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Muscle dysfunction may arise from skeletal muscle atrophy caused by aging, injury, oxidative stress,
and hereditary disease. Powdered heat-killed Enterococcus faecalis (EF-2001) has anti-allergy, anti-in-
flammatory, and anti-tumor effects. However, its antioxidant and anti-atrophy effects are poorly
characterized. In this study, we examined the effects of EF-2001 on muscle atrophy. To determine the
protective effect of EF-2001 on oxidative stress, C2C12 myoblasts were treated with H,O, to induce
oxidative stress. This induced cell damage, which was reduced by treatment with EF-2001. The mecha-
nism of EF-2001’s effect was examined in response to oxidative stress. Treatment with EF-2001 re-
versed the expression of HSP70 and SOD1 proteins. Also, mRNA levels of Atrogin-1/MAFbx and
MuRF1 increased under oxidative stress conditions but decreased following EF-2001 treatment. To
evaluate muscle volume, two and three dimensional models of the muscles were analyzed using mi-
cro-CT. As expected, muscle volume decreased after sciatic denervation and recovered after oral ad-
ministration of EF-2001. Therefore, EF-2001 is a candidate for the treatment of muscular atrophy, and
future discovery of the additional effects of EF-2001 may yield further applications as a functional
food with useful activities in various fields.
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Introduction

Muscle atrophy is defined as the loss of muscle tissue that
occurs as a result of damage to muscle-innervating nerves
or the muscle itself. The most important cause of atrophy
is disuse atrophy, which is caused by the non-use of muscle.
When activity decreases, muscle tone decreases, which grad-
ually proceeds to atrophy. The physical behaviors of all the
animals, including humans, are related to muscle strength,
and dysfunctions of physical behavior have negative effects
because they affect the ability to exercise, social life, and daily
life. Muscle atrophy usually results from the reduced muscle
use that occurs in an immobile state, such as during long-
term care, after nerve removal, and during space travel [18].
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Under oxidative stress, cells activate various proteins to
protect against damage and cell death. For example, super-
oxide dismutase 1 (SOD1) is a protein that is capable of scav-
enging radicals, such as intracellular reactive oxygen species
ROS [9, 19, 20]. When ROS penetrates cells and cause dam-
age, the expression of SOD1 is increased to promote homeo-
stasis and stability. Heat shock protein 70 (HSP70) protects
cells from various apoptotic stimuli, including heat shock,
tumor necrosis factor, oxidative stress, ceramides, and radia-
tion by mitigating the various effects of stress, thus allowing
cells to tolerate such external stimuli, and inhibiting cell
death [7, 12, 15, 16, 18, 21]. Muscle ring finger protein 1
(Murfl) is a protein that is expressed in myoblasts and con-
tains a weak ring domain [13]. When MuRF1 expression is
increased in the myoblasts, vital proteins are ubiquitinated
to induce cell death [5].

The heat-killed Enterococcus faecalis (EF-2001) has pre-
viously been shown to have several beneficial effects on hu-
man health including anti-allergy, anti-inflammatory and
anti-tumor activities [3, 4, 6], but so far anti-muscle atrophy
effects of this EF-2001 have been unclear.
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In the present study, we examined the effects of EF-2001
on muscle atrophy both under oxidative stress in myoblasts
and following sciatic denervation in mice, and confirmed
that several cellular signal expression levels, including
HSP70, and SOD1 are affected by EF-2001 in situations of

oxidative stress induced by disuse muscle atrophy.

Materials and Methods

Materials

The EZ-Cytox cell viability kit was purchased from Daeil
Lab (Seoul, Korea). Penicillin-streptomycin and fetal bovine
serum (FBS) were obtained from Capricorn (Ebsdorfergrund,
Germany). N-acetyl-L-cysteine (NAC), TRI-reagent, and
trypsin-EDTA solution were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Phosphate buffered saline (PBS) was
purchased from Gibco Life Technologies, Inc. (Rockville,
MD, USA). An antibody against HSP70 was purchased from
Enzo Life Sciences (AG, Switzerland). Antibodies against
SOD1 and B-actin as well as anti-rabbit IgG and anti-mouse
IgG were purchased from Cell Signaling Technology (Dan-
vers, MA, USA).

Heat-killed Enterococcus faecalis (EF-2001)

EF-2001 is a commercially available probiotic that was
originally isolated from healthy human feces. It was sup-
plied by Nihon BeRM Co. Ltd., (Tokyo, Japan) as a heat-kil-
led, dried powder. One gram of dried E. faecalis is equivalent
to 7.5x10™ colony-forming units (CFU) prior to heat-killing.

Cell culture

C2C12 myoblasts were cultured in Dulbecco’s Modified
Eagle’'s Medium (DMEM; Sigma-Aldrich) containing 10%
(v/v) FBS and penicillin-streptomycin (100 pg/ml). C2C12
myoblasts were cultured in 100 mm cell culture dishes at
37T in a humidified, 5% CO, incubator.

Cell viability

When C2C12 myoblasts reached 70% confluence, the me-
dium was suctioned and the medium was replaced with se-
rum-free DMEM containing EF-2001 at various concen-
trations (0, 25, 50, 100, 250, and 500 pg/ml) and cultured
for 24 hr. Then, the C2C12 myoblasts were treated with 1
mM HyO; in serum-free DMEM for 2 hr. EZ-Cytox kit re-
agent (10 ul) was added to each well of the plate, and then
incubated for 1 h. The cell viability was measured at 450
nm with a FLx800 Microplate reader (BioTek Instruments,

Inc., Winooski, VT, USA).

Evaluation of apoptotic cells

C2C12 myoblasts were seeded on a glass cover slip in
a 6-well culture plate at a density of 1x10° cells/ml and in-
cubated for 24 hr. The medium was replaced with DMEM
with or without EF-2001 (500 ug/ml) and incubated for 24
hr. Then, the cells were treated with 1 mM HyO, in se-
rum-free DMEM for 2 hr. After incubation, the C2C12 myo-
blasts were fixed with 4% para-formaldehyde in PBS at room
temperature for 30 min. The washed C2C12 myoblasts were
mounted with mounting medium containing DAPL. The cov-
er glass containing the fixed cells was reversed and placed
on a glass slide. Sample images were acquired with a Zeiss
LSM710 confocal microscope (Carl Zeiss, Oberkochen, Ger-
many). During observation, all images were taken at the
same setting. Images were acquired at wavelengths of 358
and 461 nm. Apoptotic cells were counted with Image ]
software.

Western blotting

C2C12 myoblasts were plated in 6-well culture plates at
a density of 1x10° cells/ml and cultured in DMEM contain-
ing 10%(v/v) FBS at 37C for 24 hr, and the medium was
replaced with serum-free DMEM with or without EF-2001
(500 ug/ml) for 24 hr. Then treated with 1 mM HO, in se-
rum-free DMEM for 2 hr. The C2C12 myoblasts were lysed,
and protein was extracted using the PRO-PREP protein ex-
traction kit (INtRON Biotechnology, Inc., Korea). After soni-
cation, protein was quantified by Bradford assay (Bio-Rad,
Hercules, CA, USA). Then, whole cell lysates were separated
by using sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) on 10~15% polyacrylamide gels. The
separated proteins were transferred to polyvinylidene fluo-
ride membrane (PVDEF; Bio-Rad) using a Trans-Blot SD Semi-
Dry Transfer Cell (Bio-Rad). The membrane was blocked
overnight at 4C with 5% skimmed milk in Tris-buffered sal-
ine containing 0.1% Tween-20 (TBS-T) and then incubated
with each primary antibody (1:2,000 dilution). The primary
antibodies were anti-SOD1, anti-HSP70, and anti-B-actin.
After incubation with the primary antibody, the membrane
was washed three times with TBS-T and then incubated for
2 hr with the secondary antibody at room temperature
(1:5,000 dilution). The secondary antibody was detected by
enhanced chemiluminescence (ECL) reagent, and each image
was analyzed by an ImageQuant LAS 4000 system (GE
Healthcare, Buckinghamshire, UK).



Real-time polymerase chain reaction

C2C12 myoblasts were seeded in a 6-well cell culture
plate in DMEM containing 10%(v/v) FBS and incubated for
24 hr. After incubation, the medium was replaced with
DMEM with or without EF-2001 (500 pg/ml) for 24 hr. The
cells were treated with 1 mM H;O; in serum-free DMEM
for 2 hr. C2C12 myoblasts were lysed by using TRI-reagent
(Sigma-Aldrich), and total RNA was extracted according to
the manufacturer’s instructions. After the RNA concen-
tration was measured, the extracted mRNA was used as a
template to synthesize cDNA. Real-time polymerase chain
reaction (Real-time PCR) analysis was performed by using
SYBR Green 1, a LightCycler® 96 instrument (Roche, Basel,
Switzerland), and the following primers: mouse Atrogin-1/
MAFbx sense 5-CCATCCTCTTTCTTGCCCGT-3" and anti-
sense 5'-ATCACTGTCCAACCTGGCTG-3; mouse MuRF1
sense 5'-TGGGACAGATGAGGAGGAGG-3' and antisense 5'-
TTTACCCTCTGTGGTCACGC-3’; and mouse GAPDH sense
5-AGGTCGGTGTGAACGGATTTG-3 and antisense 5-TGT
AGACCATGTAGTTGAGGTCA-3. The cycling conditions
were as follows: 40 cycles of denaturation at 94T for 30 sec,

annealing at 60°C for 60 sec, and extension at 72°C for 60 sec.

Animal experiments

Male C57BL/6 mice were purchased from Orient Bio
(Gangneung, Korea). The mice were housed in wire cages
and maintained under constant temperature (20-22°C) and
humidity (40-50%) conditions to minimize the animals’
discomfort. This animal experiment protocol was approved
by the Institutional Animal Care and Use Committee
(IACUC, YWC-160217-1) at Yonsei University (Wonju, Korea).
The sciatic nerve in the right leg of each mouse was surgi-
cally removed to induce immobilization, except in mice in
the control group. The surgery caused immobilization and
muscle atrophy in the mice. Muscle atrophy was induced
for 7 days. Then, EF-2001 (at 3 mg/kg and 30 mg/kg) was
orally administered 10 times over 2 week period. The total
experimental period was 21 days. Then, 21 days after sciatic

nerve denervation, the mice were sacrificed.

Measurement of muscle volume using micro-computed
tomography

Micro-Computed tomography (micro-CT) image data was
obtained 14 days after denervation and before sacrifice (at
21 days after denervation) using a SkyScan 1076 micro-CT
(Bruker, Germany) at a resolution of 30 ym, with the follow-
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ing parameters: 100 kV, 100 mA, 790 ms, and a rotation step
of 1.2°. During rotation and scanning, all mice were under
anesthesia. The beam-hardening errors were corrected to im-
prove the quality of the images by flat-field correction before
scanning and beam-hardening correction during recon-
struction. To evaluate muscle volume, two-dimensional
models and three-dimensional models of the muscles were
generated by CT-Analyzer 1.11 (Bruker).

Statistical analysis

Statistical analysis of data was carried out using the SAS
statistical software (SAS Institute, Cary, NC, USA). Multiple
group data were analyzed using one-way analysis of var-
iance followed by Dunnett’s multiple range tests. All results
are expressed as the mean ~ standard deviation of com-
parative fold differences. Data are representative of three in-

dependent experiments. Significance was set at p<0.05.

Results

Effect of EF-2001 on the viability of C2C12 myo-
blasts induced by oxidative stress

Oxidative stress caused by muscle disuse and damage re-
sults in muscle atrophy. So, to determine the protective effect
of EF-2001 in oxidative stress, the cell viability was analyzed
by the EZ-Cytox kit. In the Fig. 1, the viability of the HO»-
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Fig. 1. Effects of Effect of EF-2001 on the viability of C2C12 myo-
blasts induced by oxidative stress. C2C12 myoblasts were
seeded in 96-well culture plates at a density of 1x10°
cells/ml and incubated for 24 hr. Then the cells were
pretreated with EF-2001 for 24 hr. Next, the cells were
pretreated with H,O, in serum-free DMEM for 2 hr and
washed. NAC (N-acetyl-L-cysteine; an antioxidant com-
pound) was included as a control. Bars represent mean+
SD (n=4). *p<0.05 indicates values that are significantly
different from the EF-2001 untreated group in HO,.
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Fig. 2 Effect of EF-2001 on apoptosis in C2C12 myoblasts induced by oxidative stress. C2C12 myoblasts were cultured in 6-well
culture plates and replaced with DMEM with or without EF-2001 (500 pg/ml). Next, the medium was pretreated with 1
mM HO, in DMEM. Then, the myoblasts were fixed with 4% paraformaldehyde in PBS for 30 min and mounted using
mounting medium containing DAPI. Image data were collected with a confocal microscope. DAPI was detected at 358 and
461 nm. Bars represent mean + SD (n=4). *p<0.05 indicates values that are significantly different from the EF-2001 untreated

group in HyO».

treated C2C12 myoblasts decreased with 63.51+2.37%. The
pre-treatment of EF-2001 reduced the viability of the cells
in a dose dependent manner. The viability of cells was 75.45
+1.19, 78.46+1.46, 82.87£0.90, 83.72£1.92, and 87.05+1.08, at
EF-2001 concentration of 25, 50, 100, 250, and 500 pg/ml.

Effect of EF-2001 on apoptosis in C2C12 myoblasts
induced by oxidative stress

Furthermore, to verify the reduced effect of EF-2001 in
the HyO»-treated C2C12 myoblast damage, DAPI staining
was used. DAPI fluorescence was increased in HO,-treated
cells (48.18+5.38%) compared to that in untreated control
cells (6.19+1.95%). The fluorescence in cells pre-treated with
500 pg/ml of EF-2001 was 20.99+2.73%, which is lower than
that in the only H)Oo-treated group (Fig. 2).

Effect of EF-2001 on the expression of muscle atro-
phy-related proteins under oxidative stress in C2C12
myoblasts

HSP70 and SOD1 show muscle-protective activity during
muscle injury. To examine the mechanism of EF-2001 effect
in response to oxidative stress, the expression of HSP70 and
SOD1 proteins was used by Western blotting. The expression

of HSP70 and SOD1 was increased by H;O, treatment.
However, the expression of these proteins was decreased in
the presence of EF-2001 (Fig. 3).

Effect of EF-2001 on the expression of muscle atro-
phy-related genes under oxidative stress in C2C12
myoblasts

EF-2001 = - + NAC
H,0, - + + +

SOD1
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Fig. 3. Effect of EF-2001 on HSP70 and SOD1 protein expression
in C2C12 myoblasts induced by oxidative stress. C2C12
myoblasts were cultured in 6-well culture plates and re-
placed with DMEM with or without EF-2001 (500 png/
ml). Next, the medium was pretreated with 1 mM H;O,
in DMEM. Then, HSP70, SOD1, and B-actin protein lev-
els were analyzed by Western blotting.



We also examined the level of mRNAs related to sarcope-
nia. MuRF1 is a ring finger protein containing a zinc finger
domain that is involved in muscle cell death by ubiquitinat-
ing proteins [1, 13]. In addition, the transcriptional regu-
lation of Atrogin-1/MAFbx mRNA is induced during muscle
atrophy, similar to MuRF1 [14]. Therefore, we analyzed the
mRNA expression of MuRF1 and Atrogin-1/MAFbx by using
Real-time PCR.

C2C12 myoblasts treated with HO, showed increased
mRNA levels of Atrogin-1/MAFbx (415.16£59.12%, with lev-
els in untreated cells set to 100%) and MuRF1 (226.65+
43.13%, with levels in untreated cells set to 100%). However,
in cells pre-treated with 500 pg/ml of EF-2001, Atrogin-1/
MAFbx expression was decreased to 77.07+18.87% (Fig. 4A)
and MuRF1 expression was decreased to 162.18+7.96% (Fig.
4B).

Effect of EF-2001 on muscle volume caused by
sciatic denervation in C57BL/6 mice

Because muscle atrophy is caused by various factors, it
is difficult to test it using the human. A sciatic denervation
is done with research animal models which can imitate vari-
ety of conditions that induce human skeletal muscle atrophy
[2]. To induce sarcopenia in C57BL/6 mice, the sciatic nerve
in the right leg of each mouse was surgically removed to
induce immobilization. Sarcopenia was induced by denerva-
tion for 7 days. Then, EF-2001 was orally administered by
everyday (14 days). To evaluate muscle volume, two-dimen-
sional (2D) models and three-dimensional (3D) models of

the muscles were analyzed by micro-CT (Fig. 5A). The mus-
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cle volume of denervated mice was 41.25+23.34% of that in
the control mice (100%). In contrast, the mice orally adminis-
trated with EF-2001 at 3 mg/kg and 30 mg/kg reduced the
decreased muscle mass in a dose-dependent manner (Fig.
5B). This result indicates that EF-2001 can restore sarcopenia
caused by oxidative stress in vitro and in vivo. Thus, EF-2001
is a candidate for the treatment of sarcopenia, and future
discovery of the additional effects of EF-2001 is expected to
open up more possibilities as a drug or functional food with

useful activities in various fields.

Discussion

We confirmed that EF-2001 prevented oxidative stress-in-
duced cell death in muscle cells. This conclusion can be
drawn from the observation that EF-2001, at 0-500 pg/ml,
increased the survival of C2C12 myoblasts following in-
duction of cell death by H;O, in a dose-dependent manner
(Fig. 1). Muscle atrophy is caused by cell death following
muscle damage, muscle non-use, and excessive exercise. If
muscle loss occurs due to sustained muscle atrophy, muscle
use and movement will be limited [10, 11]. Therefore, our
result suggests that EF-2001 has prevent effects in the dam-
age of oxidative stress-induced C2C12 myoblasts. The mech-
anism of EF-2001 effect was examined in response to oxida-
tive stress. SOD1, which inhibits ROS damage by scavenging
ROS from cells [17], was highly expressed in H,O,-treated
cells and was decreased following EF-2001 treatment. HSP70
is a heat shock protein that prevents cells from dying in the

presence of external stress [8]. HSP70 was also expressed
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Fig. 4. Effect of EF-2001 on Atrogin-1/MAFbx and MuRF1 mRNA expression in C2C12 myoblasts induced by oxidative stress. C2C12
myoblasts were cultured in 6-well culture plates and replaced with DMEM with or without EF-2001 (500 pg/ml). Next,
the medium was pretreated with 1 mM H;O, in DMEM. Then, the mRNA expressions of Atrogin-1/MAFbx and MuRF1 were
analyzed by real-time PCR. Bars represent mean + SD (n=4). *p<0.05 indicates values that are significantly different from

the EF-2001 untreated group in HoO».
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Fig. 5. Effect of EF-2001 on muscle atrophy induced by sciatic denervation in C57BL/6 mice. (A) Male C57BL/6 mice were used
after acclimation to the environment. Three CT scans were performed: before the sciatic neurectomy, 7 days after atrophy
induction, and before sacrifice (at 21 days). (B) Muscle volume in the mice was assessed by micro-CT at various time points
before after sciatic denervation with and without EF-2001 treatment. Bars represent mean + SD (n=6). *p<0.05 indicates values
that are significantly different from the EF-2001 untreated group after sciatic denervation.
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Fig. 6. EF-2001 can restore muscle atrophy caused by oxidative stress in vitro and in vivo.

in HyOx-treated cells and was decreased following treatment increased under oxidative stress conditions, but decreased
with EF-2001. Based on these protein expression results, we following EF-2001 treatment. Our results suggest that EF-
examined the expression of mRNAs related to muscle 2001 inhibits the muscle injury-related protein expression,

atrophy. The mRNA levels of Atrogin-1/MAFbx and MuRF1 and the mRNA level of Atrogin-1/MAFbx and MuRFI in-



duced by oxidative stress in C2C12 myoblasts. Based on
these in vitro data, we next evaluated the effects of EF-2001
on muscle recovery in vivo by inducing muscle atrophy in
C57BL/6 mice. Muscle volume, as 2D and 3D models of the
muscle atrophy, decreased after sciatic denervation, and this
decrease was recovered by administration of EF-2001. Previ-
ous studies have shown that powdered heat-killed Enferococ-
cus faecalis has anti-allergy, anti-inflammatory and anti-tu-
mor effects [3, 4, 6]. This study confirms that heat-killed
Enterococcus faecalis can restore muscle atrophy caused by
oxidative stress in vitro and in vivo. Thus, heat-killed Enter-
ococcus faecalis is a candidate for the treatment of muscular
atrophy, and future discovery of the additional effects of
heat-killed Enterococcus faecalis is expected to open up more
possibilities as a functional food with useful activities in var-
ious fields.
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