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Abstract: Red ginseng has been reported to elicit various therapeutic effects relevant to cancer,
diabetes, neurodegenerative diseases, and inflammatory diseases. However, the effect of red ginseng
on exercise endurance and skeletal muscle function remains unclear. Herein, we sought to investigate
whether red ginseng could affect exercise endurance and examined its molecular mechanism. Mice
were fed with red ginseng extract (RG) and undertook swimming exercises to determine the time
to exhaustion. Animals fed with RG had significantly longer swimming endurance. RG treatment
was also observed to enhance ATP production levels in myoblasts. RG increased mRNA expressions
of mitochondrial biogenesis regulators, NRF-1, TFAM, and PGC-1α, which was accompanied by an
elevation in mitochondrial DNA, suggesting an enhancement in mitochondrial energy-generating
capacity. Importantly, RG treatment induced phosphorylation of p38 and AMPK and upregulated
PGC1α expression in both myoblasts and in vivo muscle tissue. In addition, RG treatment also
stimulated C2C12 myogenic differentiation. Our findings show that red ginseng improves exercise
endurance, suggesting that it may have applications in supporting skeletal muscle function and
exercise performance.
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1. Introduction

The maintenance of skeletal muscle function is an important factor in controlling the quality of
life. Conversely, reductions in muscle function can contribute to adverse health outcomes including
disability, frailty, fatigue, insulin resistance, and mortality [1–5]. Therefore, the prevention of muscle
loss and enhancing muscle function is of significant relevance not only for athletes but also for
individuals seeking to maintain a healthy body. Muscle loss can occur for a variety of causes,
including acute or chronic diseases, age-related molecular changes, malnutrition, or inactivity [6].
Although physical exercise and balanced nutrition is the gold standard for maintaining skeletal muscle
health, recent muscle function and strength [7]. Hence, the development of novel agents that can
promote muscle mass/function could provide additional strategies to support muscle health.
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Skeletal muscle function is tightly controlled by a complex interplay of signaling pathways.
Peroxisome proliferator-activated receptor gamma co-activator 1α (PGC-1α) is a master transcription
coactivator that regulates mitochondrial energy metabolism and muscle function, and its expression
is reduced with aging and increased by exercise training [8–10]. PGC-1α is responsible for the
changes seen after endurance training, such as mitochondrial biogenesis, oxidative muscle fiber
formation, and angiogenesis, which contribute to an overall increase in exercise capacity [11,12].
PGC-1α overexpression in muscle cells increases mitochondrial DNA copy number and respiratory
capacity [9], while skeletal muscle-specific PGC-1α knockout has been reported to reduce oxidative
muscle fibers and mitochondrial respiration [9].

AMP-activated protein kinase (AMPK) is another central regulator of skeletal muscle metabolism
and function [13]. AMPK is similarly phosphorylated and activated by exercise training in both humans
and rodents [9]. AMPK is required for mitochondrial biogenesis in skeletal muscle and regulates
exercise capacity [14,15]. Deficiencies in AMPK result in reduced running capacity in mice, while the
treatment of the AMPK activator AICAR promotes exercise endurance and mitochondrial activity by
increasing muscle fiber regeneration [16].

Ginseng (Panax ginseng Meyer, Araliaceae) is a medicinal herb that has been shown to exhibit
various bioactive properties [17,18]. Red ginseng (RG) is generated by repeating multiple cycles of
steaming and drying raw ginseng. Evidence suggests that there are numerous superior bioactivities
present in RG compared to white ginseng [19,20]. The various health-promoting effects of RG have
been reported to include alleviation of fatigue, protection from muscle damage after strenuous exercise,
and improvements in energy metabolism [21–24]. Red ginseng has been reported to show an increase
in multiple types of ginsenosides compared to white ginseng, including Rg3, Rk1, Rf, and Rg5 [25,26].
Rg3 was previously reported to display anti-fatigue effects [27]. Rg1, Rb1, and Rb2 were reported
to promote myobloast differentiation [28,29]. However, the precise mechanisms of RG on exercise
endurance and muscle function are not fully understood. Also, since many people consume red
ginseng extract rather than individual ginsenosides, the effect of mixtures of ginsenosides in the form
of ginseng extract can be of key interest for the public. In the current study, we sought to investigate
the effect of red ginseng on muscle function and tested its impact on exercise capacity in vivo.

2. Results

2.1. Administration of RG Improves Swimming Performance in Mice

We employed the exhaustive swimming test model to evaluate exercise performance in mice [30].
The concentration of RG for the animal experiment was chosen based on previous reports [31–33].
The animals were fed with 100 mg/kg of RG for 28 days and assessed for swimming endurance. RG
supplementation increased swimming time by approximately 30% compared to the vehicle-treated
control group (24.92 ± 1.61 min and 32.36 ± 1.97 min, respectively, Figure 1a). There were no noticeable
changes in body weight or food intake level associated with RG supplementation (Figure 1B,C).
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Figure 1. Effects of red ginseng (RG) on exhaustive swimming time. Mice were fed with vehicle or 
100 mg/kg RG for 28 days, and (A) exhaustive swimming test was performed. Exhaustive 
swimming time was recorded as the time when each mouse was unable to return to the surface to 
breathe within 7 seconds. (B) Bodyweight and (C) food intake were measured. Data were expressed 
as mean ± S.E. (n = 8). * p < 0.05 versus vehicle group. 

2.2. RG Increases ATP Production Levels in C2C12 Myoblasts 

More frequent muscle contractions require a higher ATP supply compared to the resting state, 
and an increase in ATP production can help improve exercise performance. To examine the effect of 
RG on ATP production, we measured ATP levels after treating C2C12 myoblasts with RG. RG 
treatment elicited a dose-dependent increase in ATP levels in myoblasts (Figure 2).  

 
Figure 2. Effects of RG on ATP levels in C2C12 myoblasts. C2C12 cells were induced to differentiate 
for 2 days, and then cells were treated with 100 or 250 μg/mL of RG for 24 h. ATP levels were 
measured by ATP determination kit. Bars with different letters mean significant differences from 
each other (* p < 0.05). 

Figure 1. Effects of red ginseng (RG) on exhaustive swimming time. Mice were fed with vehicle or
100 mg/kg RG for 28 days, and (A) exhaustive swimming test was performed. Exhaustive swimming
time was recorded as the time when each mouse was unable to return to the surface to breathe within
7 s. (B) Bodyweight and (C) food intake were measured. Data were expressed as mean ± S.E. (n = 8).
* p < 0.05 versus vehicle group.

2.2. RG Increases ATP Production Levels in C2C12 Myoblasts

More frequent muscle contractions require a higher ATP supply compared to the resting state,
and an increase in ATP production can help improve exercise performance. To examine the effect of RG
on ATP production, we measured ATP levels after treating C2C12 myoblasts with RG. RG treatment
elicited a dose-dependent increase in ATP levels in myoblasts (Figure 2).
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Figure 2. Effects of RG on ATP levels in C2C12 myoblasts. C2C12 cells were induced to differentiate for
2 days, and then cells were treated with 100 or 250 µg/mL of RG for 24 h. ATP levels were measured by
ATP determination kit. Bars with different letters mean significant differences from each other (p < 0.05).
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2.3. RG Promotes Mitochondrial Biogenesis in C2C12 Myoblasts

Mitochondrial biogenesis can contribute to increased oxidative phosphorylation capacity,
which, in turn, can lead to a rise in ATP production levels. Mitochondrial transcription factor
A (TFAM) promotes the transcription and replication of mitochondrial DNA, playing an essential
role in mitochondrial biogenesis [34]. Nuclear respiratory factor-1 (NRF-1) is a transcription factor
that contributes to the upregulation of several key mitochondrial proteins, including TFAM [34].
We observed that the treatment of C2C12 myoblasts with RG increased TFAM and NRF-1 gene
expression levels (Figure 3A,B). PGC-1α functions as a central regulator of mitochondria function and
promotes mitochondrial biogenesis by regulating various transcription factors, including NRF-1 [9].
PGC-1αmRNA levels were upregulated in a dose-dependent manner by RG treatment (Figure 3C).
To further confirm the effect of RG on mitochondrial biogenesis, we assessed mtDNA copy contents.
Mitochondrial DNA content was significantly amplified after RG treatment (Figure 3D).
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2.4. RG Upregulates p38, AMPK, and PGC-1α 

To investigate the molecular mechanism responsible for the RG-dependent improvement in 
muscle function and mitochondrial biogenesis, we examined the effect of RG on p38, AMPK, and 
PGC1α signaling. The presence of RG elevated the phosphorylation levels of p38 and AMPK in 
differentiated C2C12 myoblasts (Figure 4). In addition, PGC-1α protein expression significantly 
increased after RG treatment (Figure 4). 

Figure 3. Effects of RG on mitochondrial biogenesis. Cells were induced to differentiate for 2 days,
and then cells were treated with 100 or 250 µg/mL of RG for 48 h. (A–C) Relative mRNA expressions of
nuclear respiratory factor 1 (NRF-1), mitochondrial transcription factor A (TFAM), and PPAR gamma
coactivator 1-alpha (PGC-1α) were detected using real-time PCR analysis. The expression levels were
normalized to that of GAPDH. (D) Mitochondrial DNA (mtDNA) copy number was measured. Data are
expressed as mean ± S.D. Bars with different letters mean significant differences from each other (p < 0.05).

2.4. RG Upregulates p38, AMPK, and PGC-1α

To investigate the molecular mechanism responsible for the RG-dependent improvement in muscle
function and mitochondrial biogenesis, we examined the effect of RG on p38, AMPK, and PGC1α
signaling. The presence of RG elevated the phosphorylation levels of p38 and AMPK in differentiated
C2C12 myoblasts (Figure 4). In addition, PGC-1α protein expression significantly increased after RG
treatment (Figure 4).
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To further assess the involvement of p38 and AMPK in RG-mediated ATP production, we 
co-treated SB202190 or dorsomorphin (i.e., compound C) with RG. SB202190 and dorsomorphin 
function as p38 and AMPK inhibitors, respectively. RG-mediated increases in ATP production were 
negated by SB202190 and dorsomorphin in C2C12 myoblasts (Figure 5). These data demonstrated 
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2.5. RG Promotes Myogenic Differentiation 

Increases in muscle cell growth and differentiation is known as key contributing factors that can 
improve physical performance [35,36], and we next examined whether RG treatment had any effect 
on myogenesis. RG treatment promoted myogenic differentiation and increased the fusion index 
(the number of nuclei inside MHC-positive myotubes divided by total number of nuclei; Figure 6A, 
B). We also observed that RG could upregulate the expression of MHC and myogenin (Figure 6C). 
RG did not cause any noticeable effect on the cell viability of differentiated C2C12 myoblasts (Figure 
6D). 

Figure 4. Effects of RG on phosphorylation levels of p38, AMP-activated protein kinase (AMPK) and
PGC-1α in C2C12 myotubes. Cells were induced to differentiate for 2 days, and then cells were treated
with 100 and 250 µg/mL of RG for 48 h. Cell lysates were immunoblotted with antibodies against
phosphorylated-p38 MAPK (p-p38), phosphorylated AMPK (p-AMPK), total p38, AMPK, PGC-1α and
actin as a loading control.

To further assess the involvement of p38 and AMPK in RG-mediated ATP production, we co-treated
SB202190 or dorsomorphin (i.e., compound C) with RG. SB202190 and dorsomorphin function as
p38 and AMPK inhibitors, respectively. RG-mediated increases in ATP production were negated
by SB202190 and dorsomorphin in C2C12 myoblasts (Figure 5). These data demonstrated that RG
enhances ATP production through the AMPK and p38 signaling pathway.
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Figure 5. Effects of p38 and AMPK inhibition on RG-induced ATP levels in C2C12 myotubes. After
differentiation, cells were treated with SB202190 (p38 inhibitor) or Compound C (AMPK inhibitor) for
30 min, prior to treatment with RG. Then, ATP levels were evaluated. Data are expressed as mean ±
S.D. Bars with different letters mean significant differences from each other (p < 0.05).

2.5. RG Promotes Myogenic Differentiation

Increases in muscle cell growth and differentiation is known as key contributing factors that can
improve physical performance [35,36], and we next examined whether RG treatment had any effect on
myogenesis. RG treatment promoted myogenic differentiation and increased the fusion index (the
number of nuclei inside MHC-positive myotubes divided by total number of nuclei; Figure 6A,B).
We also observed that RG could upregulate the expression of MHC and myogenin (Figure 6C). RG did
not cause any noticeable effect on the cell viability of differentiated C2C12 myoblasts (Figure 6D).
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chromatograms of RG are shown in Figure 8A. The ginsenoside composition of RG included Rg1 

Figure 6. Effects of RG on myogenic differentiation. Cells were induced to differentiate for 2 days,
and then cells were treated with the indicated dose of RG for 48 h. (A) To evaluate myotube formation,
cells were stained for myosin heavy chain (MHC) (red). Nuclei were stained with DAPI (blue).
(B) Fusion index was determined (number of nuclei within MHC-stained myotubes/total nuclei)
(C) Protein extracts were analyzed for the levels of MHC, myogenin, and beta-actin using immunoblot
analysis. (D) Cell viability was measured by MTS assay. Bars with different letters mean significant
differences from each other (p < 0.05).

2.6. RG Administration Activates p38, AMPK, and PGC-1α Signaling In Vivo

Since RG upregulated p38 and AMPK phosphorylation and PGC-1α expression in C2C12 myoblasts,
we examined whether these signaling events could be recapitulated in vivo. RG supplementation
increased the phosphorylation of p38 and AMPK as well as PGC-1α expression in mouse muscle tissue
(tibialis anterior) (Figure 7).
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Figure 7. Effects of RG on protein expression in the muscles of mice fed a vehicle or RG. Mice were fed
with vehicle or 100 mg/kg RG for 28 days. Muscle tissue (tibialis anterior) lysates were immunoblotted
with antibodies against phosphorylated-p38 MAPK (p-p38), phosphorylated AMPK (p-AMPK),
total p38, AMPK, PGC-1α, and actin as a loading control.

2.7. Analysis of Ginsenoside Profiles for RG

We analyzed the profiles of various ginsenosides (17 species) in RG using UPLC. The UPLC
chromatograms of RG are shown in Figure 8A. The ginsenoside composition of RG included Rg1 1.09,
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Re 1.58, Rf 1.04, Rh1(S) 0.1, Rg2(S) 0.14, Rg2 (R) 0.13, Rb1 2.06, Rc 0.74, Rb2 0.64, Rb3 0.15, Rd 0.12,
Rk3 0.04, Rh4 0.15, Rg3(S) 0.08, Rg3 (R) 0.07, Rk1 0.31, and Rg5 0.85 mg/g, respectively (Figure 8B).
The chemical structures of ginsenosides are shown in Supplementary Figure S1.
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Figure 8. Ultra-performance liquid chromatography (UPLC) analysis of ginsenosides in RG. (A) The
chromatograms of the standard mixture and RG. Peaks: 1; Rg1, 2; Re, 3 Rf, 4; Rh1, 5; Rg2(S), 6; Rg2(R), 7;
Rb1, 8; Rc, 9; Rb2, 10; Rb3, 11; Rd, 12; Rk3, 13; Rh4, 14; Rg3(S), 15; Rg3(R), 16; Rk1, 17; Rg5. (B) Contents
of 14 ginsenosides in red ginseng (mg/g). Characterization and quantification ginsenosides in RG were
conducted using ginsenoside standards.

3. Discussion

While there have been studies demonstrating the effect of RG on the protection and recovery of
muscle tissue after exercise, as well as the alleviation of fatigue, the direct impact on exercise performance
and myoblast differentiation remains poorly understood. In the present study, we observed that RG
supplementation increased the duration of swimming time for the animals tested. The improvement
in exercise performance appears to be attributed to the stimulation of mitochondrial biogenesis in
myoblasts, leading to a higher ATP-generating capacity.

Several signaling pathways are known to activate PGC-1α. p38 mitogen activated protein kinase
(p38 MAPK) stabilizes and activates PGC-1α protein [10,37], while p38 MAPK also increases PGC-1α
transcription by phosphorylating activating transcription factor 2 (ATF2), a transcription factor of
PGC-1α [38]. AMPK activation by AICAR increases PGC-1α mRNA expression and AMPK also
activates PGC-1α through direct phosphorylation of PGC-1α [39,40]. In the present study, we found
that RG increased PGC-1α mRNA and protein expression, as well as the phosphorylation of AMPK
and p38 MAPK, suggesting that RG regulates PGC-1α by phosphorylating p38 MAPK and AMPK.

PGC-1α is a master regulator of mitochondrial biogenesis, which occurs via nuclear respiratory
factor (NRF1) and mitochondrial transcription factor A (TFAM), downstream transcription factors
of PGC-1α. PGC-1α regulates mitochondrial DNA transcription by activating NRF1 and NRF2,
which promotes the expression of TFAM [34,41]. NRF-1 and NRF-2 promote the transcription of
key mitochondrial enzymes while TFAM increases the transcription and replication of mitochondrial
DNA [26]. In previous studies, increased PGC-1α and mitochondrial biosynthesis have been reported to
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induce muscle differentiation [42,43]. Our results suggest that RG-stimulated mitochondrial biogenesis
may lead to an induction of ATP production.

Additionally, an increase in myogenesis can lead to improved exercise performance [36].
RG treatment was shown to promote myogenic differentiation in our study. To our knowledge,
this is the first study to investigate the effects of RG on myoblast differentiation in C2C12 cells.

Ginseng is mainly composed of ginsenosides, polysaccharides, phenols, and polyacetylene [44].
Among them, ginsenosides are considered to be the major ingredients responsible for the bioactivity
of ginseng. Red ginseng is produced by conducting several rounds of steaming and drying white
ginseng. Red ginseng contains elevated levels of a variety of characteristic ginsenosides, including
(20S- and 20R-) Rg3, Rh1, Rk1, and Rg5, compared to white ginseng [45,46]. According to previous
studies, 20(S)-ginsenoside Rg3, Rg1, and Ro improved fatigue-associated factors in vivo [27,47].
In addition, Rg1 and Rb2 were reported to induce myoblast differentiation through Akt and p38
signaling [28,29]. Rg1, Rb1, and Rg3 have been linked with an improvement in mitochondrial
function [48,49]. While it is not easy to find a clear structure–activity relationship of ginsenosides
against muscle function, interestingly Rb1 and Rg3, which are both from the protopanaxadiol group of
ginsenosides (Supplementary Figure S1), displayed beneficial effects toward muscle function [50,51].
These observations suggest that specific ginsenosides of red ginseng can contribute to the improvement
in exercise endurance and muscle function.

We found that the administration of RG improves exercise performance by upregulating the
PGC-1α-NRF1-TFAM pathway, which contributes to the production of ATP and stimulates myoblast
differentiation. Collectively, our findings suggest that red ginseng extract may have utility as a
functional food ingredient that promotes exercise endurance.

4. Materials and Methods

4.1. Reagents

MTS reagent, SB202190, and compound C were purchased from Sigma-Aldrich (St Louis, MO,
USA). Antibodies against myosin heavy chain (MHC), Akt, p38 MAPK, and myogenin were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against phospho-Akt, phospho-p38
MAPK, and phosphor-AMPK were obtained from Cell Signaling (Beverly, MA, USA). PGC-1α antibody
was purchased from Abcam (Cambridge, MA, USA).

4.2. Preparation of Red Ginseng Extracts

Red ginseng powder (Korean ginseng, Panax ginseng Meyer, Araliaceae, Cat. 1997046707571) was
provided by Kuan Industrial Co., Ltd. (Republic of Korea). For water extraction, red ginseng powder
(10 g) was subjected to extraction twice at 80 ◦C for 2 h with the 50 times the volume of distilled water
using reflux condenser. After extraction, the slurry was filtered with filter paper (Whatman, Maidstone,
England) and vacuum-concentrated using a rotary evaporator. Subsequently, the solid residue was
dissolved in distilled water and freeze-dried for use in the experiments. The extraction yield of the RG
was approximately 54.8% ± 0.9%.

4.3. Animals and Treatment

ICR mice (5 weeks old, n = 16) were purchased from Doo-Yeol Biotech (Seoul, Republic of Korea),
and maintained under standard environmental conditions (constant temperature with 12 h light and
12 h dark cycle) with free access to food (1314 FORTI diet (22.5% Crude protein, Altromin Spezialfutter
GmbH, Germany) and water. After 1 week of adaptation, the animals were randomly assigned to
two groups (eight mice/groups) for oral gavage treatment with water (control) or 100 mg/kg RG
once daily for 28 days. Food intake and body weight were measured weekly. All experiments were
performed according to procedures approved by the Institutional Animal Care and Use Committee
(WJIACUC20190202-1-08).



Molecules 2020, 25, 865 9 of 13

4.4. Exhaustive Swimming Exercise Performance Test

After three weeks of feeding, the animals were encouraged to swim for 30 to 60 min to adapt to the
swimming environment. One week later, the mice were placed in a swimming pool (height: 290 mm,
diameter: 250 mm) with water maintained at 25 ± 2 ◦C. The animals were made to swim with a load
attached to the tail base equal to 5% of their body weight. Exhaustive swimming time was recorded as
the time when each mouse was unable to return to the surface to breathe within 7 s. The time taken
until this point was defined as the exercise endurance value.

4.5. Cell Culture

Murine C2C12 myoblasts were purchased from the American Type Culture Collection (Mannassas,
VA, USA) and maintained at 37 ◦C in a humidified atmosphere under 5% CO2. Cells were cultured in
high-glucose Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies, Carlsbad, CA, USA)
with 10% fetal bovine serum (FBS, GIBCO, Grand Island, NY, USA) and antibiotics (Life Technologies,
Carlsbad, CA, USA). Muscle differentiation was induced with differentiation medium containing 2%
horse serum (GIBCO, Grand Island, NY, USA). After 2 days, the differentiated C2C12 cells (D2) were
further treated with RG (100, 250 µg/mL) for an additional 2 days, before the samples were collected.

4.6. Measurement of Adenosine Triphosphate Levels

ATP levels were determined using an ATP fluorometric assay kit (Abcam, Cambridge, MA, USA)
according to the manufacturer’s instructions. In brief, the cells were washed after treatment with cold
phosphate buffered saline (PBS) and resuspended in 100 µL of ATP assay buffer. The resuspension
solution was centrifuged for 5 min at 13,000 g (4 °C), and 50 µL of the supernatant was collected and
loaded into each well of a 96-well black plate, manufactured by SPL Life Sciences (Pocheon, Republic
of Korea). A total of 50 µL of an ATP reaction mix was prepared for each reaction and added to each of
the sample wells. The 96-well plate was then shaken and incubated at room temperature for 30 min
while protected from light. Fluorescence was measured on a microplate reader at Ex/Em = 535/587 nm.

4.7. Quantitative Real-Time PCR and Analyses of mtDNA Content

Total RNA and DNA was extracted from isolated C2C12 cells using easy blue reagent and
a DNeasy Kit (QIAGEN Sciences, Germantown, MD, USA), respectively. Quantitative real-time
PCR was performed with SYBR green Master Mix (Toyobo, Osaka, Japan). The primer sequences
were as follows: nuclear respiratory factor 1 (NRF-1) (F: 5′-CCATCTATCCGAAAGAGACAGC-3’,
R:5’-GGGTGAGATGCAGAGTACAATC-3′), mitochondrial transcription factor A (tFAM)
(F: 5’-GGAATGTGGAGCGTGCTAAAA-3′, R: 5’-GCTGGAAAAACACTTCGGAATA-3’), PGC-1α
(F: 5’-TATGGAGTGACATAGAGT GTGCT-3’, R: 5’-CCACTTCAATCCACCCAGAAAG-3’), and
GAPDH (F: 5’-CATGGCCTTCCGTGTTCCTAC-3, R: 5-TCAGTGGGCCCTCAGATGC-’3). Real time
PCR was used to detect mtDNA copy number. The sequences are as follows: mitochondrial
DNA (mtDNA) (F: 5′-CGTTAGGTCAAGGTGTAGCC -3′, R: 5′-CCAGA CACACTTTCCAGTATG-3′),
and Actin (F: 5′-GATTACTGCTCTGGCTCCTAGC -3′, R: 5’-GATTACTGCTCTGGCTCCTAGC-3′).
Gene expression was evaluated using the ∆∆CT method, with GAPDH or actin as a house keeping gene.

4.8. Immunoblotting

Cells were lysed in a cell lysis buffer (Cell Signaling) containing a protease inhibitor and PMSF.
Protein concentrations were determined using BCA assay reagent (Thermo). Equal amounts of protein
were subjected to SDS-polyacrylamide gel electrophoresis (PAGE) and transferred onto nitrocellulose
membranes (Bio-Rad, Hercules, CA, USA). After blocking with 5% skim milk for 1 h, the membranes
were probed with the following specific antibodies: anti-MHC, anti-myogenin, and anti-β actin.
Membranes were then incubated with HRP-conjugated secondary antibodies. Protein bands were
detected with a chemiluminescence detection kit (GE Healthcare, Pittsburgh, PA, USA).
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4.9. Immunofluorescence

Cells were grown on coverslips and fixed with 4% paraformaldehyde for 15 min at room
temperature. The cells were then permeabilized with 0.05% Triton X-100 for 10 min and incubated
with an MHC antibody overnight at 4 ◦C, followed by Alexa 48-conjugated anti-mouse IgG (Thermo
Fisher Scientific). The cells were then counterstained with DAPI (4′,6-diamidino-2-phenylindole).
The expression of MHC was observed using fluorescence microscope (Olympus, Japan). Fusion index
was measured using NIH image J software (Bethesda, MD, USA).

4.10. Cell Viability

Cell viability was measured under the same conditions used for myoblast differentiation in the
MTS assay. Cells were incubated with MTS solution for 30 min, and optical density was determined at
450 nm (Infinite M200, Tecan Trading AG, Mannedorf, Switzerland).

4.11. UPLC Analysis

For UPLC analysis, ginsenoside standards and samples were dissolved in 80% methanol and
sonicated for 30 min in RT. Then, supernatant solutions were filtered using a 0.2 µm syringe filter (PVDF,
Whatman International Ltd., Maidstone, England) and injected directly into the UPLC system (Hitachi).
The chromatographic separation was accomplished on a ACQUITY BEH C18 column (100 × 2.1 mm,
1.7µm; waters). The binary gradient elution system consists of water (A) and acetonitrile (B). The elution
gradient was as follows: 0–0.5 min (15% B), 14.5 min (30% B), 15.5 min (32% B), 18.5 min (38% B),
22.0 min (41% B), 25 min (55% B), 29 min (55% B), 33 min (70% B), 35 min (90% B), 37 min (90% B),
38 min (15 %), 41 min (15% B). The flow rate was set at 0.6 mL/min and the sample injection volume
was 6 µL. For the determination of various ginsenoside contents from RG, the standard stock solution
was analyzed together with the samples, and analyzed concentrations in the samples were estimated
by peak areas. All samples were analyzed in triplicate.

4.12. Statistical Analysis

Data are expressed as the means ± S.D. (in vitro) or means ± S.E. (in vivo). Statistical significance
was determined using student’s t-test and one-way analysis of variance (ANOVA), followed by
post-hoc Duncan test (SPSS software ver. 20, Chicago, IL, USA). Values of p < 0.05 were considered
statistically significant.

Supplementary Materials: The following are available online, Figure S1: Structure of ginsenosides.

Author Contributions: Conceptualization, S.B., E.J.S.; investigation, S.J., S.C., E.J.S., C.-W.C., W.-C.L., H.-D.H.,
T.-G.L., M.J.; writing S.B., Y.J.J., E.J.S.; supervision T.-G.L.; S.B.; project administration, H.-D.H., Y.R., S.B.; funding
acquisition, Y.R., S.B. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Main Research Program (E0170700-03) of the Korea Research Food
Institute (KFRI) funded by the Ministry of Science, ICT. This work was also supported by Incheon National
University (20170114) funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xue, Q.-L.; Walston, J.D.; Fried, L.P.; Beamer, B.A. Prediction of Risk of Falling, Physical Disability, and
Frailty by Rate of Decline in Grip Strength: The Women’s Health and Aging Study. Arch. Intern. Med. 2011,
171, 1119. [CrossRef] [PubMed]

2. Marsh, A.P.; Rejeski, W.J.; Espeland, M.A.; Miller, M.E.; Church, T.S.; Fielding, R.A.; Gill, T.M.; Guralnik, J.M.;
Newman, A.B.; Pahor, M. Muscle Strength and BMI as Predictors of Major Mobility Disability in the Lifestyle
Interventions and Independence for Elders Pilot (LIFE-P). J. Gerontol. Ser. A Boil. Sci. Med. Sci. 2011, 66,
1376–1383. [CrossRef] [PubMed]

http://dx.doi.org/10.1001/archinternmed.2011.252
http://www.ncbi.nlm.nih.gov/pubmed/21709116
http://dx.doi.org/10.1093/gerona/glr158
http://www.ncbi.nlm.nih.gov/pubmed/21975090


Molecules 2020, 25, 865 11 of 13

3. Peng, P.; Hyder, O.; Firoozmand, A.; Kneuertz, P.; Schulick, R.D.; Huang, D.; Makary, M.; Hirose, K.; Edil, B.;
Choti, M.A.; et al. Impact of sarcopenia on outcomes following resection of pancreatic adenocarcinoma.
J. Gastrointest. Surg. 2012, 16, 1478–1486. [CrossRef] [PubMed]

4. Newman, A.B.; Kupelian, V.; Visser, M.; Simonsick, E.M.; Goodpaster, B.H.; Kritchevsky, S.B.; Tylavsky, F.A.;
Rubin, S.M.; Harris, T.B. Strength, but not muscle mass, is associated with mortality in the health, aging and
body composition study cohort. J. Gerontol. Ser. A Boil. Sci. Med. Sci. 2006, 61, 72–77. [CrossRef] [PubMed]

5. Landi, F.; Liperoti, R.; Russo, A.; Giovannini, S.; Tosato, M.; Capoluongo, E.; Bernabei, R.; Onder, G.
Sarcopenia as a risk factor for falls in elderly individuals: Results from the ilSIRENTE study. Clin. Nutr.
2012, 31, 652–658. [CrossRef] [PubMed]

6. Walston, J.D. Sarcopenia in older adults. Curr. Opin. Rheumatol. 2012, 24, 623–627. [CrossRef]
7. Deane, C.S.; Wilkinson, D.J.; Phillips, B.E.; Smith, K.; Etheridge, T.; Atherton, P.J. “Nutraceuticals” in relation

to human skeletal muscle and exercise. Am. J. Physiol. Endocrinol. Metab. 2017, 312, E282–E299. [CrossRef]
8. Kang, C.H.; Chung, E.; Diffee, G.; Ji, L.L. Exercise training attenuates aging-associated mitochondrial

dysfunction in rat skeletal muscle: Role of PGC-1 alpha. Exp. Gerontol. 2013, 48, 1343–1350. [CrossRef]
9. Egan, B.; Zierath, J.R. Exercise Metabolism and the Molecular Regulation of Skeletal Muscle Adaptation.

Cell Metab. 2013, 17, 162–184. [CrossRef]
10. Kang, C.H.; Ji, L.L. Role of PGC-1 alpha signaling in skeletal muscle health and disease. Ann. N. Y. Acad. Sci.

2012, 1271, 110–117. [CrossRef]
11. Ruas, J.L.; White, J.P.; Rao, R.R.; Kleiner, S.; Brannan, K.T.; Harrison, B.C.; Greene, N.P.; Wu, J.; Estall, J.L.;

Irving, B.A.; et al. PGC-1 alpha Isoform Induced by Resistance Training Regulates Skeletal Muscle
Hypertrophy. Cell 2012, 151, 1319–1331. [CrossRef] [PubMed]

12. Tadaishi, M.; Miura, S.; Kai, Y.; Kano, Y.; Oishi, Y.; Ezaki, O. Skeletal Muscle-Specific Expression of PGC-1
alpha-b, an Exercise-Responsive Isoform, Increases Exercise Capacity and Peak Oxygen Uptake. PLoS ONE
2011, 6, e28290. [CrossRef] [PubMed]

13. Jørgensen, S.B.; Richter, E.A.; Wojtaszewski, J.F.P. Role of AMPK in skeletal muscle metabolic regulation and
adaptation in relation to exercise. J. Physiol. 2006, 574, 17–31. [CrossRef] [PubMed]

14. Zong, H.; Ren, J.M.; Young, L.H.; Pypaert, M.; Mu, J.; Birnbaum, M.J.; Shulman, G.I. AMP kinase is required
for mitochondrial biogenesis in skeletal muscle in response to chronic energy deprivation. Proc. Natl. Acad.
Sci. USA 2002, 99, 15983–15987. [CrossRef]

15. Kjøbsted, R.; Hingst, J.R.; Fentz, J.; Foretz, M.; Sanz, M.-N.; Pehmøller, C.; Shum, M.; Marette, A.; Mounier, R.;
Treebak, J.T.; et al. AMPK in skeletal muscle function and metabolism. FASEB J. 2018, 32, 1741–1777.
[CrossRef] [PubMed]

16. Peralta, S.; Garcia, S.; Yin, H.Y.; Arguello, T.; Diaz, F.; Moraes, C.T. Sustained AMPK activation improves
muscle function in a mitochondrial myopathy mouse model by promoting muscle fiber regeneration.
Hum. Mol. Genet. 2016, 25, 3178–3191. [CrossRef] [PubMed]

17. Kim, J.-H. Pharmacological and medical applications of Panax ginseng and ginsenosides: A review for use
in cardiovascular diseases. J. Ginseng Res. 2018, 42, 264–269. [CrossRef]

18. Choi, J.; Kim, T.H.; Choi, T.Y.; Lee, M.S. Ginseng for Health Care: A Systematic Review of Randomized
Controlled Trials in Korean Literature. PLoS ONE 2013, 8, e59978. [CrossRef]

19. Kim, W.Y.; Kim, J.M.; Han, S.B.; Lee, S.K.; Kim, N.D.; Park, M.K.; Kim, C.K.; Park, J.H. Steaming of ginseng at
high temperature enhances biological activity. J. Nat. Prod. 2000, 63, 1702–1704. [CrossRef]

20. Lee, S.-A.; Jo, H.-K.; Im, B.-O.; Kim, S.-U.; Whang, W.-K.; Ko, S.-K. Changes in the Contents of Prosapogenin
in the Red Ginseng (Panax ginseng) Depending on Steaming Batches. J. Ginseng Res. 2012, 36, 102–106.
[CrossRef]

21. Toft, A.D.; Jensen, L.B.; Bruunsgaard, H.; Ibfelt, T.; Halkjær-Kristensen, J.; Febbraio, M.; Pedersen, B.K.
Cytokine response to eccentric exercise in young and elderly humans. Am. J. Physiol. Physiol. 2002, 283,
C289–C295. [CrossRef] [PubMed]

22. Voces, J.; De Oliveira, A.C.; Prieto, J.; Vila, L.; Perez, A.; Duarte, I.; Alvarez, A. Ginseng administration
protects skeletal muscle from oxidative stress induced by acute exercise in rats. Braz. J. Med. Boil. Res. 2004,
37, 1863–1871. [CrossRef] [PubMed]

23. Li, X.-T.; Chen, R.; Jin, L.-M.; Chen, H.-Y. Regulation on Energy Metabolism and Protection on Mitochondria
of Panax Ginseng Polysaccharide. Am. J. Chin. Med. 2009, 37, 1139–1152. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s11605-012-1923-5
http://www.ncbi.nlm.nih.gov/pubmed/22692586
http://dx.doi.org/10.1093/gerona/61.1.72
http://www.ncbi.nlm.nih.gov/pubmed/16456196
http://dx.doi.org/10.1016/j.clnu.2012.02.007
http://www.ncbi.nlm.nih.gov/pubmed/22414775
http://dx.doi.org/10.1097/BOR.0b013e328358d59b
http://dx.doi.org/10.1152/ajpendo.00230.2016
http://dx.doi.org/10.1016/j.exger.2013.08.004
http://dx.doi.org/10.1016/j.cmet.2012.12.012
http://dx.doi.org/10.1111/j.1749-6632.2012.06738.x
http://dx.doi.org/10.1016/j.cell.2012.10.050
http://www.ncbi.nlm.nih.gov/pubmed/23217713
http://dx.doi.org/10.1371/journal.pone.0028290
http://www.ncbi.nlm.nih.gov/pubmed/22174785
http://dx.doi.org/10.1113/jphysiol.2006.109942
http://www.ncbi.nlm.nih.gov/pubmed/16690705
http://dx.doi.org/10.1073/pnas.252625599
http://dx.doi.org/10.1096/fj.201700442R
http://www.ncbi.nlm.nih.gov/pubmed/29242278
http://dx.doi.org/10.1093/hmg/ddw167
http://www.ncbi.nlm.nih.gov/pubmed/27288451
http://dx.doi.org/10.1016/j.jgr.2017.10.004
http://dx.doi.org/10.1371/journal.pone.0059978
http://dx.doi.org/10.1021/np990152b
http://dx.doi.org/10.5142/jgr.2012.36.1.102
http://dx.doi.org/10.1152/ajpcell.00583.2001
http://www.ncbi.nlm.nih.gov/pubmed/12055098
http://dx.doi.org/10.1590/S0100-879X2004001200012
http://www.ncbi.nlm.nih.gov/pubmed/15558193
http://dx.doi.org/10.1142/S0192415X09007454
http://www.ncbi.nlm.nih.gov/pubmed/19938222


Molecules 2020, 25, 865 12 of 13

24. Babiker, L.B.; Gadkariem, E.A.; Alashban, R.M.; Aljohar, H.I. Investigation of Stability of Korean Ginseng in
Herbal Drug Product. Am. J. Appl. Sci. 2014, 11, 160–170. [CrossRef]

25. Shin, M.-S.; Song, J.H.; Choi, P.; Lee, J.H.; Kim, S.-Y.; Shin, K.S.; Ham, J.; Kang, K.S. Stimulation of Innate
Immune Function by Panax ginseng after Heat Processing. J. Agric. Food Chem. 2018, 66, 4652–4659.
[CrossRef]

26. Lee, S.M.; Kim, S.C.; Oh, J.; Kim, J.H.; Na, M. 20(R)-Ginsenoside Rf: A new ginsenoside from red ginseng
extract. Phytochem. Lett. 2013, 6, 620–624. [CrossRef]

27. Li, S.; Chan, Z. Evaluation of Antifatigue Effects of 20(S)-Ginsenoside Rg3 in Forced Swimming Mice. Indian J.
Pharm. Sci. 2018, 80, 510–515. [CrossRef]

28. Go, G.-Y.; Lee, S.-J.; Jo, A.; Lee, J.; Seo, N.-W.; Kang, J.-S.; Kim, S.-K.; Kim, S.-N.; Kim, Y.K.; Bae, G.-U.
Ginsenoside Rg1 from Panax ginseng enhances myoblast differentiation and myotube growth. J. Ginseng Res.
2017, 41, 608–614. [CrossRef]

29. Go, G.-Y.; Jo, A.; Seo, N.-W.; Kim, W.-Y.; Kim, Y.K.; So, E.-Y.; Chen, Q.; Kang, J.-S.; Bae, G.-U.; Lee, S.-J.
Ginsenoside Rb1 and Rb2 upregulate Akt/mTOR signaling–mediated muscular hypertrophy and myoblast
differentiation. J. Ginseng Res. 2019. [CrossRef]

30. Jiang, R.; Wang, M.; Shi, L.; Zhou, J.; Ma, R.; Feng, K.; Chen, X.; Xu, X.; Li, X.; Li, T.; et al. Panax ginseng
Total Protein Facilitates Recovery from Dexamethasone-Induced Muscle Atrophy through the Activation of
Glucose Consumption in C2C12 Myotubes. BioMed Res. Int. 2019, 2019, 3719643. [CrossRef]

31. Boonlert, W.; Benya-Aphikul, H.; Welbat, J.U.; Rodsiri, R. Ginseng Extract G115 Attenuates Ethanol-Induced
Depression in Mice by Increasing Brain BDNF Levels. Nutrients 2017, 9, 931. [CrossRef] [PubMed]

32. Seo, E.-Y.; Kim, W.-K. Red Ginseng Extract Reduced Metastasis of Colon Cancer Cells In Vitro and In Vivo.
J. Ginseng Res. 2011, 35, 315–324. [CrossRef] [PubMed]

33. Gonzales, E.L.T.; Jang, J.-H.; Mabunga, D.F.N.; Kim, J.-W.; Ko, M.J.; Cho, K.S.; Bahn, G.H.; Hong, M.; Ryu, J.H.;
Kim, H.J.; et al. Supplementation of Korean Red Ginseng improves behavior deviations in animal models of
autism. Food Nutr. Res. 2016, 60, 29245. [CrossRef] [PubMed]

34. Huang, W.-C.; Hsu, Y.-J.; Wei, L.; Chen, Y.-J.; Huang, C.-C. Association of physical performance and
biochemical profile of mice with intrinsic endurance swimming. Int. J. Med. Sci. 2016, 13, 892–901. [CrossRef]

35. Flynn, J.M.; Meadows, E.; Fiorotto, M.; Klein, W.H. Myogenin Regulates Exercise Capacity and Skeletal
Muscle Metabolism in the Adult Mouse. PLoS ONE 2010, 5, e13535. [CrossRef]

36. Beaudart, C.; Rolland, Y.; Cruz-Jentoft, A.J.; Bauer, J.M.; Sieber, C.; Cooper, C.; Al-Daghri, N.; De Carvalho, I.A.;
Bautmans, I.; Bernabei, R.; et al. Assessment of Muscle Function and Physical Performance in Daily Clinical
Practice: A position paper endorsed by the European Society for Clinical and Economic Aspects of
Osteoporosis, Osteoarthritis and Musculoskeletal Diseases (ESCEO). Calcif. Tissue Int. 2019, 105, 1–14.
[CrossRef]

37. Puigserver, P.; Rhee, J.; Lin, J.D.; Wu, Z.D.; Yoon, J.C.; Zhang, C.Y.; Krauss, S.; Mootha, V.K.; Lowell, B.B.;
Spiegelman, B.M. Cytokine stimulation of energy expenditure through p38 MAP kinase activation of PPAR
gamma coactivator-1. Mol. Cell 2001, 8, 971–982. [CrossRef]

38. Jung, S.; Kim, K. Exercise-induced PGC-1alpha transcriptional factors in skeletal muscle. Integr. Med. Res.
2014, 3, 155–160. [CrossRef]

39. Suwa, M.; Nakano, H.; Kumagai, S. Effects of chronic AICAR treatment on fiber composition, enzyme activity,
UCP3, and PGC-1 in rat muscles. J. Appl. Physiol. 2003, 95, 960–968. [CrossRef]

40. Jager, S.; Handschin, C.; Pierre, J.; Spiegelman, B.M. AMP-activated protein kinase (AMPK) action in skeletal
muscle via direct phosphorylation of PGC-1 alpha. Proc. Natl. Acad. Sci. USA 2007, 104, 12017–12022.
[CrossRef]

41. Taherzadeh-Fard, E.; Saft, C.; Akkad, D.; Wieczorek, S.; Haghikia, A.; Chan, A.; Epplen, J.T.; Arning, L.
PGC-1alpha downstream transcription factors NRF-1 and TFAM are genetic modifiers of Huntington disease.
Mol. Neurodegener. 2011, 6, 32. [CrossRef]

42. Wagatsuma, A.; Sakuma, K. Mitochondria as a Potential Regulator of Myogenesis. Sci. World J. 2013, 2013,
1–9. [CrossRef]

43. Lin, Y.; Zhao, Y.; Li, R.; Gong, J.; Zheng, Y.; Wang, Y. PGC-1α is associated with C2C12 Myoblast differentiation.
Open Life Sci. 2014, 9, 1030–1036. [CrossRef]

44. Attele, A.S.; A Wu, J.; Yuan, C.S. Ginseng pharmacology: Multiple constituents and multiple actions.
Biochem. Pharmacol. 1999, 58, 1685–1693. [CrossRef]

http://dx.doi.org/10.3844/ajassp.2014.160.170
http://dx.doi.org/10.1021/acs.jafc.8b00152
http://dx.doi.org/10.1016/j.phytol.2013.08.002
http://dx.doi.org/10.4172/pharmaceutical-sciences.1000385
http://dx.doi.org/10.1016/j.jgr.2017.05.006
http://dx.doi.org/10.1016/j.jgr.2019.01.007
http://dx.doi.org/10.1155/2019/3719643
http://dx.doi.org/10.3390/nu9090931
http://www.ncbi.nlm.nih.gov/pubmed/28837087
http://dx.doi.org/10.5142/jgr.2011.35.3.315
http://www.ncbi.nlm.nih.gov/pubmed/23717075
http://dx.doi.org/10.3402/fnr.v60.29245
http://www.ncbi.nlm.nih.gov/pubmed/26837496
http://dx.doi.org/10.7150/ijms.16421
http://dx.doi.org/10.1371/journal.pone.0013535
http://dx.doi.org/10.1007/s00223-019-00545-w
http://dx.doi.org/10.1016/S1097-2765(01)00390-2
http://dx.doi.org/10.1016/j.imr.2014.09.004
http://dx.doi.org/10.1152/japplphysiol.00349.2003
http://dx.doi.org/10.1073/pnas.0705070104
http://dx.doi.org/10.1186/1750-1326-6-32
http://dx.doi.org/10.1155/2013/593267
http://dx.doi.org/10.2478/s11535-014-0341-y
http://dx.doi.org/10.1016/S0006-2952(99)00212-9


Molecules 2020, 25, 865 13 of 13

45. Gui, Y.; Ryu, G.H. Effects of extrusion cooking on physicochemical properties of white and red ginseng
(powder). J. Ginseng Res. 2014, 38, 146–153. [CrossRef]

46. Zhang, H.-M.; Li, S.-L.; Zhang, H.; Wang, Y.; Zhao, Z.-L.; Chen, S.-L.; Xu, H.-X. Holistic quality evaluation of
commercial white and red ginseng using a UPLC-QTOF-MS/MS-based metabolomics approach. J. Pharm.
Biomed. Anal. 2012, 62, 258–273. [CrossRef]

47. Ma, G.-D.; Chiu, C.-H.; Hsu, Y.-J.; Hou, C.-W.; Chen, Y.-M.; Huang, C.-C. Changbai Mountain Ginseng (Panax
ginseng C.A. Mey) Extract Supplementation Improves Exercise Performance and Energy Utilization and
Decreases Fatigue-Associated Parameters in Mice. Molecules 2017, 22, 237. [CrossRef]

48. Li, L.; Pan, C.-S.; Yan, L.; Cui, Y.-C.; Liu, Y.-Y.; Mu, H.-N.; He, K.; Hu, B.-H.; Chang, X.; Sun, K.; et al.
Ginsenoside Rg1 Ameliorates Rat Myocardial Ischemia-Reperfusion Injury by Modulating Energy Metabolism
Pathways. Front. Physiol. 2018, 9, 78. [CrossRef]

49. Xu, M.; Ma, Q.; Fan, C.; Chen, X.; Zhang, H.; Tang, M. Ginsenosides Rb1 and Rg1 protect primary cultured
astrocytes against oxygen-glucose deprivation/reoxygenation-induced injury via improving mtochondrial
fnction. Int. J. Mol. Sci. 2019, 20, 6086. [CrossRef]

50. Tan, S.-J.; Li, N.; Zhou, F.; Dong, Q.-T.; Zhang, X.-D.; Chen, B.-C.; Yu, Z. Ginsenoside Rb1 improves energy
metabolism in the skeletal muscle of an animal model of postoperative fatigue syndrome. J. Surg. Res. 2014,
191, 344–349. [CrossRef]

51. Yang, Q.-Y.; Lai, X.-D.; Ouyang, J.; Yang, J.-D. Effects of Ginsenoside Rg3 on fatigue resistance and SIRT1 in
aged rats. Toxicology 2018, 409, 144–151. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are not available.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jgr.2013.12.002
http://dx.doi.org/10.1016/j.jpba.2012.01.010
http://dx.doi.org/10.3390/molecules22020237
http://dx.doi.org/10.3389/fphys.2018.00078
http://dx.doi.org/10.3390/ijms20236086
http://dx.doi.org/10.1016/j.jss.2014.04.042
http://dx.doi.org/10.1016/j.tox.2018.08.010
http://www.ncbi.nlm.nih.gov/pubmed/30144466
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Administration of RG Improves Swimming Performance in Mice 
	RG Increases ATP Production Levels in C2C12 Myoblasts 
	RG Promotes Mitochondrial Biogenesis in C2C12 Myoblasts 
	RG Upregulates p38, AMPK, and PGC-1 
	RG Promotes Myogenic Differentiation 
	RG Administration Activates p38, AMPK, and PGC-1 Signaling In Vivo 
	Analysis of Ginsenoside Profiles for RG 

	Discussion 
	Materials and Methods 
	Reagents 
	Preparation of Red Ginseng Extracts 
	Animals and Treatment 
	Exhaustive Swimming Exercise Performance Test 
	Cell Culture 
	Measurement of Adenosine Triphosphate Levels 
	Quantitative Real-Time PCR and Analyses of mtDNA Content 
	Immunoblotting 
	Immunofluorescence 
	Cell Viability 
	UPLC Analysis 
	Statistical Analysis 

	References

