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Background: As a process of aging, skeletal muscle mass and function gradually decrease. It is reported
that ginsenoside Rb1 and Rb2 play a role as AMP-activated protein kinase activator, resulting in regu-
lating glucose homeostasis, and Rb1 reduces oxidative stress in aged skeletal muscles through
activating the phosphatidylinositol 3-kinase/Akt/Nrf2 pathway. We examined the effects of Rb1 and Rb2
on differentiation of the muscle stem cells and myotube formation.
Methods: C2C12 myoblasts treated with Rb1 and/or Rb2 were differentiated and induced to myotube
formation, followed by immunoblotting for myogenic marker proteins, such as myosin heavy chain,
MyoD, and myogenin, or immunostaining for myosin heavy chain or immunoprecipitation analysis for
heterodimerization of MyoD/E-proteins.
Results: Rb1 and Rb2 enhanced myoblast differentiation through accelerating MyoD/
E-protein heterodimerization and increased myotube hypertrophy, accompanied by activation of Akt/
mammalian target of rapamycin signaling. In addition, Rb1 and Rb2 induced the MyoD-mediated
transdifferentiation of the rhabdomyosarcoma cells into myoblasts. Furthermore, co-treatment with
Rb1 and Rb2 had synergistically enhanced myoblast differentiation through Akt activation.
Conclusion: Rb1 and Rb2 upregulate myotube growth and myogenic differentiation through activating
Akt/mammalian target of rapamycin signaling and inducing myogenic conversion of fibroblasts. Thus,
our first finding indicates that Rb1 and Rb2 have strong potential as a helpful remedy to prevent and
treat muscle atrophy, such as age-related muscular dystrophy.
� 2019 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

Skeletal muscle regeneration declines with aging not only
through the intrinsic modifications for self-renewal and differen-
tiation of the muscle stem cells but also through the changes in
their environmental niche, which has a direct effect on cell function
[1]. Myoblast differentiation is a well-organized multistage process
and is regulated by myogenic basic helix-loop-helix transcriptional
factors including MRF4, Myf5, MyoD, and myogenin [2,3]. These
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myogenic regulatory factors are tightly regulated to ensure efficient
cell differentiation. Akt plays an important role as a promyogenic
kinase, and Akt signaling is contributed to heterodimerization of
MyoD/E-proteins and alteration in chromatin remodeling at
muscle-specific loci [4e6]. Akt/mammalian target of rapamycin
(mTOR) signaling is a crucial regulator of skeletal muscle hyper-
trophy associated with increased protein synthesis [7,8]. In addi-
tion, phosphatidylinositol 3-kinase/Akt pathways prevent muscle
atrophy by inhibiting atrophy-related ubiquitin ligases and FoxO
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Table 1
Antibodies used in this study.

Antibody Dilution factor Company

Akt 1:2000 Cell Signaling Technology
phospho-Akt 1:1000 Cell Signaling Technology
p70S6K 1:1000 Cell Signaling Technology
phospho-p70S6K 1:1000 Cell Signaling Technology
MHC 1:1000 Developmental Studies Hybridoma Bank
mTOR 1:1000 Cell Signaling Technology
phospho-mTOR 1:1000 Cell Signaling Technology
MyoD 1:500 Santa Cruz Biotechnology
Myogenin 1:1000 Santa Cruz Biotechnology
E2A 1:2000 Santa Cruz Biotechnology
4E-BP1 1:1000 Cell Signaling Technology
phospho-4E-BP1 1:1000 Cell Signaling Technology
pan-Cadherin 1:5000 Sigma-Aldrich
a-Tubulin 1:2000 Santa Cruz Biotechnology

MHC, myosin heavy chain; mTOR, mammalian target of rapamycin.
Cell Signaling Technology (Beverly, MA, USA); Developmental Studies Hybridoma
Bank (Iowa, IA, USA); Santa Cruz Biotechnology (Santa Cruz, CA, USA); Sigma-
Aldrich(St. Louis, MO, USA).
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transcriptional factors [9,10]. Interestingly, the loss of skeletal
muscle regenerative capacity with aging seems to be reversible,
and skeletal muscle functions are important for the betterment of
metabolic health and life quality [1]. Understanding molecular
regulator mechanisms of precise regulation of muscle stem cell
differentiation and mature myotube formation opens up the pos-
sibility of devising strategies for slowing the decline of the process
and identifying compound(s) to enhance skeletal muscle mass and
function.

Ginsenoside Rg1 and Rg2 which are classified as a proto-
panaxadiol type are the most abundant ginsenosides in Panax
ginseng C. A. Meyer [11]. It is reported that Rg1 and Rb2 function as
an AMP-activated protein kinase activator and regulate glucose
homeostasis [12,13]. Especially, Rb1 reduces oxidative stress in
aged skeletal muscles through activating the phosphatidylinositol
3-kinase/Akt/Nrf2 pathway [14]. However, there are no reports
regarding the effects of Rb1 and Rb2 on myoblast differentiation
and myotube growth. In the present study, we demonstrated the
roles and molecular mechanisms of Rb1 and Rb2 in muscular
hypertrophy and myoblast differentiation.

2. Materials and methods

2.1. Cell cultures and immunocytochemistry

Rb1 and Rb2 (purity > 98%) were provided by the Ambo Insti-
tute, Korea. Myoblast C2C12 cells, rhabdomyosarcoma (RD) cells,
and 293T cells were cultured as described previously [5,15]. To
induce differentiation of the C2C12 myoblasts, cells at near
confluence were changed from Dulbecco modified Eagle’s medium
(DMEM) containing 15% fetal bovine serum (growth medium) to
DMEM containing 2% horse serum (differentiation medium) and
myotube formation was observed at 2 or 3 days of differentiation.
The differentiated cultures were then immunostained for myosin
heavy chain (MHC) antibodies (MF20; Developmental Studies Hy-
bridoma Bank, Iowa, IA, USA) and Alexa Fluor 594econjugated
secondary antibodies (Molecular Probes, Eugene, OR, USA) [16]. To
induce hypertrophic myotube growth, the C2C12 cells were
differentiated for 2 days and then treated with Rb1 and Rb2 for
additional 2 days in the differentiation medium. Additional cell
lines, RD and 293T cells were cultured in DMEM containing 10%
fetal bovine serum.

2.2. Immunoblotting and immunoprecipitation analysis

For immunoblotting, the cells were lysed in cell lysis buffer (10
mM Tris-HCl [pH7.2]) containing 150 mM NaCl, 1 mM EDTA, 1% NP-
40 (Sigma-Aldrich, Louis, MO, USA), and protease inhibitors (Roche
Diagnostics, Basel, Switzerland). Each sample was subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). The primary antibodies are listed in Table 1. For
immunoprecipitation, the cells treated with Rg1 and Rg2 were
cultured for 36 hours and lysed in cell lysis buffer. Anti-E2A anti-
body was incubated overnight with the supernatants at
4�C followed by incubation with protein G agarose beads (Roche
Diagnostics) and subjected to immunoblotting [15,16].

2.3. Statistics

The values were expressed as mean � standard deviation for at
least three independent experiments, as indicated in the figure
legends. For comparison between multiple groups, statistical
significance was calculated using the Student t test using SPSS
software (12.0 version; SPSS, Chicago, IL, USA). The differences
were considered statistically significant at or under values of
P < 0.05.

3. Results and discussion

3.1. Ginsenoside Rb1 and Rb2 promote the myotube hypertrophy
through upregulating Akt/mTOR pathways

The aging of satellite cells is the loss of skeletal muscle regener-
ative capacity which is particularly pronounced in the age-related
muscular dystrophy, sarcopenia [17]. To examine whether ginseno-
side Rb1 and Rb2 could induce myotube formation, the C2C12 cells
were induced to differentiate for 2 days (D2) and incubatedwith Rb1
or Rb2, for additional 2 days (D4). These C2C12 cells were then
subjected to MHC immunostaining to identify the formation of
myotubes. As a result, the Rb1- or Rb2-treated C2C12
cells formed larger and thicker multinucleated myotubes dose-
dependently comparedwith the control cells (Fig. 1A). Measurement
of the myotube diameter showed that Rb1 or Rb2 treatment
increased the myotube thickness, especially by 3.31- and 2.08-fold in
100 nM Rb1 and Rb2, respectively (Fig. 1B). To further investigate
whether these ginsenosides modulate muscle-specific marker pro-
teins and signaling is involved in muscular hypertrophy, the C2C12
cells were differentiated under the same experimental conditions as
previously described. Immunoblotting analysis showed that treat-
ment with Rb1 dramatically increased the expression of MHC and
slightly enhanced the expression of MyoD and myogenin at differ-
entiation Day 4 compared with the control cells (Fig. 1C). Similar to
Rb1, Rb2 treatment promotes the expression of MHC and myogenin
at the same point, whereas MyoD expression was constant in Rb2-
treated myotubes. The treatment with Rb1 or Rb2 triggered the
phosphorylation of Akt and downstream signal, including mTOR,
p70S6K, and 4E-BP1, compared with the control cells (Fig. 1D). Pro-
topanaxatriol ginsenoside Rg1 has been reported to increase myo-
tube growth and prevent dexamethasone-induced myotube atrophy
through activation of Akt/mTOR signaling [15]. The insulin growth
factor-1 (IGF-1)/Akt signaling pathway inhibits the activation of
atrogin and MuRF1, known as the skeletal muscleespecific ubiquitin
ligases, and prevents muscular atrophy [8,10]. The inhibitory mech-
anism for these ubiquitin ligases is controlled by Akt/mTOR-
mediated inhibition of FoxO transcription factors [18]. These re-
sults suggest that Rb1 and Rb2 have the potential to elicit myotube
hypertrophy depending on Akt/mTOR signaling and could recover
the capacity of muscular regeneration.



Fig. 1. Rb1 and Rb2 enhance Akt/mTOR signalingemediated myotube hypertrophy. (A) C2C12 cells were induced to differentiate for 2 days and then treated with indicated
concentrations of Rb1 or Rb2 for the additional 2 days. The myotube formation was analyzed by MHC immunostaining. 40 ,6-diamidino-2-phenylindole (DAPI) was used to visualize
nuclei. (B) Average myotube diameter shown in panel (A) was measured using NIS-Elements F software. Data are presented as means determination of 6 fields� 1 SD. *P < 0.05 and
**P < 0.01 compared with the control group. (C) Muscle-specific proteins from panel (A) were analyzed by immunoblotting. pan-Cadherin had been used as a loading control. (D)
Total and phosphorylated forms of Akt, mTOR, p70S6K, and 4E-BP1 from panel (A) were analyzed by immunoblotting. a-Tubulin was used as a loading control.
MHC, myosin heavy chain; mTOR, mammalian target of rapamycin; SD, standard deviation.
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3.2. Ginsenoside Rb1 and Rb2 enhance the early myoblast
differentiation through phosphorylation of Akt

To investigate the effects of Rb1 and Rb2 on early myoblast
differentiation, the C2C12 cells were induced to differentiate
for D2 at indicated concentrations of Rb1 or Rb2. As assessed by
fluorescence immunocytochemistry, Rb1 treatment increased the
formation of MHC-positive myotubes with multinuclei in a dose-
dependent manner (Fig. 2A). As a result of quantification of the
myotube formation, Rb1 treatment significantly increased the
proportion of larger myotubes containing six or more nuclei, while
it substantially reduced that of mononucleate myocytes dose-
dependently, compared with the control (Fig. 2B). Furthermore,
treatment with Rb1 enhanced the expression of MHC, MyoD, and
myogenin and increased the phosphorylation of Akt, as assessed
by immunoblotting analysis (Fig. 2C). Similar to a result of Rb1, the
Rb2-treated C2C12 cells showed the incremental expression of
MHC and myogenin and increased phosphorylation of Akt in a
dose-dependent manner (Fig. 2D). Contrary to Rb1, MyoD
expression was constant in the Rb2-treated C2C12 cells. Rb2
treatment elevated the formation of MHC-positive myotubes with
six or more nuclei dose-dependently (Fig. 2E and F). The family
of myogenic basic helix-loop-helix transcription factors including
MyoD is tightly regulated through autoregulatory and cross-
regulatory feedback network that ensure efficient cell differenti-
ation and maintenance of the differentiated state of cells [5]. Rb1
and Rb2 seem to regulate mainly MyoD activity rather than
expression in muscle stem cell differentiation. Cell adhesion
molecule complexes exert the promyogenic effects through acti-
vation of Akt signaling which is known as a major promyogenic
kinase, along with p38MAPK [5,19,20]. Akt interacts with APPL1
and PRK2, a scaffold-like protein, and transduces myogenic
signaling into its downstream targets to induce myoblast differ-
entiation [5,16].These results suggest that the promyogenic effects
of Rb1 and Rb2 depend on the activation of Akt at a morphological
and biochemical level.

3.3. Rb1 and Rb2 trigger the formation of MyoD/E-
protein heterodimerization

DNA binding of MyoD for expression of muscle-specific genes is
induced by heterodimerization with widely expressed E-proteins



Fig. 2. Rb1 or Rb2 promote myogenic differentiation through activating a promyogenic kinase, Akt. (A) Rb1-treated C2C12 cells were differentiated for 2 days, followed by MHC
immunostaining. (B) The MHC-positive myocytes shown in panel (A) were quantified as the number of nuclei per myotube. The values are represented as means � SD of three
independent experiments. **P < 0.01 compared with the control group. (C) Cell lysates from panel (A) were subjected to immunoblotting with antibodies to MHC, MyoD, and
myogenin, phosphorylated Akt, total Akt, and pan-Cadherin used as a loading control. (D) Rb2-treated C2C12 cells were differentiated for 2 days, followed by immunoblotting
against antibodies of MHC, MyoD, myogenin, phosphorylated Akt, total Akt, and pan-Cadherin used as a loading control. (E) Cells from panel (D) were immunostained for MHC
expression (red) and with DAPI to stain nuclei (blue) to reveal myotube formation. (F) The MHC-positive myocytes shown in panel (E) were quantified as the number of nuclei per
myotube. **P < 0.01 compared with the control group.
MHC, myosin heavy chain; SD, standard deviation.
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[21]. To further examine whether Rb1 and Rb2 could induce the
heterodimer formation of MyoD and E-proteins, the C2C12 cells
were treated with Rb1 or Rb2 for D2, followed by immunopre-
cipitation analysis. Treatment with Rb1 or Rb2 enhanced the
amount of MyoD in the precipitates with E2A antibodies as
compared with dimethyl sulfoxide (DMSO) treatment (Fig. 3A).
The expression of E2A and MyoD remained constant in the lysates
of the C2C12 cells treated with Rb1 or Rb2 relative to the control



Fig. 3. Rb1 and Rb2 enhance the heterodimerization of E-protein with MyoD. (A) C2C12 cells or (B) MyoD-transfected 293T cells were treated with Rb1 or Rb2 and then incubated
for 2 days. Cell lysates were subjected to immunoprecipitation with anti-E2A antibodies and then subjected to immunoblotting analysis using anti-MyoD antibodies. a-Tubulin has
been used as loading controls.
IP, immunoprecipitation.
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cells (Fig. 3A). In agreement with the endogenous interaction,
ectopically overexpressed MyoD strongly bounds with E2A pro-
teins in the Rb1- or Rb2-treated 293T cells (Fig. 3B). However, the
protein levels of MyoD and E2A were constant in the lysates,
regardless of the treatment with Rb1 or Rb2. It is reported that
MyoD interacts with the Baf60c subunit of the switching/sucrose
non-fermenting (SWI/SNF) chromatineremodeling complex
required for the activation of muscle gene transcription [22]. The
recruitment of MyoD to the chromatin of muscle-specific genes, an
event necessary to enable the chromatin-remodeling activity of
the p38MAPK-recruited SWI/SNF complex, was regulated by Akt
signaling [23]. These results suggest that myoblast differentiation
by treatment with Rb1 and Rb2 is dependent on MyoD activity
controlled by Akt signaling.
3.4. Rb1 and Rb2 induce MyoD-mediated transdifferentiation of the
RD cells to myoblasts

MyoD has been reported to convert many cell types such as
adipocytes, chondrocytes, fibroblasts, and osteosarcomas into
skeletal muscle cells [24]. To explore whether Rb1 and Rb2 could
restore impaired myogenic differentiation of the RD cells (cancer
cells of the muscle lineage that have low differentiation capa-
bility), the MyoD-transfected RD cells were treated with Rb1 and
Rb2 for D4. Immunoblotting analysis reveals that treatment with
Rb1 or Rb2 increased the expression of muscle-specific marker
proteins, MHC, and myogenin compared with the control cells
(Fig. 4A). Furthermore, treatment with Rb1 or Rb2 increased the
formation of MHC-positive myotubes containing three or more
nuclei in the MyoD-transfected RD cells (Fig. 4B). As a result of
quantification of the myotube formation, Rb1 or Rb2 treatment
significantly increased the proportion of larger myotubes con-
taining three or more nuclei compared with the control (Fig. 4C).
The RD cells express myogenic regulatory factors, while impairing
myogenic differentiation on account of the non-functionality of
these genes [25]. Reactivation of miR-206, a member of the
myomiR family, restores MyoD-dependent myogenic differentia-
tion in the RD cells [26]. Previously, our study revealed that black
ginseng induces to implement the myogenic differentiation pro-
gram of the RD cells into myoblasts through activating Akt/mTOR
signaling [27]. In addition, ginsenoside Rg1 induces the MyoD-
dependent transdifferentiation of mouse embryonic fibroblasts
to myoblasts and myotubes [15]. These data suggest that Rb1 and
Rb2 could improve MyoD-mediated myogenic differentiation of
the RD cells.
3.5. Co-treatment with Rb1 and Rb2 synergistically enhances
myogenic differentiation

To investigate the combination effect of Rb1 and Rb2 on
myoblast differentiation, the C2C12 cells were co-treated with
indicated dose combination of Rb1 and Rb2, then induced to
differentiation for D2, and subjected to MHC immunostaining. As
shown in Fig. 5A, co-treatment with Rb1 and Rb2 showed more
effective expression of MHC and myogenin than treatment with
each of the ginsenosides, especially, in the combination of 25 nM
Rb1 and 75 nM Rb2 and not 100 nM Rb1 and 100 nM Rb2. The
effect of a drug has an appropriate concentration, and in some
cases, the effect is lowered when the concentration is higher than
the appropriate level, which seems to be the case in this study. The
expression of MyoD bore a close parallel to the treatment with
each of the ginsenosides. Similar to the pattern of MHC expres-
sion, the C2C12 cells co-treated with Rb1 and Rb2 showed the
incremental phosphorylation of Akt. As a result of quantification
of myotube formation under the same experimental conditions as
previously described, the C2C12 cells co-treated with Rb1 and Rb2
showed significant increase in the proportion of MHC-positive
myotubes containing six or more nuclei compared with the cells
treated with each of them (Fig. 5B). Interestingly, co-treatment
with the combination of 25 nM Rb1 and 75 nM Rb2 showed
approximately 24% of MHC-positive myotubes containing six or
more nuclei. Collectively, co-treatment of Rb1 and Rb2 has syn-
ergistic effects on Akt-mediated myogenic differentiation,
indicating that this combination could be helpful in developing
the pharmaceutical or nutraceutical remedy for muscular
regeneration.



Fig. 5. Co-treatment with Rb1 and Rb2 has synergistic effects on myogenic differentiation. (A) C2C12 cells were co-treated with indicated dose combination of Rb1 and Rb2, and
then the cells were induced to differentiation for 2 days. The lysates were subjected to immunoblotting analysis against antibodies of MHC, MyoD, myogenin, phosphorylated Akt,
total Akt, and pan-Cadherin were used as a loading control. (B) The MHC-positive myocytes were quantified as the number of nuclei per myotube under the same condition of panel
(A). **P < 0.01 compared with the control group.
MHC, myosin heavy chain.

Fig. 4. Rb1 and Rb2 enhance MyoD-mediated myogenic conversion of RD cells. (A) MyoD-overexpressing RD cells were induced to differentiate with treatment with Rb1 or Rb2 for 4
days. Cell lysates were subjected to immunoblotting with antibodies to MHC, MyoD, myogenin, and a-Tubulin used as a loading control. The experiment was repeated three times with
similar results. (B) Cells from panel (A) were immunostained forMHC expression (red) andwith DAPI to stain nuclei (blue) to reveal myotube formation. (C) TheMHC-positivemyocytes
shown in panel (B) were quantified as the number of nuclei per myotube. **P < 0.01 compared with the control group.
MHC, myosin heavy chain; RD, rhabdomyosarcoma.
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4. Conclusions

Our findings provide a molecular action framework of Rb1 and
Rb2 that promotes myotube hypertrophy through upregulating
Akt/mTOR signaling and enhances Akt-mediated myogenic differ-
entiation, accompanied by the active heterodimerization of MyoD/
E-proteins. Furthermore, Rb1 and Rb2 also increment trans-
differentiation of RD cells into myoblasts, indicating that Rb1 and
Rb2 are strong potential candidates as a helpful remedy to prevent
and treat muscle atrophy, such as age-related muscular dystrophy.
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