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Background: The ginsenoside Rg1 has been shown to exert various pharmacological activities with
health benefits. Previously, we have reported that Rg1 promoted myogenic differentiation and myotube
growth in C2C12 myoblasts. In this study, the in vivo effect of Rg1 on fiber-type composition and
oxidative metabolism in skeletal muscle was examined.
Methods: To examine the effect of Rg1 on skeletal muscle, 3-month-old mice were treated with Rg1 for
5 weeks. To assess muscle strength, grip strength tests were performed, and the lower hind limb muscles
were harvested, followed by various detailed analysis, such as histological staining, immunoblotting,
immunostaining, and real-time quantitative reverse transcription polymerase chain reaction. In addition,
to verify the in vivo data, primary myoblasts isolated frommice were treated with Rg1, and the Rg1 effect
on myotube growth was examined by immunoblotting and immunostaining analysis.
Results: Rg1 treatment increased the expression of myosin heavy chain isoforms characteristic for both
oxidative and glycolytic muscle fibers; increased myofiber sizes were accompanied by enhanced muscle
strength. Rg1 treatment also enhanced oxidative muscle metabolismwith elevated oxidative phosphoryla-
tion proteins. Furthermore, Rg1-treated muscles exhibited increased levels of anabolic S6 kinase signaling.
Conclusion: Rg1 improves muscle functionality via enhancing muscle gene expression and oxidative
muscle metabolism in mice.
� 2018 The Korean Society of Ginseng, Published by Elsevier Korea LLC. 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 comprises approximately 40e50% of body
weight, and the maintenance of skeletal muscle function and mass
appears to be critical for metabolic homeostasis and healthy life [1].
Owing to the rapid aging of the world’s population, the prevention
of age-related muscle weakness and loss, termed sarcopenia, has
become an important issue for public health and reducing socio-
economic burden. During this process, a decline in muscle
mass accompanies the loss of muscle strength, oxidative muscle
metabolism, and metabolic capacity [2e4]. In addition to normal
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aging, various chronic diseases, including metabolic syndrome,
inflammation, cardiovascular diseases, and cancers, have been
linked with muscle atrophy and weakness which further
exacerbate life quality and span [5]. To treat muscle atrophy,
various preventive strategies, such as exercise and nutritional fac-
tors, have been investigated [6]. For the improvement of muscle
mass and strength, exercise and nutritional supplements have been
widely examined. Exercise has been shown to induce the activated
protein kinase(AMPK)/PPARg coactivator-1a (AMPK/PGC1a)
signaling pathway, thereby enhancing mitochondrial biogenesis
and oxidative muscle metabolism to improve energy efficiency and
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skeletal muscle strength [7e9]. The control of muscle mass involves
a balancing act between protein synthesis via the mammalian
target of rapamycin (mTOR)/p70 ribosomal protein S6 kinase
(S6K)emediated anabolic pathway and the protein degradation
pathway via atrogin-1/muscle ring finger protein 1 E3 ubiquitin
ligases [10,11]. Although physical exercise appears to be the best
strategy to prevent muscle weakness, the effect of compounds or
chemicals induced by exercise on skeletal muscle has been the
focus. GW501516 and an analog of adenosine monophosphate
(AMP) that is capable of stimulating AMP-dependent protein kinase
(AMPK) activity, and GW501516 (AICAR) have been shown to
enhance mitochondrial oxidative phosphorylation (OXPHOS) and
muscle strength [12,13]. In a recent study, we reported that the
major compound ginsenoside Rg1 promoted myoblast differentia-
tion through the promyogenic p38 mitogen-activated protein ki-
nase (p38MAPK)/Protein Kinase B (AKT) signaling and myotube
hypertrophy through AKT/mTOR signaling [11]. Furthermore, the
level of atrogin-1 and muscle ring finger protein 1 has been shown
to decrease by Rg1 treatment [11]. Other studies have shown that
Rg1 pretreatment prevented exhaustive exercise-induced oxidative
damage in rat skeletal muscle [13e16]. In this study, we examined
the effect of Rg1 on skeletal muscle fiber-type composition and
muscle strength. We demonstrated that Rg1 treatment increased
muscle mass and strength with the elevated expression of both
oxidative and glycolytic fiberespecific myosin heavy chain types.
Furthermore, Rg1 treatment upregulated the expression of
OXPHOS proteins and oxidative muscle metabolism. Consistent
with this muscle mass increase, Rg1-treated muscles and primary
myoblasts exhibited increased levels of anabolic S6K signaling.
2. Materials and methods

2.1. Animal experiments

The animal experiments were approved by the Institutional
Animal Care and Research Advisory Committee at Sungkyunkwan
Table 1
List of primers used for qRT-PCR

Primers Gene accession no

L32 NM_172086.2

GLUT4 NM_001359114.1

HK2 (hexokinase 2) NM_013820.3

MTCO1 NC_005089.1

COX2 NC_005089.1

SDHB NM_001355515.1

MB (myoglobin) NM_001164047.1

PK (pyruvate kinase) NM_001253883.1

PFK (phosphofructokinase) NM_001163487.1

MHCI NM_080728.2

MHCIIA NM_001039545.2

MHCIIB NM_010855.3

MHCIIX NM_030679.2

COX2, cyclooxygenase 2; GLUT4, glucose transporter type 4; MHC, myosin heavy chain
quantitative reverse transcription polymerase chain reaction; SDH, succinate dehydroge
University School of Medicine Laboratory Animal Research Center.
Eight-week-old male C57BL/6J mice purchased from Orient Bio
(catalog # 000664) were maintained at ambient temperature
(22�C � 1�C) with a 12-h lightedark cycle and free access to water
and food. For the Rg1 diet experiments, Rg1 (purity > 98%) was
providedbyAmbo Institute,Korea, and3-month-oldmicewere feda
standard diet and given control or 0.4 mg/mL Rg1-containing water
in volumetric bottles. The glucose levels were measured in blood
from the tail by using blood glucose monitors (LifeScan Canada,
Burnaby, B.C., Canada) after fasting for 16 hours with free access to
water. Forelimb grip strength was assessed by using a grip strength
meter (Panlab-Bioseb, Vitrolles, France). All grip strength readings
(measured in g) were normalized to the animal’s body weight.
2.2. Histology

For histochemical examination, freshly dissected muscles were
frozen in liquid nitrogenecooled isopentane. Transverse cry-
osections of skeletal muscles were obtained using a cryostat
microtome (Leica, Wetzlar, Germany) and sliced into 7-mmethick
sections. The cryosections were processed for staining withMayer’s
hematoxylin eosin (Sigma-Aldrich, St. Louis, MO). The nicotinamide
adenine dinucleotide dehydrogenase (NADH) activity was evalu-
ated through incubation for 30 minutes at 37�C with 0.9 mMNADH
and 1.5 mM nitro blue tetrazolium (Sigma-Aldrich) in 3.5 mM
phosphate buffer (pH 7.4). Succinate dehydrogenase (SDH) activity
was assessed through incubation for 30 minutes with 50 mM so-
dium succinate and 0.3 mM nitro blue tetrazolium in 114 mM
phosphate buffer containing K-EGTA (Sigma-Aldrich). For immu-
nostaining, the muscle sections were fixed, permeabilized, and
processed for incubation with primary antibodies against MHCIIA,
MHCIIB, MHCIIX, (Developmental Studies Hybridoma Bank, Iowa,
IA), and laminin (Abcam, Cambridge, England). After primary
staining at 4�C overnight, the sections were incubated with sec-
ondary antibodies conjugated to Alexa Fluor 568 or Alexa Fluor 488
(Thermo Fisher Scientific, Waltham, MA). Images were captured by
Sequence (50e30)

F GGCCTCTGGTGAAGCCCAAGATCG
R CCTCTGGGTTTCCGCCAGTTTCGC
F TTCCTTCTATTTGCCGTCCTC
R TGGCCCTAAGTATTCAAGTTCTG
F GCTGGAGGTTAAGAGAAGGATG
R TGGAGTGGCACACACATAAG
F CTACTATTCGGAGCCTGAGC
R GCATGGGCAGTTACGATAAC
F ACGAAATCAACAACCCCGTA
R GGCAGAACGACTCGGTTATC
F ACCCCTTCTCTGTCTACCG
R AATGCTCGCTTCTCCTTGTAG
F CACCATGGGGCTCAGTGATG
R CTCAGCCCTGGAAGCCTAGC
F CATGCAGCACCTGATAGC
R AGCTGCTGCTAAACACTTAT
F ACCAGAGGACGTTTGTGTTAG
R GGCGGACACTCAGGAATAAA
F CCATCTCTGACAACGCCTATC
R GGATGACCCTCTTAGTGTTGAC
F GGCTTCAGGATTTGGTGGATAA
R GGATCTTGCGGAACTTGGATAG
F GATTGACGTGGAGAGGTCTAAC
R CCTGAGTTTCCTCGTACTTCTG
F TTCATTAGTTTCCCAGCTCTCC
R AGGCACTCTTGGCCTTTATC

; MT-CO1, Mitochondrially Encoded Cytochrome C Oxidase I; qRT-PCR, real-time
nase; SDHB, SDH complex iron sulfur subunit B.
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using a Nikon ECLIPS TE-2000U and NIS-Elements F software
(Nikon, Tokyo, Japan). The myofibers were traced, and their area
was measured by using NIS-Elements F software (Nikon).

2.3. RNA and protein analysis

Real-time polymerase chain reaction (PCR) analysis was per-
formed as described previously [17]. Briefly, total RNA was extracted
from the powdered muscles by using easy-BLUE reagent (iNtRON
Biotechnology, Seoul, South Korea) in accordance with the manufac-
turer’s instructions and then reverse transcribed into cDNA by using
PrimeScript 1st strand cDNA Synthesis Kit (Takara, Japan). Real-time
PCR was performed by using SYBR Premix Ex Taq (Takara). The data
Fig. 1. Rg1 enhances muscle size and function. (A) Body weights of 3-month-old control-fed
(C) Fasting blood glucose levels over 16 h. (D) Heart weights from control- and Rg1-treated
control- and Rg1-treated mice. (F) Weights of four muscle types from control- and Rg1-fed
Representative images of hematoxylin eosinestained tibialis anterior (TA) muscle from cont
(CSA) from the muscles of control- or Rg1-fed mice (n ¼ 4). The data represent the mean �
mice for 3 weeks (n ¼ 10). The data represent the mean � SD. **p < 0.01. ns, not significan
EDL, extensor digitorum longus; GAS, gastrocnemius; SD, standard deviation; SEM, standar
were normalized to the expression of ribosomal gene L32. The primer
sequences are shown in Table 1. Western blots were performed as
described previously [17,18]. The total proteins were extracted from
gastrocnemius (GAS) muscle by using Radioimmunoprecipitation
assay (RIPA) lysis buffer (iNtRON) supplemented with a protease in-
hibitor tablet cocktail (Roche Diagnostics, Basel, Switzerland), sepa-
rated using Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), and incubated with primary and sec-
ondary antibodies. The primary antibodies used were Total OXPHOS
(Thermo Fisher), phosphorylated glycogen synthase (p-GS), GS, p-
S6K, S6K, p-S6, S6, phosphorylated 4E binding protein 1 (p-4EBP1),
4EBP1, heat shockprotein90 (Cell Signaling Technology, Beverly,MA),
and b-tubulin (Zymed Laboratories Inc, South San Francisco, CA).
and Rg1-fed mice for 4 weeks. (B) Daily water intake from control- and Rg1-fed mice.
mice. (E) Liver, white adipose tissue (WAT), and brown adipose tissue (BAT) mass of
mice. The data represent the mean � SD. *p < 0.05. ns, not significant. (n ¼ 4e5). (G)
rol- and Rg1-treated mice. Scale bar ¼ 50 mm. (H) Quantification of cross-sectional area
SEM. *p < 0.05, **p < 0.01. (I) Measurement of grip strength in control- or Rg1-treated
t.
d error of mean; SOL, soleus.
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2.4. Primary myoblast culture

Primary myoblasts were isolated from the hind limbs of 3e
week-old mice, as described previously [19]. Briefly, the cells were
cultured in F10medium supplementedwith 20% fetal bovine serum
and 2.5 ng/mL basic fibroblast growth factor (Invitrogen, Carlsbad,
CA). To induce differentiation, the cells were kept without the
addition of fresh medium, then immunostained with myosin heavy
chain (MF20, Developmental Studies Hybridoma Bank), and
immunoblotted with antibodies as indicated.
2.5. Statistical analysis

The experiments were analyzed independently 3e4 times. The
data are expressed as the mean � standard deviation or� standard
error of mean, as indicated in the figure legends. The differences
were considered statistically significant for p values of < 0.05
(*p < 0.05, **p < 0.01, ***p < 0.001).
Fig. 2. Rg1 increases all muscle fiber types. (A) Real-time quantitative reverse transcription
Rg1-fed gastrocnemius (GAS) muscles (n ¼ 4). The data represent the mean � SEM. *p< 0.05
(HSP90) in control- and Rg1-treated GAS muscles. (C) The intensity of fast MHC was normali
set to 1.0. The data represent the mean � SD. (D) Immunostaining for MHC type IIA, IIB, a
Quantification of the cross-sectional area of MHC type IIA-, IIB-, and IIX-positive myofibers
CSA, cross-sectional area; SD, standard deviation; SEM, standard error of mean.
3. Results and discussion

3.1. Rg1 enhances muscle size and function

To examine the effect of Rg1 on skeletal muscle, we first
assessed the body weight, hind limb muscle size, and the mass of
various organs from 3-month-old mice treated with control or Rg1
for 4 weeks. The body weight and weight of examined organs,
excluding heart, did not differ between control- and Rg1-treated
mice (Fig. 1A, D, E). The heart weight was slightly but signifi-
cantly reduced by Rg1 treatment; this effect was consistent with
that reported in previously published studies that showed the
protective effect of Rg1 on cardiac hypertrophy induced by pressure
overload [20,21]. In addition, the fasting blood glucose level was
not significantly altered (Fig. 1C). The measurement of individual
muscle mass revealed that the wet mass of all four examined
muscles, the extensor digitorum longus, soleus, tibialis anterior
(TA), or GAS, was slightly, but not significantly, increased (Fig. 1F).
PCR (qRT-PCR) analysis of different myosin heavy chain (MHC) types from control- and
, **p< 0.01. (B) Western blot analysis for fast MHC expression and heat shock protein 90
zed to heat shock protein 90 (HSP90) as shown in panel B. The value of the control was
nd IIX in control- or Rg1-treated tibialis anterior (TA) muscles. Scale bar ¼ 50 mm. (E)
(n ¼ 3e4). The data represent the mean � SEM. *p < 0.05, **p < 0.01.
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However, the close histological examination of TA muscles showed
larger myofibers, which likely contributed to a mild increase in
muscle weight (Fig. 1G and H). Rg1-treated mice exhibited signifi-
cantly elevated grip strength, as assessed by the grip test, compared
with the control-treated mice (Fig. 1I). These results suggested that
Rg1 treatment increased myofiber size and elevated muscle
strength. These results agreed with the data as previously reported
that Rg1 elicited myoblast differentiation and myotube hypertro-
phy in cultured C2C12 myoblasts [14].
3.2. Rg1 enhanced the expression of both glycolytic and oxidative
muscle fiber markers

Skeletal muscles constitute different muscle fiber types that
differ in their contractile and metabolic properties, as well as their
mitochondrial content [22,23]. Based on the contractile property,
myofibers are divided into slow twitch (type I) and fast twitch (type
IIA, IIX, and IIB) fibers. The type I and IIA fibers use oxidative
metabolism to obtain energy, whereas type IIB and IIX fibers
generate Adenosine triphosphate (ATP) mainly through glycolysis
[24]. Here, we examined the fiber-type composition in control- and
Rg1-treated muscles. Rg1-treated GAS muscles showed signifi-
cantly elevated levels of myosin heavy chain specific for type 1 fi-
bers (MHCI), MHCIIB, and MHCIIX, which suggested that Rg1
promoted the expression of both oxidative and glycolytic myofiber
genes (Fig. 2A). Consistently, the immunostaining of TA muscles for
MHCIIA, IIB, and IIX revealed enlarged fibers in Rg1-treated mus-
cles, and the measurement of individual fiber areas showed a shift
Fig. 3. Rg1 promotes the metabolic function of mitochondria in skeletal muscle. (A) Su
tetrazolium (NADH-TR) enzymatic activity in control- and Rg1-treated tibialis anterior (TA) m
staining grades (n ¼ 3). The data represent mean � SEM. *p < 0.05, **p < 0.01, ***p < 0.001. (
Rg1-treated gastrocnemius (GAS) muscles. (D) The intensity of respiratory chain compone
(n ¼ 4). The data represent the mean � SD. **p < 0.01. (E, F) Real-time quantitative reverse
and Rg1-treated gastrocnemius (GAS) muscles (n ¼ 4). The data represent thee mean � SE
COX2, cyclooxygenase 2; GLUT4, glucose transporter type 4; HK, hexokinase; MB, myoglobin
standard deviation; SDH, succinate dehydrogenase; SDHB, SDH complex iron sulfur subuni
to larger myofibers in Rg1-treated TA muscles (Fig. 2D and E). In
addition, the immunoblot analysis of Rg1-treated GAS muscles
confirmed the increased expression levels of the fast fiberespecific
myosin heavy chain protein compared with those of the control
muscles (Fig. 2B and C). These data suggested that Rg1 enhanced
both oxidative and glycolytic muscle fibers, likely contributing to
increased muscle mass and strength.
3.3. Rg1 augments oxidative muscle metabolism

Diverse stimuli, including exercise, have been shown to elevate
the mitochondrial oxidative metabolic capacity of skeletal muscle,
thereby enhancing muscle strength and preventing muscle atrophy
[25]. To examine themitochondrial activity, TAmuscle sectionswere
subjected to histological staining for the activities of two mitochon-
drial enzymes, NADH tetrazolium (NADH-TR) and SDH. The number
of NADH-TR and SDH-positive fibers with stronger signal intensities
was increased in Rg1 TA muscles relative to that in the control
muscles (Fig. 3A and B). Then, we analyzed five proteins involved in
mitochondrial OXPHOS, includingNADHdehydrogenase (OXPHOS I),
succinate dehydrogenase (OXPHOS II), ubiquinone cytochrome c
oxidoreductase (OXPHOS III), cytochrome c, cytochrome oxidase
(OXPHOS IV), and ATP synthase (OXPHOS V). In support of the his-
tological staining results, Rg1-treated GAS muscles exhibited
elevated levels of OXPHOS proteins compared with the control
muscles (Fig. 3C and D). To further examine the expression of meta-
bolic genes, GASmuscleswere subjected to qRT-PCR analysis. Among
the oxidative fibererelated genes, cyclooxygenase 2, SDH complex
ccinic dehydrogenase (SDH) and nicotinamide adenine dinucleotide dehydrogenase
uscles. Scale bar ¼ 50 mm. (B) The quantification of stained myofibers by three different
C) Immunoblotting analysis of respiratory chain components (CIeCV) from control- and
nts (CIeCV) was normalized b-tubulin. The value of control-fed states were set to 1.0
transcription PCR (qRT-PCR) analysis of mitochondrial and glycolytic genes in control-
M. *p < 0.05.
; PCR, polymerase chain reaction; PFK, phosphofructokinase; PK, pyruvate kinase; SD,
t B; SEM, standard error of mean.



Fig. 4. Rg1 induces protein translation and inhibits atrophy in skeletal muscle. (A) Immunoblot analysis of various regulators in control- and Rg1-fed gastrocnemius (GAS) muscles.
(B) The relative protein levels of phosphorylated glycogen synthase (p-GS), glycogen synthase (GS), phosphorylated S6 kinase (p-S6K), S6 kinase (S6K), phosphorylated 4E binding
protein 1 (p-4EBP1), and 4E binding protein 1 (4EBP1). The intensity was normalized to b-tubulin. The value of control-fed states were set to 1.0 (n ¼ 4). The data represent the
mean � SD. **p < 0.01. (C) Immunostaining of myosin heavy chain (MHC) in control- and Rg1-treated primary myoblasts on differentiation day 3. (D) The quantification of myotube
formation is shown in panel C. The data represent the mean � SD. **p < 0.01. The experiment was repeated three times, and the results were similar. (E) Immunoblotting analysis of
various markers in control- and Rg1-treated primary myoblasts on differentiation day 3. DAPI, 40 ,6-Diamidino-2-Phenylindole, dihydrochloride; GAPDH, Glyceraldehyde 3-phos-
phate dehydrogenase.
SD, standard deviation.
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iron sulfur subunit B, and myoglobin, the expression of myoglobin
significantly increased, whereas the expression of other genes was
not greatly altered (Fig. 3E). Further analysis of the expression of
genes involved in glucose metabolism, glucose transporter type 4,
hexokinase, pyruvate kinase, and phosphofructokinase, revealed that
Rg1 treatment elevated significantly hexokinase levels and other
genes were nonsignificantly increased (Fig. 3F). Collectively, these
data suggested that Rg1 treatment enhanced the expression of genes
involved in mitochondrial oxidative metabolism and glycolysis.
3.4. Rg1 enhances S6K activation but inhibits 4EBP1 in skeletal
muscle

The maintenance of skeletal muscle mass is regulated by the
balance between protein synthesis and the degradation of muscle
proteins [26]. Protein synthesis is regulated through the signaling
pathways that involve the activation of S6K and the inhibition of
the eukaryotic translation initiation factor 4EBP1 by phosphoryla-
tion [27,28]. To examine the regulatory pathways involved in
muscle mass control, GAS muscles were subjected to immunoblot
analysis for the phosphorylation of S6K and 4EBP1. As shown in
Fig. 4A and B, Rg1-treated muscles had significantly enhanced
levels of the phosphorylated active form of S6K. In addition, these
muscles also had elevated levels of S6K proteins. In contrast, the
phosphorylated inactive form of 4EBP1was also increased, whereas
the 4EBP1 protein level was significantly decreased in Rg1-treated
GAS muscles compared with that in the control muscles. In addi-
tion, the phosphorylation of GS was also significantly decreased,
which might reflect the active consumption of glucose. Similarly,
we examined the effect of Rg1 on myotube growth in primary
myoblasts. Rg1-treated primary myoblasts formed larger myotubes
than the control cultures (Fig. 4C and D). In agreement with the
Rg1-treated muscle data, Rg1 treatment enhanced the levels of
active mTOR/S6K signaling (reflected by the level of p-mTOR and p-
S6K) and inactive p-4EBP1 levels. In addition, the level of atrogin-1
implicated in protein degradation and muscle atrophy was mildly
decreased in Rg1-treated myotubes compared with that in the
control cultures (Fig. 4E). These data suggested that Rg1 augmented
myotube growth, which might contribute to myofiber hypertrophy.
In summary, the increased muscle mass and strength induced by
Rg1 are likely attributable to enhanced oxidative muscle meta-
bolism through the regulation of efficient energy consumption and
increased protein synthesis via the activation of S6K and the inhi-
bition of 4EBP1. Thus, Rg1 might be a valuable nutritional supple-
ment for the enhancement of muscle function and the protection of
muscles from atrophy.
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