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Abstract

Guilu Erxian Jiao (GEJ) is a commonly used nutritional supplement due to its rich content of amino acids. It is also a
traditional herbal medicine for improving degenerative joint. This study aimed to investigate the effect and mechanism
of GEJ water extract (GEJ-WE) on skeletal muscle in C2C12 myotubes and C57BL/6J mice. Analysis of GEJ-WE were
performed by high-performance liquid chromatography fingerprinting with chemical standards. Protein expression,
mRNA level, glycogen content, mitochondria activity and ATP level were evaluated by western blots, real-time PCR,
PAS staining, MTT and ATP bioluminescence assay, respectively. Skeletal muscle strength was evaluated by grip
strength. Skeletal muscle volume, mass and fiber types were evaluated by micro computed tomography, histological
analysis and immunofluorescence staining, respectively. Motor function was evaluated by rotarod performance and
locomotor activity. In C2C12 myotubes, GEJ-WE significantly enhanced myogenic differentiation and myotube growth,
protein synthesis signaling IGF-1/IGF-1R/IRS-1/Akt, Glut4 translocation, glycogen content, mitochondrial biogenesis
signaling PGC-1a/NRF1/TFAM, mitochondrial activity and ATP production. However, IGF-1R antagonist AG1024 and
PI3K inhibitor wortmannin reduced GEJ-WE-induced protein expression of MyHC, p-Akt, p-mTOR and p-GSK-3b,
Glut4 translocation and glycogen content. In C57BL/6J mice, GEJ-WE not only upregulated protein synthesis and
mitochondrial biogenesis signaling, but it also increased muscle volume, relative muscle weight, cross-sectional area of
myofibers, glycogen content and transition of fast-to-slow type fibers of skeletal muscles. Moreover, GEJ-WE enhanced
grip strength and motor activity of mice. In conclusion, the upregulation of protein synthesis, myogenic differentiation,
glucose homeostasis, mitochondrial biogenesis and slow-twitch fibers contributes to the mechanisms of GEJ-WE on the
enhancement of skeletal muscle mass and motor function.
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1. Introduction

S keletal muscle is the most abundant tissue in
the human body. Skeletal muscle mass is

determined largely by the balance of muscle protein
synthesis and degradation, which is regulated by
nutritional and physiological factors [1]. Evidence

reveals that maintaining skeletal muscle mass is not
only integral for breathing and locomotion, but is also
clinically important to regulate metabolic systems
[2,3]. In addition, significant muscle wasting, malnu-
trition and clinical cachexia are observed in patients
with coronavirus disease 2019 (COVID-19) [4]. Skel-
etal muscle consists of heterogenous fibers which can
categorized into two groups based on the presence of
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the myosin heavy chain (MyHC) subtypes: the slow-
twitch (type I) fibers and the fast-twitch (type II) fibers
[5]. Slow-twitch fibers are mitochondrial-rich and
fatigue resistant, whereas fast-twitch fibers contain
fewer mitochondrial and are low endurance [6].
Importantly, the increased proportion of slow-twitch
fibers is negatively correlated with disease-related
muscle atrophy [7]. Therefore, increasing the pro-
portion of slow-twitch fibers enhances muscle
endurance and maintains muscle functions.
Insulin-like growth factor 1 (IGF-1)/type 1 IGF re-

ceptor (IGF-1R) signaling plays a crucial role in
muscle protein synthesis, differentiation, and regen-
eration [1]. IGF-1 activates its receptor IGF-1R, lead-
ing to the recruitment and activation of adaptor
protein insulin receptor substrate-1 (IRS-1). The
activated IRS-1 then induces downstream phospha-
tidylinositol 3-kinase (PI3K)/Akt signaling and
further promotes protein synthesis via phosphory-
lating the mammalian target of rapamycin complex 1
(mTORC1) and glycogen synthase kinase 3b (GSK-
3b) [8]. In addition, IGF-1/Akt is an important regu-
lator to promote glucose uptake into muscle cells.
Activation of IGF-1/Akt enhances the membrane
translocation of glucose transporter type 4 (Glut4), the
major glucose transporter expressed in skeletal
muscle, and then increased glucose uptake [9]. The
increased intracellular level of glucose can either
produce adenosine triphosphate (ATP) by mito-
chondria or store as glycogen for energy reservoir.
Mitochondrial dysfunction is one of the major

causes involved in skeletal muscle atrophy [10].
Mitochondria are critical eukaryotic organelles that
possess many important functions including ATP
generation, intracellular signaling regulation and
oxidative-antioxidant system balance. Peroxisome
proliferator-activated receptor gamma coactivator-1a
(PGC-1a) is the key regulator of mitochondrial
biogenesis in skeletal muscle [11]. Co-activation of
PGC-1a with nuclear respiratory factors 1 (NRF1)
promotes the expression of mitochondrial transcrip-
tion factor A (TFAM), leading to transcription and
replication of mitochondrial DNA [11]. The increase
of mitochondrial biogenesis results in sufficient ATP
supply, with the consequence of favoringmetabolism
and maintaining muscle mass and functions [10].
Guilu Erxian Jiao (GEJ), a widely used amino acid-

rich dietary supplement and traditional herbal
medicine, possesses multiple pharmacological ac-
tivities including anti-inflammation [12] and anti-
oxidation [13]. Amino acid is not only an important
energy source but also contributes to the protein
synthesis in the skeletal muscle [14]. Amino acid
supplement also serves as a potential therapeutic
strategy for attenuating skeletal muscle atrophy

through activation of the protein synthesis pathway
[15]. GEJ consists of ventral shells of Chrysemys
scripta elegans Testudinidae (TCP), ossified antlers
from Cervus elaphus L., Cervidae (CCP), dried roots
and rhizomes of Panax ginseng C. A. Meyer, Aral-
iaceae (GR) and dried mature fruits of Lycium bar-
barum L., Solanaceae (LF) in a ratio of 5:10:1:2. GEJ is
also a well popular amino acid-rich dietary sup-
plement [16] without serious adverse effects after
long-term taking [17]. Previous study reported that
Guilu Erxian Glue (GEG), a GEJ similar formula,
can be a protective and alternative therapy for
alleviating doxorubicin-induced weight loss, motor
disability, blood circulation defects, and bone loss
[13]. Due to the ratio of ingredients TCP, CCP, GR
and LF in GEJ (5:10:1:2) and GEG (4:2:1:2) were
inconsistent, the proportion of active components of
GEJ and GEG is also somewhat different. It has
been reported that patients with knee osteoarthritis
who received GEJ treatment for 12 weeks signifi-
cantly increased muscle strength [18]. Some in-
gredients and main components of GEJ have been
reported their beneficial effects on skeletal muscles.
Ginseng extracts [19] and CCP [20] possess benefi-
cial effects on muscle endurance and muscle grip
strength in normal mice. Ginseng extracts regulates
neurotransmitters and improves neuromuscular
dysfunctions [21]. Ginsenoside Rb1 and Rb2 pro-
mote differentiation and myotube growth via
accelerating MyoD and MyoE protein hetero-
dimerization and Akt/mTOR signaling respectively
in C2C12 myoblasts [22]. In addition, ginsenoside
Rb1 can increase glycogen synthesis [23]. In TNF-a-
induced myotube atrophy, ginsenoside Rg3 in-
creases differentiation and activates Akt/mTOR
signaling [24]. Betaine, the main bioactive com-
pound of LF, is an amino-acid derivative, which can
increase glycogen synthesis [25] and myoblast dif-
ferentiation and PGC-1a-mediated mitochondrial
biogenesis [26]. Increasing evidence indicates that
betaine is associated with therapeutic potential in
insulin-sensitive tissues, such as skeletal muscle,
adipose tissue, and liver [27]. However, the mecha-
nism of action of GEJ on skeletal muscle remains
unclear. In this study, we quantitatively analyzed
GEJ water extract (GEJ-WE) and further revealed
the novel mechanisms of GEJ-WE on skeletal mus-
cle using in vitro and in vivo models.

2. Materials and methods

2.1. Materials

AG1024, dimethyl sulfoxide (DMSO), trypan blue
solution, wortmannin, 3-(4, 5-dimethylthiazol-2-yl)-
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2,5-diphenyl-tetrazolium bromide (MTT) were pur-
chased from SigmaeAldrich Chemical Co. (St.
Louis, MO, USA). Dulbecco's modified Eagle's me-
dium (DMEM), fetal bovine serum (FBS), Fast SYBR
green master mix, horse serum, high-capacity cDNA
reverse transcription kit, penicillin and strepto-
mycin, TRIzol reagent, T-PER tissue protein extrac-
tion reagent and Alexa Fluor 488 goat anti-mouse
IgG secondary antibody were purchased from
Thermo Fisher Scientific (Waltham, MA, USA). All
materials used for sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) were
purchased from Bio-Rad (Hercules, CA, USA).
Plasma membrane extraction kit was purchased
from BioVision (Mountain View, CA, USA).
Enhanced chemiluminescence (ECL) detection kit
and polyvinylidene difluoride (PVDF) membrane
were purchased fromMillipore (Billerica, MA, USA).
Luminescent ATP detection assay kit was purchased
from Abcam (Cambridge, MA, USA). Lactate dehy-
drogenase (LDH) cytotoxicity assay kit was obtained
from G-Biosciences (St. Louis, MO, USA). Anti-
bodies used in this study were indicated as follows:
b-actin (SigmaeAldrich); MyHC (R&D Systems);
GAPDH, p-GSK-3b (Ser9), MYH2, MYH7, NRF1,
mtTFA, anti-rabbit IgG-HRP and anti-mouse IgG-
HRP were obtained from Santa Cruz Biotechnology;
IGF-1R, p-IGF-1R (Tyr1135), IRS-1, GSK-3b, p-Akt
(Ser473), Akt, p-mTOR (Ser2448), mTOR were ob-
tained from Cell Signaling Technology; PGC-1a
(Novus). Chemical reference standards for high-
performance liquid chromatography (HPLC)
fingerprinting were indicated as follows: L-hydroxy-
proline (99%, Nacalai Tesque Inc., Japan), Glycine
(99.9% U. S. Pharmacopeia, USA), DL-alanine (99%,
Acros Organics, Belgium) and L-proline (99.9%,
Nacalai Tesque Inc., Japan). Ginsenoside Rg1
(93.4%), ginsenoside Re (92.3%), ginsenoside Rb1
(91.2%), ginsenoside Rc (98.59%), ginsenoside Rd
(94.2%) and betaine (100%) were purchased from the
National Institutes for Food and Drug Control,
China. All the materials of GEJ were purchased from
the Chuang Song Zong Pharmaceutical Co., Ltd.
Ligang Plant (Pingtung, Taiwan), which meet the
international standard of EU GMP guide.

2.2. Guilu Erxian Jiao water extract (GEJ-WE)
preparation and analysis

The GEJ-WE was prepared as follows: TCP 500 g
and CCP 1000 g were kept in a slightly boiling state
in purified water (the quality of water complies with
EP monograph 2249 water for preparation of ex-
tracts) for 7 days, then steamed GR 100 g and LF

200 g were added and the decoction is continued for
a period of time. After that, the extract was filtered
out and concentrated under reduced pressure to
obtain the semisolid, GEJ-WE (858.6 g, yield: 43.4%).
Amino acids in GEJ-WE were qualitatively and
quantitatively analyzed with a HPLC system, Wa-
ters® 2695 Separations Module consisted with Wa-
ters® 2996 Photodiode Array (PDA) Detector. Detail
analytic parameters were optimized as follows,
Column: Cosmosil® 5C18 -AR-II, 120 Å, 5 mm,
4.6 � 250 mm; Mobile phases: (A) 93% of 0.1 mol/L
sodium acetate trihydrate (Millipore Sigma, USA)
(pH ¼ 6.5 adjusted with diluted acetic acid) and 7%
of HPLC grade acetonitrile (LiChrosolv®, Merck
KGaA, Germany); (B) 80% of HPLC grade acetoni-
trile and 20% of water (ultrapure, made with Milli-
pore Synergy 185 Lab water purification system,
Merck KGaA, Germany); gradient program:
0e30 min, from 100% of (A) to 25% of (A); column
oven temperature: 43 �C; flow rate: 1.0 mL/min;
detecting wavelength: UV 254 nm. Ginsenosides in
GEJ-WE were investigated with an HPLC system of
Waters® 2695 Separations Module and Waters®
2998 Photodiode Array (PDA) Detector. Detail ana-
lytic parameters were as follows, Column: Cosmo-
sil® 5C18-AR-II, 120 Å, 5 mm, 4.6 � 250 mm (Nacalai
Tesque Inc., Japan); Mobile phases: (A) 0.15%
H3PO4 in water; (B) HPLC grade acetonitrile;
gradient program: 0e105 min, from 81% of (A) to
60% of (A); column oven temperature: 15 �C; flow
rate: 1.0 mL/min; detecting wavelength: UV 203 nm.
The exact content of betaine in GEJ-WE was quan-
tified with the same HPLC system as amino acid
analysis in this work. Detail analytic parameters
were as follows, Column: ZORBAX® Original NH2,
70 Å, 5 mm, 4.6 � 250 mm (Agilent Technologies,
Inc., USA); Mobile phases: isocratic H2O: HPLC
grade acetonitrile ¼ 15:85 for 60 min; column oven
temperature: 30 �C; flow rate: 1.0 mL/min; detecting
wavelength: UV 195 nm.

2.3. Evaluation of lipopolysaccharide levels

The GEJ-WE was tested for bacterial lipopoly-
saccharide (LPS) by the ToxinSensor™ Chromo-
genic LAL Endotoxin Assay Kit. (GenScript,
Piscataway, NJ, USA). Briefly, GEJ-WE was diluted
with LAL Reagent Water to 1 mg/mL and reacted
with reconstituted limulus amebocyte lysate at 37 �C
for 30 min following with the addition of substrate.
The absorbance at 545 nm was measured by an
ELISA reader. The endotoxin level was calculated
based on comparison to the Escherichia coli endo-
toxin standard reference.
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2.4. Cell culture and drug treatment

C2C12 myoblasts (#KCB 2012115 YJ) were pur-
chased from the Bioresource Collection and Research
Center (Hsinchu, Taiwan) and cultured in DMEM
containing 10% FBS, 100 U/ml penicillin and 100 mg/
mL streptomycin at 37 �C in a humidified incubator
with 5% CO2. When cells reached 80% of the conflu-
ence, the medium was replaced by differentiation
medium (DMEM containing 2% horse serum) and
changed every other day for 6 days to formmyotubes.
ThedifferentiatedC2C12myotubeswere treatedwith
or without GEJ-WE (0.01, 0.05, 0.1, 0.5 and 1 mg/mL)
for 8 h or 24 h. For antagonist treatments, cells were
pre-treated with IGF-1R antagonist AG1024 (10 nM,
dissolved in 0.1% DMSO) or PI3K/Akt inhibitor
wortmannin (100 nM, dissolved in 0.1% DMSO) for
1 h before GEJ-WE treatment.

2.5. Animal preparation and drug treatment

Seven to eight-week old male C57BL/6J mice
(23e25 g) were purchased from the National Labo-
ratory Animal Center (Taipei, Taiwan). All animal
work was performed in an Association for Assess-
ment and Accreditation of Laboratory Animal Care
International (AAALAC)-accredited facility of Kaoh-
siungMedical University. Mice were acclimatized for
1 week after arrival and housed 3 per cage under a
12 h darkelight cycle at 22 ± 1 �C with ad libitum food
and water. All experiments were approved by the
Animal Care and Use Committee of the Kaohsiung
Medical University (IACUC approval No. 107152).
Mice were randomly separated into four groups (6
mice per group): control group (vehicle (saline)-
treated group); GEJ-WE (100mg/kg/day) group; GEJ-
WE (200mg/kg/day) group;GEJ-WE (300mg/kg/day)
group. The doses used in the current study were
similar with previous mice study [12] and were lower
than other human studies [18,28] when convert to
human equivalent dosage according to the body
surface area-based dose-conversion guidance [29].
The fasting blood glucose level, blood pressure and
heart rate were measured every 2 weeks. The body
weight and food intake were measured every two
days and an equal amount of food was given at the
same time after measurement. Previous studies have
shown that after 4 weeks of feeding some herbal
medicine can increase muscle strength and weight in
normalmice [19,30]. Accordingly, in this study, after 4
weeks of feedingGEJ-WE,muscle strength andmotor
activity were measured. Then, mice were euthanized
with CO2 and the gastrocnemius, tibialis anterior and
rectus femoris muscles were collected for protein
extraction and histological analysis.

2.6. LDH cytotoxicity assay

The cytotoxicity was evaluated by measuring the
released LDH into the culture medium using LDH
cytotoxicity assay kit. Briefly, C2C12 myoblasts
(6 � 104 cells/well) were seeded in a 96-well plate
and differentiated for 6 days. Myotubes were incu-
bated with GEJ-WE for 24 h. Media were then
transferred to another 96-well plate following the
addition of Substrate Mixture. The plate was incu-
bated at 37 �C in the dark for 30 min and then
terminated by Stop Solution. The absorbance at
490 nm was measured by an ELISA reader.

2.7. Mitochondrial activity measurement

Mitochondrial activity was measured by MTT
assay. Briefly, C2C12 myoblasts (6 � 104 cells/well)
were seeded in a 96-well plate and differentiated for
6 days. Myotubes were incubated with GEJ-WE for
24 h, then culture medium were replaced with fresh
medium containing MTT (0.5 mg/mL) and incu-
bated in the dark for 3 h at 37 �C. A parallel plate
was also prepared for cell number determination by
the trypan blue exclusion assay and confirmed that
the number of cells were comparable after GEJ-WE
treatment. The formazan crystals were dissolved
with DMSO and the absorbance was measured at
540 nm and 630 nm by an ELISA Reader.

2.8. Quantitative RT-PCR (qRT-PCR)

C2C12 myotubes were treated with GEJ-WE for
8 h. Total RNA was extracted using TRIzol reagent
and cDNA was synthesized from 1 mg RNA using
High-Capacity cDNA Reverse Transcription Kit.
PCR reaction was performed using StepOnePlus™
Real-Time PCR System (Thermo Fisher Scientific,
Waltham, MA, USA) with Fast SYBR Green Master
Mix. The mRNA level of Igf-1 was normalized to the
level of the housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (Gapdh). Specific primers
and sequences were as follows: Gapdh forward
primer 50-TGTCAAGCTCATTTCCTGGT-30, reverse
primer 50-TAGGGCC-TCTCTTGCTC-AGT-3’; Igf-1
forward primer 50-GGACCGAGGGGCTTTTACTT-
30, reverse primer 50-TCCGGAAGCAACACTCA-
TCC-3’.

2.9. Western blot analysis

Samples were lysed by T-PER Tissue Protein
Extraction Reagent. The supernatant was collected
and quantified the protein concentration. Mem-
brane and cytosol protein extracts were isolated
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using commercial membrane protein extraction kit
(BioVision). Equal amounts of protein were loaded
in SDS-PAGE and transferred onto PVDF mem-
branes. Membranes were blocked with 5% non-fat
milk in TBST (50 mM TriseHCl, pH 7.6, 150 mM
NaCl, 0.1% Tween 20) for 1 h at room temperature
and then incubating with primary antibodies
(diluted 1:1000 in blocking buffer) at 4 �C overnight
followed by incubated with HRP-conjugated sec-
ondary antibody (diluted 1:10,000 in 5% non-fat
milk) at room temperature for 1 h. The immunore-
activity was detected using Amersham ECL detec-
tion kit. The intensities of protein bands were
quantitated using Image J software.

2.10. Total cellular ATP levels measurement

Total cellular ATP levels were measured using the
Luminescent ATP Detection Assay Kit (Abcam) ac-
cording to the manufacturer's instructions. Briefly,
C2C12 myotubes were incubated with GEJ-WE for
24 h. The detergent was added to lyse the cells and
stabilize the ATP. Equal amount of substrate buffer
was added and the luminescence absorbance was
measured using the BioTek Synergy H1 microplate
reader (BioTek, Winooski, VT, USA). The ATP
concentration was calculated based on comparison
to the standard reference.

2.11. Skeletal muscle histology

The gastrocnemius, tibialis anterior and rectus
femoris muscles were collected and fixed overnight
in 10% formalin, then dehydrated and embedded in
paraffin. The embedded tissue blocks were
sectioned into 5-mm thickness and stained with he-
matoxylin and eosin (H&E) staining for measuring
myofiber cross-sectional area (CSA) or periodic
acid-schiff (PAS) staining for measuring glycogen
content by standard methods. The paraffin-
embedded tissue sections from the same batch used
for measurement of myofiber CSA were further
used to examine the effects of GEJ-WE on lipid
content by Oil Red O staining, according to the
method described in supplementary information.
Images were captured under a optical microscopy
(ECLIPSE 80i, Nikon, Japan) at 200� magnification
and analyzed by ImageJ software. The mean myo-
fiber CSA were measured in five randomly selected
images with 50e80 fibers per image per mouse.

2.12. Immunofluorescence staining

For staining of C2C12 myotubes, myotubes were
fixed with 4% paraformaldehyde in PBS (pH 7.4) for

10 min at room temperature, and then per-
meabilized by incubating with 0.2% Triton X-100 in
PBS for 15 min. Myotubes were blocked in 3% BSA
in PBS for 1 h at room temperature and then incu-
bated with mouse anti-MyHC antibody (1:1000) at
4 �C for overnight. The next day, myotubes were
incubated with Alexa Fluor 488-conjugated second-
ary antibody (1:1000) for 1 h at room temperature.
Myonuclei were stained by DAPI and images were
observed under fluorescence microscopy (Nikon,
Japan) at 100� magnification. ImageJ software was
used to measure myotube number, myotube length
and myotube diameter from five randomly selected
fields of each sample type.
For staining of type I and II muscle fibers, tissue

sections were deparaffinized and rehydrated, then
permeabilized with 0.2% Triton X-100 in PBS for
30 min at room temperature. Sections were then
blockedwith 2%bovine serumalbumin in PBS for 1 h,
followed by incubating primary antibody for slow-
twitch (type I) fiber (MYH7, diluted 1:1000) or fast-
twitch (type II) fiber (MYH2, diluted 1:1000) at 4 �C
overnight. After washing by PBS, sections were
incubated with Alexa Fluor 488-conjugated second-
ary antibodies (diluted 1:1000) at room temperature
for 1 h. Nuclei were stained with DAPI and observed
under fluorescence microscopy (Nikon, Japan) at
200�magnification. The percentage of eachfiber type
were manually counted and calculated as total num-
ber of each fiber type/total number of fibers counted
from five randomly selected fields for each sample.

2.13. Micro computed tomography (Micro-CT)
analysis

Micro-CT analysis was performed for assessing
the muscle volume according to our previous report
[31]. The right tibia of each mouse was scanned
before treatment (baseline) and after GEJ-WE
treatment for 4 weeks, using micro-CT (SkyScan
1076, Kontich, Belgium) without contrast agents.
Mice were anesthetized with a continuous flow of
3% isoflurane/oxygen mixture and placed prone
during scanning. The subsequent reconstruction
work was performed using NRecon, Data Viewer,
and CTvol SkyScan software.

2.14. Whole limb grip strength measurement

A grip strength meter (Bio-GS3, BioSeb, Vitrolles,
France) was used to assess the whole limb grip
strength of the mice according to our previous
report [32]. Mice were lifted by the tail and induced
to grasp a rigid grids attached to a digital force
gauge. The tail of each mouse was gently pulled
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backwards and the tension reading of the digital
force gauge was defined as the grip strength before
the mouse released the net. Five consecutive tests
were performed on each mouse and the mean
maximum whole limb muscle strength value
(grams) (g) was calculated as absolute grip strength.
The relative grip strength was calculated as absolute
grip strength (g)/body weight (g).

2.15. Rotarod performance test

Mice were trained to walk on the accelerating
rotarod apparatus (Orchid Scientifics) before the
GEJ-WE treatment. The speed of the rod was line-
arly increased from 3 rpm to 30 rpm during 60 s. The
time of the mice fell off the device were recorded
automatically.

2.16. Locomotor activity

Each mouse was placed in the center of a chamber
(50 cm � 50 cm � 25 cm) and allowed to freely
explore the chamber for 30 s, followed by a 5-min
test, the total travel distance (mm) and the mean
velocity (mm/s) of each mouse were recorded and
analyzed by VideoTrack analysis system (ViewPoint
Behavior Technology).

2.17. Statistical analysis

Data from the analysis of chemical components of
GEJ-WE were from three different batches and
expressed as mean ± SD. Data from cellular and an-
imal studies were generated from 6 independent in
vitro experiments or 6 mice per group (n¼ 6, where n
represented the number of independent values as
reported in each figure legend) and expressed as
mean ± SEM. All statistical analyses were performed
using SPSS17 statistical software (SPSS Inc., Chicago,
IL, USA). Differences were analysed one-way
ANOVA followed by a Tukey post hoc or
KruskaleWallis test followed by Dunn's test for
multiple comparisons. Statistical significance was
considered as p < 0.05. P value for statistical signifi-
cance was not varied later in Results. For reducing
unwanted sources of variation, we used ‘percentage
matched control values’ to normalize the data ofMTT
assay, western blotting and qRT-PCR experiments.

3. Results

3.1. Analysis of chemical components of GEJ-WE

As shown in Fig. 1, the 3D-HPLC profiles of GEJ-
WE were showed as chromatograms of amino acids

(Fig. 1A), ginsenosides (Fig. 1B) and betaine
(Fig. 1C), and the content of chemical components in
GEJ-WE were shown in Table 1: L-hydroxyproline
(50.90 ± 0.02 mg/g), glycine (111.26 ± 0.88 mg/g), DL-
alanine (46.99 ± 0.05 mg/g), L-proline
(63.04 ± 0.21 mg/g), ginsenoside Rg1 (0.74 ± 0.01 mg/
g), ginsenoside Re (0.36 ± 0.01 mg/g), ginsenoside
Rb1 (0.36 ± 0.01 mg/g), ginsenoside Rc
(0.42 ± 0.01 mg/g), ginsenoside Rd (0.27 ± 0.01 mg/g)

Fig. 1. The three-dimensional HPLC chromatograms and endotoxin
(lipopolysaccharide) concentration of GEJ-WE. Standardization of
GEJ-WE was done using HPLC fingerprinting with chemical standards.
HPLC chromatogram of amino acids in GEJ-WE (A). HPLC chro-
matogram of ginsenosides in GEJ-WE (B). HPLC chromatogram of
betaine in GEJ-WE (C). The GEJ-WE was tested for measuring the
lipopolysarcchride concentration using the Endotoxin Assay Kit (D).
LAL Reagent Water is shown as a negative control, and 0.02 EU/mL
endotoxin is shown as a positive control. Data represent the
mean ± SEM from six independent experiment (n ¼ 6).
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and betaine (2.51 ± 0.00 mg/g). The data of method
validation including the assessment of linearity,
range, precision and accuracy for quantitative
analysis on GEJ-WE were listed in Table 1. We
further confirmed the absence of LPS in GEJ-WE as
shown in Fig. 1D.

3.2. Effects of GEJ-WE on myotube growth

First, we confirmed that GEJ-WE (0.01e1 mg/mL)
did not cause cytotoxicity in C2C12 myotubes by

LDH assay (Fig. 2A). Therefore, we performed the
study with this dosage range. We found GEJ-WE
significantly increased the MyHC protein expres-
sion (Fig. 2B). In addition, ginsenoside Rg1, one of
the active compounds in GEJ-WE, also upregulated
MyHC protein expression in C2C12 myotubes
(Fig. 2B). To further investigate the effects of GEJ-
WE on C2C12 myotube growth, we measured the
number, length and diameter of myotubes by
immunofluorescence staining with MyHC antibody
(Fig. 2C). GEJ-WE significantly increased the

Table 1. Linearity of calibration curves and determination of active compounds in GEJ-WE.

Components Contents
(mg/g)

Regression
equation

Regression
coefficient

Linear Range
(mg/g)

Precision
(RSD)

Accuracy
(Recovery %)

L-Hydroxyproline 50.90 ± 0.02 y ¼ 6259.5xþ6756.6 r2 ¼ 0.9999 11.30~113.04 0.50% 99.77%
Glycine 111.26 ± 0.88 y ¼ 10142x-1486.9 r2 ¼ 0.9999 18.07~180.65 0.40% 101.05%
DL-Alanine 46.99 ± 0.05 y ¼ 8522.4x-11985 r2 ¼ 0.9999 7.96~79.58 0.80% 98.84%
L-Proline 63.04 ± 0.21 y ¼ 7188.8xþ2224.5 r2 ¼ 0.9998 13.93~139.27 0.40% 101.86%
Ginsenoside Rg1 0.74 ± 0.01 y ¼ 2620xþ1101.2 r2 ¼ 0.9999 0.38~3.82 1.40% 101.99%
Ginsenoside Re 0.36 ± 0.01 y ¼ 5194.5x-3065.3 r2 ¼ 0.9999 0.15~1.53 0.70% 102.03%
Ginsenoside Rb1 0.36 ± 0.01 y ¼ 4269.8x-12892 r2 ¼ 0.9968 0.19~1.87 0.40% 95.10%
Ginsenoside Rc 0.42 ± 0.01 y ¼ 4605.9x-18878 r2 ¼ 0.9994 0.20~2.05 0.90% 101.83%
Ginsenoside Rd 0.27 ± 0.01 y ¼ 3694.4x-2691.6 r2 ¼ 0.9998 0.14~1.41 0.80% 100.80%
Betaine 2.51 ± 0.00 y ¼ 3825.3x-21748 r2 ¼ 0.9997 1.71~8.55 0.50% 101.51%

Fig. 2. Effects of GEJ-WE on cytotoxicity (A), MyHC expression (B) and growth (CeF) of C2C12 myotubes. Cells were treated with GEJ-WE
(0.01, 0.05, 0.1, 0.5 and 1 mg/mL) for 24 h. Cytotocixity was determined by the LDH assay. Total protein was extracted for measuring expressions of
MyHC by western blotting. MyHC staining was performed to visualize mature myotube structure and evaluated the myotube growth including
myotube number, myotube length and myotube diameter. Scale bar ¼ 100 mm. Densitometry analyses are presented as the relative ratio of protein/b-
actin and are represented as percentages of matched control group. Ginsenoside Rg1 (10 nM) was dissolved in 0.1% DMSO. Data represent the
mean ± SEM from six independent experiments (n ¼ 6). *p < 0.05 vs. control group (without GEJ-WE treatment) according to KruskaleWallis test
followed by Dunn's test.
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number (Fig. 2D), length (Fig. 2E) and diameter
(Fig. 2F) of myotubes.

3.3. Effects of GEJ-WE on protein synthesis
signaling and glucose homeostasis of C2C12
myotubes

Next, we examined the effects of GEJ-WE protein
synthesis IGF-1/IGF-1R signaling. As shown in
Fig. 3A and G, GEJ-WE upregulated total and
phosphorylated IGF-1R protein. It also upregulated
IRS-1 (Fig. 3B and G) accompanied with upregu-
lating the phosphorylation of Akt and mTOR (Fig.
3C, D and 3G). In addition, GEJ-WE upregulated p-
GSK-3b (Ser9) (Fig. 3E and 3G). Moreover, GEJ-WE

increased the IGF-1 mRNA level (Fig. 3F). We also
examined the effects of GEJ-WE on the glucose
homeostasis in C2C12 myotubes. As shown in
Fig. 4A, GEJ-WE decreased cytosolic Glut4 expres-
sion while increased Glut4 translocation to plasma
membrane. Besides, we found GEJ-WE increased
glycogen content in C2C12 myotubes identified by
PAS staining (Fig. 4B and C). However, GEJ-WE-
induced upregulation of MyHC, phosphorylated
Akt, mTOR and GSK-3b were attenuated by IGF-1R
antagonist AG1024 (10 nM) or PI3K inhibitor wort-
mannin (100 nM) (Fig. 5A-D and H). The enhancing
effects of GEJ-WE on Glut4 translocation (Fig. 5E
and H) and glycogen content (Fig. 5F and G) were
also reduced by AG1024 or wortmannin.

Fig. 3. Effects of GEJ-WE on protein expression of protein expression of p-IGF-1R/IGF-1R (A), IRS-1 (B), p-Akt (S473)/Akt (C), p-mTOR
(S2448)/mTOR (D), p-GSK-3b (S9)/GSK-3b (E) and mRNA expression of IGF-1 (F) in C2C12 myotubes. Cells were treated with GEJ-WE (0.01,
0.05, 0.1, 0.5 and 1 mg/mL) for 24 h. Total proteins were then extracted, and the expression of proteins were measured by western blotting (G). For
IGF-1 mRNA expression, cells were treated with GEJ-WE (0.01, 0.05, 0.1, 0.5 and 1 mg/mL) for 8 h and then extracted RNA for measuring IGF-1
mRNA by qPCR. Densitometry analyses are presented as the relative ratio of protein/b-actin or p-protein/protein, and are represented as percentages
of matched control group. Data represent the mean ± SEM from six independent experiments (n ¼ 6). *p < 0.05 vs. control group (without GEJ-WE
treatment) according to KruskaleWallis test followed by Dunn's test.
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3.4. Effects of GEJ-WE on mitochondrial biogenesis
signaling and ATP production of C2C12 myotubes

As shown in Fig. 6A, GEJ-WE upregulated the
protein expressions of PGC-1a as well as the
downstream target NRF1 and TFAM (Fig. 6B and C).
In addition, ginsenoside Rg1-induced upregulation
of PGC-1a was also observed (Fig. 6A). We further
examined the effects of GEJ-WE on mitochodrial
activity and ATP production of C2C12 myotubes. As
shown in Fig. 6D and E, GEJ-WE significantly
increased mitochondrial activity and ATP levels of
C2C12 mytoubes.

3.5. Effects of GEJ-WE on physiological
parameters, skeletal muscle strength and motor
performance of C57BL/6J mice

The mice were randomly separated into four
groups: control (vehicle) group; GEJ-WE (100 mg/
kg/day) group; GEJ-WE (200 mg/kg/day) group;
GEJ-WE (300 mg/kg/day) group. Mice were orally
treated with vehicle (saline) or GEJ-WE for 4 weeks.
We found that GEJ-WE (100, 200, 300 mg/kg) did not
change the growth curve of mice when compared
with control group during the treatment (Fig. S1).
The effects of GEJ-WE on body weight, food intake,
blood pressure, heart rate and blood glucose level of
mice were shown in Table 2. Compared with the
control group, GEJ-WE treatment had no significant
effects on body weight, food intake, blood pressure
and heart rate. However, GEJ-WE reduced fasting
blood glucose levels of mice. Moreover, GEJ-WE
(100, 200 and 300 mg/kg/day) increased absolute
muscle grip strength and relative muscle grip
strength of mice at 4-weeks post GEJ-WE treatment
(Fig. 7A and B). GEJ-WE (200 and 300 mg/kg/day)

also increased total travelled distance of mice
(Fig. 7C and D). Furthermore, in rotarod test, GEJ-
WE (300 mg/kg/day) increased latency to fall of mice
(Fig. 7E).

3.6. Effects of GEJ-WE on volume, weight, fiber
cross-sectional area and lipid content of skeletal
muscle in C57BL/6J mice

The right tibia of each mouse was scanned before
treatment (baseline) and after GEJ-WE treatment for
4 weeks by micro-CT, results showed that GEJ-WE
(100, 200 and 300 mg/kg/day) significantly increased
muscle volumes of mice compared with control
group (Fig. 8A and B). GEJ-WE (200 and 300 mg/kg/
day) increased the relative muscle weight of
gastrocnemius (Fig. 8C), tibialis anterior (Fig. 8D)
and rectus femoris muscles (Fig. 8E) of mice
compared with control group. In addition, GEJ-WE
(200 and 300 mg/kg/day) increased the myofiber
CSA in the gastrocnemius, tibialis anterior and
rectus femoris muscles compared with control
group (Fig. 9) while significantly reduced the lipid
content as measured by Oil Red O staining using
the same batch paraffin-embedded tissue sections
for myofiber CSA measurement (Fig. S2).

3.7. Effects of GEJ-WE on glycogen content, fiber
types transition, protein synthesis signalings and
mitochondrial biogenesis signaling in mice skeletal
muscle

We further examined the effects of GEJ-WE on
glycogen content and fiber type composition in mice
skeletal muscle. As shown in Fig. 10, GEJ-WE
increased the glycogen content in the gastrocne-
mius, tibialis anterior and rectus femoris muscles

Fig. 4. Effects of GEJ-WE on Glut4 translocation (A) and glycogen content (B and C) in C2C12 myotubes. Cells were treated with GEJ-WE
(0.01, 0.05, 0.1, 0.5 and 1 mg/mL) for 24 h. Protein expressions of membrane (m-Glut4) and cytosolic glucose transporter 4 (cyto-Glut4) were measured
by western blotting. Glycogen contents were measured by PAS staining and quantified the intensity by imageJ. Densitometry analyses are presented as
the relative ratio of protein/b-actin and are represented as percentages of matched control group. Data represent the mean ± SEM from six inde-
pendent experiments (n ¼ 6). *p < 0.05 vs. control group (without GEJ-WE treatment) according to KruskaleWallis test followed by Dunn's test.
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compared with the control group. As shown in
Fig. 11, GEJ-WE (200 and 300 mg/kg) increased the
proportion of slow-twitch (type I) fibers of gastroc-
nemius muscle from 7.7% (control group: without
GEJ-WE treatment) to 19.7% (GEJ-WE 200 mg/kg)
and 31.5% (GEJ-WE 300 mg/kg) in a dose-depen-
dent manner, and similar results were also observed
in tibialis anterior muscle and rectus femoris mus-
cle. As shown in Fig. 12, GEJ-WE (200 and 300 mg/
kg) reduced the proportion of fast-twitch (type II)

fibers of gastrocnemius muscle from 55.7% (control
group: without GEJ-WE treatment) to 31.6% (GEJ-
WE 200 mg/kg) and 15.0% (GEJ-WE 300 mg/kg) in a
dose-dependent manner, and similar results were
also observed in tibialis anterior muscle and rectus
femoris muscle. Moreover, GEJ-WE upregulated
protein synthesis signaling IGF-1R/IRS-1/p-Akt/p-
mTOR, p-GSK-3b and mitochondrial biogenesis
signaling PGC-1a/NRF1/TFAM in skeletal muscle
tissue (Fig. 13).

Fig. 5. Effects of AG1024 and wortmannin on GEJ-WE-induced protein expression of MyHC (A), p-Akt (S473)/Akt (B), p-mTOR (S2448)/
mTOR (C), p-GSK-3b (S9)/GSK-3b (D) and Glut4 translocation (E) and glycogen contents (F and G) in C2C12 myotubes. Cells were pre-
incubated with AG1024 (10 nM) or wortmannin (100 nM) for 1 h following with the addition of GEJ-WE (1 mg/mL) for 24 h. Total proteins were then
extracted, and the expression of proteins were measured by western blotting (H). Glycogen contents were measured by PAS staining and quantified the
intensity by imageJ. Densitometry analyses are presented as the relative ratio of protein/b-actin or p-protein/protein, and are represented as per-
centages of matched control group. Data represent the mean ± SEM from six independent experiments (n ¼ 6). #p < 0.05 vs. control group without
any treatment; *p < 0.05 vs. GEJ-WE-treated group according to KruskaleWallis test followed by Dunn's test.
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Fig. 6. Effects of GEJ-WE on protein expression of PGC-1a (A), NRF1 (B) and TFAM (C), mitochondrial activity (D) and ATP production (E)
in C2C12 myotubes. Cells were treated with GEJ-WE (0.01, 0.05, 0.1, 0.5 and 1 mg/mL) for 24 h. Total proteins were then extracted, and the
expression of proteins were measured by western blotting. The mitochindria activity and total cellular ATP levels were measured by MTT assay and
ATP bioluminescent assay kit, respectively. Densitometry analyses are presented as the relative ratio of protein/b-actin and are represented as
percentages of matched control group. Ginsenoside Rg1 (10 nM) was dissolved in 0.1% DMSO. Data represent the mean ± SEM from six independent
experiments (n ¼ 6). *p < 0.05 vs. control group (without GEJ-WE treatment) according to KruskaleWallis test followed by Dunn's test.

Table 2. Effects of GEJ-WE on physiological parameters of C57BL/6 mice.

Control GEJ-WE
(100 mg/kg)

GEJ-WE
(200 mg/kg)

GEJ-WE
(300 mg/kg)

Body weight (g)
Initial 24.80 ± 0.43 24.91 ± 0.37 24.90 ± 0.42 25.30 ± 0.25
2 weeks post treatment 25.61 ± 0.43 25.21 ± 0.36 25.63 ± 0.74 25.86 ± 0.49
4 weeks post treatment 25.70 ± 0.30 25.03 ± 0.23 25.83 ± 0.65 25.95 ± 0.46

Food intake (g/day) 2.26 ± 0.09 2.20 ± 0.01 2.23 ± 0.05 2.21 ± 0.15
SBP (mmHg)

Initial 131.77 ± 5.45 129.70 ± 3.87 132.39 ± 3.17 131.08 ± 4.81
2 weeks post treatment 132.17 ± 3.16 129.48 ± 3.59 128.35 ± 4.51 130.33 ± 4.62
4 weeks post treatment 129.57 ± 4.60 131.87 ± 3.65 133.46 ± 4.16 130.50 ± 4.40

DBP (mmHg)
Initial 93.92 ± 6.80 96.16 ± 3.68 95.10 ± 4.85 94.72 ± 5.55
2 weeks post treatment 96.55 ± 5.32 95.46 ± 4.37 96.88 ± 5.64 94.58 ± 5.61
4 weeks post treatment 94.73 ± 4.84 96.92 ± 6.76 95.02 ± 5.25 97.73 ± 4.12

Heart rate (beats/min)
Initial 377.78 ± 31.73 387.99 ± 30.58 385.92 ± 29.31 380.17 ± 30.67
2 weeks post treatment 388.48 ± 45.41 396.32 ± 51.17 400.29 ± 45.33 388.90 ± 44.41
4 Weeks Post Treatment 387.23 ± 49.43 406.08 ± 52.86 397.77 ± 45.24 390.02 ± 55.15

Fasting blood glucose (mg/dL)
Initial 170.69 ± 7.69 169.90 ± 6.87 171.11 ± 7.74 168.00 ± 7.85
2 weeks post treatment 174.89 ± 6.25 165.91 ± 7.29 161.64 ± 4.98 161.22 ± 4.63
4 weeks post treatment 178.14 ± 5.08 163.00 ± 7.25 152.29 ± 6.21* 151.14 ± 3.52*

DBP: diastolic blood pressure. SBP: systolic blood pressure, Data represented as mean ± SEM from six independent mice (n ¼ 6 per
group). Statistical comparisons were made by one-way ANOVA followed by a Tukey post hoc test. *p < 0.05 vs. control group (vehicle
(saline)-treated group).
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4. Discussion

Skeletal muscle plays a vital role in supporting
overall health and wellness. How to maintain skel-
etal muscle mass and strong has become an
important issue. This study first reveals the novel
mechanism of GEJ on skeletal muscle mass and
function in normal mice. Our results showed that
GEJ-WE possesses the novel effects on enhancing
myotube growth, skeletal muscle mass, muscle
strength and motor activity through regulating
myogenic differentiation, protein synthesis,
glycogen synthesis, mitochondrial biogenesis and
fast-to-slow-twitch fiber type transition.
It is well known that IGF-1/IGF-1R/Akt signaling

plays an important role in regulating skeletal mus-
cle homeostasis including myogenic differentiation,
protein synthesis, and glucose homeostasis [1,8].
Upregulation of IGF-1/IGF-1R/Akt-mediated skel-
etal muscle protein synthesis is positively correlated

with myotube hypertrophy leading to increased
skeletal muscle CSA and mass [1,8]. Skeletal muscle
has been identified as a secretory organ [33]. The
myokines (e.g., IGF-1) secreted by skeletal muscle
play important roles in the communication with
other organs and regulation with muscle itself. IGF-
1 is abundant in homogenized skeletal muscle tissue
and secreted from cultured C2C12 myotubes [34].
Skeletal muscle IGF-1 has a greater effect on skeletal
muscle maintenance than liver IGF-1 [35]. In this
study, GEJ-WE activated p-IGF-1R/Akt signaling at
concentrations ranging from 0.01 to 1.0 mg/mL,
whereas increased IGF-1 mRNA expression was
observed at concentrations from 0.5 to 1.0 mg/mL.
Previous study reported that muscle IGF-1/IGF-1R/
Akt signaling can form a positive feedback loop
resulting in the synergistically increased expression
of IGF-1 itself [36]. Therefore, GEJ-WE-mediated
IGF-1/IGF-1R/Akt signaling activation might
contribute to the mechanistic evidence involved in

Fig. 7. Effects of GEJ-WE on absolute grip strength (A), relative grip strength (B), locomotor activity (C and D) and rotarod performance (E)
of C57BL/6J mice. Mice were orally treated with vehicle only (saline) or with GEJ-WE (100, 200 and 300 mg/kg/day) for 4 weeks. All tests were
evaluated at 4-weeks post GEJ-WE treatment. The maximum whole limb muscle force of mice was measured by grip strength meter and shown as
absolute grip strength and relative grip strength (normalized with body weight). For locomotor activity test, trace-paths and total distance of mice were
recorded in 5 min. Latency to fall was measured by rotarod performance test. Data represent the mean ± SEM from six independent mice (n ¼ 6 per
group). *p < 0.05 vs. control group (vehicle-treated) according to one-way ANOVA followed by a Tukey post hoc test.
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GEJ-WE-induced IGF-1 expression. In addition,
GEJ-WE is an amino acid-enriched mixture, and
amino acids could increase IGF-1 mRNA and pro-
tein expression in human myotubes and skeletal
muscle tissues [37]. Moreover, betaine, one of the
main active components of GEJ-WE, also activates
IGF-1/IGF-1R signaling [38] in C2C12 myotubes.
Our results showed that GEJ-WE increased protein
expression of IGF-1R, IRS-1, p-Akt, p-mTOR and p-
GSK3b in both GEJ-WE-treated C2C12 myotubes
(Fig. 3) and GEJ-WE-treated mice skeletal muscle
tissues (Fig. 13). Previous studies have found that
some active components of GEJ-WE including gin-
senoside Rb1 [22], ginsenoside Rg1 [39] and betaine
[26] increased C2C12 myogenic differentiation and
myotube hypertrophy through Akt activation
[22,39], suggesting the potential of these active
components on promoting myotube growth. GEJ-
WE increased C2C12 myotubes numbers, lengths
and diameters as well as terminal myotube matu-
ration marker MyHC expression (Fig. 2). Our results
indicated that GEJ-WE significantly increased skel-
etal muscle volume (Fig. 8B) and relative skeletal
muscle weight (Fig. 8C to E). GEJ-WE also increased

skeletal muscle mass by measuring cross-sectional
area of myofibers (Fig. 9). Moreover, comparing the
changes in body weight between the GEJ-WE group
and the control group, GEJ-WE had no significant
effect on the growth curve of mice (Fig. S1). As
shown in Table 2, after feeding mice with GEJ-WE
(100, 200, 300 mg/kg) for 4 weeks, no significant
difference in body weight gain between GEJ-WE
groups and control group. We further confirmed
GEJ-WE decreased lipid content in skeletal muscle
tissues (Fig. S2). Moreover, our data (Fig. 5) also
showed that GEJ-WE-induced upregulation of
MyHC, p-mTOR and p-GSK-3b were inhibited by
IGF-1R antagonist (AG1024) and Akt antagonist
(wortmannin). Therefore, the promoting effects of
GEJ-WE on activating IGF-1/IGF-1R/Akt signaling
and myogenic differentiation might contribute to
the mechanistic evidence involved in GEJ-WE-
induced enhancing effects on skeletal muscle mass.
Skeletal muscles are comprised of two major fiber

types, slow-twitch (type I) and fast-twitch (type II)
fibers. Slow-twitch (type I) fibers have higher
mitochondrial content and muscle endurance
property than those of fast-twitch (type II) fibers

Fig. 8. Effects of GEJ-WE on muscle volume (A and B) and relative muscle weight (C to E) of C57BL/6J mice. Mice were orally treated with
vehicle only (saline) or with GEJ-WE (100, 200 and 300 mg/kg/day) for 4 weeks. Muscle volume was assessed by micro-CT before (baseline) at 4-
weeks post GEJ-WE treatment. Scale bars ¼ 1 mm. Muscle volume (mm3) was calculated as total volume e (tibia volume þ fibula volume). The
percentage changes in muscle volumes were calculated as (volume (baseline) e volume (post GEJ-WE treatment))/volume (baseline). Relative muscle
weight of gastrocnemius muscle (C), tibialis anterior muscle (D) and rectus femoris muscle (E) in each groups was calculated as skeletal muscle weight
(mg)/body weight (g). Data represent the mean ± SEM from six independent mice (n ¼ 6 per group). *p < 0.05 vs. control group (vehicle-treated)
according to one-way ANOVA followed by a Tukey post hoc test.
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[40]. GEJ-WE (200 and 300 mg/kg/day) significantly
increased the proportion of slow-twitch (type I) fi-
bers in the gastrocnemius, tibialis anterior and
rectus femoris muscles (Fig. 11) in companied with a
reduction of fast-twitch (type II) fibers skeletal
muscles compared with control group (Fig. 12).
These data indicated that GEJ-WE promoted skel-
etal muscle fiber type switching from fast-twitch
(type II) to slow-twitch (type I), suggesting GEJ-WE
increased motor activity and rotarod performance
via the increased proportion of slow-twitch (type I)
muscle fibers. Moreover, slow-twitch (type I) fibers
have higher insulin sensitivity and glucose uptake
ability than fast-twitch (type II) fibers and induction

of slow-twitch (type I) fibers serve as a therapeutic
strategy for treating obesity and type 2 diabetes [41].
Interestingly, we found that GEJ-WE not only
increased the proportion of slow-twitch (type I) fi-
bers in skeletal muscles but also decreased both
skeletal muscle lipid contents (Fig. S2) and fasting
blood glucose levels (Table 2). Moreover, the tran-
sition of fiber types is dynamics and affected by
many factors. Previous studies have shown that
activation of Akt pathway enhances transformation
of fast-to-slow-twitch fibers [42,43]. Moreover, PGC-
1a is another important regulator that enhanced the
formation of slow-twitch (type I) muscle fibers
[44,45], leading to enhanced exercise endurance as

Fig. 9. Effects of GEJ-WE on skeletal muscle cross-sectional area (CSA) of gastrocnemius muscle (A), tibialis anterior muscle (B) and rectus
femoris muscle (C) of C57BL/6J mice. Mice were orally treated with vehicle only (saline) or with GEJ-WE (100, 200 and 300 mg/kg/day) for 4
weeks. CSA was measured by hematoxylin and eosin staining in the sections of gastrocnemius muscle (D, top row), tibialis anterior muscle (D, middle
row) and rectus femoris muscle (D, bottom row) of C57BL/6J mice at 4-weeks post GEJ-WE treatment. Scale bars ¼ 100 mm. Data represent the
mean ± SEM from six independent mice (n ¼ 6 per group). *p < 0.05 vs. control group (vehicle-treated) according to one-way ANOVA followed by a
Tukey post hoc test.
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measured by rotarod performance [45]. Therefore,
GEJ-WE-induced upregulation of p-Akt and PGC-
1a might contribute to enhance the transformation
of fast-to-slow-twitch fibers leading to greater
muscular endurance.
Mitochondria, the “powerhouse of the cell”, is

involved in the homeostatic regulation of glucose
and energy. The dysfunction of mitochondria has
been associated with the determining changes in the
skeletal muscle mass and function [46]. In skeletal
muscle cells, glucose is one of the energy sources for
mitochondria-mediated ATP production. Glut4 is
the predominantly expressed glucose transporter
protein that mediates glucose uptake and it plays a
critical role in regulating whole body glucose

homeostasis [2]. The translocation of Glut4 to the
cell membrane is regulated by IRS-1/Akt signaling
which has been shown to play an important role in
promoting glycogen synthesis through phosphory-
lating GSK-3b [47]. The lower muscle glycogen
content would decrease muscle functions and
further impairs the exercise performance [48]. Our
data showed that AG1024 or wortmannin inhibited
GEJ-WE-induced upregulation of IRS-1/Akt and p-
GSK-3b signaling, Glut4 membrane translocation
and glycogen content in myotubes (Fig. 5), sug-
gesting the activation of IGF-1R/Akt signaling
contributed to GEJ-WE-induced Glut4 membrane
translocation and glycogen synthesis. The activation
of IGF-1R/IRS-1/Akt/GSK-3b signaling and the

Fig. 10. Effects of GEJ-WE on glycogen content of gastrocnemius muscle (A), tibialis anterior muscle (B) and rectus femoris muscle (C) of
C57BL/6J mice. Mice were orally treated with vehicle only (saline) or with GEJ-WE (100, 200 and 300 mg/kg/day) for 4 weeks. Glycogen was
measured by PAS staining in the sections of gastrocnemius muscle (D, top row), tibialis anterior muscle (D, middle row) and rectus femoris muscle (D,
bottom row) of C57BL/6J mice at 4-weeks post GEJ-WE treatment. Scale bars ¼ 100 mm. Data represent the mean ± SEM from six independent mice
(n ¼ 6 per group). *p < 0.05 vs. control group (vehicle-treated) according to one-way ANOVA followed by a Tukey post hoc test.
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increase of glycogen content were also observed in
skeletal muscle tissues of GEJ-WE-treated mice,
suggesting the potential effects of GEJ-WE on
glucose homeostasis in skeletal muscle.
Both in vitro and in vivo data showed that GEJ-WE

significantly upregulated mitochondrial biogenesis
signaling related molecules, PGC-1a, NRF1 and
TFAM (Figs. 6 and 13), which might contribute to its
enhancing effects on mitochondrial activity and ATP
production. It is well known that PGC-1a acts as a
critical regulator of mitochondrial biogenesis by co-
activating with the transcription factor NRF1 to pro-
mote TFAM expression [11,46]. In addition, the in-
crease of skeletal muscle glycogen andmitochondrial

biogenesis are considered to be the main strategy to
reducemuscle fatigue. Our results revealed that mice
feed with GEJ-WE increased PGC-1a-mediated
mitochondrial biogenesis signaling and Akt/GSK-3b-
mediated glycogen content (Fig. 13), which might
contribute to its promoting effects onmuscle strength
and motor performance (Fig. 7). All together, these
results suggest that GEJ-WE possesses the beneficial
effects on the regulation of mitochondrial biogenesis
signaling and glucose homeostasis that contribute to
promote skeletal muscle strength and motor
performance.
In this work, we identified four amino acids

components (L-hydroxyproline, glycine, DL-alanine,

Fig. 11. Effects of GEJ-WE on the slow-twitch (type I) fibers of gastrocnemius muscle (A), tibialis anterior muscle (B) and rectus femoris
muscle (C) of C57BL/6J mice. Mice were orally treated with vehicle only (saline) or with GEJ-WE (100, 200 and 300 mg/kg/day) for 4 weeks.
Immunofluorescence staining was performed to detect slow-twitch (type I) fibers of gastrocnemius muscle (D, top row), tibialis anterior muscle (D,
middle row) and rectus femoris muscle (D, bottom row) of C57BL/6J mice at 4-weeks post GEJ-WE treatment. Scale bars ¼ 100 mm. The proportion of
slow-twitch (type I) fiber were manually counted and calculated as total number of slow-twitch (type I) fibers/total number of fibers counted from five
randomly selected fields for each sample. Data represent the mean ± SEM from six independent mice (n ¼ 6 per group). *p < 0.05 vs. control group
(vehicle-treated) according to one-way ANOVA followed by a Tukey post hoc test.
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and L-proline) in GEJ-WE (Table 1). Among them,
hydroxyproline (a metabolite of proline) and alanine
are two important sources for glycine biosynthesis
[49]. Glycine has been shown to promote skeletal
muscle protein synthesis via activation of Akt/
mTOR signaling [50,51]. Furthermore, recent study
has shown that hydroxyproline increased the
mRNA expression of IGF-1 in skeletal muscle of
fish, an important inducer for skeletal muscle pro-
tein synthesis [52]. Moreover, they found hydroxy-
proline increased skeletal muscle fiber density and
fiber diameter [52]. In addition, glycine and L-pro-
line have also been reported their enhancing effects
on mitochondrial biogenesis via upregulation of

PGC-1a/NRF1/TFAM pathway in skeletal muscle
[53]. Therefore, amino acids (L-hydroxyproline,
glycine, DL-alanine, and L-proline) identified in GEJ-
WE play important roles in its promoting effects on
skeletal muscle protein synthesis and mitochondrial
biogenesis.
In conclusion, GEJ-WE possesses novel

enhancing effects on skeletal muscle mass, muscle
strength and motor performance via regulation of
myogenic differentiation, protein synthesis
signaling IGF-1/IGF-1R/IRS-1/Akt, mitochondrial
biogenesis signaling PGC-1a/NRF1/TFAM, ATP
production, Glut4 translocation, glycogen contents
and slow fiber type transition, providing

Fig. 12. Effects of GEJ-WE on the fast-twitch (type II) fibers of gastrocnemius muscle (A), tibialis anterior muscle (B) and rectus femoris
muscle (C) of C57BL/6J mice. Mice were orally treated with vehicle only (saline) or with GEJ-WE (100, 200 and 300 mg/kg/day) for 4 weeks.
Immunofluorescence staining was performed to detect fast-twitch (type II) fibers of gastrocnemius muscle (D, top row), tibialis anterior muscle (D,
middle row) and rectus femoris muscle (D, bottom row) of C57BL/6J mice at 4-weeks post GEJ-WE treatment. Scale bars ¼ 100 mm. The proportion of
fast-twitch (type II) fiber were manually counted and calculated as total number of fast-twitch (type II) fiber/total number of fibers counted from five
randomly selected fields for each sample. Data represent the mean ± SEM from six independent mice (n ¼ 6 per group). *p < 0.05 vs. control group
(vehicle-treated) according to one-way ANOVA followed by a Tukey post hoc test.
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mechanistic evidence that GEJ-WE enhances skel-
etal muscle mass and function.
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Appendix. Supplementary methods

Oil Red O Staining

Lipid was visualized on paraffin-embedded tissue
sections (5-mm) by Oil Red O staining according to a
previous study [54]. Following deparaffinization and
rehydration, sections were immersed in Solution 1
(70% ethylene glycol, 5 g linoleic acid and 2 g leci-
thin) at 56 �C for 3 days. Sections were then rinsed in
several changes of 70% ethanol followed by several
changes of distilled water for at least 8 h. After that,
sections were immersed in Solution 2 (2% chro-
mium trioxide in distilled water) at 4 �C for 24 h
followed by rinsed in several changes of distilled
water for 24 h. Sections were then immersed in
Solution 3 (5% sodium bicarbonate in distilled

Fig. 13. Effects of GEJ-WE on protein expressions of IGF-1R (A), IRS-1 (B), p-Akt (S473)/Akt (C), p-mTOR (S2448)/mTOR (D), p-GSK-3b
(S9)/GSK-3b (E), PGC-1a (F), NRF1 (G) and TFAM (H) in tibialis anterior muscle of C57BL/6J mice. Mice were orally treated with vehicle only
(saline) or with GEJ-WE (100, 200 and 300 mg/kg/day) for 4 weeks. Protein expressions were measured by western blotting. Densitometry analyses
are presented as the relative ratio of protein/GAPDH or p-protein/protein, and are represented as percentages of matched control group. Data
represent the mean ± SEM from six independent mice (n ¼ 6). *p < 0.05 vs. control group (vehicle-treated) according to KruskaleWallis test followed
by Dunn's test.
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water) for 24 h followed by rinsed in water for at
least 8 h. After staining with 0.5% Oil Red O in
isopropanol for 30 min, sections were rinsed in 60%
isopropanol, then rinsed in distilled water, and

stained in hematoxylin for 1 min. Images were
captured under an optical microscopy (ECLIPSE 80i,
Nikon, Japan) and analyzed Oil Red O staining in-
tensity by ImageJ software.

Figure S1. Effects of GEJ-WE on growth curve of C57BL/6J mice. Mice were orally treated with vehicle only (saline) or with GEJ-WE (100, 200
and 300 mg/kg/day) for 4 weeks. The body weight of mice were measured every 2 days. Data represent the mean ± SEM from six independent mice
(n ¼ 6 per group). *p < 0.05 vs. control group (vehicle-treated) according to one-way ANOVA followed by a Tukey post hoc test.

Figure S2. Effects of GEJ-WE on lipid content of gastrocnemius muscle (A), tibialis anterior muscle (B) and rectus femoris muscle (C) of
C57BL/6J mice. Mice were orally treated with vehicle only (saline) or with GEJ-WE (100, 200 and 300 mg/kg/day) for 4 weeks. Oil Red O staining
was used to detect lipid content in the paraffin-embedded tissue sections of gastrocnemius muscle (D, top row), tibialis anterior muscle (D, middle row)
and rectus femoris muscle (D, bottom row) of C57BL/6J mice at 4-weeks post GEJ-WE treatment. Scale bars ¼ 100 mm. Data represent the
mean ± SEM from six independent mice (n ¼ 6 per group). *p < 0.05 vs. control group (vehicle-treated) according to one-way ANOVA followed by a
Tukey post hoc test.
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