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1. Introduction

Dietary supplementation with Lacticaseibacillus
rhamnosus IDCC3201 alleviates sarcopenia by
modulating the gut microbiota and metabolites in
dexamethasone-induced models¥}

Minkyoung Kang,? Minji Kang,? Jiseon Yoo,? Juyeon Lee,? Sujeong Lee,?
Bohyun Yun,® Minho Song,® Jun-Mo Kim,“ Hyung Wook Kim,® Jungwoo Yang,f
Younghoon Kim (2 *¢ and Sangham Oh (2 *@

Probiotics can exert direct or indirect influences on various aspects of health claims by altering the com-
position of the gut microbiome and producing bioactive metabolites. The aim of this study was to
examine the effect of Lacticaseibacillus rhamnosus IDCC3201 on skeletal muscle atrophy in dexametha-
sone-induced C2C12 cells and a mouse animal model. Dexamethasone treatment significantly reduced
C2C12 muscle cell viability, myotube diameter, and levels of muscle atrophic markers (Atrogin-1 and
MuRF-1). These effects were alleviated by conditioned media (CM) and cell extract (EX) derived from
L. rhamnosus IDCC3201. In addition, we assessed the in vivo therapeutic effect of L. rhamnosus
IDCC3201 in a mouse model of dexamethasone (DEX)-induced muscle atrophy. Supplementation with
IDCC3201 resulted in significant enhancements in body composition, particularly in lean mass, muscle
strength, and myofibril size, in DEX-induced muscle atrophy mice. In comparison to the DEX-treatment
group, the normal and DEX + L. rhamnosus IDCC3201 groups showed a higher transcriptional level of
myosin heavy chain family genes (MHC1, MHC1b, MHC2A, 2bB, and 2X) and a reduction in atrophic
muscle makers. These analyses revealed that L. rhamnosus IDCC3201 supplementation led to increased
production of branched-chain amino acids (BCAAs) and improved the Allobaculum genus within the gut
microbiota of muscle atrophy-induced groups. Taken together, our findings suggest that L. rhamnosus
IDCC3201 represents a promising dietary supplement with the potential to alleviate sarcopenia by modu-
lating the gut microbiome and metabolites.

synthesis.l'2 In addition, muscles can affect inflammation,
energy/nutrient metabolism, insulin resistance, and oxidative

Muscle is an essential tissue that accounts for the most plenti-
ful and prominent portion of total body protein in humans
and regulates the balance between protein breakdown and
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stress.” The process of aging contributes to increased muscle
protein breakdown, primarily as a result of inflammation and
oxidative stress, leading to conditions such as muscle atrophy
(sarcopenia) or cachexia.* ® These conditions have a detrimen-
tal impact on the overall quality of health, increasing the risk
of fractures, physical limitations, and mortality.’
Consequently, the preservation of healthy muscle mass and
the prevention of muscle atrophy are of paramount importance
in the prevention of a range of diseases and the promotion of
health claims.>”

Probiotics are live microbiota that provide health benefits
to the host by maintaining the homeostasis of the intestinal
microbiota and the immune system and possessing anti-
inflammatory and anti-aging properties in human and
animal.*® Recent studies have shown that Lacticaseibacillus
rhamnosus species are probiotics, a type of intestinal bacteria,
and have been reported to provide various biological activi-
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ties:'® anti-inflammatory,”® anti-obesity,>® immune modu-
lation,® gut health (IBD and IBS),>*° and cholesterol level
reduction. In addition, the Lacticaseibacillus rhamnosus
IDCC3201 strain used in our study was isolated from infant
feces, and it has been confirmed to be'® anti-allergic,*® anti-
inflammatory, anti-pathogenic,’® and immunomodulatory.*”
However, the beneficial effect of L. rhamnosus on sarcopenia
by regulating gut microbial balance is yet unknown.

Recent research has introduced the novel concept of the
‘gut-muscle axis’, highlighting the potential direct and indir-
ect impacts of gut microbiome composition and metabolites
on skeletal muscle function.”®*>** Probiotic bacteria can alter
the gut microbiome composition and modify the metabolic
output, such as short-chain fatty acids (SCFAs), during the gut
fermentation process.>®?*?* SCFAs, including propionate,
butyrate, and acetate, affect muscle strengthening by regulat-
ing several aspects, including skeletal muscle mass, function,
and metabolism.*® Additionally, branched-chain amino acid
(BCAA) supplementation alleviates muscle atrophy in angioten-
sin II-induced atrophy mice, which attenuates the reduction in
exercise capacity.*® Hence, this evidence suggests the signifi-
cance of probiotics in modulating the gut environment and
generating these bioactive metabolites as a critical factor in
the prevention of sarcopenia.

In this study, we hypothesized that the administration of
L. rhamnosus IDCC301 probiotics could offer potential benefits
in addressing sarcopenia through the modulation of gut
microbiome composition and the production of bioactive
metabolites. To investigate this hypothesis, we comprehen-
sively investigated the effects of L. rhamnosus IDCC3201 using
C2C12 murine myoblasts and a sarcopenia mouse model
induced by dexamethasone (DEX).

2. Materials and methods

2.1 Lacticaseibacillus rhamnosus IDCC3201 culture and
preparation

Lacticaseibacillus rhamnosus IDCC3201 was inoculated in Man
Rogosa Sharpe broth (MRS; BD, USA) and then cultured at
37 °C for 48 h. For in vitro experiments, the CM of IDCC3201
was prepared as described previously.>” Briefly, L. rhamnosus
IDCC3201 was grown in MRS broth at 37 °C for 48 h, harvested
by centrifugation, and washed twice with 1x phosphate-
buffered saline (PBS). Following centrifugation, the IDCC3201
pellet was incubated in DMEM cell culture media and cultured
overnight at 37 °C. IDCC3201-CM was produced by centrifu-
ging cultured DMEM to remove bacteria and filtering with a
sterile filter with a 0.2 um pore size. Next, IDCC3201-CM was
adjusted to pH 7.0 using 5 N NaOH.

The cell extract (EX) was prepared as described by Lin
et al.** with some modifications. Briefly, a pellet of IDCC3201
was cultured in MRS broth and resuspended in a minimal
volume of 1x PBS and then ultrasonicated using an ultrasonic
homogenizer (KUS1200, KBT, Seongnam, Korea) to lyse the
bacterial cell walls on ice (condition; for 3 min with 0.5 s inter-
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vals at 60 W, for a total of 60 cycles). The protein concentration
of EX was determined using the Bradford assay supplied by
Bio-Rad (Hercules, CA, USA) and compared with multiple con-
centrations of BSA. For in vivo studies, the IDCC3201 culture
was collected by centrifugation at 3500 rpm for 10 min at
room temperature. The pellet of IDCC3201 was resuspended in
saline to achieve a final concentration of 10° colony-forming
units per milliliter (CFU per mL). The prepared solution was
used on the day of preparation and subsequently stored at
—20 °C for further use.

2.2 C2C12 cell culture and differentiation

Undifferentiated myoblast C2C12 cell lines were maintained in
DMEM supplemented with 10% heat-inactivated FBS
(Welgene, S101-01) and 1% anti-anti (Gibco, 15240062) in a
5% CO, humidified atmosphere at 37 °C. Differentiation was
induced by supplementation with heat-inactivated 2% horse
serum (Sigma, H1138) instead of 10% FBS to differentiate myo-
blast cells into myocytes. When myoblasts were approximately
80% confluent, the growth medium (GM) was replaced with
differentiation medium (DM) once every two days for six days.
Next, differentiated myotubes were treated in serum-free
media (SFM) containing various concentrations of cell extract
(EX; 0.01, 0.1, and 10 pug mL™') or conditioned medium (CM;
0.01, 0.1, 1, and 2% of cell working volume) for 24 h.
Dexamethasone (DEX; 100 pM) was used to induce myotube
cell atrophy.

2.3 Cell viability and cytotoxicity assay

To assess cell viability, C2C12 myoblast cells (1 x 10* cells per
cm?) were seeded into 48-well plates using growth medium
and incubated at 37 °C for 24 h to allow attachment. The
attached cells were treated with or without CM or EX for 24 h.
For the cytotoxicity assessment, following the same seeding
and incubation process, the C2C12 myoblast cells were differ-
entiated into myocyte cells. Once attached, these cells were
treated with DEX in combination with either CM or EX for
24 h. The MTT assay was subsequently employed for both via-
bility and cytotoxicity evaluations. An MTT solution (100 pl)
was introduced to each sample, followed by incubation at
37 °C for 2 h. Then, 0.5 ml of DMSO was dispensed into each
well, and further incubation was carried out for 30 min at
room temperature. Absorbance values were transferred to a
96-well plate and quantified using a microtiter plate reader
(Synergy HT, BioTek Instruments, Winooski, VT) at a wave-
length of 570 nm.

2.4 PAS staining and measurement of myotube diameters

Myotube cells were subjected to periodic acid-Schiff (PAS)
staining using a kit procured from VitroVivo Biotech
(Rockville, MD) according to the manufacturer’s instructions.
Briefly, the cells were first rinsed with cold 1x PBS and then
fixed for 5 min using 4% paraformaldehyde. A gentle washing
step using 1x PBS was then carried out, after which the cells
were incubated with 1% periodic acid for a span of 10 min.
Then, two 5-minute washes with distilled water were per-
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formed. The samples were then exposed to Schiff’s reagent for
40 min, followed by three wash steps every 5 min with distilled
water. The nuclei were counterstained using Meyer’s hematoxy-
lin for a duration of 1 min, which was followed by three
washes, each 5 min with distilled water. Images were randomly
selected using a microscope fitted to a digital camera, and the
myotube diameter size was determined using Image]J software.

2.5 Giemsa staining and fusion index scoring

After differentiation, the cells were rinsed twice with 1x PBS
and subsequently fixed using 4% paraformaldehyde for
10 min. Following fixation, the cells were incubated with a
1:20 diluted Giemsa stain modified solution (32884, Sigma)
in 1 mM sodium phosphate buffer (pH 5.6), amounting to
1 ml, for a duration of 40 min. Imaging of the cells was evalu-
ated by a microscope equipped with a digital camera.
Quantitative assessment involved measuring both the total cell
nuclei and the proportion of nuclei resigning within the myo-
tubes, ensuring that at least 100 nuclei were evaluated per
well. The fusion index score was derived by dividing the
number of nuclei identified within myotubes by the overall
number of counted nuclei.

2.6 Mpyosin heavy chain (MHC) immunofluorescence assay

C2C12 myotubes were washed with 1x PBS once, followed by
fixation using 4% paraformaldehyde for a period of 20 min.
Then, they were washed twice with 1x PBS. For permeabiliza-
tion, the cells were treated with 0.2% Triton X 100 in 1x PBS
for 5 min. Postpermeabilization, a blocking step was instituted
using 1% bovine serum albumin (BSA) and maintained for
45 min at room temperature. The myotubes were then incu-
bated with an MHC primary antibody (1:250 dilution, Santa
Cruz, TX, USA) at 4 °C overnight. Following three washes with
0.1% PBST, these cells were exposed to a secondary antibody
conjugated with Alexa Fluor 488 (1:1000 dilution, Invitrogen,
MA, USA) for 1 h at room temperature in a dark room. After
washing twice with 0.1% PBST, nuclear staining was executed
using prolonged gold antifade mountant integrated with DAPI
(P36931, Invitrogen). Imaging of the C2C12 myotube cells was
conducted using a fluorescence microscope. For MHC-positive
area analysis, six randomly selected regions were assessed
from three wells per group. Both the fusion index score and
MHC-stained region were quantified and evaluated utilizing
Image] software. The fusion index of myotubes was deter-
mined by calculating the ratio of nuclei present within the
myotubes to the total number of nuclei observed.*®

2.7 Quantitative real-time PCR (qRT-PCR) assay

Total RNA from C2C12 myocyte cells and mouse quadriceps
femoris muscle was extracted. C2C12 cells were harvested with
1 ml of QIAzol lysis reagent. Mouse quadriceps femoris muscle
(QD, 0.1 g) was mixed with QIAzol lysis reagent and homogen-
ized using a taco™ Prep Bead Beater for 13 s in two cycles.
According to the manufacturer’s protocol, RNA was extracted
using a Monarch Total RNA Miniprep Kit (New England
Biolabs, MA, USA). After RNA was extracted, cDNA was syn-
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thesized by a ¢cDNA synthesis kit (iScript cDNA synthesis kit,
Bio-Rad). Real-time qPCR was performed using Luna Universal
gPCR Master Mix (NEB) in a Step One Plus real-time PCR
system (Applied Biosystems, Carlsbad, CA, USA) to measure
the mRNA levels of muscle atrophic factors (Astrogin-1,
MuRF-1, and myostatin), myosin heavy chains (MHC1,
MHC2A, MHC2B, and MHC2X), and inflammatory cytokines
(IL-6). An internal control was established using mRNA for
B-actin. The reaction conditions were as follows: precycling at
95 °C for 1 min, followed by 35 cycles of 90 °C for 30 s and
60 °C for 30 s and melting at 95 °C for 15 s and 60 °C for
1 min. All the results were normalized to the housekeeping
gene f-actin. The relative mRNA expression level was calcu-
lated with the 2722 method.

2.8 Western blotting assay for protein expression

Postexposure to either EX or CM, C2C12 myocyte cells were
harvested and lysed using RIPA buffer formulation (containing
50 mM Tris-HCl, 150 mM NaCl, 1.0% (v/v) NP-40, 0.5% (w/v)
sodium deoxycholate, 1.0 mM EDTA, 0.1% (w/v) SDS, and
0.01% (w/v) sodium azide with a pH adjusted to 7.4) with a
100x concentration of protease and phosphatase inhibitor
cocktail for 30 min at 4 °C. Then, the proteins were separated
by 12% SDS-PAGE and transferred to PVDF membranes at a
constant current of 200 mA for 4 h. The PVDF membranes
were then blocked using 5% skim milk in TBST buffer. After
blocking, the membranes were incubated overnight at 4 °C
with primary antibodies specific to Atrogin-1, MuRF-1, and
B-actin (from Santa Cruz), with dilution ratios of either 1:250
or 1:1000 (specifically for B-actin). After primary antibody
incubation, the membranes were washed with TBST buffer and
then incubated with secondary antibodies at a dilution of
1:5000 for 1 h at room temperature. Protein bands were then
visualized and quantified based on their intensities using the
Azure 300 Gel Imaging System (Azure Biosystems, CA).

2.9 Animals and experimental procedure

The experiment was approved by the Institutional Animal Care
and Use Committee of The Food Industry Promotion Agency of
Korea, Iksan, Korea (IACUC-22-016). Six-week-old male C57BL/
6] mice were purchased from Orient Bio (Seongnam, Korea)
and housed under a 12 h light/dark cycle with 55 + 5% relative
humidity and a temperature of 23 + 1 °C. After a week of
acclimatization, the mice were given either saline or IDCC3201
(1 x 10® CFU per 100 pl saline) daily. At the age of seven weeks,
the mice were randomly divided into three groups: the normal
group received intraperitoneal saline injections, the DEX
group was treated with dexamethasone in 9% Kolliphor® HS
15 (42966, Sigma-Aldrich, MO, USA) + 10% DMSO starting
from the fourth week for nine days, and the DEX +
IDCC3201 group had the same DEX treatment with an
addition of 10° CFU per 0.1 ml IDCC3201. On day 35, the
muscle strength of the mice was assessed using a hand grip
test, which was conducted five times for each subject. Lean
body mass measurements were taken via nuclear magnetic
resonance on days 14, 28, and 36. After the evaluations, the
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mice were euthanized, and three types of skeletal muscle
tissues (quadriceps, gastrocnemius, and tibialis anterior) were
collected, weighed, and stored at —80 °C until further analysis.

2.10 Histology

Muscle fiber atrophy was examined histologically through
hematoxylin and eosin (H&E) staining. The muscle tissue was
fixed in 4% paraformaldehyde. The cross-sectional area (CSA)
of the myofibrils was quantified using Image] software, with a
minimum of 100 fibers per sample counted at 200%
magnification.

2.11 Fecal metagenomic analysis

Fresh fecal samples were collected from each mouse at six
weeks after the induction of muscle atrophy. For the extraction
of bacterial genomic DNA, fecal samples were resuspended in
QIAzol and homogenized using a tacoPrep Bead beater for two
cycles, each lasting 13 s. Following homogenization, samples
were centrifuged at 15000g for 15 min. Genomic DNA was
then extracted using the PowerSoil Pro kit from Qiagen as per
the manufacturer’s instructions. The subsequent analysis of
microbial diversity and metagenomic profiles was conducted
as previously described.*® The V4 region of the 16S rRNA gene
was amplified and sequenced using the MiSeq system by
Ilumina at Macrogen. Data processing was carried out with
Mothur, following the standard protocol.*’ Alpha diversity,
such as Chao1, Shannon, and Simpson, along with the relative
abundance at the phylum, family, and genus levels, were ana-
lyzed using the MicrobiomeAnalyst web-based platform.*!

2.12 Fecal metabolome analysis

For fecal metabolome analysis, fresh feces were collected and
suspended in methanol at a 20 mg ml™' concentration. After
vortexing for 5 min on ice, the samples were centrifuged
(15000g, 5 min, 4 °C), and the supernatant was filtered
through 0.2 pm syringe filters (Whatman, England). The fil-
tered supernatant was then subjected to trimethylsilyl derivati-
zation by adding 50 pL of N,O-bis(trimethylsilyl)trifluoroaceta-
mide (BSTFA; Sigma) containing 1% trimethylchlorosilane
(TMCS) and 30 pL methoxyamine hydrochloride in pyridine
(20 mg ml™"). This mixture was incubated for 90 min at 30 °C.
The derivatized samples were analyzed using a Thermo Trace
1310 GC coupled with a Thermo ISQ LT mass spectrometer.
Utilizing a DB-5 MS GC column (Agilent), helium was
employed as a carrier gas at a flow rate of 7.5 mL min™". The
temperature settings were 300 °C for injection and a staged
oven ramp temperature starting from 50 °C. Spectral analysis
was conducted using AMDIS software, and metabolites were
identified against the NIST Mass Spectral Search program
(version 2.0, Gaithersburg, MD, USA). Finally, metabolite data
normalization was performed based on the intensity of the
internal fluoranthene standard.

2.13 Statistical analysis

Statistical analyses were conducted using GraphPad Prism
(version 9.5.0). Group differences were assessed through a one-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

way analysis of variance (ANOVA) followed by Tukey’s post hoc
tests. For direct comparisons, unpaired ¢ tests were employed.
All data were independently replicated in triplicate. P values <
0.05 were considered statistically significant. Comparisons of
microbiome alpha diversity (Chaol, Shannon, and Simpson
indices) and the abundance of fecal bacteria were executed by
unpaired ¢ tests. Heatmaps and one-way ANOVA modules were
used in the MetaboAnalyst 5.0 web-based platform to identify
metabolite changes.

3. Results

3.1 L. rhamnosus IDCC3201 mitigates dexamethasone-
induced C2C12 myotube atrophy

The gut microbiota plays a crucial role in orchestrating the
functions of other organs generating energy and metabolites*>
within the gastrointestinal tract and facilitating their transport
across the intestinal barrier.>>** As a potential probiotic bac-
terium, we expected that L rhamnosus IDCC320 would
indirectly affect muscle by generating metabolites through its
positive role in the gastrointestinal tract. Conditioned medium
(CM) and ultrasonication techniques are crucial in obtaining
valuable metabolites from bacteria, and their efficiency in pro-
ducing cell extracts (EX) enriched in bioactive compounds and
enzymes has been demonstrated.***> Several studies suggested
that the CM method or EX (extracted by ultrasonication) con-
tains numerous chemical compounds and beneficial proteins
or factors released by bacteria with similar effects to live
bacteria.*”*® Thus, we prepared cell extract (EX) samples con-
taining cellular components such as peptidoglycans and
surface proteins or crude cell extracts derived from
L. rhamnosus IDCC3201. In addition, we prepared conditioned
medium (CM) as a postbiotic supplement containing metab-
olites secreted by probiotics.”” The primary objective of this
study was to assess the impact of L. rhamnosus IDCC3201 on
muscle atrophy in C2C12 murine muscle cells. To determine
the optimal concentration range of L. rhamnosus IDCC3201-
CM or EX, the MTT assay was performed to evaluate the cell
viability of myoblasts and atrophy-induced myotubes. In both
myocytes and myotubes, no cytotoxic effect was observed by
L. rhamnosus IDCC3201-CM or EX treatment at all concen-
trations for 24 h (Fig. 1A-D). Therefore, 1.0 and 10.0 pug ml™*
from the EX sample and 1% and 2% from the CM sample were
selected and applied in subsequent experiments.

The protective effects of L. rhamnosus IDCC3201 CM or EX
against muscle atrophy in C2C12 myotubes triggered by DEX
were evaluated through the measurement of the myotube dia-
meter using PAS and Giemsa staining assays. Treatment with
DEX notably diminished the myotube diameter when con-
trasted with the control (without DEX). Conversely, both DEX +
CM (1 and 10 pg mL™") and DEX + EX (1 and 2%) treatments
led to a significant enhancement in the myotube diameters
relative to the DEX group (Fig. 1E and F): PAS staining
(control, 31.60 + 1.44 pm; DEX, 22.84 + 1.65 pm; DEX + CM 1
and 10 pg mL™*, 25.66 + 1.48 pm, and 24.42 + 0.89 ym; DEX +
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Fig. 1 L. rhamnosus IDCC3201 inhibits DEX-induced muscle atrophy in C2C12 cells. (A and B) Cell viability assays displaying the impact of various
treatments on C2C12 myoblast or (C and D) myotube cells. (E) Representative images from PAS staining of myotubes subjected to DEX treatment in
conjunction with varying concentrations of IDCC3201 CM or EX. (F) Giemsa-stained images highlighting the morphological changes in myotubes
following treatment. Statistical significance was determined by an unpaired t test. *P < 0.05 vs. DIF. #P < 0.05 vs. DIF + DEX.
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group. Immunofluorescence analysis of myosin heavy chain
(MHC) expression demonstrated the critical impact of
L. rhamnosus IDCC3201 in mitigating myotube atrophy
induced by DEX. Notably, even though the DEX group exhibi-
ted a significant reduction in MHC expression in myotubes,
the presence of L. rhamnosus IDCC3201 significantly exhibited
a positive effect in preserving MHC levels under these atrophy-
inducing conditions (Fig. 2A). Similar results were also
observed in the fusion index (Fig. 2B). These results indicate
that L. rhamnosus IDCC3201 and its metabolites markedly
prevent DEX-induced myotube atrophy in C2C12 myotubes
cells.

3.2 L. rhamnosus IDCC3201 reduced the expression of
muscle atrophic markers in C2C12 myotubes

The ubiquitin-proteasome system (UPS) specifically induces
the degradation of muscle proteins,"® and Atrogin-1 and
MuRF-1 play essential roles as E3 ubiquitin ligases in the
UPS.*® Accordingly, we measured the mRNA levels of atrophic
muscle markers (Atrogin-1 and MuRF-1) in C2C12 myotube
cells. The DEX group showed a significant increase in the
expression levels of Atrogin-1 and MuRF-1 and a decrease in
the expression levels of MyoD (muscle differentiation factor)
compared to the control group. In contrast, 10 pg mL™"
IDCC3201-EX significantly reduced Atrogin-1 and MuRF-1 in
C2C12 myotube cells treated with DEX (Fig. 3A and B).
However, IDCC3201-CM treatment only reasonably reduced
the protein levels of Atrogin-1 and MuRF-1 (Fig. 3D and E). CM
and EX significantly increased MyoD levels in common com-
pared to the DEX group (Fig. 3C). While neither the con-
ditioned medium (CM) nor the cell extract (EX) displayed a sig-
nificant inhibition of Atrogin-1 and MuRF-1 expression, our
in vitro findings suggest that they clearly exhibit an anti-
atrophic effect. To demonstrate these in vitro results, we next
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assessed the effect of L. rhamnosus IDCC3201 in a sarcopenia-
induced in vivo mouse model.

3.3 L. rhamnosus IDCC3201 increases muscle fiber size and
enhances muscle strength in the C57BL/6 sarcopenia mouse
model

To evaluate the effects of L. rhamnosus IDCC3201 on muscle
atrophy, we assessed the DEX-induced sarcopenia mouse
model and investigated muscle function in vivo. Considering
the preventive effects of L. rhamnosus IDCC3201 as a probiotic
on sarcopenia, mice were pretreated with 10° CFU per 100 pl of
L. rhamnosus IDCC3201 in saline by oral gavage for 4 weeks,
and sarcopenia was subsequently induced in mice using
20 mg kg~ dexamethasone (DEX) provided i.p. daily for 9 days
(Fig. 4A).

In both groups subjected to DEX exposure, a remarkable
decrease in body weight was observed in comparison to the
normal group (non-DEX-induced groups) (Fig. 4B). Similarly,
lean mass exhibited a significant reduction in the DEX group
compared to the normal group. However, pretreatment with
L. rhamnosus IDCC3201 attenuated this reduction in lean mass
in the sarcopenia mouse model (Fig. 4C). Furthermore, hand
grip force was significantly diminished in the DEX group com-
pared to the normal group, whereas the administration of
L. rhamnosus IDCC3201 resulted in an improvement in hand
grip force (see Fig. 4D). We also evaluated the muscle tissue
weight of the quadriceps femoris, gastrocnemius, and tibialis
anterior. Notably, the administration of 20 mg kg™ dexa-
methasone (DEX) did not lead to a decrease in muscle weight,
thereby resulting in no significant difference between the
three groups in this study (Fig. 4E-G).

As shown in Fig. 5A, histological analysis of the three
muscles (quadriceps, gastrocnemius, and tibialis anterior)
confirmed an atrophic effect of DEX on the muscle tissue and
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Fig. 2 Upregulated MHC expression in C2C12 myotubes influenced by L. rhamnosus IDCC3201. C2C12 myoblasts were cultured over a period of 6
days using differentiation medium (DM) followed by cotreatment with IDCC3201 CM or EX and DEX. (A) Immunofluorescence staining was per-
formed using a mouse anti-MHC primary antibody and an Alexa Fluor 488-conjugated secondary antibody. The nuclei are delineated using DAPI
(blue). (B) Evaluation of the myotube fusion index. All data are presented as the mean + standard deviation (SD). The width of the myotube was
measured using ImageJ software, with values representing the mean and SD derived from 100 individual myotubes. *P < 0.01 vs. DIF control. #P <

0.01 vs. DIF + DEX positive control.
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Fig. 3 L. rhamnosus IDCC3201 alleviates muscle fiber atrophy in mice through downregulation of E3 ubiquitin ligase expression. (A—C) mRNA
expression levels of Atrogin-1, MuRF-1, and MyoD in C2C12 myotube cells were determined using real-time quantitative PCR (RT-gPCR). (D and E)
Representative western blot images showcasing the protein expression of Atrogin-1 and MuRF-1 in C2C12 myotube cells. The results derived from
both RT-qPCR and western blot analyses are based on three independent replicates (n = 3). All data are shown as the mean + standard deviation
(SD). Statistical significance was determined using an unpaired t test. *P < 0.05 vs. DIF. #P < 0.05 vs. DIF + DEX. DIF, differentiation negative control;
DEX, dexamethasone-treatment positive control; EX, IDCC3201 cell extract; CM, IDCC3201 conditioned medium.

showed that the L. rhamnosus IDCC3201 treatment signifi-
cantly increased the cross-sectional area (CSA). Substantial
differences in the size distribution of the three skeletal muscle
fibers were also observed (Fig. 5B-D). The area of muscle
fibers from more than 3000-3500 um® was more prevalent in
the DEX + IDCC3201 group than in the DEX group (P < 0.001).
The most marked change in muscle fiber size distribution was
evident in the gastrocnemius (GC) muscle fibers. As follows
median of the muscle fibers: QD; normal (4157 pm?®), DEX
(2466 pum?), DEX + IDCC3201 (3250 um®), GC; normal
(4152 pm?), DEX (2120 um?®), DEX + IDCC3201 (3936 pm?), TA;
normal (4215 um®), DEX (2306 um®), DEX + IDCC3201
(3139 um?) (Fig. 5E-G). These results suggest that L. rhamnosus
IDCC3201 has the potential to restore the muscle loss observed
in DEX-induced muscle sarcopenia mice.

3.4 L. rhamnosus IDCC3201 in DEX-induced sarcopenia mice
was mitigated by reducing atrophic factors and improving
myosin heavy chain

Myosin heavy chain (MHC), which exhibits a variety of iso-
forms, regulates the metabolism and contractile responses of

4942 | Food Funct, 2024,15, 4936-4953

skeletal muscles.’® Previous studies reported that IL-6 is
related to muscle atrophy, and increased IL-6 upregulates the
expression of Atrogin-1 and MuRF-1 in skeletal muscle.’"?
DEX treatment upregulated the expression of atrophic markers
(Astrogin-1, MuRF-1, and myostatin) and the inflammatory
cytokine IL-6, but the administration of IDCC3201 restored
their expression. Interestingly, a higher myosin heavy chain
(MHC1, MHC2A, MHC2B, and MHC2X) was detected in mice
in the L. rhamnosus IDCC3201 administration group than in
the normal group, and DEX treatment reduced the expression
of MHC1, MHC2A, MHC2B, and MHC2X. Our results show
that L. rhamnosus IDCC3201 prevents sarcopenia by inhibiting
muscle atrophic factor expression and stimulating myosin
heavy chain (MHC) (Fig. 6).

3.5 L. rhamnosus IDCC3201 administration affects the gut
microbiota composition and metabolism

It has been well established that the gut microbiota not only
influences gut health but also impacts the health of various
organs. Hence, we assessed the gut microbiome composition
of each group of mice and confirmed differences in the

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 L. rhamnosus IDCC3201 treatment increased lean mass and muscle strength in DEX-administered mice. Seven-week-old male C57BL/6J
mice were subjected to an oral administration of IDCC3201 (108 CFU per 0.1 mL per mouse per day) for 4 weeks before intraperitoneal injection of
DEX (20 mg per kg per day) for 9 days. (A) Schematic diagram of the in vivo experimental flow. (B) Mouse body weights were monitored weekly. Prior
to euthanization, assessments were made on (C) lean body mass and (D) hand grip strength tests. Mice were sacrificed, and muscle tissues, including
(E) quadriceps, (F) gastrocnemius and (G) tibialis anterior, were isolated and subsequently weighed. *P < 0.01 vs. normal. #P < 0.01 vs. DEX. Data rep-
resent the averages from three replicates, and error bars represent standard deviations (SD). Normal, saline control; DEX, DEX-treated positive
control; and DEX + IDCC3201 DEX induction with IDCC3201 pretreatment.

microbial taxa. The Chaol, Shannon, and Simpson indices
were employed to estimate the richness and alpha diversity of
the gut microbiota (Fig. 7A). The results showed that after
L. rhamnosus IDCC3201 treatment, compared to the DEX
group, the Shannon and Simpson indices in the DEX +

This journal is © The Royal Society of Chemistry 2024

IDCC3201 group significantly decreased, whereas the Chaol
index did not considerably change. As shown in Fig. 7B,
Firmicutes comprised 85.14% (normal group), 75.92% (DEX
group), and 78.79% (DEX + IDCC3201 group) of the gut micro-
biome, and the Firmicutes/Bacteroidetes ratio increased in the
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Fig. 5 L. rhamnosus IDCC3201 recovers muscle quality in DEX-induced sarcopenia in mice. (A) Muscular tissues from the quadriceps (QD), gastro-
cnemius (GC), and tibialis anterior (TA) were isolated and subjected to H&E staining and subsequently visualized under microscopy at 20x magnifi-
cation. Using ImageJ software, the cross-sectional area (CSA) of muscle fibers from (B) QD, (C) GC, and (D) TA were quantified. The myofiber size
distribution within the (E) QD, (F) GC, and (G) TA muscles for both saline- and IDCC3201-treated mice was delineated. *P < 0.01 vs. normal. #P <
0.01 vs. DEX. Data represent the averages from three replicates, and error bars represent standard deviations (SD). Normal, saline control; DEX, DEX-
treated positive control; and DEX + IDCC3201 DEX induction with IDCC3201 pretreatment.

DEX + IDCC3201 group compared to the DEX group. The
sequencing results showed the presence of seven phyla, of
which Firmicutes and Bacteroidetes were the major species. In
addition, Bacteria, Proteobacteria, and Verrucomicriobia were
present in all three samples (Fig. 7C). Although no significant

4944 | fFood Funct, 2024, 15, 4936-4953

changes were observed at the family level and genus level,
Allobaculum was significantly increased in the L. rhamnosus
IDCC3201 treatment. In contrast, the populations of lactoba-
cilli exhibited no significant differences among all groups
(Fig. 7D and E). Related studies have shown that Allobaculum

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 L. rhamnosus IDCC3201 promotes anti-atrophic effects in mice with DEX-induced sarcopenia. (A-D) The mRNA expression of myosin heavy
chain (MHCI, MHC lla, b, and x) (E-G) atrophy-related factors (Atroginl, MuRF-1, and myostatin) and (H) proinflammatory cytokines (IL-6) was ana-
lyzed using quadriceps (QD) muscle. Statistical analyses comparing differences among the groups were performed using an unpaired t test.
Statistical significance at *P < 0.01 vs. normal. #P < 0.01 vs. DEX. Data represent the averages from three replicates, and error bars represent standard
deviations (SD). Normal, saline control; DEX, DEX-treated positive control; and DEX + IDCC3201 DEX induction with IDCC3201 pretreatment.

can produce butyric acid, modulating intestinal health.>
Therefore, these results suggest that the increase in
Allobaculum abundance likely alleviates DEX-induced sarcope-
nia. The genus Allobaculum produces short-chain fatty acids
(SCFAs). These Allobaculum-derived SCFAs have been demon-
strated to permeate the systemic circulation, undergo absorp-
tion by myocytes, and exert an anti-inflammatory effect.>*
Next, we investigated the effect of L. rhamnosus IDCC3201
administration on gut microbial metabolism using metabo-
lome analysis. Thirty-eight fecal metabolites were specifically
identified, including amino acids, branched-chain amino
acids (BCAAs), sugars, and free fatty acids. The PCA also
suggested that both groups of DEX and DEX + IDCC3201 dra-
matically shifted the abundance and diversity of metabolites
(Fig. 8A). In particular, the shift caused by L. rhamnosus
IDCC3201 administration was similar to that of the normal
group. In particular, the metabolic alterations induced by
L. rhamnosus IDCC3201 pretreatment were prominently
observed in BCAA (i-valine, i-leucine, and r-isoleucine), SCFA
(acetic acid and propanoic acid), EFA (essential fatty acids:
linoleic acid and oleic acid), and sugar (maltose and
p-galactose) (Fig. 8B and C). Therefore, administration of

This journal is © The Royal Society of Chemistry 2024

L. rhamnosus IDCC3201 to DEX-treated mice elicited altera-
tions in metabolite profiles, suggesting an interaction between
L. rhamnosus IDCC3201 treatment and gut microbiota modu-
lation, particularly affecting the composition of the genus
Allobaculum.

4. Discussion

Probiotics that provide health benefits to the host have been
evaluated in various functional studies, including cognitive be-
havior, immunomodulation, and anti-inflammatory
effects;'**>*® among them, in some lactobacilli, the impact of
preventing muscle atrophy or suppressing cachexia has been
reported.*>*”"*° Nonetheless, the influence of probiotic lacto-
bacilli on gut environmental shifts in conjunction with muscle
atrophy prevention remains underestimated. The aim of this
study was to assess the potential mitigative effects of
L. rhamnosus IDCC3201 on sarcopenia. Our findings indicate
that pretreatment with L. rhamnosus IDCC3201 attenuated
muscle atrophy in both C2C12 muscle cells and DEX-induced
sarcopenia mouse models. We explored whether L. rhamnosus

Food Funct, 2024, 15, 4936-4953 | 4945
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Fig. 7 The fecal microbiota analysis shows a high abundance of Allobaculum in L. rhamnosus IDCC3201-administered DEX-induced mice.
Comparison of a-diversity among groups. (A) The distribution of species richness was measured using the Chao | index (left panel), and the distri-
bution of species evenness was measured using the Shannon (middle panel) index and Simpson (right panel). A horizontal line of the box defines the

medians. Whiskers represent the minimum to maximum. (B) Taxonomic

composition of fecal microbiota at the phylum level, (C) Firmicutes to

Bacteroidetes ratio, and (D) the genus level. (E) The abundance of Allobaculum species in fecal metagenome analysis.

IDCC3021 administration alters the gut microbial composition
and modulates metabolite profiles. The administration of
IDCC3201 fundamentally influenced the metabolite profile as
well as gut microbiota composition, significantly augmenting
the population of Allobaculum, an SCFA-producing bacterium,
in sarcopenic mice. The fecal metabolomics analysis revealed
that enhanced BCAA, SCFA, sugar, and essential fatty acid-rele-
vant organic acids collaborate with alterations in gut bacterial
composition. The results obtained in our study suggest that
the possible anti-atrophy effects of L. rhamnosus IDCC3201 in

4946 | Food Funct.,, 2024, 15, 4936-4953

sarcopenia are associated with changes in the gut microbiota
and subsequent metabolite production.

Several investigations have established that dexamethasone
(DEX) instigates sarcopenia in murine models by accelerating
proteolytic activity and particularly targeting type II muscle
fibers, thus mimicking the muscle degradation observed in
age-related sarcopenia.®’™® Accordingly, to simulate muscle
atrophy, dexamethasone was subsequently employed both
in vitro and in vivo. The C2C12 myoblast cell line, mononuclear
cells that fused into thickened, multinucleated myotubes

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Analysis of fecal metabolite changes in a sarcopenia mouse following L. rhamnosus IDCC3201 administration. (A) Principal component ana-
lysis (PCA) displays variations in the relative abundance of fifteen specific metabolites. (B) Boxplots of key metabolic compounds, including BCAAs
(L-valine, L-leucine, and L-isoleucine), SCFAs (acetic acid and propanoic acid), EFAs (linoleic acid and oleic acid), and sugars (maltose and
D-galactose), highlighting the metabolic shifts induced by the IDCC3201 treatment. (C) Clustering heat-map analysis of the top 25 families, revealing

distinct group separation. The color gradient in the heatmap highlights the relative metabolite content: red for higher and blue for lower
concentrations.
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during differentiation, is prevalently employed in muscle-
related research.®*"®® As myoblasts differentiate, the cell phe-
notype changes to a myocyte with an abundance of protein
structures, and the expression of various differentiation
markers (MHC; myosin heavy chain, MyoD, a-actin, and myo-
genin) is upregulated.®*®” As shown in Fig. 2 and 3,
L. rhamnosus IDCC3201 alleviated myotube atrophy and
increased the expression of MHC and the fusion index of DEX-
treated differentiated myoblasts. Previous studies reported that
dexamethasone (DEX) caused diminished protein synthesis
and increased degradation, resulting in increased expression
of Atrogin-1 and MuRF-1, concurrent with inhibited phos-
phorylation — of the  PI3K/AKT/FoxO3a  pathway.®®”°
Remarkably, our observations were consistent with these find-
ings concerning the inhibition of muscle atrophy. Dietary sup-
plementation with L. rhamnosus IDCC3201 significantly pre-
vented the muscle atrophy response induced by DEX. In
addition, we confirmed that DEX administration markedly
decreased MHCI and MHCII (a, b, and x) and increased, as
expected, the expression of Atrogin-1, MuRF-1, and myostatin.
However, treatment with L. rhamnosus IDCC3201 significantly
increased the mRNA expression levels of MHCI and MHCII.
Consequently, it attenuated the expression of these atrophic
muscle factors, indicating that L. rhamnosus IDCC3201 may
confer protection to muscle fibers against DEX-induced
damage. Currently, our ongoing study is elucidating the

@
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specific inhibitory mechanism for the muscle atrophy of
L. rhamnosus IDCC3201 at the molecular level.

Skeletal muscle is composed of two primary fiber types:
slow-twitch (type I) and fast-twitch (type II),”"”> and there are
four isoforms (MHC I, MHC IIa, b, and x).”> Muscle atrophy
due to aging causes a decrease in fast-twitch (type II) muscle
fibers, similar to when DEX is induced.”*”* Kohn et al.”®
reported that all four MHC isoforms were identified in QD in
rat skeletal muscle, and MHC IIb and MHC IIx were most fre-
quently detected. To confirm the muscle improvement effect,
we selected QD among the three sampled muscles (QD, GC,
and TA). In this study, we demonstrated decreased CSA and
four MHC isoforms and upregulated Atrogin-1, MuRF-1, and
myostatin by DEX administration. L. rhamnosus IDCC3201
positively regulated this atrophic response, and the increased
expression of IL-6 due to DEX was significantly reduced, con-
sistent with previous reports.’>>

Aging impairs intestinal function and induces alterations
in the gut microbiome composition.”**" O’Toole P. W. and
Vaiserman A. M. reported a high ratio of Firmicutes/
Bacteroidetes in elderly compared to young subjects.®"®* Shifts
in the gut microbiome composition have been implicated in
modifying the host metabolic phenotype, thereby exerting a
considerable influence on age-associated disorders.’**?
Chevalier and colleagues confirmed that temperature is a
determinant influencing microbiome changes and observed
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Fig. 9 Schematic diagram. This schematic provides an overview of the influence of L. rhamnosus IDCC3201 on the skeletal muscle atrophy
process, affecting metabolomic and gut microbiome alterations. Graphics were created with BioRender.com.

4948 | Food Funct, 2024, 15, 4936-4953

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fo05420a

Open Access Article. Published on 03 April 2024. Downloaded on 3/16/2026 4:17:24 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Food & Function

an expedited browning of white adipose tissue following the
transplantation of gut microbiota from cold-adapted mice into
a control group.®* Therefore, the gut microbiome composition
is important in preventing metabolic disease. Our results
showed that the Firmicutes/Bacteroidetes ratio altered by DEX
treatment was significantly restored by the administration of
L. rhamnosus IDCC3201.

Despite the lack of biochemical and genetic characteristics
of the genus Allobaculum, they are recognized as producers of
SCFAs, predominantly acetic acid, and are implicated in fatty
acid metabolism and aging-related processes.’”*>%” vang Z.
et al. suggested that supplementation with a BCAA-enriched
mixture significantly altered gut microbiota age-related compo-
sitional changes and gut metabolism, such as fructose,
sucrose, and oleic acid.®® In addition, dietary essential amino
acids (EAAs) have been reported to regulate the intestinal
immune system through their role in protein synthesis®
and to promote skeletal muscle mitochondria generation®
and muscle protein synthesis.?® Taken together, gut metab-
olites such as BCAAs and EAAs can directly affect tissues such
as muscle by regulating metabolism and energy balance.?***

In the current investigation, the therapeutic efficacy of live
probiotics in mitigating muscle atrophy was evaluated through
oral administration in murine models. However, for in vitro
evaluation, it was imperative to prepare CM and EX indepen-
dently and administer them to myogenic differentiated cells.
Considering the established effectiveness of exopolysacchar-
ides (EPS) as bioactive components with health-promoting pro-
perties,”® the isolation and quantification of EPS were con-
ducted based on our previous research.”® The released EPS
within CM and cell-bound EPS within EX were successfully
separated, allowing future exploration of cellular molecular
mechanisms and modulation of gut microbiome, affecting
producing their metabolites.

5. Conclusion

Our present findings provide excellent insights into the
efficacy of L. rhamnosus IDCC3201 targeting acetic acid and
BCAA to induce significant production, thereby encouraging
benefits for intestinal health and alleviating sarcopenia,
suggesting the need for further definite mechanistic studies.
In conclusion, L. rhamnosus IDCC3201 demonstrates protective
effects against muscle atrophy in DEX-induced sarcopenia as a
therapeutic dietary supplement (Fig. 9).
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