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Abstract
Muscle atrophy or muscle wasting, which is featured by reduced muscle function and mass, typically results from disuse, 
aging, and chronic diseases. The deer antler, which refers to the young and non-ossified antlers of various species of deer-
related animals, is not fully calcified and comprises of densely growing hair. Here, we investigated whether Bacillus subtilis-
fermented antler extract (FAE) inhibits immobilization-induced muscle atrophy in C57BL/6J mice. Oral administration 
of FAE increased grip strength, exercise performance, muscle mass, and volume in mice. FAE stimulated the phosphati-
dylinositol 3-kinase (PI3K)/Akt pathway, enhancing the mammalian target of rapamycin pathway for muscle synthesis. FAE 
phosphorylated Forkhead box O3 and downregulated muscle RING finger-1 and atrogin-1 for proteolysis. FAE inhibited 
the mRNA expression of tumor necrosis factor alpha and interleukin-6 through nuclear factor kappa B. Consequently, FAE 
attenuated muscle atrophy by regulating the PI3K/Akt pathway and inflammation.
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Introduction

Skeletal muscle stands as the largest organ, accounting for 
approximately 40% of the body weight, making it pivotal 
and fundamental to maintaining human physiological health. 
Physiologically, skeletal muscles play two major roles in the 
body (Frontera and Ochala, 2015; Kim and Hwang, 2020). 
First, similar to the adipose and hepatic tissues, skeletal 
muscles metabolize fatty acids, glucose, and proteins. Thus, 
skeletal muscle is a target organ for the attenuation of meta-
bolic diseases, such as obesity and diabetes. Second, by pro-
ducing energy through nutrient catabolism, skeletal muscles 
are used to perform physical activities, such as locomotion, 
walking, swimming, and running (Kim and Hwang, 2020). 
Muscle atrophy or muscle wasting, which is featured by the 
loss of muscle strength and mass, is a crucial factor that 
impairs skeletal muscle function. The three major causes 
of muscle atrophy are aging, disuse (lack of physical activ-
ity), and diseases, such as cancer and metabolic diseases 
(Bowen et al., 2015). Thus, a biological and physiological 
understanding and elucidation of the development of muscle 
wasting, as well as knowing how the three causes aggravate 
muscle wasting, are important to alleviate the symptoms and 
improve muscle health and quality of human life.
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Muscle atrophy is closely related to the skeletal muscle 
protein content. Approximately 50–75% of all body proteins 
are stored in the skeletal muscle. Thus, the skeletal muscle 
is an established reservoir of proteins or amino acids (Fron-
tera and Ochala, 2015). The balance between protein syn-
thesis and degradation determines the skeletal muscle mass. 
Muscle wasting occurs when this balance is disrupted in 
abnormal states, particularly when the rate of protein catabo-
lism exceeds that of protein anabolism (Bowen et al., 2015). 
Several molecular mechanisms have been suggested to regu-
late the homeostasis of the protein as a potential therapeutic 
strategy, including the phosphatidylinositol 3-kinase (PI3K) 
pathway or target molecules, such as myostatin and tumor 
necrosis factor-alpha (TNF-α) (Bowen et al., 2015; Huang 
et al., 2022; Kim and Hwang, 2020).

Despite the struggle to elucidate the molecular mecha-
nisms and develop pharmacological agents, there have been 
no Food and Drug Administration-approved drugs for mus-
cle atrophy owing to safety issues and low efficacy. Exer-
cises, such as resistance and strength training, and/or dietary 
supplements, including proteins and amino acids, have been 
suggested as interventions to increase muscle weight or to 
prevent or/and inhibit the development of muscle wasting 
(Jang et al., 2023; Kadakia et al., 2023). Therefore, plant 
extracts, food-derived ingredients, and phytochemicals have 
received attention as safe interventions for treating muscle 
atrophy. In particular, molecular targets, which are related 
to protein turnover, have been the focus of research for their 
development against muscle atrophy and muscle loss (Kim 
and Hwang, 2020; Wang et al., 2021).

Deer antler, known as “nok-yong” (Cervus elaphus, ant-
ler), refers to the young and non-ossified antlers of various 
species of deer-related animals. These antlers are not fully 
calcified and comprise of densely grown hair. They regen-
erate cartilaginous tissue annually (Kim and Rhyu, 2000). 
Various therapeutic effects of antler extracts have been 
reported, including anti-osteoporotic (Kim et al., 2014a) 
and memory-improvement effects (Lee et al., 2009). The 
antler extract stimulated muscle differentiation, inhibited 
muscle atrophy in C2C12 myoblasts (Jo et al., 2021), and 
increased grip strength in mice (Huang et al., 2014). Fer-
mentation has been actively considered as a treatment pro-
cess for enhancing antler utilization (Kim et al., 1994, 2009). 
Antler fermentation has been reported to raise the extraction 
yield, efficacy, and content of active compounds (Kim et al., 
2009). Previous studies have also reported that use of fer-
mented antlers exhibit superior physiological activity and 
efficacy, compared to the use of non-fermented antlers (Choi 
et al., 2013; Kim et al., 2009). With respect to its efficacy in 
treating muscle atrophy, intake of Lactobacillus curvatus-
fermented antler extract increased grip strength and muscle 
weight in middle-aged (Kim et al., 2021) and dexametha-
sone (DEX)-treated mice (Jeon et al., 2022). However, the 

inhibitory effect of Bacillus subtilis-fermented antler extract 
(FAE) on the development of muscle atrophy has not yet 
been demonstrated. In this study, we investigated whether 
FAE attenuates muscle atrophy in immobilization-treated 
C57BL/6J mice. In addition, we compared efficacy of non-
fermented antler extract (NFAE) and FAE with respect to 
treating muscle atrophy.

Materials and methods

Sample preparation

The samples used in this study were obtained from Biocare 
(Yangju, Korea). Dried antlers (Cervus elaphus) were pur-
chased from Provelco Cooperative Ltd. (Christchurch, New 
Zealand). After grinding the dried antler, it was extracted 
with water at 110  °C for 6 h. Subsequently, B. subtilis 
SST9960 (Biocare) was inoculated and fermented at 30 °C 
for 72 h. Sterilization was performed to stop the fermen-
tation. The samples were then filtered, concentrated, and 
dried. The fermented extract was designated FAE, whereas 
the extract obtained without fermentation was designated 
NFAE.

Animal experiment

Eight-week-old C57BL/6J mice (Daehan Biolink, Chun-
gcheong, Korea) were acclimatized to the environment 
for 1 week, and then used in the experiment. Mice were 
assigned to five groups. To induce muscle atrophy, the right 
leg of the mice was immobilized according to a previously 
described method (Caron et al., 2011; Kim et al., 2020). 
Immobilization was applied to all groups, except for the con-
trol group (CON). After 1 week, the staple was removed and 
NFAE at 300 mg/kg/day (NFAE300) and FAE at 300 mg/
kg/day (FAE300) and 600 mg/kg/day (FAE600) were orally 
administered daily for the next 1 week. Mice in both the 
CON and only immobilization-treated group (IMM) were 
administered saline instead of samples. After oral adminis-
tration, mice were sacrificed by exsanguination under anes-
thesia with 2,2,2-tribromoethanol (Sigma-Aldrich, St Louis, 
MO, USA). The tibialis anterior (TA), extensor digitorum 
longus (EDL), soleus, and gastrocnemius (GAS) muscles 
were weighed. TA muscle was frozen in liquid nitrogen and 
stored at -70 °C for further analysis to elucidate the underly-
ing molecular mechanism.

The experimental environment was controlled and main-
tained at relative humidity of 55 ± 5% and temperature 
of 25 ± 2 °C. The day and night were adjusted in a 12 h 
cycle. The mice had free access to tap water and a stand-
ard diet (EEGJ30060; Cargill Agri Purina, Seongnam, 
Korea; 4.5% fat, 20% protein, 8% fiber, 12% moisture, 
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etc.). This study was reviewed and approved by the Institu-
tional Animal Care and Use Committee (IACUC) of Yon-
sei Laboratory Animal Research Center (permit number: 
IACUC-A-201901-847-02).

Physical activity

Physical activity was evaluated using a treadmill device 
(LE8710MTS; Panlab, Barcelona, Spain) for running tests, 
and a Chatillon force measurement system (Columbus 
Instrument, Columbus, OH, USA) was used to measure 
grip strength. Each experiment was performed as previously 
described (Kim et al., 2020).

Micro‑computed tomography imaging

Under anesthesia, the volumes of the mice were measured 
using positron emission tomography and single-photon 
emission computed tomography system (Siemens Inveon, 
Knoxville, TN, USA).

Histological analysis

Isolated TA muscles were fixed in 10% formalin and embed-
ded in paraffin. Sections were cut and stained with hema-
toxylin and eosin. Random areas of stained tissues were 
examined and photographed using a CK40 inverted micro-
scope (Olympus, Tokyo, Japan) equipped with a T500 cam-
era (magnification, 200X; eXcope, Daejeon, Korea). The 
cross-sectional areas (CSA) of the captured images were 
quantified using the ImageJ software (National Institutes of 
Health, Bethesda, MD, USA).

Western blot analysis

TA was lysed in a lysis buffer (ELPIS-Biotech, Daejeon, 
Korea) containing a protease inhibitor cocktail (Sigma-
Aldrich). The protein concentration of the lysate was deter-
mined using a protein assay kit (Bio-Rad, Hercules, CA, 
USA). Equal amounts of protein were separated by elec-
trophoresis using sodium dodecyl-sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and then transferred onto 
nitrocellulose membranes. The membranes, which were 
blocked with 5% skim milk for 1 h at room temperature, 
were incubated overnight with primary antibodies including 
α-tubulin, Forkhead box O3 (FoxO3), phospho (p)–FoxO3 
(Thr32), mammalian target of rapamycin (mTOR), p–mTOR 
(Ser2448), 70-kDa ribosomal protein S6 kinase (p70S6K), 
p–p70S6K (Thr389), eukaryotic initiation factor 4E binding 
protein 1 (4E-BP1), p-4E-BP1 (Thr37/46), PI3K, p-PI3K 
(Tyr458), Akt, and p-Akt (Ser473) (Cell Signaling Technol-
ogy, Beverly, MA, USA) and nuclear factor kappa B (NF-
κB) (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). 

Membranes were incubated with horseradish peroxidase-
conjugated goat anti-mouse or anti-rabbit secondary anti-
bodies (Bethyl Laboratories, Inc., Montgomery, TX, USA). 
Protein bands were visualized using an enhanced chemilumi-
nescence (ECL) detection system (Amersham Biosciences, 
Little Chalfont, UK) and captured using GeneSnap program 
and G:BOX EF imaging system (Syngene, Cambridge, UK). 
Protein band intensities on each blot were quantified by 
densitometric analysis using the ImageJ software (National 
Institutes of Health).

Reverse transcription‑polymerase chain reaction

RNA was isolated from TA muscle tissue with the TRIzol 
reagent (Takara, Otsu, Japan). The cDNA was synthesized 
from RNA using the reverse transcription premix (ELPIS-
Biotech). PCR amplification was conducted using the syn-
thesized cDNA, primer pairs (Bioneer, Daejeon, Korea) and 
PCR premix (ELPIS-Biotech). The Gene Amp PCR System 
2700 (Applied Biosystems, Foster City, CA, USA) was used 
for cDNA synthesis and amplification. For muscle RING 
finger-1 (MuRF-1), the primer sequences were 5′-CGT​GAC​
CAC​AGA​GGG​TAA​AGAA-3′ (forward) and 5′-GCA​CCA​
ACG​TAG​AAA​AGT​GTCC-3′ (reverse). For atrogin-1, the 
primer sequences used were 5′-ATC​CTT​ATG​CAC​GCT​
GGT​CC-3′ (forward) and 5′-CTC​TTC​CAC​AGT​AGC​CGG​
TC-3′ (reverse). For TNF-α, the primer sequences used were 
5′-CCG​ATG​GGT​TGT​ACC​TTG​TC-3′ (forward) and 5′-TGG​
AAG​ACT​CCT​CCC​AGG​TA-3′ (reverse). For interleukin-6 
(IL-6), the primer sequences used were 5′-AGT​TGC​CTT​
CTT​GGG​ACT​GA-3′ (forward) and 5′-TCC​ACG​ATT​TCC​
CAG​AGA​AC-3′ (reverse). For β-actin, the primer sequence 
used were 5′-GAA​GGA​GAT​TAC​TGC​TCT​GGCTC-3′ 
(forward) and 5′-CTC​AGT​AAC​AGT​CCG​CCT​AGAA-3′ 
(reverse). The reaction mixtures were incubated for an ini-
tial denaturation at 94 °C for 10 min, followed by 30–35 
cycles at 94 °C for 30 s for denaturation, at 56 °C for 1 min 
for annealing, and at 72 °C for 1 min for extension. PCR 
products were separated by agarose gel electrophoresis. Each 
band was visualized and captured using GeneSnap program 
and G:BOX EF imaging system (Syngene). PCR bands were 
quantified by densitometric analysis using the ImageJ soft-
ware (National Institutes of Health).

Statistical analysis

Data are expressed as mean ± standard deviation (SD) and 
analyzed using analysis of variance (ANOVA) followed by 
Duncan’s test (SPSS version 23.0; SPSS Inc., Chicago, IL, 
USA). Differences between groups were considered signifi-
cant at p < 0.05.
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Results and discussion

Effects of NFAE and FAE on physical activity

Physical activity was evaluated concerning grip strength, 
distance, and running time. The IMM group exhibited sig-
nificantly lower grip strength in the fore/hindlimb than 
the CON group. However, the NFAE300, FAE300, and 
FAE600 groups showed remarkably elevated grip strength 
in the fore/hindlimb by 10.53%, 21.29%, and 28.92%, 
respectively, compared with the IMM group. Additionally, 
compared to the NFAE300 group, the grip strengths of the 
FAE300 and FAE600 groups were significantly increased. 
The grip strength of the forelimbs in the sample-treated 
groups was significantly higher than that of the IMM group 
(Fig. 1A). The IMM group showed a significant decrease 

in both exercise distance and exercise time by 31.83% and 
24.31%, respectively, compared to the CON group, while 
the FAE treatment remarkably increased immobilization-
reduced exercise distance and time. However, the admin-
istration of NFAE at 300 mg/kg/day did not significantly 
influence exercise capacity. Compared with the NFAE 
group, the FAE-treated groups did not show significant 
differences (Fig. 1B, C).

Mitochondria are major organelles that produce energy 
for muscle activity. Mitochondrial dysfunction results in 
increased reactive oxygen species (ROS) levels and induces 
oxidative stress, muscle cell apoptosis, and muscle atrophy 
(Calvani et al., 2013). Thus, several studies have shown 
that regulating mitochondrial function and/or stimulating 
mitochondrial biogenesis is a potential target for prevent-
ing and inhibiting sarcopenia and disuse muscle atrophy 
(Calvani et al., 2013; Kim and Hwang, 2020). Peroxisome 

Fig. 1   Effects of non-fermented and fermented antler extracts on 
physical activities. Muscle atrophy was induced in the right leg of 
C57BL/6J mice by immobilization for 1  week. Following immobi-
lization, saline, NFAE (300  mg/kg/day), FAE (300 and 600  mg/kg/
day) was orally administered for 1  week. The grip strength of the 

fore/hindlimbs and forelimbs (A); running distance (B) and running 
time on the treadmill (C). Data are presented as mean ± SD. Group 
differences were assessed by Duncan’s multiple range test. #p < 0.05, 
##p < 0.01 versus CON group; *p < 0.05, **p < 0.01 versus IMM 
group, $$p < 0.01 versus NFAE300
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proliferator-activated receptor gamma coactivator 1 alpha 
(PGC-1α) is a major target protein to regulate mitochondrial 
biogenesis (Kim and Hwang, 2020). Dihydromyricetin ame-
liorated DEX-induced muscle atrophy by activating PGC-1α 
and restoring mitochondrial function and mitochondrial bio-
genesis (Huang et al., 2018). Morin prevented DEX-induced 
muscle atrophy by decreasing the production of ROS and 
increasing the PGC-1α protein expression (Ulla et  al., 
2021). Mitochondrial biogenesis and its major regulator, 
PGC-1α, are closely related with exercise endurance (Kim 
et al., 2018). In this study, FAE significantly increased the 
running distance and time in immobilization-treated mice 
(Fig. 1B, C). Previous study presented that antler extract 
upregulated PGC-1α and sirtuin 1 in C2C12 myoblasts (Jung 
et al., 2021). Thus, improving the function of mitochondria 
in muscle through PGC-1α might be involved in the attenu-
ating effect of FAE on muscle atrophy.

Effects of NFAE and FAE on muscle volume, CSA, 
and muscle mass

No significant differences in body weight were observed 
between the groups. However, compared to the CON group, 
body weight was slightly decreased by 1.38% in the IMM 
group; however, it was slightly increased by 1.21% in the 
FAE600 group, compared to the IMM group. Liver and 
spleen weights were not significantly different between the 
groups. Immobilization treatment significantly decreased the 
GAS, soleus, and TA muscle weights by 26.00%, 19.6%, and 
28.90%, respectively, compared to those in the CON group. 
However, sample treatments did not affect the soleus muscle 
weight despite a slight increase. NFAE and FAE treatments 
remarkably increased GAS and TA muscle weights com-
pared to those in the IMM group. A comparing between the 
NFAE and FAE groups showed that among the four muscles, 
only the GAS muscle weight significantly increased. EDL 
muscle weight was not significantly different between the 
groups (Table 1).

In this study, we treated immobilization to the right leg 
of mice to induce muscle atrophy of right leg, indicating 

that muscle atrophy was not occurred in other parts of entire 
body. Significant difference of the body weight among 
groups was not exhibited. In terms of muscle weights, 
compared to the CON group, immobilization remarkably 
reduced GAS, TA, and soleus muscle (Table 1). This is con-
sistent with previous study that in the same model, immobi-
lization treatment for 1 week did not affect the body weight 
but decreased muscle mass of immobilized leg (Caron et al., 
2011).

Muscle volume was measured using microcomputed 
tomography. Representative images of the muscle volume 
are shown in Fig. 2A. Compared to the CON group, the 
IMM group exhibited a significant decrease by 17.95% in 
muscle volume. Compared to the IMM group, the NFAE300, 
FAE300, and FAE600 groups showed a significant increase 
in muscle volume. Additionally, compared to the NFAE300 
group, FAE treatment significantly increased muscle volume 
(Fig. 2B). Representative images of the histological analysis 
of the CSA are shown in Fig. 2C. The CSA of the TA muscle 
significantly decreased by 34.64% in the IMM group, com-
pared to that in the CON group. NFAE treatment at 300 mg/
kg/day remarkably increased the immobilization-reduced 
CSA by 59.49%. FAE treatment at 300 and 600 mg/kg/day 
resulted in significant concentration-dependent increases in 
the immobilization-decreased CSA of 86.24% and 113.07%, 
respectively. The CSA of the TA muscle was significantly 
higher in the FAE300 and FAE600 groups than that in the 
NFAE300 group (Fig. 2D).

The major hallmarks of muscle atrophy are loss of muscle 
mass and strength (Kim et al., 2020). Aging (sarcopenia), 
disease (cachexia), and disuse (inactivity) are the major 
causes of muscle atrophy (Kim and Hwang, 2020). Although 
these three causes are distinct, they all contribute to muscle 
wasting through complex interactions. In particular, disuse 
increases the rate of muscle mass loss in patients with sar-
copenia and other diseases because of the lack of physical 
activity and prolonged hospital stay (Bowen et al., 2015). In 
this study, we used an immobilization-treated mouse model 
to investigate the effects of FAE on muscle atrophy. Previous 
studies have shown that grip strength, muscle weight, and 

Table 1   Body weight and liver, spleen, and muscle weights

# p < 0.05, ##p < 0.01 versus CON group; *p < 0.05, **p < 0.01 versus IMM group, $$p < 0.01 versus NFAE300

Parameters CON IMM NFAE300 FAE300 FAE600

Body weight (g) 24.24 ± 0.94 23.91 ± 1.10 23.81 ± 0.60 23.61 ± 0.49 24.2 ± 0.73
Liver (mg) 1145.1 ± 135.12 1162 ± 100.75 1109.9 ± 85.58 1087 ± 158.04 1060.9 ± 79.76
Spleen (mg) 55.2 ± 6.55 55.4 ± 8.4 59.5 ± 8.96 54.8 ± 11.55 56.7 ± 6.63
Gastrocnemius muscle (mg) 130.78 ± 10.64 96.78 ± 5.32## 105.99 ± 8.33* 120.41 ± 8.40**,$$ 120.51 ± 4.30**,$$

Soleus muscle (mg) 7.05 ± 0.99 5.01 ± 1.42# 5.23 ± 1.31 6.66 ± 1.18 6.61 ± 0.67
Tibialis anterior muscle (mg) 50.50 ± 2.86 40.59 ± 7.50## 45.99 ± 4.03* 46.61 ± 3.20* 48.92 ± 3.56**

Extensor digitorum longus muscle (mg) 18.73 ± 2.01 17.8 ± 2.91 17.58 ± 1.82 19.48 ± 2.77 18.4 ± 2.00
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myofiber CSA reduced in immobilized mice (Caron et al., 
2011; Kim et al., 2020). Immobilization consistently reduced 
grip strength, running time, distance, muscle weight, and 
CSA in this study. Both the NFAE and FAE treatments 
significantly increased the immobilization-reduced grip 
strength of the fore/hindlimbs, muscle volume, muscle mass, 
and CSA. Compared to the NFAE group, fermentation of the 
antler extract significantly enhanced the efficacy of NFAE 
(Figs. 1, 2, Table 1). These results suggest that antler extract 
can alleviate immobilization-induced muscle atrophy by 
increasing muscle mass and strength, and that the fermenta-
tion process further augments its effectiveness.

Effects of NFAE and FAE on protein synthesis‑related 
and proteolysis‑related pathways

In the TA muscle, the protein expression of p-PI3K and 
p-Akt was significantly lower in the IMM group than that 
in the CON group. However, treatments with NFAE and 
FAE significantly restored their expression. The p-PI3K 
protein expression in the NFAE300 group was significantly 
different, compared to FAE600 group but not FAE300 
group. The FAE300 and FAE600 groups showed remark-
ably higher p-Akt expression levels than the NFAE group 
(Fig. 3A). Immobilization significantly decreased the protein 

Fig. 2   Effects of non-fermented and fermented antler extracts on 
muscle volume, and cross-sectional area. Muscle atrophy was 
induced in the right leg of C57BL/6J mice by immobilization for 
1  week. Following immobilization, saline, NFAE (300  mg/kg/day), 
FAE (300 and 600  mg/kg/day) was orally administered for 1  week. 
Representative micro-computed tomography images (A); quantified 

muscle volume of hindlimb (B); representative images of TA muscles 
stained with hematoxylin and eosin (magnification, X200) (C); quan-
tified cross-sectional area of the TA muscle (D). Data are presented 
as mean ± SD. Group differences were assessed by Duncan’s multiple 
range test. ##p < 0.01 versus CON group; *p < 0.05, **p < 0.01 versus 
IMM group, $p < 0.05, $$p < 0.01 versus NFAE300
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expression of p-mTOR, p-p70S6K, and p-4E-BP1 compared 
to the CON group. However, FAE treatment significantly 
increased the immobilization-reduced protein expression of 
p-mTOR, p-p70S6K, and p-4E-BP1, and NFAE administra-
tion remarkably increased the protein expression of p-mTOR 
and p-p70S6K but not p-4E-BP1. In terms of p-p70S6K 
expression, there was no difference between the NFAE and 
FAE groups, whereas the protein expression of p-mTOR 
and p-4E-BP1 was significantly upregulated in the FAE600 
group compared to that in the NFAE300 group (Fig. 3B).

The protein expression of p-FoxO3 and mRNA expres-
sion of MuRF-1 and atrogin-1 were assessed in the TA 
muscle tissue of mice. Compared to the CON group, the 

IMM group showed a significant decrease in p-FoxO3 pro-
tein expression. Although the average protein expression of 
p-FoxO3 was increased in both the NFAE300 and FAE300 
groups, the difference was not significant. However, the pro-
tein expression of p-FoxO3 in the FAE600 group was signif-
icantly increased to a level similar to that in the CON group, 
compared to the IMM and NFAE300 groups (Fig. 4A). The 
mRNA expression of MuRF-1, which was significantly 
increased immobilization, was markedly reduced by the 
NFAE and FAE treatments. Although atrogin-1 mRNA 
expression did not differ significantly between the IMM 
and NFAE groups, FAE treatment markedly decreased 
its expression in a dose-dependent manner. Compared to 

Fig. 3   Effects of non-fermented and fermented antler extracts on 
protein synthesis-related biomarkers. At the end of animal experi-
ment, total proteins were isolated from the right TA muscle. p-PI3K, 
PI3K, p-Akt, and Akt protein expression was determined by West-
ern blotting (A); p-mTOR, mTOR, p-4E-BP1, 4E-BP1, p-p70S6K, 

and p70S6K protein expression was determined by Western blotting 
(B). α-Tubulin was used as an internal control. Data are presented 
as mean ± SD. Group differences were assessed by Duncan’s multi-
ple range test. #p < 0.05, ##p < 0.01 versus CON group; *p < 0.05, 
**p < 0.01 versus IMM group, $p < 0.05, $$p < 0.01 versus NFAE300
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the NFAE300 group, the FAE600 group, however, not the 
FAE300 group, showed a significant difference in atrogin-1 
mRNA expression (Fig. 4B).

Several studies have suggested the molecular mechanisms 
for the development of agents that alleviate muscle atrophy 
(Huang et al., 2022; Kim and Hwang, 2020). The PI3K/Akt 
signaling is a molecular cascade that simultaneously regu-
lates protein synthesis and degradation. When Tyr458 of 
PI3K and Ser473 of Akt are phosphorylated, the PI3K/Akt 
pathway is activated, leading to increased phosphorylation 
of mTOR at Ser2448 (Shao et al., 2020). Phosphorylated 
mTOR not only increases the phosphorylation of 4E-BP1 
at the Thr37/46 site, thereby freeing eukaryotic translation 
initiation factor 4B (eIF4B) and enhancing the initiation of 

translation, but also activates ribosomal protein S6 or a part 
of the translational machinery by phosphorylating sites at 
Thr389 on p70S6K; thus, protein anabolism is stimulated 
(Figueiredo et al., 2017; Kim and Hwang, 2020). When 
FoxO3 acts as a transcription factor, it is translocated from 
the cytoplasm to the nucleus, where atrogin-1 and MuRF-1 
are upregulated. Both atrogin-1 and MuRF-1 stimulate the 
attachment of ubiquitin to target proteins, and polyubiquitin-
attached proteins are degraded into amino acids via the 26S 
proteasome. However, activated Akt, which is phosphoryl-
ated at Ser473, blocks FoxO3 translocation to the nucleus by 
phosphorylating Thr32 of FoxO3 (Ballesteros‐Álvarez and 
Andersen, 2021). As phosphorylated FoxO3 cannot enter the 
nucleus, proteolysis-related processes are blocked (Bowen 

Fig. 4   Effects of non-fermented and fermented antler extracts on 
proteolysis-related biomarkers. At the end of animal experiment, total 
mRNA or proteins were isolated from the right TA muscle. p-FoxO3 
and FoxO3 protein expression was determined by Western blot-
ting (A); MuRF-1 and atrogin-1 mRNA expression was analyzed by 

RT-PCR (B). α-Tubulin and β-actin was used as an internal control. 
Data are presented as mean ± SD. Group differences were assessed by 
Duncan’s multiple range test. ##p < 0.01 versus CON group; *p < 0.05, 
**p < 0.01 versus IMM group, $$p < 0.01 versus NFAE300
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et al., 2015; Kim et al., 2020). Several animal models of dis-
use-related muscle atrophy have commonly shown a reduced 
PI3K/Akt pathway in immobilization-treated muscle tissue 
(Jeon and Choung, 2021; Kim et al., 2020). Consistently, 
in immobilization-treated hindlimb muscles, p-PI3K and 
p-Akt were downregulated compared to those in non-treated 
mice. Furthermore, immobilization significantly reduced 
the protein levels of p-mTOR, p-p70S6K, p-4E-BP1, and 
p-FoxO3, and increased the mRNA expression of MuRF1 
and atrogin-1. However, FAE treatment increased the protein 
levels of p-PI3K, p-Akt, p-mTOR, p-p70S6K, p-4E-BP1, 
and p-FoxO3 in the immobilized muscles. Additionally, it 
decreased the mRNA expression of MuRF-1 and atrogin-1 
(Figs. 3, 4). These results indicated that immobilization inac-
tivates the PI3K/Akt pathway, resulting in reduced muscle 
mass. However, FAE reversed the immobilization-induced 
inactivation of the PI3K/Akt pathway, thereby delaying the 
development of muscle atrophy.

Effects of NFAE and FAE on inflammatory cytokine 
expression

In this study, the protein expression of NF-κB and the 
mRNA expression of IL-6 and TNF-α were assessed in TA 
muscle tissue using western blotting and RT-PCR, respec-
tively. The results showed a significant increase in NF-κB 
expression in the IMM group, compared to the CON group. 
The NFAE300 group did not show a significant inhibition 
of NF-κB protein expression, however, its expression sig-
nificantly decreased in the FAE300 and FAE600 groups in 
a dose-dependent manner, showing a level similar to that 
of the CON group. Additionally, a significant difference 
was observed between the FAE300 and FAE600 groups 
and the NFAE300 group (Fig. 5A). The changes in IL-6 
and TNF-α mRNA expression were consistent with NF-κB 
protein expression. Immobilization significantly increased 
IL-6 and TNF-α mRNA expression, compared to the CON 
group. However, the NFAE300, FAE300, and FAE600 
groups showed a significant decrease in their mRNA expres-
sion. Significant differences were also observed between the 
NFAE and FAE groups (Fig. 5B).

Inflammatory cytokines are one of the main factors that 
cause muscle atrophy (Huang et al., 2022). When inflam-
matory cytokines, produced by other tissues and circu-
lated through blood stream, attach to receptors located in 
the muscle cells, they not only trigger cellular signaling-
related proteolysis but also upregulate the expression of 
inflammatory cytokines by activating NF-κB. Inflamma-
tory cytokines, which are expressed in muscle cells, func-
tion as paracrine and/or autocrine factors, indicating that 
their stimulatory effects on inflammatory cytokines gradu-
ally increase (Kim and Hwang, 2020). Curcumin, which is 
an well-known anti-inflammatory compound, was presented 

to mitigate cancer-induced muscle atrophy by targeting 
NF-κB and decreasing IL-6, myostatin, and TNF-α (Zhang 
et al., 2022). Apigenin also inhibited denervation-induced 
muscle atrophy by reducing the expression of NF-κB, IL-6, 
and TNF-α (Choi et al., 2018). In this study, NFAE and 
FAE treatments reduced the mRNA expression of IL-6 and 
TNF-α which were upregulated by immobilization treat-
ment. NFAE300 group did not show a significant effect on 
NF-κB expression; however, FAE treatment significantly 
increased the protein level of NF-κB, compared to the IMM 
and NFAE300 groups. Thus, FAE treatment reduced the 
inflammatory response by inactivating the NF-κB pathway 
(Fig. 5). NF-κB works as a transcriptional factor to regulate 
the expression of inflammatory cytokines as well as MuRF-1 
and atrogin-1 (Huang et al., 2022). In this study, MuRF-1 
and atrogin-1 mRNA expression levels were significantly 
downregulated in the NFAE300 group compared to those in 
the IMM group, however, no significant changes in p-FoxO3 
were found between the two groups (Fig. 4). NF-κB protein 
expression was significantly upregulated by FAE at 300 mg/
kg/day in comparison to the IMM group (Fig. 5A). Thus, 
the reduced mRNA expression of MuRF-1 and atrogin-1 in 
the FAE300 group might result from the increased NF-κB 
protein expression rather than p-FoxO3 protein expression.

Antler extracts contain several chemical compounds, 
such as sialic acid, gangliosides, uronic acid, and glycosa-
minoglycan (Kim et al., 2009). Sialic acid was shown to 
exert an anti-inflammatory effect by inactivating the NF-κB 
pathway (Li et al., 2023). The anti-inflammatory effects of 
several types of gangliosides, including gangliosides GM1 
and GM3, have also been revealed (Galleguillos et al., 2022; 
Kim et al., 2014b). Sialic acid also decreased MuRF-1 and 
atrogin-1 mRNA expression in DEX-treated C2C12 myo-
blasts (Jeon et al., 2022). Glycosaminoglycan stimulated 
muscle reinnervation and increases insulin-like growth fac-
tor-1 (IGF-1) levels in the muscle, a protein that stimulates 
the PI3K/Akt pathway (Gorio et al., 2001). Therefore, the 
effects of fermented and non-fermented antler extracts on 
atrophic muscles may originate from a mixture of com-
pounds with anti-inflammatory activities and regulation of 
muscle atrophy-related pathways.

Fermentation is a straightforward food processing 
method that enhances nutrient utilization and causes posi-
tive changes in the composition and flavor of food products 
(Adebo and Gabriela Medina-Meza, 2020). Fermentation 
has been found to increase the content of bioactive com-
pounds compared to that before fermentation (Kim et al., 
2009). Deer antler contains a range of active compounds, 
including hyaluronic acid, collagen, minerals, and sugars, 
with commonly identified constituents, such as sialic acid 
and gangliosides. After the antler extract was obtained, 
the fermentation process increased the yield of biologi-
cally active compounds and their physiological activities 
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(Jeon et al., 2022; Kim et al., 2009). The results of extract 
fermentation varied widely according to the fermenting 
strain. A previous study demonstrated that among several 
strains, including Bacillus spp., Lactobacillus spp., and 
Inonotus spp., B. subtilis was most effective for fermenta-
tion with respect to yield and antioxidant activity (Kim 
et al., 2009). Thus, B. subtilis was used to ferment the 
antler extract to increase its effect on muscle atrophy. Grip 
strength of the fore/hind limbs, weight of the GAS mus-
cle, and muscle volume were higher in the FAE300 group 
than in the NFAE300 group (Figs. 1, 2). With respect to 
the PI3K/Akt pathway, there was no significant difference 
between the NFAE300 and FAE300 groups. However, the 
anti-inflammatory effect of FAE at 300 mg/kg/day was 
more significant than that of NFAE (Figs. 3, 5). These 
results indicated that the greater effect of FAE treatment 
in reversing immobilization-induced muscle atrophy 

compared to NFAE treatment was due to its anti-inflam-
matory effect. This may have resulted from the increased 
content of bioactive compounds produced by fermenta-
tion. However, further studies are needed to identify the 
compounds that increased.

Oral administration of FAE resulted in greater improve-
ments in exercise performance, grip strength, muscle mass, 
and CSA in the immobilized C57BL/6J mice. FAE stimu-
lated the PI3K/Akt pathway, leading to the subsequent 
activation of the mTOR/p70S6K/4E-PB1 pathway for pro-
tein synthesis and reduction in MuRF-1 and atrogin-1 lev-
els. Furthermore, FAE conferred anti-inflammatory effect 
by deactivating the NF-κB pathway. Compared to NFAE 
treatment, FAE treatment was more effective in attenuating 
muscle atrophy at the same dose. Thus, FAE is useful in 
preventing and attenuating muscle atrophy. However, further 
clinical studies are required to clarify its efficacy and safety.

Fig. 5   Effects of non-fermented and fermented antler extracts on 
inflammatory cytokines. At the end of animal experiment, total 
mRNA or proteins were isolated from the right TA muscle. NF-κB 
was determined by Western blotting (A); IL-6 and TNF- α mRNA 
expression was analyzed by RT-PCR (B). α-Tubulin and β-actin was 

used as an internal control. Data are presented as mean ± SD. Group 
differences were assessed by Duncan’s multiple range test. ##p < 0.01 
versus CON group; *p < 0.05, **p < 0.01 versus IMM group, 
$p < 0.05, $$p < 0.01 versus NFAE300
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