.19E-03*

KEGG—level 3
Apoptosis 0.026 2.67E-05 ± 1.57E-06 2.86E-05 ± 7.83E-06 1.64E-05 ± 1.42E-06*
p53 signalling pathway 0.017 1.06E-05 ± 2.84E-06 1.25E-05 ± 1.33E-06 2.98E-06 ± 1.39E-06*
Ubiquitin system 0.037 4.91E-05 ± 7.13E-06 5.77E-05 ± 1.07E-05 2.32E-05 ± 5.67E-06
DNA repair and recombination proteins 0.043 2.76E-02 ± 2.79E-04 2.79E-02 ± 3.32E-04 2.90E-02 ± 3.80E-04*
Non-homologous end-joining 0.031 7.30E-05 ± 1.03E-05 1.25E-04 ± 3.61E-05 3.41E-05 ± 1.08E-05*
RNA polymerase 0.008 1.51E-03 ± 1.83E-05 1.56E-03 ± 1.31E-05 1.63E-03 ± 2.46E-05*
Aminoacyl-tRNA biosynthesis 0.003 1.15E-02 ± 8.97E-05 1.16E-02 ± 8.48E-05 1.21E-02 ± 1.20E-04*

*Significantly different from the A group.
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also revealed that LcS could reduce the pro-inflammatory
cytokines in the monocytes isolated from large intestinal
lamina propria and RAW264·7 cells in vitro.28 Thus, LcS might
be able to directly decrease the ROS and inflammation in the
aged SAMP8 mice.

Taken together, the precise mechanisms of LcS in extenu-
ating age-related sarcopenia progression were through the
gut–muscle axis, where LcS either interacts with intestinal
cells or regulates the gut microbiota to suppress the
age-related inflammation, ROS, and apoptosis, to promote
SCFA production, thereby preventing mitochondria dysfunc-
tion in muscle, and finally slowing the progression of age-
related sarcopenia.

The gut–muscle axis could be characterized by predicted
function pathways based on the KEGG pathway related to
the dominant bacteria in the mice. In the A group, the
enriched functions were apoptosis and p53 signalling path-
ways, which are related to age-related sarcopenia.29 Apopto-
sis and induction of p53 result in muscle mitochondrial
dysfunction and mass loss, because they drive the increases
in inflammation and ROS that can damage mitochondria
and decrease muscle function due to energy deficiencies in
muscle.6 DNA repair and recombination proteins were the
other pathways predicted to be involved in the LcS-derived
gut–muscle axis. This is because DNA repair was decreased
during aging due to alteration of gut microbiota, which has
been suggested to drive age-related inflammation and
diseases,30 and the S10X group had the higher level of DNA
repair, and recombination proteins pathway and lower level
of age-related sarcopenia than the A group indicated. Since
LcS attenuated these two functional pathways, ROS levels,
and age-related systemic inflammation by reducing serum
TNF-α and inducing serum IL-10, we could assume that LcS
prevented age-related sarcopenia via the gut–muscle axis.
Thus, LcS may help maintain muscle function in aged mice
by influencing the gut microbiota to reduce apoptosis, p53
signalling, inflammation, and ROS. However, the relationship
of the other predicted pathways and age-related disorders
were either opposite or unreported in the previous studies.
The ubiquitin system is responsible for the
post-translational modification of proteins. The increase of
ubiquitin-proteasome was positively correlated with the
levels of inflammation and apoptosis.31 However, the ubiqui-
tin system was employed by autophagy that was considered
to be an anti-aging process.32 Aminoacyl-tRNA biosynthesis
showed pro-aging and anti-aging effects in the different
studies.33 Thus, further studies will be needed to understand
the linkages of these pathways and sarcopenia.

Although our results indicate that LcS attenuates age-re-
lated sarcopenia through the gut–muscle axis in SAMP8 mice,
a question remained as to whether SAMP8 mice were an ap-
propriate model for studying age-related sarcopenia and the
gut–muscle axis. SAMP8 mice are characterized by early on-
set of age-related alternations and with decreasing survivalTa
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rate at as early as 8 months old.34,35 Among all SAMP mouse
strains, they show the most senescence deterioration in skel-
etal muscle function compared with senescence-resistant
(SAMR1) control mice.34 The studies published by other
groups suggest pre-sarcopenia features, such as insulin
resistance36 and mitochondria dysfunction,37 in the skeletal
muscle of 6-month-age SAMP8 mice, and the process of
sarcopenia initiated between 5 or 6-month-age to 12-
month-age in SAMP8 mice.15,34 Our previous study also re-
ported significant muscle atrophy in the SAMP8 mice at
7 months old compared with 4 months old.19 Furthermore,
the death of SAMP8 mice begins at about 8 months old35;
thus, the study finished when the mice reach 28 weeks old
to avoid survivorship bias. Accordingly, administrating LcS to
SAMP8 mice from 16 to 28 weeks old is appropriate for inves-
tigating how LcS prevented age-related sarcopenia. However,
data are limited regarding the difference in gut microbiota
between healthy and unhealthy aged SAMP8 mice. In
humans, Claesson et al.22 analysed the faecal microbiota
composition of 178 healthy and unhealthy elderly subjects
and suggested that the co-abundance groups of Alistipes
and Oscillibacter increased in unhealthy elderly individuals.
They revealed that increased Alistipes and Oscillibacter were
accompanied by calf circumference decreases, muscle loss,
and proinflammatory cytokine increases. The increase of
Oscillibacter co-abundance groups also reduced the number
of genera that produce butyrate. Interestingly, in the present
study, Oscillibacter was enriched in the A group compared to
the S1X and S10X groups. Moreover, the abundance of
Alistipes was higher in the A than S10X group. Since similar
gut microbiota differences were observed in healthy and un-
healthy aged subjects in human subjects and SAMP8 mice,
SAMP8 mice appear to be a suitable animal model for study-
ing sarcopenia and the gut–muscle axis in aged subjects.

In this study, two doses of LcS were applied to investigate
the dose-effect because the dose-dependent manner
was already observed in the LcS studies. Oral administration
of LcS at a higher dose had better effects on recovery of
hand functions after distal radius fracture in elders.38 The
higher dose of LcS also showed stronger prevention in
indomethacin-induced small intestinal injury.39 In the present
study, the high dose of LcS administration showed better ef-
ficiency because more results of the S10X were different from
the A groups than the S1X group. Moreover, the S10X had a
better condition than the S1X group in the holding impulse,
OCR-FCCP, muscle TNF-α, acetic acid, butyric acid, and
hexanoic acid. The gut microbiota results also suggested that
the impact of a high dose of LcS was larger than the lower
dose of LcS because the significant difference of beta diver-
sity was observed between the A and S10X groups but not
between the A and S1X groups. In addition, the most domi-
nant and significant bacteria taxa, Odoribacter, Oscillibacter,
and Lachnospiraceae_UCG_006, and the apoptosis-related
pathways showed more differences between the A and

S10X groups than the A and S1X groups. Taken together,
the effect of LcS on attenuating age-related sarcopenia
followed a dose-dependent manner and was better at the
higher dose.

Recently, an increasing number of studies have focused on
the effects and mechanism of probiotics in the improvement
of disease states. Although the design of these studies has
been broadly similar, the different probiotics or analysed tis-
sue could result in different outcomes. For example, Tsilingiri
et al.40 reported that Lactobacillus plantarum NCIMB8826
and Lactobacillus rhamnosus GG showed different influences
in the tissue with inflammatory bowel disease. They also re-
vealed that the effects of L. plantarum NCIMB8826 were dif-
ferent on health and inflammatory bowel disease tissues.
Moreover, there are some common weaknesses in this kind
of study. First, the studies usually only contain a proportion
of the members in the gut-organ axis that involves gut micro-
biota, mediators of the gut–organ axis, and the target organ.
Thus, the data could not provide a correlation between the
members to draw a whole picture. Second, the link between
the animal model and humans might be weak because the
probiotics altered dominant bacterial genera in the animal
model did not differ between healthy and unhealthy elderly
human participants. Hence, there is concern whether the ef-
fect and mechanism of probiotics could be reproduced in
humans. In the present study, we analysed gut microbiota,
SCFA, an inflammatory cytokine, and the function of muscle
and mitochondria to demonstrate that the full pathway of
LcS-induced gut–muscle axis was initiating from the regula-
tion of gut microbiota, then translating the signal to muscle
using inflammatory cytokine, and finally influencing the func-
tion of muscle by maintaining mitochondria. Moreover, LcS
significantly reduced the level of Oscillbacter and Alistipes,
accompanied by calf circumference decreases, muscle loss,
and pro-inflammatory cytokine increases in the aged humans.
Thus, LcS should have a high possibility to attenuate
age-related sarcopenia. Accordingly, this study demonstrated
two novel insights in age-related sarcopenia: (1) the
preventing effect of probiotics on age-related sarcopenia ex-
ists and is accomplished via gut–muscle axis and (2) oral LcS
supplementation has great potentialities to prevent humans
from the threaten of age-related sarcopenia.

Because the study addressed potential members in gut–
muscle axis and revealed a strong correlation between them,
our results have provided a reasonable strength of evidence
to prove that oral LcS supplementation extenuates age-re-
lated sarcopenia via the gut–muscle axis. However, there is
a limitation that the experiments could not directly demon-
strate the effect of gut microbiota on age-related sarcopenia.
Although a faecal/microbiota transplantation experiment
may help address this limitation, the gut microbiota composi-
tion was established by a daily LcS intervention. Furthermore,
LcS can directly modulate ROS and inflammation in the
intestinal cells.11,28 Therefore, the donor’s gut microbiota
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population might not be easily established in the recipient,
and the same effects of LcS supplementation might reappear
by faecal/microbiota transplantation. Thus, faecal/microbiota
transplantation was not performed in this study. Neverthe-
less, results of faecal/microbiota transplantation experiments
might help understand the effect of LcS comprehensively and
would be an interesting topic of further study.

In conclusion, LcS can attenuate age-related sarcopenia
through the gut–muscle axis, and oral LcS supplementation
may be a potential strategy to prevent age-related sarcopenia.
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