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Abstract. Ginsenoside rg3 (rg3), amplified by iterative 
heating processing with fresh ginseng, has a broad range 
of pharmacological activities and improves mitochondrial 
biogenesis in skeletal muscle. However, thus far no study has 
examined how rg3 affects myotube growth or muscle atrophy, 
to the best of the authors' knowledge. The present study was 
conducted to examine the myogenic effect of rg3 on dexameth‑
asone (deX)‑induced myotube atrophy and the underlying 
molecular mechanisms. rg3 activated akt/mammalian target 
of rapamycin signaling to prevent deX‑induced myotube 
atrophy thereby stimulating the expression of muscle‑specific 
genes, including myosin heavy chain and myogenin, and 
suppressing muscle‑specific ubiquitin ligases as demon‑
strated by immunoblotting and immunostaining assays. 
Furthermore, rg3 efficiently prevented deX‑triggered 
mitochondrial dysfunction of myotubes through peroxisome 
proliferator‑activated receptor‑γ coactivator1α activities and 
its mitochondrial biogenetic transcription factors, nuclear 
respiratory factor‑1 and mitochondrial transcription factor a. 
These were confirmed by immunoblotting, luciferase assays, 
rT‑qPcr and mitochondrial analysis measuring the levels of 
roS, aTP and membrane potential. By providing a mecha‑
nistic insight into the effect of rg3 on myotube atrophy, the 
present study suggested that rg3 has potential as a therapeutic 

or nutraceutical remedy to intervene in muscle aging or 
diseases including cancer cachexia.

Introduction

Muscle atrophy not only occurs when muscles have certain 
problems such as denervation or inactivity but also occurs as 
a systemic response to fasting or various diseases including 
sepsis, renal and cardiac failure, excessive glucocorticoids 
(as in cushing syndrome) and trauma (1). in addition, it also 
occurs in 80% of patients with cancer (a condition known 
as cancer‑cachexia) (2). in muscle atrophy, the muscle mass 
and body weight decrease rapidly, muscles are weakened and 
disabilities are aggravated because muscle atrophy changes the 
balance between protein synthesis and degradation pathways 
toward protein breakdown (3). consequently, muscle atrophy 
may deteriorate the quality of life and increase mortality. The 
degradation of most muscle proteins, including myofibrillar 
components, are attributable to the ubiquitin‑proteasome 
system and muscle weakening can be explained by the loss 
of contractile machinery in the event of muscle atrophy (1,4). 
rinG‑finger 1 (MurF1; also known as TriM63) and 
atrogin‑1 (also known as MaFbx), two e3 ubiquitin ligases 
specific to muscles, are notably induced by almost all types 
of muscle atrophy and are upregulated in atrophying muscles 
by Forkhead box o3 (Foxo3) (5). akt/mammalian target of 
rapamycin (mTor) signaling suppresses Foxo transcription 
factors that control the expression of the atrogene program 
thereby increasing net protein accumulation (6). The relevant 
signaling serves a crucial role in the regulation of muscle 
protein synthesis and hypertrophy (5). Furthermore, akt 
is critical in myoblast differentiation and muscle regenera‑
tion (7). However, in the event of fasting or chronic diseases, 
akt/mTor signaling declines leading to the reduction of 
protein synthesis, while Foxo‑dependent expression of the 
atrogenes increases protein breakdown (1). as the importance 
of skeletal muscle functions for the maintenance of metabolic 
health and the quality of life has been accentuated, more 
attention has been paid to the understanding of molecular 
regulatory mechanisms of controlling muscle stem cell differ‑
entiation and muscle growth and compounds for improvement 
of muscle functions and mass.
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Panax ginseng c.a. Meyer (P. ginseng) has been used as 
an herb in northeast asia for thousands of years (8). in Korean 
medicine, ginseng has long been used to revitalize the mind 
and body, prevent aging and increase physical strength and 
vigor (8). Ginsenosides are the major pharmacologically active 
compounds of P. ginseng and have a variety of biological 
and physiological activities including anti‑inflammatory, 
anti‑diabetic and anti‑cancer activities (9,10). Ginsenoside 
Rg3 (Rg3), identified as a protopanaxadiol‑type, is amplified by 
iterative heating processing with fresh and white ginseng. rg3 
has been found to inhibit the proliferation of breast cancer cells 
and enhance anti‑cancer efficacy compared with other ginsen‑
osides (9,11). rg3 undermines preadipocyte differentiation and 
the expression of adipogenic markers in 3T3‑l1 cells (12). rg3 
enhances mitochondrial functions and the expression of key 
genes involved in mitochondrial biogenesis thereby improving 
insulin resistance in skeletal muscles (10). in addition, rg3 
leads to the activation of insulin receptor substrate‑1 (irS‑1) 
without altering the classical aMP‑activated protein kinase 
(aMPK) pathway and upregulates irS‑1, akt and Glut4 in 
l6 myotubes thereby improving insulin signaling and glucose 
uptake (13). recent advances in muscle biology, particularly 
in relation to anabolic and catabolic stimulation for molecular 
regulation of muscle mass and function, have spurred renewed 
interest in pharmacological treatments to prevent muscle 
wasting (14). The authors of the present study have previ‑
ously reported the effect of BST204 (ginseng extract) or rg3 
on muscle atrophy induced by TnF‑α, which is known to be 
secreted in the inflammatory response (15,16). However, there 
are no studies examining the effect of ginsenoside rg3 on 
corticosteroid drug‑induced myotube atrophy, to the best of 
the authors' knowledge.

The present study investigated the myogenic effect and the 
underlying molecular mechanisms of ginsenoside rg3 on dexa‑
methasone (deX)‑induced myotube atrophy. it was found that 
rg3 activated akt/mTor signaling in deX‑induced myotubes 
thereby suppressing muscle atrophy‑related signaling and 
improved peroxisome proliferator‑activated receptor γ coacti‑
vator 1‑α (PGc1‑α)‑mediated mitochondrial functions thereby 
preventing myotube atrophy. The present study demonstrated 
the effect of rg3 on myotube growth and PGc1‑α‑mediated 
mitochondrial functions in atrophic myotubes. its findings 
provided important clues to our understanding of how rg3 
protects deX‑induced myotube atrophy in molecular level, 
suggesting that rg3 might be a potential therapeutic to 
intervene muscle aging or diseases including cancer cachexia.

Materials and methods

Reagents. rg3 (purity >98.0%, aSB‑00007217‑025) was 
purchased from chromadex. Serums including Fetal bovine 
serum (FBS), horse serum (HS) and dulbecco modified 
eagle's medium (dMeM) were purchased from Thermo 
Fisher Scientific, inc. MitoTracker red cM‑H2Xros 
(cat. no. M‑7512), aTP determination kit (cat. no. a‑22066) 
and Jc‑1 (5,5,6,6‑Tetrachloro‑1,1,3,3‑tetraethylbenzimid
azolylcarbocyanine iodide; cat. no. T‑3168) were bought 
from Molecular Probes (Thermo Fisher Scientific, inc.). 
dexamethasone (deX; cat. no. d4902) and all other chemi‑
cals were from Sigma‑aldrich (Merck KGaa).

Cell culture. Myoblast C2C12 cells were cultured at 37˚C 
with 5% co2 as described previously (7). c2c12 cells were 
incubated for 48 h after thawing. during incubation, the 
cells were detached by Trypsin/edTa (cat. no. lS015‑08; 
Welgene) to avoid contact between cells. c2c12 cells were 
tested for mycoplasma by Pcr within two weeks after 
thawing. no mycoplasma contamination was detected. For the 
deX‑induced atrophy study, the differentiation of c2c12 cells 
was induced in dMeM containing 2% HS (differentiation 
medium, DM) at 37˚C with 5% CO2 for three days and the 
resultant cells were treated with 10 µM DEX at 37˚C with 
5% co2 for 1 day. Thereafter, the concentration of ginsenoside 
rg3 was indicated and the cells were incubated in dM for an 
additional day (d4) (17).

Immunoblotting analysis, immunocytochemistry and micros‑
copy. immunoblotting analysis was carried out as previously 
described (7,18). Briefly, C2C12 cells were lysed in extraction 
buffer (50 mM Tris‑Hcl, pH 7.4, 150 mM nacl, 1.2 mM Mgcl2, 
1 mM eGTa, 1% Triton X‑100, 10 mM naF and 1 mM na3Vo4) 
containing complete protease inhibitor cocktail (roche 
diagnostics) followed by a Bradford assay (cat. no. 50000006; 
Bio‑Rad Laboratories, Inc.) for protein quantification. Total 
protein (30 µg/lane) was separated via SdS‑PaGe on 6% gel 
for MHc, pan‑cadherin, p‑mTor, mTor and a 10% gel for 
the rest. Subsequently, protein was transferred onto PVdF 
membranes (cat. no. iPVH00010; MilliporeSigma). The 
membranes were blocked with 5% skim milk for 30 min at 
room temperature, followed by overnight incubation with 
primary antibodies at 4˚C. After washing three times with 
TBS with 0.1% Tween‑20 for 5 min at room temperature, the 
membranes were incubated with a HPr‑conjugated secondary 
antibodies (1:5,000; cat. nos. 7076S and 7064S; cell Signaling 
Technology, inc.) for 1 h at room temperature. Protein bands 
were visualized using an ecl Kit (cat. no. aBc‑3001; 
AbClon, Inc.) and semi‑quantified using ImageJ version 2.1.4.7 
(national institutes of Health).

in this study, the following primary antibodies were used: 
myosin heavy chain (MHc; 1:500; MF‑20; developmental 
Studies Hybridoma Bank), phosphorylated (p)‑akt (1:1,000; 
cat. no. 4060), akt (1:1,000; cat. no. 9272), p‑mTor (1:1,000; 
cat. no. 5536), mTor (1:1,000; cat. no. 2983), p‑p70S6K 
(1:1,000; cat. no. 9234), p70S6K (1:1,000; cat. no. 2708), 
PGc1‑α (1:500; cat. no. 2178), nuclear respiratory factor 1 
(nrF1; 1:1,000; cat. no. 69432), mitochondrial transcrip‑
tion factor a (Tfam; 1:1,000; cat. no. 8076) (cell Signaling 
Technology, inc.), myogenin (1:1,000; sc‑52903), α‑Tubulin 
(1:10,000; cat. no. sc‑5286, Santa cruz Biotechnology, inc.), 
MurF1 (1:500; cat. no. GTX110475, GeneTex, inc.), atrogin‑1 
(1:500; cat. no. aP2041, ecM Biosciences) and pan‑cadherin 
(1:10,000; cat. no. c3678; Sigma‑aldrich; Merck KGaa). 
Pan‑cadherin, akt, mTor, p70S6K and α‑Tubulin were 
blotted as reference proteins.

immunostaining was carried out for MHc expression as 
previously described (18). Briefly, the differentiated C2C12 
myotubes were fixed with 4% paraformaldehyde for 10 min at 
room temperature and permeabilized with 0.5% Triton‑X 100 
for 10 min at room temperature. They were then blocked with 
5% goat serum (cat. no. 16210064; Gibco; Thermo Fisher 
Scientific, Inc.) for 30 min at room temperature followed by 
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immunostaining using MHc antibodies (1:200) for 1 h at 
room temperature and alexa 568‑conjugated secondary anti‑
bodies (1:200) (Molecular Probes; Thermo Fisher Scientific, 
inc.) for 1 h at room temperature. The images were visual‑
ized by fluorescence microscopy in five random fields using 
a Zeiss microscope (magnification, x200; Axio Observer Z1; 
Zeiss aG) and the diameter of the myotubes was measured 
using imageJ (version 2.1.4.7; national institutes of Health). 
MHc‑positive myotube diameters were measured transversely 
with 15 myotubes in one well of 6 wells culture plate.

RNA extraction and reverse transcription‑quantitative (RT‑q)
PCR. Total rna was extracted from the cells as previously 
described (19). in short, total rna was extracted from cells at 
100% confluency in a 60‑mm culture plate using an easy‑spin 
Total rna extraction kit (cat. no. 17221; intron Biotechnology, 
inc.) according to the manufacturer's instructions. Purity and 
concentration of rna were measure using a spectrophotom‑
eter (epoch, BioTek instruments, inc.; agilent Technologies, 
inc.), followed by cdna synthesis using an iScript cdna 
synthesis kit (cat. no. 1708890; Bio‑rad laboratories, inc.) 
according to the manufacturer's instructions.

rT‑qPcr analysis was carried out as previously 
described according to the manufacturer's instructions (19). 
The qPcr reaction was performed using SYBr Green Pcr 
Master Mix (cat. no. 4309155; Thermo Fisher Scientific, 
inc.) and QuantStudio3 (applied Biosystems; Thermo Fisher 
Scientific, Inc.). The reaction conditions were as follows: 
Initial denaturation at 95˚C for 30 sec; followed by 95˚C for 
5 sec and 60˚C for 30 sec (40 cycles). One experiment was 
performed with three technical replicates. all the data were 
normalized to the expression of housekeeping gene, 18S ribo‑
somal rna. The livak‑Schmittgen 2‑ΔΔcq method was used 
to analyze the relative gene expression data (20). The primer 
sequences used in this study were: PGc1‑α, 5'‑aTc Tac TGc 
cTG GGG acc TT‑3', 5'‑aTG TGT cGc cTT cTT GcT cT‑3'; 
nrF1, 5'‑Gcc GTc GGa Gca cTT acT‑3', 5'‑cTG TTc caa 
TGT cac cac c‑3'; Tfam, 5'‑cac cca GaT Gca aaa cTT 
Tca G‑3', 5'‑cTG cTc TTT aTa cTT GcT cac aG‑3'; and 
18S rrna, 5'‑aGG GGa GaG cGG GTa aGa Ga‑3', 5'‑GGa 
caG Gac TaG GcG Gaa ca‑3'.

Detection of mitochondrial reactive oxygen species (ROS), 
mitochondrial membrane potential (MMP) and ATP content. 
The mitochondrial roS generation was determined using 
MitoTracker red cM‑H2Xros. c2c12 myotubes were incu‑
bated for 30 min at 37˚C using 100 nM MitoTracker Red. 
Following the incubation, the resultant cells were washed and 
lysed with 0.5% Triton X‑100. The cell lysates were centri‑
fuged at 4˚C at 1,500 x g for 10 min. The resultant supernatants 
were measured using a fluorescence spectrometer (GloMax 
discovery; Promega corporation) at an excitation wavelength 
of 515 nm and an emission wavelength of 535 nm. The 
optical density values were normalized to protein levels (21). 
Fluorescence assay was carried out using Jc‑1 to determine 
MMP. in short, c2c12 myotubes were cultured in a 96‑well 
plate under different treatment conditions, incubated for 
30 min at 37˚C using 10 µg/ml of JC‑1 and analyzed there‑
after using a fluorescence spectrometer (GloMax Discovery; 
Promega corporation). The quantitative analysis was 

conducted using the fluorescence ration (590 to 530 nm) (22). 
The aTP determination kit (Molecular Probes; Thermo Fisher 
Scientific, Inc.) was used to measure the total ATP content, as 
instructed by the manufacturer.

Peroxisome proliferator‑activated receptor‑γ coactivator1α 
(PGC1‑α) luciferase assay. PGc1‑α luciferase assay was 
carried out as previously described (23). The 5' flanking 
sequence of the mouse PGc1‑α gene was amplified by PCR 
and subcloned into the pGl3 basic reporter gene vector. in 
relation to the transcriptional start site, the plasmid containing 
the regions ranging from +78 and ‑2,533 is referred to as a 2 kb 
promoter. c2c12 cells were transfected with reverse transfec‑
tion method. in short, c2c12 were seeded in a 12‑well plate at 
a density of 1.5x105 cells per well. The cells were then trans‑
fected with 1 µg of a luciferase plasmid encoding the full 2 kb 
promoter region of PGc1‑α (pPGc1‑α‑luc; addgene, inc.) 
and 300 ng of β‑galactosidase using lipofectamine® 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.). After 24 h, cells 
were transferred into dM and maintained for 48 h to differ‑
entiate at 37˚C with 5% CO2. Thereafter, cells were harvested 
and luciferase activity was determined using luminometer with 
luciferase reporter assay System (cat. no. e1500, Promega 
corporation). The results were normalized to the co‑trans‑
fected β‑galactosidase enzyme activity measured by reaction 
with onPG (cat. no. 73660; Sigma‑aldrich; Merck KGaa), a 
substrate of β‑galactosidase. experiments were carried out in 
triplicates and repeated at least three times independently.

Statistical analysis. PGc1‑α luciferase assay and rT‑qPcr 
were performed in three technical replicates and the data was 
expressed as means ± SeM. immunoblotting and immunos‑
taining were performed in three independent experiments and 
the data was expressed as means ± Sd. one‑way anoVa 
analysis followed by Bonferroni's post hoc test was used. in 
deX‑induced atrophy experiments, the deX/rg3‑treated 
group was compared with deX‑treated group to access the 
significance of the difference. P<0.05 was considered to 
indicate a statistically significant difference.

Results and Discussion

Treatment of Rg3 with DEX suppresses muscle atrophy‑related 
signaling. Glucocorticoids facilitate protein degradation while 
inhibiting protein synthesis in skeletal muscles and function 
as an important factor for the development of muscle atrophy 
under various catabolic conditions (24). deX, a synthetic 
glucocorticoid, has been used for a simple in vitro and in vivo 
model of muscle atrophy (17,25). Therefore, whether rg3 
can protect myotubes from deX‑induced muscle atrophy 
was investigated. The differentiation of c2c12 myoblasts 
was induced to differentiate for three days and the resultant 
c2c12 myoblasts were treated with 10 µM deX with vehicle 
(dMSo) or rg3 for one day thereafter (d4). The relevant 
cells were subjected to immunoblotting analysis to discover 
muscle specific proteins (MHC and myogenin) and muscle 
specific ubiquitin ligases (atrogin‑1 and MuRF1). As shown 
in Fig. 1a and B, treatment of deX decreased the formation 
of myotubes diameters, indicating muscle atrophy. While 
treatment with rg3 increased the diameters of deX‑treated 
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myotubes in dose‑dependent manner. immunoblotting showed 
that the expression of MHc and myogenin were decreased in 
the deX‑treated cells. The treatment with rg3 reversed the 
decrease of these proteins in deX‑treated myotubes. deX 
treatment enhanced the levels of expression of atrogin‑1 and 
MurF1 in vehicle‑treated myotubes. By contrast, the treat‑
ment with rg3 reduced the expression of the same ligases 
dose‑dependently in deX‑treated myotubes, similar to those 
in control myotubes, from the concentration of 1 µM rg3 
(Fig. 1c). The molecular regulatory mechanism of rg3 in 
deX‑induced myotubes was also investigated. deX‑treated 
myotubes displayed decreased phosphorylation of akt and its 
downstream effectors, mTor and p70S6K (Fig. 1d). When 
treated with rg3, the phosphorylated levels of akt, mTor 
and p70S6K were dose‑dependently restored in deX‑treated 
myotubes, similarly to those in vehicle‑treated myotubes 

(Fig. 1D). The signal intensities were quantified and the rela‑
tive values were normalized to pan‑cadherin, akt, mTor and 
p70S6K, respectively (Fig. 1c and d). The appropriate dose was 
analyzed in Fig. 1 and a follow‑up experiment was conducted 
with a dose of 1 µM. Muscle protein breakdown is induced by 
glucocorticoid primarily due to ubiquitin‑proteasome‑depen‑
dent proteolysis (24). The signaling pathway stimulated by 
glucocorticoids involved a decrease in protein synthesis and 
an upregulation of atrogenes, partially by reducing Pi3K/akt 
signaling while increasing Foxo activity (6), indicating that 
rg3 suppresses the effect of deX in myotube atrophy by 
activating akt/mTor signaling.

Rg3 improves myotube growth through activation of Akt/mTOR 
signaling in the presence of DEX. To examine the effect of rg3 
on myotube growth in response to deX, the differentiation of 

Figure 1. rg3 treatment with deX attenuates atrophy‑related signaling in myotubes. (a) To prepare myotubes, c2c12 myoblasts were differentiated in dM 
for three days and the resultant myotubes were treated with deX with vehicle or the indicated concentration of rg3 in fresh dM for an additional day (d4). 
MHC immunostaining was carried out to analyze the myotube formation and DAPI was used to visualize nuclei. (B) Quantification of myotube diameter 
from data shown in (a). all values represent means ± Sd. control and rg3/deX‑treated group were compared with deX‑treated group, ***P<0.002; one‑way 
anoVa with post Bonferroni's multiple comparison test. (c) The resultant myotube lysates were subjected to immunoblotting analysis. The signal intensity of 
MHC, myogenin, atrogin‑1 and MuRF1 were quantified and the relative values were normalized to pan‑Cadherin. (D) Total and phosphorylated forms of Akt, 
mTOR and p70S6K from (A) were analyzed by immunoblotting. The signal intensity of p‑Akt, p‑mTOR and p‑p70S6K was quantified and the relative values 
were normalized to akt, mTor and p70S6K, respectively. rg3, ginsenoside rg3; deX, dexamethasone; dM, differentiation medium; MHc, myosin heavy 
chain; MuRF1, RING‑finger 1; p‑, phosphorylated.
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c2c12 myoblasts was induced for three days and the resultant 
c2c12 myoblasts were treated thereafter with deX together 
with or without rg3 for one day (d4). Thereafter, the resul‑
tant myotubes were subjected to immunostaining for MHc 
to retrieve myotube formation. rg3 treatment increased the 
formation of large multinucleated myotubes compared with 
vehicle treatment (Fig. 2a). as expected, myotube formation 
was blocked by deX‑treatment but rg3 treatment recov‑
ered myotube formation in deX‑treated cells leading to the 
presence of larger multinucleated myotubes. Based on the 
quantification of myotube diameters, DEX treatment led to 
decreases in myotube diameter and it was partially blocked by 
rg3, similar to the level of vehicle‑treated control (Fig. 2B). 
countermeasures developed to block or attenuate the muscle 
mass debilitating process can provide major therapeutic bene‑
fits for a variety of clinical conditions. During muscle atrophy, 
atrogin‑1 breaks down proteins that promote protein synthesis, 
while MurF1 degrades several components of the sarcomeric 
thick filaments including MHC and the cytoskeleton through 

the ubiquitylation (26,27). Thus, by blocking MurF1 activa‑
tion, akt/mTor signaling prevents the breakdown of the thick 
filament in the event of muscle atrophy (27).

replica experiments were conducted to determine the 
levels of expression of muscle‑specific proteins and E3 ubiq‑
uitin ligases. as shown in Fig. 2c and d, rg3 treatment 
increased MHc and myogenin levels, while deX treatment 
decreased these proteins. consistently with the immunoblot‑
ting data shown in Fig. 1a, the levels of expression of MHc 
and myogenin were restored as the effect of rg3 treatment 
on atrophic myotubes, similar to that on vehicle control. rg3 
treatment reduced the expression of atrogin‑1 and MurF1 
in deX‑treated myotubes, compared with the deX‑treated 
control (Fig. 2c and d). Furthermore, rg3 treatment markedly 
increased the levels of phosphorylated akt and its downstream 
substrates, mTor and p70S6K (Fig. 2e and F). The levels of 
active akt, mTor and p70S6K decreased in deX‑treated 
myotubes and rg3 treatment partially restored the levels 
of phosphorylation of the relevant proteins in deX‑treated 

Figure 2. rg3 activates akt/mTor signaling in the presence of deX thereby promoting myotube growth. (a) c2c12 myoblasts were differentiated in dM for 
three days to make myotubes and the resultant myotubes were treated with deX with vehicle or rg3 for one day (d4). MHc immunostaining was carried out to 
analyze the myotube formation. DAPI was used to visualize nuclei. (B) Quantification of average myotube diameter from data shown in (A). All values represent 
means ± Sd. rg3/deX‑treated group was compared with deX‑treated group, *P<0.033; one‑way anoVa with post Bonferroni's multiple comparison test. 
(C) C2C12 myotubes from similar experiments shown in (A) were subjected to immunoblotting analysis. (D) Quantification of blots from three independent 
experiments similarly performed as shown in (C). The signal intensity of MHC, myogenin, atrogin‑1 and MuRF1 was quantified and the relative values were 
normalized to pan‑cadherin. all values represent means ± Sd. rg3/deX‑treated group was compared with deX‑treated group, *P<0.033, ***P<0.001; one‑way 
anoVa with post Bonferroni's multiple comparison test. (e) c2c12 myotubes from similar experiments shown in (a) were subjected to immunoblotting 
analysis. (F) Quantification of blots from three experiments similarly performed as shown in (E). The signal intensity of p‑Akt, p‑mTOR and p‑p70S6K was 
quantified and the relative values were normalized to Akt, mTOR and p70S6K, respectively. All values represent means ± SD. Rg3/DEX‑treated group was 
compared with deX‑treated group, *P<0.033, **P<0.002, ***P<0.001; one‑way anoVa with post Bonferroni's multiple comparison test. rg3, ginsenoside rg3; 
DEX, dexamethasone; DM, differentiation medium; MHC, myosin heavy chain; MuRF1, RING‑finger 1; p‑, phosphorylated.
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myotubes, similarly to those in the control myotubes 
(Fig. 2e and F). Sustained protein synthesis promotes muscle 
hypertrophy, thereby overcoming muscle atrophy (28). akt is 
critical in myogenic differentiation because it induces Myod 
heterodimerization with e proteins leading to the expression 
of muscle‑specific proteins including MHC and myogenin (7). 
upregulation of akt/mTor signaling stimulates protein 
synthesis leading to muscle growth and hypertrophy and akt 
activation phosphorylates main mediators of skeletal muscle 
atrophy (including e3 ubiquitin ligases, MurF1 and atrogin‑1) 
thereby blocking the transcriptional upregulation of them, 
consequently inhibiting the nuclear translocation of the Foxo 
transcriptional factors (29). in addition, Ginsenoside rg1 has 
been reported to promote myoblast differentiation and prevent 
deX‑induced myotube atrophy though activation of akt 
signaling (30). rb1 and rb2 activates akt/mTor signaling 
and promotes the heterodimerization of Myod and e proteins, 
thereby inducing skeletal muscle hypertrophy (31). Given 

these results, it can be seen that Rg3 inhibits muscle‑specific 
e3 ubiquitin ligases mediated by activation of akt/mTor 
signaling thereby preventing myotube atrophy induced 
by deX.

Rg3 upregulates the activity and expression of PGC1‑α 
in DEX‑induced myotubes. PGc1‑α is a master regulator 
of mitochondrial biogenesis through gene expression and 
post‑translational modification (32). Whether Rg3 modulates 
the activity of PGc1‑α in deX‑treated myotubes was exam‑
ined. c2c12 myoblasts were transiently transfected with a 
PGc1‑α‑responsive luciferase reporter and, after 24 h, the 
differentiation of myoblasts was induced in the presence of 
deX with vehicle or rg3 for one day (d2) and luciferase 
assay was carried out thereafter. according to the result, 
rg3 treatment increased the PGc1‑α‑luciferase activity 
dose‑dependently (Fig. 3a). The treatment with deX mark‑
edly reduced PGc1‑α‑luciferase activity, which was partially 

Figure 3. rg3 promotes the activity of PGc1‑α in deX‑induced atrophic myotubes. (a) c2c12 myoblasts were transiently transfected with a PGc1‑α‑responsive 
luciferase reporter gene and, 24 h after transfection, cells were transferred into dM without any other substances. deX with vehicle or rg3 were treated with 
fresh dM and maintained additionally for one day. luciferase assay was carried out thereafter. experiments were conducted in three technical replications and 
data were presented as the means ± SeM. rg3/deX‑treated group was compared with deX‑treated group, *P<0.033; one‑way anoVa with post Bonferroni's 
multiple comparison test. (B) c2c12 myoblasts were differentiated in dM for three days to prepare myotubes and the resultant myotubes were treated with 
DEX with vehicle or Rg3 for one day (D4). Thereafter, immunoblotting analysis was conducted with the resultant myotubes. (C) Quantification of three 
independent experiments performed as shown in (B). The intensity of PGc1‑α, NRF1 and Tfam was quantified and the relative values were normalized to 
α‑Tubulin. data from three independent experiments were presented as the means ± 1 Sd. rg3/deX‑treated group was compared with deX‑treated group, 
*P<0.033, **P<0.002; one‑way anoVa with post Bonferroni's multiple comparison test. (d) rT‑qPcr analysis for PGc1‑α, nrF1 and Tfam in c2c12 
myoblasts from similar experiments shown in (B). all values from control sample were set to 1.0. experiments were performed in three technical replications 
and data presented as the means ± SeM. rg3/deX‑treated group was compared with deX‑treated group, *P<0.033, **P<0.002; one‑way anoVa with post 
Bonferroni's multiple comparison test. rg3, ginsenoside rg3; PGc1‑α, peroxisome proliferator‑activated receptor γ coactivator 1‑α; deX, dexamethasone; 
nrF1, nuclear respiratory factor 1; Tfam, mitochondrial transcription factor a.
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restored by rg3 treatment (Fig. 3a). To further investigate, the 
differentiation of c2c12 myoblasts was induced for three days 
in dM followed by the treatment with deX with vehicle or 
rg3 for additional one day (d4). Thereafter, the resultant cell 
lysates were subjected to immunoblotting for the expression 
of PGc1‑α, nrF1 and Tfam. The deX treatment reduced 
the level of PGc1‑α, nrF1 and Tfam proteins, while rg3 
treatment partially restored the expression of these proteins 
in deX‑treated myotubes (Fig. 3B and c). consistently with 
the results of immunoblotting results, the results of rT‑qPcr 
analysis showed that rg3 partially restored the transcrip‑
tion of PGc1‑α, nrF1 and Tfam in deX‑treated myotubes 
(Fig. 3d). in catabolic states, the loss of PGc1‑α activates 
Foxo transcriptional factors to stimulate the atrophy process 
thereby promoting protein degradation (33). The overexpres‑
sion of PGc1‑α in muscle atrophy models has been reported 
to suppress FoxO3 and muscle‑specific E3 ligases including 
MurF1 and atrogin‑1 thereby preventing muscle wasting and 
activate akt/mTor signaling thereby ameliorating cancer 

cachexia (33,34). Furthermore, the overexpression of PGc1‑α 
in mouse skeletal muscles increases mitochondrial content 
and functions (35). Given these results, rg3 upregulates the 
expression and activity of PGc1‑α in deX‑treated myotubes, 
indicating that PGc1‑α is a target of rg3 leading to enhanced 
mitochondrial function.

Rg3 improves mitochondrial functions in DEX‑induced 
myotubes. Mitochondrial dysfunction accompanied by genera‑
tion of excessive reactive oxygen species leads to the elevation 
of oxidative stress associated with impaired skeletal muscle 
functions and the acceleration of the loss of muscle mass in a 
number of diseases including sarcopenia and cachexia (32). To 
examine the effect of rg3 on mitochondrial roS production in 
myotubes, the differentiation of c2c12 myoblasts was induced 
in dM for three days and the resultant myotubes were treated 
with deX together with vehicle or rg3 for one day (d4) 
and subjected to mitochondrial roS production analysis. as 
shown in Fig. 4A, mitochondrial ROS production significantly 

Figure 4. rg3 suppresses the production of mitochondrial roS induced by deX. c2c12 myotubes were treated with deX with vehicle or rg3 for addi‑
tional one day (d4). (a) Mitochondrial roS production analysis. Fluorescence intensity is given as arbitrary units and values presented as means ± Sd 
(n=5). rg3/deX‑treated group was compared with deX‑treated group, **P<0.002; one‑way anoVa with post Bonferroni's multiple comparison test. 
(B) Mitochondrial membrane potential analysis. Fluorescence ratio (590 to 530 nm) was used for quantitative analysis. Values presented are as means ± Sd 
(n=4). rg3/deX‑treated group was compared with deX‑treated group, **P<0.002; one‑way anoVa with post Bonferroni's multiple comparison test. 
(c) The determination of aTP content. The total aTP content was measured using aTP determination kit. Values presented are as means ± Sd (n=4). 
rg3/deX‑treated group was compared with deX‑treated group, *P<0.033; one‑way anoVa with post Bonferroni's multiple comparison test. (d) Model of the 
effect and molecular mechanisms of ginsenoside rg3 on deX‑induced myotube atrophy. rg3 protects deX‑induced myotube atrophy through the activation 
of Akt/mTOR signaling and suppresses muscle‑specific ubiquitin ligases. In addition, Rg3 efficiently prevents DEX‑triggered mitochondrial dysfunction of 
myotubes through PGc1‑α activities and its mitochondrial biogenetic transcription factors, nrF1 and Tfam. rg3, ginsenoside rg3; roS, reactive oxygen 
species; deX, dexamethasone; PGc1‑α, peroxisome proliferator‑activated receptor γ coactivator 1‑α; nrF1, nuclear respiratory factor 1; Tfam, mitochondrial 
transcription factor a.
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increased following the exposure of deX in c2c12 myotubes, 
while being significantly inhibited by Rg3 treatment.

decreased MMP reduces the capacity of mitochondrial 
aTP synthesis to meet cellular energy demands (36). Treatment 
with deX reduces the MMP that was partially rescued by rg3 
treatment (Fig. 4B). in consistent with the result of MMP, deX 
treatment led to lower aTP contents, compared with that of 
the control (Fig. 4c). However, rg3 treatment restored aTP 
contents in deX‑treated myotubes, similarly to those in control 
myotubes (Fig. 4c). MMP is an index of the ability for aTP 
synthesis. Given these results, rg3 protects myotubes from 
oxidative damage and mitochondrial dysfunction induced by 
deX.

In conclusion, according to the findings of the present study, 
rg3 activated akt/mTor signaling to prevent the atrophy of 
deX‑treated myotubes thereby suppressing the expression of 
muscle‑specific E3 ubiquitin ligases, MuRF1 and atrogin‑1 
and protein degradation. Furthermore, rg3 enhanced PGc1‑α 
activities and its mitochondrial biogenetic transcription factors, 
NRF1 and Tfam thereby efficiently improved mitochondrial 
dysfunction triggered by deX. Therefore, rg3 is a potential 
therapeutic or nutraceutical remedy that protect muscles from 
muscle weakness and atrophy associated with chronic diseases 
and cancer.
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