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Akt/mTOR signaling
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a b s t r a c t

Background: Skeletal muscles play a key role in physical activity and energy metabolism. The loss of
skeletal muscle mass can cause problems related to metabolism and physical activity. Studies are being
conducted to prevent such diseases by increasing the mass and regeneration capacity of muscles. Gin-
senoside Rg5 has been reported to exhibit a broad range of pharmacological activities. However, studies
on the effects of Rg5 on muscle differentiation and growth are scarce.
Methods: To investigate the effects of Rg5 on myogenesis, C2C12 myoblasts were induced to differentiate
with Rg5, followed by immunoblotting, immunostaining, and qRT-PCR for myogenic markers and pro-
myogenic signaling (p38MAPK). Immunoprecipitation confirmed that Rg5 increased the interaction
between MyoD and E2A via p38MAPK. To investigate the effects of Rg5 on prevention of muscle mass
loss, C2C12 myotubes were treated with dexamethasone to induce muscle atrophy. Immunoblotting,
immunostaining, and qRT-PCR were performed for myogenic markers, Akt/mTOR signaling for protein
synthesis, and atrophy-related genes (Atrogin-1 and MuRF1).
Results: Rg5 promoted C2C12 myoblast differentiation through phosphorylation of p38MAPK and MyoD/
E2A heterodimerization. Furthermore, Rg5 stimulated C2C12 myotube hypertrophy via phosphorylation
of Akt/mTOR. Phosphorylation of Akt induces FoxO3a phosphorylation, which reduces the expression of
Atrogin-1 and MuRF1.
Conclusion: This study provides an understanding of how Rg5 promotes myogenesis and hypertrophy
and prevents dexamethasone-induced muscle atrophy. The study is the first, to the best of our knowl-
edge, to show that Rg5 promotes muscle regeneration and to suggest that Rg5 can be used for thera-
peutic intervention of muscle weakness and atrophy, including cancer cachexia.
© 2023 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Approximately half of the human body weight consists of
skeletal muscles. The skeletal muscles play a role not only in
physical activity but also in glucose uptake and energy metabolism.
Therefore, loss of skeletal muscle mass, known as muscle atrophy,
leads to physical inactivity, obesity, and metabolic diseases [1,2].
Muscle atrophy is mainly caused by a decrease in myoblast differ-
entiation or an imbalance between protein synthesis and decom-
position [3e6].

Skeletal muscle differentiation (myogenesis) is a tightly regu-
lated multistep process. It involves cell cycle exit, expression of
muscle-specific proteins, and formation of multinucleated myo-
tubes by cell fusion [7,8]. This process is coordinated by several
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myogenic factors, such as myogenic determination gene number 1
(MyoD) andmyogenic factor 5 (Myf5), which advance cells towards
the myogenic lineage [9]. As differentiation progresses, the
expression levels of muscle-specific proteins such as myogenin and
myosin heavy chain (MHC) increase [8,10,11].

Myogenesis is activated by several signaling pathways. The p38
mitogen-activated protein kinase (p38MAPK) pathway, involved in
myogenesis and activated by MKK6, regulates the activation of
MyoD. Activation of MyoD is achieved by heterodimerization with
the E proteins phosphorylated by p38MAPK [12]. In addition,
p38MAPK induces cell cycle exit of myoblasts by regulating the
activity of several chromatin remodeling proteins and antagonizing
the c-Jun N-terminal kinase (JNK)/c-Jun pathway involved in the
activation of myoblast cell cycle [11e14]. SB203580, a chemical that
reduces the catalytic activity of p38MAPK by competitively inhib-
iting the ATP binding site, has been reported to inhibit differenti-
ation and myotube fusion of C2C12 myoblasts [15].

The amount of muscle mass is determined by the equilibrium
between protein synthesis and degradation [16]. When protein
degradation overwhelms protein synthesis, muscle mass decreases.
Therefore, studies on the promotion of protein synthesis and in-
hibition of protein degradation to alleviate muscular atrophy have
been conducted. Among several anabolic signalings, the protein
kinase B (Akt)/mammalian target of rapamycin (mTOR) signaling
pathway is the representative protein synthetic pathway that plays
a key role in skeletal muscle growth [17]. The Akt/mTOR pathway is
activated by growth factors, amino acids, and intracellular energy
status, leading to mTORC1 formation. Activated mTORC1 phos-
phorylates p70 S6 kinase 1 and eukaryotic initiation factor 4E-
binding protein 1 (4EBP1), which promote protein translation by
activating ribosomal protein S6 and releasing the eukaryotic
translation initiation factor 4E (eIF-4E) [18,19]. According to pre-
vious studies, continuous activation of Akt results in muscle hy-
pertrophy, with an increase in the cross-sectional area of muscle
fibers [20,21]. Other studies have shown that the inactivation or
absence of mTORC1 components and p70S6K1 in mouse skeletal
muscles results in muscle mass loss [22e24].

Contrary to anabolic signaling, proteolytic systems, such as the
ubiquitin-proteasome system (UPS) and autophagy-lysosome ma-
chinery, induce muscle loss. Activated forkhead box O3 (FoxO3)
causes increased gene expression of muscle ring finger protein-1
(MuRF1), muscle atrophy F-box (MAFbx/Atrogin-1), and E3-
ligases for muscle-specific protein degradation [20,25e27]. Since
phosphoinositide 3-kinase (PI3K)/Akt signaling inhibits the acti-
vation of FoxO3, activating Akt signaling reduces UPS-mediated
muscle atrophy [26e28] . Thus, the Akt/mTOR pathway increases
muscle mass through the induction of protein synthesis along with
the inhibition of the degradation of sarcomeric proteins such as
MHC, troponins, and actin.

Since skeletal muscle is responsible for physical activity and
energy and protein metabolism, various studies have reported that
the quantity and function of skeletal muscles affect the lifespan and
quality of life [29,30]. Therefore, researchers have made great ef-
forts to increase muscle mass and regeneration capacity through
studies to promote differentiation, increase protein synthesis, or
inhibit degradation of muscle proteins. According to one study,
testosterone, an androgen receptor ligand, induces Akt-induced
muscle hypertrophy. Another study showed that neutralizing
myostatin, a ligand of activin type II receptors (ActRIIa/b) that in-
hibits differentiation of myoblasts, or binding to the receptor in a
competitive manner can alleviate delayed differentiation [31e33].
However, despite many studies being conducted, there is no drug
till now that has passed clinical trials owing to hepatotoxicity and
unpredictable prognosis.

Ginsenoside Rg5, a component of ginseng, is amplified by an
iterative heating process [34,35], and it is more abundant in black
ginseng than in unprocessed ginseng. Rg5 is a compound produced
by the dehydration of Rg3, and it is known as the constitutional
isomer of Rk1, which is a compound produced by the same process
[36]. It has been reported to exhibit a broad range of pharmaco-
logical efficacy such as anti-neurological disorders and anti-
inflammatory and anticancer effects [37e40]. However, studies on
the evaluation of the effects of Rg5 on muscle differentiation and
growth are scarce.

In this study, we analyzed the effects of Rg5, one of the major
components of black ginseng, on muscle differentiation and
growth. Rg5 promoted myogenesis through phosphorylation of
p38MAPK and induced hypertrophy and prevented
dexamethasone-induced atrophy through the Akt/mTOR signaling.
Taken together, these findings suggest that Rg5 is a potential
therapeutic agent to treat muscle weakness and atrophy.

2. Methods

2.1. Cell culture and isolation of primary myoblasts

A mouse myoblast cell line (C2C12) was obtained from ATCC
(No. CRL-1772, Rockville, MD, USA). C2C12myoblasts were cultured
in Dulbecco's Modified Eagle Medium (DMEM)-high glucose
(Gibco, Grand Island, NY, USA) supplemented with 15% fetal bovine
serum (FBS; Gibco) and antibiotics (100 units/ml penicillin and 100
ml/ml streptomycin; Welgene, Gyeongsan-si, Gyeongsangbuk-do,
South Korea). To induce differentiation of C2C12 cells at 80e90%
confluency, the growth medium was replaced with differentiation
medium [DMEM-high glucose (Gibco) supplementedwith 2% horse
serum (Gibco) and antibiotics (100 units/ml penicillin and 100 ml/
ml streptomycin; Welgene)]. A human embryonic kidney cell line
(HEK293T) was obtained from ATCC (No. CRL-3216). HEK293T cells
were cultured in DMEM-high glucose (Gibco) supplemented with
10% FBS (Gibco) and antibiotics (100 units/ml penicillin and 100 ml/
ml streptomycin; Welgene). For immunoprecipitation, HEK293T
cells were transfected with MyoD (10 mg/100pi) and Lipofectamine
2000 (Thermo Fisher Scientific, Carlsbad, CA, USA). The cells were
treated with Rg5 under different growth conditions. Primary
myoblasts were isolated from the hindlimb muscles of 2e3-week-
old mice. The muscles were isolated and digested with 1 mg/ml
collagenase/dispase in phosphate-buffered saline (PBS). Isolated
cells were cultured in growth medium containing 20% FBS (Gibco),
2.5 ng/ml basic fibroblast growth factor (Gibco), 10 ng/ml hepato-
cyte growth factor (Millipore, Billerica, MA, USA), and antibiotics
(100 units/ml penicillin and 100 ml/ml streptomycin; Welgene). To
induce differentiation of primary myoblasts, the growth medium
was replaced with differentiation medium [DMEM-high glucose
(Gibco) supplemented with 2% horse serum (Gibco) and antibiotics
(100 units/ml penicillin and 100 ml/ml streptomycin; Welgene). The
cells were maintained in a 37�C incubator with 5% CO2 and 95%
humidity.

2.2. Western blot analysis and immunoprecipitation

Cells were lysed using radioimmunoprecipitation assay (RIPA)
buffer supplemented with 10 mM sodium fluoride, 1 mM sodium
vanadate, and 1 � protease inhibitor (GenDEPOT, Katy, TX, USA) for
protein extraction. Subsequently, SDS-PAGE and western blotting
were performed. The primary antibodies used are listed in Table 1.

Western blotting was performed on immunoprecipitated sam-
ples. After protein extraction, anti-E2A antibody (1 mg) was added
to the lysate (1 mg proteins) and incubated for 24 h at 4�C. Protein A
agarose beads (Roche) were then added and incubated for 24 h at
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4�C. The complexes were then washed thrice with RIPA buffer. The
samples were boiled with 2 � Laemmli sample buffer (Bio-Rad,
Hercules, CA, USA) before analysis by western blotting.

2.3. Immunocytochemistry

Immunostaining was performed to visualize MHC expression
levels. C2C12 cells or primary myoblasts were treated with the
vehicle (dimethyl sulfoxide, DMSO), Rk1, or Rg5. The cells were
fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X-
100 in PBS, blocked, and stained with anti-MHC for 24 h at 4�C. The
cells were then incubated with fluorescent-conjugated secondary
antibody (Alexa Fluor 594), and images were acquired using Axio
Observer Z1 LSM 700 (Zeiss).

2.4. Cell viability assay

MTT assay was used to determine cell viability. C2C12 cells were
seeded in a 96-well plate and incubated for 24 h to allow attach-
ment to the bottom of the plate. Rg5 was added at gradually
increasing concentrations and incubated for 24 h. The cells were
treated with 0.1 mg of MTT per well and incubated for 3 h to allow
reduction of MTT. The cells were solubilized with 200 ml DMSO, and
the optical density was measured at 560 nm. The absorbance at the
background wavelength of 670 nm was subtracted.

2.5. RNA extraction and quantitative RT-PCR

Total RNA was extracted from C2C12 cells using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). cDNA was synthesized from RNA
using the iScript Reverse Transcriptase (Bio-Rad). qRT-PCR analysis
was performed with 2 � SYBR Green mix (MGmed, Seoul, South
Korea). Each gene expression was normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) housekeeping gene expres-
sion. The primer sequences used are listed in Table 2.

2.6. Statistical analysis

Data or values mentioned in the figure legends are represented
as either mean ± standard deviation (SD) or standard error of the
mean (SEM). For comparison between two groups, statistical sig-
nificance was determined using an unpaired two-tailed Student's t-

test. For comparison between multiple groups, statistical signifi-
cance was tested using one-way or two-way analysis of variance
(ANOVA). Statistical significance was set at *P < 0.05, **P < 0.01,
and ***P < 0.001.

3. Results

3.1. Treatment with ginsenoside Rg5 but not with Rk1 promotes
myogenesis

Previous reports have shown that black ginseng enhances
myogenesis [41e43]. Among various components of black ginseng,
the amount of Rg5 and Rk1 is increased with the repetitive
steaming and drying processes. Thus, we hypothesized that the
myogenic effect of black ginseng was due to the presence of either
Rg5 or Rk1 (Fig. 1A). To identify the effects of Rg5 and Rk1, C2C12
cells were subjected to differentiate with 100 nM Rg5 or Rk1. Next,
we analyzed the expression levels of MHC and myogenin. The
expression levels of MHC and myogenin were increased in Rg5-
treated C2C12 cells, whereas no significant difference was
observed between Rk1-treated and vehicle-treated cells (Fig. 1B).
Based on immunostaining analysis of MHC, there were more
multinucleated cells in Rg5-treated cells than those in vehicle
(DMSO)-treated cells. However, Rk1-treated cells did not show any
significant difference (Fig. 1C and D). Based on these results, we
analyzed the phosphorylation level of p38MAPK, a representative
signaling molecule related to myogenesis, and observed that the
phosphorylation level of p38MAPK increased in Rg5-treated cells,
but there was no significant change in Rk1-treated cells (Fig. 1E).
Therefore, these data show that Rg5 has a myogenic effect, which
might be associated with the phosphorylation of p38MAPK.

3.2. Treatment with ginsenoside Rg5 promotes myogenesis in a
dose-dependent manner

After confirmation of the myogenic effect of Rg5, we conducted
a series of experiments to examine whether this effect occurs in a
dose-dependent manner and to determine the concentration of
Rg5 that most efficiently elevates the expression of myogenic
markers. Prior to this, we determined the effect of Rg5 on the
viability of C2C12 cells. There was no significant change in cell
viability within 0e3 mM of Rg5 (Fig. 2A). Next, C2C12 cells were

Table 1
Antibodies.

Antibodies Source Catalog

MHC DSHB MF20 (hybridoma)
Myogenin DSHB IF05 (hybridoma)
MyoD Santacruz sc-32758
E2A Santacruz sc-133075
Phosphorylated p38 Cell signaling technology 4511
p38 Cell signaling technology 9212
Phosphorylated Akt Cell signaling technology 4060
Akt Cell signaling technology 9272
Phosphorylated mTOR Cell signaling technology 5536
mTOR Cell signaling technology 2983
Phosphorylated p70S6K Cell signaling technology 9234
p70S6K Santacruz sc-2330
Atrogin-1 Santacruz sc-166806
MuRF1 Santacruz sc-398608
Pan-Cadherin Santacruz sc-59876
a-tubulin Santacruz sc-5286
HSP90 Santacruz sc-13119
Alexa Fluor 488-linked anti-mouse IgG Thermo Fisher A28175
Alexa Fluor 555-linked anti-mouse IgG Thermo Fisher A28180
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cultured and treated with various concentrations of Rg5. The
expression of MHC, troponin-T, and myogenin increased in a dose-
dependent manner until 300 nM of Rg5. However, there was no
proportional increase in the myogenic effect at 1 mM (Fig. 2B).
Therefore, we selected 300 nM as the optimal concentration, as it
was the minimum concentration that showed the highest effect.
Moreover, multinucleated myotubes containing � 5 nuclei were
significantly increased with Rg5 in a dose-dependent manner
(Fig. 2C and D).

Subsequently, we investigated whether the effect of Rg5 was
maintained during the overall differentiation. The expression levels
of MHC and myogenin increased in Rg5-treated cells compared
with those in the control group from day 2 to day 3. Additionally,
treatment with Rg5 resulted in an increase in the mRNA expression
of myogenin and subsequently in the expression levels of several
isotypes of MyHC genes, which encode different MHC types (Fig. 2E
and F).

Furthermore, we analyzed the myogenic effects of Rg5 on pri-
mary myoblasts, a robust system for studying muscle cells ex vivo.

Table 2
Primer Sequences.

Gene Sequences

Forward Reverse

MyoG ATC TCC GCT ACA GAG GCG GG TAG GGT CAG CCG CGA GCA AA
MyHC7 CCA TCT CTG ACA ACG CCT ATC GGA TGA CCC TCT TAG TGT TGA C
MyHC2 AAG TGA CTG TGA AAA CAG AAG CA GCA GCC ATT TGT AAG GGT TGA C
MyHC1 TTC ATT AGT TTC CCA GCT CTC C AGC CAC TCT TGG CCT TTA TC
MyHC4 GAT TGA CGT GGA GAG GTC TAA C CCT GAG TTT CCT CGT ACT TCT G
Atrogin-1 CAT GCG GTT CAA GCC ACT G GTC TGG TTA CAC TTG GTG GAG
MuRF1 GAG TGG GTT TGG AGA CAA AGA CCA GCA TGG AGA TGC AGT TA

Fig. 1. Treatment with ginsenoside Rg5 but not with Rk1 promotes myogenesis (A) Structures of Rg5 and Rk1. (B) C2C12 cells that were induced to differentiate for 48 h (D2) in
differentiation mediumwith 100 nM Rg5, Rk1, or vehicle (DMSO). The expression levels of the myogenic markers MHC and myogenin were analyzed by western blotting. (C) C2C12
cells were induced to differentiate for 72 h (D3) in differentiation medium with 100 nM Rg5, RK1, or vehicle (DMSO), followed by immunostaining for MHC. Nuclei were visualized
using DAPI staining (blue). Scale bar ¼ 100 mm (D) Quantification of immunostained C2C12 myotubes shown in Fig. 1C. Values represent the percentage of MHC-positive cells with
the indicated number of nuclei and were calculated as the proportion of the number of multinucleated MHC-positive cells to the total number of MHC-positive cells (N ¼ 4). Data
represent the mean ± SD. Statistical significance was determined using two-way ANOVA. *P < 0.05; Rg5 vs. vehicle (DMSO). (E) C2C12 cells that were maintained for 48 h (D2) in
differentiation mediumwith 100 nM Rg5, Rk1, or vehicle (DMSO). Phosphorylated p38MAPK and p38MAPK expression levels were analyzed by western blotting. Pan-cadherin was
used as a loading control.
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We isolated primary myoblasts from the hindlimb muscles of mice
aged 2e3 weeks and induced them to differentiate by treating
them with Rg5. The results showed that the number of fused
myoblasts was increased in Rg5-treated cells compared to that in
the control group (Fig. 2G and H).

Taken together, Rg5 exhibits concentration-dependent
myogenic effects, which is observed not only in C2C12 cells but
also in primary myoblasts.

3.3. Rg5 promotes myogenesis through phosphorylation of Akt and
p38MAPK

Phosphorylation of p38MAPK and subsequent activation of
transcription factors promotemyogenesis [12e14]. We investigated
whether the myogenic effect of Rg5 is mediated by the phosphor-
ylation of p38MAPK. The phosphorylation levels of p38MAPK
gradually increased with Rg5 in a dose-dependent manner
(Fig. 3A). In addition, we treated the cells with a p38MAPK inhibitor
(SB203580) and Rg5 to determine whether the myogenic effect of
Rg5 was inhibited by the blockade of p38MAPK. The expression
levels of MHC and myogenin increased when Rg5 was used alone,
whereas the expression levels decreased when the inhibitor was
used, regardless of the presence of Rg5. These results indicate that
the myogenic effect of Rg5 is associated with the p38MAPK
pathway (Fig. 3B).

As mentioned earlier, the phosphorylation of p38MAPK induces
myogenesis by increasing the binding of MyoD and E2A [12]. We
performed immunoprecipitation to confirm whether p38MAPK
phosphorylation via Rg5 increased the interaction between MyoD
and E2A and observed that the interaction was increased after Rg5
treatment in both MyoD-transfected HEK293T and C2C12 cells
(Fig. 3C and D).

These data show that the effect of Rg5 on myogenesis is asso-
ciated with an increase in the phosphorylation levels of p38MAPK
and an increase in MyoD activity.

3.4. Ginsenoside Rg5 treatment promotes hypertrophy through
phosphorylation of Akt and attenuates dexamethasone-induced
atrophy

Based on previous studies that demonstrated stimulation of
muscle hypertrophy by black ginseng [41e43], we determined the
effects of Rg5 on stimulating muscle hypertrophy and preventing
muscle atrophy.

C2C12 myotubes were treated with Rg5 and dexamethasone.
The expression of MHC increased with Rg5 treatment but
decreased with dexamethasone treatment. However, co-treatment

with Rg5 and dexamethasone restored MHC expression (Fig. 4A).
Additionally, immunostaining to visualize MHC expression levels
was performed under the same conditions to confirmwhether Rg5
could cause hypertrophy with an increase in the diameter of
myotubes and prevent dexamethasone-induced atrophy. We
observed an increase in the diameter of the myotubes in Rg5-
treated myotubes but a decrease in the diameter in
dexamethasone-treated myotubes. As expected, the diameter was
restored in co-treated myotubes (Fig. 4B and C).

Next, we analyzed the effect of Rg5 on the Akt/mTOR pathway, a
representative signaling pathway involved in protein synthesis. The
overall phosphorylation levels of Akt, mTOR, and p70S6K were
increased by Rg5 treatment but decreased by dexamethasone
treatment. Moreover, co-treatment with Rg5 and dexamethasone
restored the phosphorylation levels (Fig. 4D). Interestingly, protein
expression and mRNA levels of Atrogin-1, MuRF1, and E3 ligases
that break down muscle-specific proteins were reduced in co-
treated myotubes compared with those in dexamethasone-
treated myotubes (Fig. 4E and F).

These results confirm that Rg5 induces hypertrophy via the Akt/
mTOR signaling pathway and prevents dexamethasone-induced
atrophy.

4. Discussion

Despite endless research on skeletal muscles, there are no Food
and Drug Administration (FDA)-approved drugs to improve muscle
function and strength associated with pathological conditions or
aging. Based on the study by Lee et al, who demonstrated stimu-
lation of myogenesis by black ginseng extract [42], we performed
screening to determine the constituent substances effective against
muscle atrophy and identified Rg5 that exhibited myogenic effect.
There are few studies on the effect of ginsenoside Rg5 in muscle
metabolism [41,43]. However, there are no studies reported the
myogenic and muscle growth effects of Rg5. Therefore, in this
study, we investigated the potential of Rg5 as a therapeutic agent
for muscle atrophy. Our data showed that Rg5 could help in the
development and regeneration of muscles by promoting myo-
genesis through phosphorylation of p38MAPK, increasing protein
synthesis through the Akt/mTOR signaling, and decreasing the
expression of atrophy-related factors such as Atrogin-1 and MuRF1.

Ginsenosides Rg5 and Rk1 are constitutional isomers. 21C in Rg5
and 22C in Rk1 form a double bond with 20C, and no significant
structural differences were observed between the two compounds
(Fig. 1A). However, the two compounds possessed different
myogenic effects (Fig. 1BeE). The arrangement of double bonds

Fig. 2. Treatment with ginsenoside Rg5 promotes myogenesis in a dose-dependent manner (A) MTT assay result of C2C12 cells treated with Rg5 (100, 300, 1000, or 3000 nM) or
vehicle (DMSO). Cell viability was calculated as the proportion of absorbance value at 560 nm/670 nm to that of the vehicle. (B) C2C12 cells that were maintained for 48 h (D2) in
differentiation medium with Rg5 (30, 100, 300, or 1000 nM) or vehicle (DMSO). The expression levels of the myogenic markers MHC, troponin-T, and myogenin were analyzed by
western blotting. The MHC expression levels were normalized to HSP90 and were expressed as fold change values to that of the vehicle (DMSO). All values represent the
mean ± SEM of fold change values from three independent experiments. Statistical significance was determined using one-way ANOVA. *P < 0.05, **P < 0.01; Rg5 vs. vehicle
(DMSO). (C) C2C12 myotubes that were maintained for 48 h (D2) in differentiation medium with 100 or 300 nM of Rg5 or vehicle (DMSO), followed by immunostaining for MHC.
Nuclei were visualized by DAPI staining (blue). Scale bar ¼ 100 mm. (D) Quantification of immunostained C2C12 myotubes shown in Fig. 2C. Values represent the percentage of
MHC-positive cells with the indicated number of nuclei and were calculated as the proportion of the number of multinucleated MHC-positive cells to the total number of MHC-
positive including mononucleated cells (N ¼ 4). Data represent the mean ± SD. Statistical significance was determined using two-way ANOVA. *P < 0.05; 300 nM Rg5 vs. vehicle
(DMSO). ##P < 0.01, #P < 0.05; 100 nM Rg5 vs. vehicle (DMSO). (E) C2C12 cells were maintained for indicated days (D0eD3) with 300 nM Rg5 or vehicle (DMSO). The expression
levels of the myogenic markers MHC and myogenin were analyzed by western blotting. Pan-Cadherin was used as a loading control. The MHC and myogenin expression levels were
normalized to pan-Cadherin and were expressed as fold change values to those of the vehicle (DMSO). (F) C2C12 cells treated with 300 nM Rg5 or vehicle (DMSO) at 24 h (D1), 48 h
(D2), and 72 h (D3). The relative mRNA expression levels of myogenin were expressed as fold change values to those of the vehicle (DMSO) at 24 h (D1). The relative mRNA
expression levels of MyHC 7, 2, 1, and 4 were expressed as fold change values to those of the vehicle (DMSO) at 48 h (D2). The mRNA levels were normalized to the levels of GAPDH
in the same samples. Values represent the mean ± SEM. Statistical significance was determined using one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001; Rg5 vs. vehicle (DMSO).
(G) Primary myoblast cells were maintained for 72 h (D3) in a differentiation medium with 300 nM Rg5 or vehicle (DMSO), followed by immunostaining for MHC. Nuclei were
visualized by DAPI staining (blue). Scale bar ¼ 100 mm. (H) Quantification of immunostained primary myoblast shown in panel of Fig. 2G. Values represent the percentage of MHC-
positive cells with the indicated number of nuclei and were calculated as the proportion of the number of multinucleated MHC-positive cells to the total number of MHC-positive
cells including mononucleated cells (N ¼ 5). Data represent the mean ± SD. Statistical significance was determined using two-way ANOVA. ***P < 0.001; Rg5 vs. vehicle (DMSO).
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may attribute to the different myogenic effects of the two
ginsenosides.

Further, we confirmed that Rg5 promoted myogenesis through
the phosphorylation of p38MAPK. In addition, Rg5was treatedwith
SB203580, a p38MAPK inhibitor, to determine whether Rg5 could
promote myogenesis via pathways other than p38MAPK. The
myogenic effect of Rg5 was inhibited after the blockade of
p38MAPK, regardless of the presence of Rg5, indicating the major
role of the p38MAPK pathway in the myogenic effect of Rg5
(Fig. 3B). Furthermore, we showed that Rg5 induced muscle hy-
pertrophy through the Akt/mTOR signaling and inhibited
glucocorticoid-induced atrophy. In this process, we induced the
atrophy of C2C12 myotubes using dexamethasone, which is known
to inhibit Akt phosphorylation [15,44]. The results demonstrated
that Rg5 activated the Akt/mTOR signaling by competing with
dexamethasone, resulting in the stimulation of muscle hypertrophy
and inhibition of glucocorticoid-induced atrophy.

In muscles, FoxO3, a transcription factor, is activated by auto-
phagic signals. Activation of FoxO3 increases the expression of
atrogenes, such as Atrogin-1 and MuRF1, and has been reported to
be inhibited by Akt [26]. Applying this to the dexamethasone-
induced atrophy model, when the phosphorylation level of Akt
was suppressed by dexamethasone, the activity of FoxO3 and
expression of atrogenes increased. Therefore, we measured the
expression of atrogenes to confirm that Rg5 treatment inhibited

dexamethasone-induced atrophy. The results revealed that the
expression of atrogenes increased after dexamethasone adminis-
tration but decreased after co-treatment with Rg5. The results
indicated that the preventive effect of Rg5 on muscle atrophy was
not only attributed to increased myogenic protein synthesis but
also to the inactivation of FoxO3 which further affected the
expression of atrogenes. However, studies using C2C12 cell lines
and dexamethasone are not sufficient to reflect disease-induced
muscle therapy. Consequently, it is necessary to validate these re-
sults through additional experiments and various models.

This study provides an understanding of how Rg5 promotes
myogenesis and hypertrophy and prevents dexamethasone-
induced muscle atrophy. Our data revealed that the myogenic ef-
fect of Rg5 was associated with the phosphorylation of p38MAPK.
Previous studies have reported that phosphorylation of p38MAPK
increases the interaction between E2A and MyoD. Therefore, we
conducted immunoprecipitation to confirm the association be-
tween the myogenic effect of Rg5 and phosphorylation and
increased interaction between E2A and MyoD. Furthermore, the
results confirmed that Rg5 induced hypertrophy in C2C12 cells by
increasing the diameter of myotubes and alleviating atrophy con-
dition. These phenomenawere found to be related to the activation
or phosphorylation of the Akt/mTOR signaling. The study is the
first, to the best of our knowledge, to show that Rg5 promotes
muscle regeneration and to suggest that Rg5 can be used for

Fig. 3. Rg5 promotes myogenesis via phosphorylation of Akt and p38MAPK (A) C2C12 cells that were maintained for 48 h (D2) in differentiation mediumwith Rg5 (30, 100, 300, or
1000 nM) or vehicle (DMSO). The phosphorylation level of p38MAPK was analyzed by western blotting. The levels of phosphorylated p38MAPK were normalized to total p38MAPK
and were expressed as fold change values to those of the vehicle (DMSO) group. All values represent the mean ± SEM of fold change values from three independent experiments.
Statistical significance was determined using one-way ANOVA. *P < 0.05, **P < 0.01; Rg5 vs. vehicle (DMSO). (B) C2C12 cells that were maintained for 48 h (D2) in differentiation
mediumwith Rg5 (300 nM), SB203580 (100 nM), or vehicle (DMSO). The expression levels of myogenic markers MHC and myogenin were analyzed by western blotting. HSP90 was
used as a loading control. (C) MyoD-transfected HEK293T cells that were treated with Rg5 (300 nM) or vehicle (DMSO) for 24 h. The cell lysates were immunoprecipitated with E2A
antibodies and blotted with MyoD and E2A antibodies. The red star represented MyoD bands and the black star represented IgG bands. Input represents an expression control.
Quantification of the binding affinity of MyoD and E2A with Rg5 treatment, expressed as fold change relative to the vehicle (DMSO) treated control. (D) C2C12 cells that were
maintained for 24 h (D1) in differentiation medium with Rg5 (300 nM) or vehicle (DMSO). The cell lysates were immunoprecipitated with E2A antibodies and blotted with MyoD
and E2A antibodies. Input represents an expression control. Quantification of the binding affinity of MyoD and E2A with Rg5 treatment, expressed as fold change relative to the
vehicle (DMSO) treated control.
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therapeutic intervention of muscle weakness and atrophy,
including cancer cachexia.
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