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ABSTRACT

Background: Skeletal muscle denervation leads to motor neuron degeneration, which in turn reduces
muscle fiber volumes. Recent studies have revealed that apoptosis plays a role in regulating denervation-
associated pathologic muscle wasting. Korean red ginseng (KRG) has various biological activities and is
currently widely consumed as a medicinal product worldwide. Among them, ginseng has protective
effects against muscle atrophy in in vivo and in vitro. However, the effects of KRG on denervation-induced
muscle damage have not been fully elucidated.

Methods: We induced skeletal muscle atrophy in mice by dissecting the sciatic nerves, administered
KRG, and then analyzed the muscles. KRG was administered to the mice once daily for 3 weeks at 100
and 400 mg/kg/day doses after operation.

Results: KRG treatment significantly increased skeletal muscle weight and tibialis anterior (TA) muscle
fiber volume in injured areas and reduced histological alterations in TA muscle. In addition, KRG treat-
ment reduced denervation-induced apoptotic changes in TA muscle. KRG attenuated p53/Bax/cyto-
chrome c/Caspase 3 signaling induced by nerve injury in a dose-dependent manner. Also, KRG decreases
protein kinase B/mammalian target of rapamycin pathway, reducing restorative myogenesis.
Conclusion: Thus, KRG has potential protective role against denervation-induced muscle atrophy. The
effect of KRG treatment was accompanied by reduced levels of mitochondria-associated apoptosis.

© 2023 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Skeletal muscle atrophy is characterized by decreasing muscle
volume that leads to muscle weakness and disability. It is caused by
aging, immobility, medication, or a wide spectrum of injuries or
diseases that affect the nervous or musculoskeletal system [1].
Motor innervation is an important regulator of skeletal muscle
mass and function [2,3]. Nerve injury activates numerous well-
known proteolytic pathways that increase the rate of protein
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tibialis anterior.
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degradation. A concurrent decrease in the rate of protein synthesis
results in a marked reduction in muscle fiber size [4].

In addition to these pathways, apoptosis has recently been
shown to be an important contributor to the atrophic response
associated with chronic muscle disuse and pathological muscular
diseases [5,6], shown by a decline in the mitochondrial content per
gram of muscle mass. This reduction suggests that chronic inac-
tivity may induce adaptations to the mitochondria, making them
sensitive to the release of apoptotic proteins [7]. Previous studies
illustrated the activation of mitochondria-associated apoptotic
signaling in denervation-induced skeletal muscle atrophy. Levels of
the transcription factor p53, a regulator of mitochondrial quality
and function in muscle, increased following denervation, along
with a concomitant increase in the level of pro-apoptotic Bax, a
p53-regulated protein [8]. In addition, denervated muscle contains
increased levels of Bax, mitochondrial release of cytochrome c, and
activation of Caspase 3, recognized as key regulators of cell death
[9].

Panax ginseng Meyer is an oriental herbal medicine that is now
extensively consumed as a medicinal product worldwide [10].
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Korean red ginseng (KRG) possesses multiple biological activities,
including antioxidant, anti-inflammatory, and antitumor effects
[11]. The active components of KRG are ginsenosides, which are
triterpene glycosides [12]. Ginsenosides exert medicinal effects via
their anti-apoptotic effects on various cells [13—15]. Ginsenosides
can block Bax/Caspase 3 release and protect against mitochondria-
activated cell apoptosis [16]. In addition, ginseng has protective
effects against muscle atrophy in in vivo and in vitro [17,18]. Gin-
senoside Rg1 reported to prevent muscle protein degradation and
atrophy in C2C12 myotubes [19]. Although KRG has been confirmed
to have anti-apoptotic and protective effects against muscle atro-
phy [14,18], the effects of KRG on denervation-induced muscle
damage have not been fully elucidated.

The aim of this study was to evaluate the ability of KRG to
prevent denervation-induced skeletal muscle atrophy. We investi-
gated the effects of KRG on the extent of apoptosis and myogenesis
in denervation-related muscle atrophy.

2. Materials and methods
2.1. Animals and experimental groups

Six-week-old male C57BL/6 mice (20—23 g, Orient Bio Inc.,
Seongnam, Korea) were housed under standard conditions (tem-
perature, 22 + 3 °C; humidity, 23 + 5 °C; 12 h light/dark cycles) with
water and food ad libitum. After 1 week of acclimation, mice were
randomly divided into four groups (n = 7 mice/group): (1) Sham,
(2) Denervation, (3) Denervation + oral administration of low-dose
KRG (100 mg/kg), and (4) Denervation + oral administration of
high-dose KRG (400 mg/kg). KRG (Hong Sam Jung; lot no. H2006(2)
1043) was purchased from the Korea Ginseng Corporation (Dae-
jeon, Republic of Korea). The major ginsenosides, Rb1 (6 mg/g), Rd
(1 mg/g), and Rg3 (1.5 mg/g), were confirmed by HPLC analysis,
previously described by Kim et al, 2022 [20]. Animal care and
experimental procedures followed the Animal Care and Use Com-
mittee of Chungnam National University (202112A-CNU-194)
guideline.

2.2. Denervation procedures and animal treatment

The mouse's right hind leg sciatic nerve was transected to
construct a mouse model of muscle atrophy in vivo. All mice were
anesthetized, and the right hind legs were shaved to prepare a
surgical window. After femoral palpation, the incision line was
placed adjacent to the middle of the femur, and the muscle fibers
were carefully separated by retracting the scissors until the sciatic
nerve was identified. The sciatic nerve was dissected, and the skin
was sutured cautiously to avoid damage to other muscle fibers. KRG
dosages were selected based on a previous study [20] and admin-
istered by oral gavage once a day for 3 weeks at 100 and 400 mg/kg/
day postoperatively. Body weight was measured weekly during the
treatment. Mice were sacrificed by carbon dioxide one day after the
last KRG treatment. Tibialis anterior (TA), gastrocnemius (GA), and
quadriceps were harvested for Western blot and histological
analysis.

2.3. Histological analysis

Formalin-fixed TA muscle tissue was embedded in paraffin, and
sectioned into 4 um-thick slices. After deparaffinization and rehy-
dration, all sections were stained with Harris' hematoxylin and
eosin (TissuePro Technology, Gainesville, FL) for light microscopic
observation (Leica, Wetzlar, Germany). All slides were scanned

53

Journal of Ginseng Research 48 (2024) 52—58

using a digital slide scanner (MoticEasyScan Oro, Motic, Xiamen,
China). Randomly selected areas from each slide were captured
using Motic Digital Slide Assistant software (Version 1.0.7.44,
Motic).

2.4. Immunofluorescence staining

TA muscles were fixed in 4% (v/v) paraformaldehyde and per-
meabilized with 0.2% Triton X-100 in phosphate-buffered saline to
determine the skeletal muscle fibers' cross-sectional areas. The
muscles were incubated sequentially with an anti-laminin primary
antibody (1:50, Abcam, Cambridge, MA, USA) and goat anti-rabbit
Alexa Flour 488 conjugated secondary antibody (1:500, Abcam),
protected from light. The sections were individually mounted in
DAPI (Abcam) and sealed with a coverslip. The specimens were
analyzed using a confocal laser-scanning microscope (Nikon Cor-
poration, Tokyo, Japan). DAPI (blue) and laminin (green) fluores-
cence were excited with a 405 nm and a 488 nm, respectively.

2.5. Terminal deoxynucleotidy! transferase dUTP nick end labeling
(TUNEL) assay

TUNEL assay (Abcam) was used to measure apoptotic cell death
in the control and experimental groups. Apoptotic cell death was
visualized using 3,3-diaminobenzidine (DAB) chromogen with a
Harris's hematoxylin counterstain for microscopic examination
(Leica). IMT i-Solution software was used for quantitative image
analysis.

2.6. Immunohistochemistry (IHC) analysis

Myogenin expression was visualized using a VECTASTAIN Elite
ABC kit (Vector Laboratories, Burlingame, CA, USA), based on the
manufacturer's protocol. After deparaffinization and dehydration,
the sections were treated with citric buffer for antigen retrieval.
After serial washing, endogenous peroxidase quenching and
blocking was followed. After blocking all sections were incubated
with anti-myogenin (1:500, Abcam) and goat anti-rabbit IgG pri-
mary and secondary antibodies, respectively. DAB chromogen and
Harris hematoxylin were used for color development. All the sec-
tions were randomly evaluated using a light microscope (Leica).

2.7. Immunoblotting

Frozen muscle tissue was homogenized with a tissue lysis buffer
(Sigma-Aldrich, St. Louis, MO, USA) with a protease inhibitor
cocktail (Sigma-Aldrich) and a phosphatase inhibitor cocktail
(Sigma-Aldrich). The suspension was centrifuged at 12,000 g at 4 °C
for 15 min to isolate the cellular proteins in the supernatant.
Western blot analysis was performed according to a previous study
[21]. After blocking with bovine serum albumin, the membranes
were incubated with the following primary antibodies and di-
lutions: total (t)-p53 (1:1000, Abcam), phosphor (p)-p53 (1:1000,
Cell Signaling Technology, Beverly, MA, USA), Bax (1:1000, Abcam),
cytochrome ¢ (1:1000, Abcam), Caspase-3 (1:1000, Cell Signaling
Technology), t-protein kinase B (t-AKT, 1:1000, Abcam), p-AKT
(1:1000, Abcam), t-mammalian target of rapamycin (t-mTOR,
1:1000, GeneTex, Irvine, CA, USA), p-mTOR (1:1000, GeneTex), and
myogenin (1:1000, Abcam). Ponceau S staining was used as a
loading control in Western blot analysis [22,23]. Each protein band
was quantitated by ChemiDoc imaging system (Bio-Rad Labora-
tories, Hercules, CA, USA).
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2.8. Statistical analysis

All data are expressed as mean =+ standard deviation (SD). Means
of more than two groups were analyzed by using one-way analysis
of variance (ANOVA) followed by Tukey's honestly significant dif-
ference test. Statistical significance was determined by comparing
the treatment groups to the sham group using GraphPad InStat v.
3.0 (GraphPad Inc., La Jolla, CA, USA). Statistical significance was set
at p value less than 0.05 and 0.01 were considered significant.

3. Results
3.1. Effects of KRG on denervation-induced muscle wasting

When body weight was measured weekly for KRG treatment
after surgery, no significant change in body weight was observed in
any group (Table 1). However, sciatic nerve injury causes a reduc-
tion in neural innervation of the TA muscle, leading to reduced
muscle weight. The reduction was quantified by measuring the
muscles weight from the operated group and normalizing to body
weight. In the denervation group, the weight of the right TA muscle
was evidently lower than that in the sham group. In contrast, the
KRG treatment groups showed a dose-dependent decrease in TA
muscle weight compared to the denervation group.
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Additionally, muscle weight loss in the denervation group was
observed in the GA muscles. However, no significant difference was
detected in GA. There was no change in muscle mass after dener-
vation or KRG treatment in the quadriceps. Morphological atrophy
of TA muscles due to denervation and recovery due to KRG
administration were observed visually (Fig. 1).

3.2. Effects of KRG on denervation-induced histological alterations
in the TA muscle

The protective effects of KRG against nerve damage were also
observed in the histological results (Fig. 2A and B). The sham group
showed intact TA muscle. In contrast, the denervation group
showed atrophied muscle fibers and a disorganized morphology
and structure. The nuclei were enlarged and abnormally located
(arrowheads). These pathological changes were improved by KRG
treatment in a dose-dependent manner (Fig. 2A).

The immunofluorescence results showed that muscle fiber areas
were markedly reduced in denervated muscles (Fig. 2B), indicating
that the denervated muscle atrophy mouse model has been
established. However, muscle fiber areas increased with the
increasing KRG concentration in the treated damaged TA muscle.
These results suggest that KRG may promote the recovery of TA
muscle innervation.

Table 1
KRG on Body Weight and Muscle Weight in Denervation-induced mice
Group SHAM DEN DEN + KRG L DEN + KRG H
Body weight (g)
Before surgery 20.65 + 1.17 21.37 + 1.02 21.35 + 0.61 22.07 + 0.86
1 week 21.38 + 1.18 21.22 + 0.90%* 21.25 + 0.52+%* 21.82 + 0.91**
2 weeks 21.75 + 0.79 22.04 +1.25 21.23 + 048 21.75 £ 0.78
3 weeks 2413 + 1.54 2385+ 1.24 21.53 + 1.32%* 23.20 + 0.69
4 weeks 238 +1.26 2344 +1.15 22.03 +1.38 23.00 + 091
Muscle weight / Body weight (%)
Quadriceps 0.717 + 0.170 0.699 + 0.111 0.794 + 0.068 0.795 + 0.020
Tibialis anterior 0.142 + 0.050 0.087 + 0.003*# 0.109 + 0.019** 0.117 + 0.023**
Gastrocnemius 0.440 + 0.123 0.285 + 0.049 0.253 + 0.088 0.279 + 0.009

Values: means + SD (n = 7). Significance: **p < 0.01 vs SHAM; **p < 0.01 vs DEN.

DEN+KRG L

DEN+KRG H

Fig. 1. Representative photographs of TA, GA, and quadriceps in denervation-induced mice. Nerve dissected muscles are on the right, and contralateral muscles are on the left. DEN;
denervation-induced mice, DEN + KRG L; denervation-induced mice + oral administration of low-dose (100 mg/kg/day) of KRG, DEN + KRG H; denervation-induced mice + oral

administration of high-dose (400 mg/kg/day) KRG.
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Fig. 2. KRG improves the histological alterations and the atrophied muscle fibers size in TA muscles from mice which was confirmed by (A) Harris' hematoxylin and eosin staining
(Bar = 30 pm) and (B) immunofluorescence laminin staining (Bar = 25 um). The nuclei were enlarged and abnormally located (arrowheads). DEN; denervation-induced mice,
DEN + KRG L; denervation-induced mice + oral administration of low-dose (100 mg/kg/day) of KRG, DEN + KRG H; denervation-induced mice + oral administration of high-dose
(400 mg/kg/day) KRG. Values: means + SD (n = 7). Significance: #**p < 0.01 vs SHAM; *p < 0.05 vs DEN, respectively.
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Fig. 3. KRG reduces the elevated apoptosis in TA muscles (A) and suppresses the elevated pro-apoptotic signals (B). (C) The densitometric values were determined using ChemiDoc.
DEN; denervation-induced mice, DEN + KRG L; denervation-induced mice + oral administration of low-dose (100 mg/kg/day) of KRG, DEN + KRG H; denervation-induced
mice + oral administration of high-dose (400 mg/kg/day) KRG. Values: means + SD (n = 7). Significance: #**p < 0.01 vs SHAM; ***p < 0.05 and 0.01 vs DEN, respectively.
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3.3. Effects of KRG on denervation-induced apoptosis in the TA
muscle

We used a TUNEL assay to observe the effects of KRG on
apoptotic changes caused by denervation in the TA muscle tissue
(Fig. 3A). A section of the TA muscle shows that the number of
TUNEL-positive cells was higher in the denervation-alone treated
group than that from the sham group. In contrast, the
denervation + KRG-treated groups showed fewer TUNEL-positive
cells, in a dose-dependent pattern, compared to the denervation-
alone treated group.

We performed Western blot on p53/Bax/cytochrome c/Caspase
3 (Fig. 3B). Compared to the sham group, the denervation group
showed increased expression levels of p53/Bax/cytochrome c/Cas-
pase 3. In contrast, denervation-induced, mitochondria-mediated

A
DEN
SHAM DEN —mm
KRGL KRGH
p-AKT 3 - - :
CAKT | - —
p-mTOR » —
CmTOR | il - —
Ponceau S —

Relative ratio of protein expression
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apoptosis-related signaling proteins were significantly suppressed
in the KRG-treated groups. However, the effects of KRG treatment
on denervation-induced Caspase 3 expression in the GA and
quadriceps showed no difference when compared to that from the
denervation-alone treated group (Supplemental Fig. 1).

3.4. Effects of KRG on the denervation-induced proliferation-related
signal in the TA muscle

The effects of KRG on proliferation-related signals in denervated
muscles were explored by assessing AKT and mTOR phosphoryla-
tion levels. Denervation increased the phosphorylation of AKT and
mTOR to repair damaged TA muscles (Fig. 4). However, KRG treat-
ment groups showed a concentration-dependent decreased

OSHAM ®mDEN B8DEN+KRGL GDEN+KRG H

p-AKT/t-AKT

p-mTOR/t-mTOR

Fig. 4. KRG reduced the elevated phosphorylation of (A) AKT and mTOR. (B) The densitometric values were determined using ChemiDoc. DEN; denervation-induced mice,
DEN + KRG L; denervation-induced mice + oral administration of low-dose (100 mg/kg/day) of KRG, DEN + KRG H; denervation-induced mice + oral administration of high-dose
(400 mg/kg/day) KRG. Values: means + SD (n = 7). Significance: *p < 0.01 vs SHAM; **p < 0.01 vs DEN.
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Fig. 5. KRG reduces the elevated (A) myogenin positivity and (B) myogenin expression in TA muscles from mice which was confirmed by IHC and Western blot. DEN; denervation-
induced mice, DEN + KRG L; denervation-induced mice + oral administration of low-dose (100 mg/kg/day) of KRG, DEN + KRG H; denervation-induced mice + oral administration
of high-dose (400 mg/kg/day) KRG. Values: means + SD (n = 7). Significance: **p < 0.01 vs SHAM; **p < 0.01 vs DEN.
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phosphorylated AKT and mTOR levels

denervation-alone groups.

compared to the

3.5. Effects of KRG on denervation-induced myogenin expression in
the TA muscle

We also investigated the effect of KRG on myogenin expression
in denervation-inoculated mice. The denervation-induced mice
showed higher myogenin positivity in the TA muscle as revealed by
IHC when compared to the sham group (Fig. 5A). However, KRG-
treated mice showed decreased myogenin expression level in the
TA muscle in a dose proportional pattern. Similarly, increased
myogenin expression level, evaluated by Western blot, was
evidently diminished in the KRG-treated groups compared to that
in the denervation group (Fig. 5B). However, there was no signifi-
cant difference in myogenin expression level in the
denervation + KRG-treated groups compared with that in the
denervation-alone group in GA and quad riceps (Supplemental
Fig. 1).

4. Discussion

Nerve injury leads to pathologic alterations in the skeletal
muscle, such as remodeling of the postsynaptic apparatus and loss
of muscle mass [24]. Apoptosis is a crucial contributor to
denervation-induced skeletal muscle atrophy [7,25]. In this study,
we expected a muscle protective effect of KRG against sciatic nerve
dissection based on previous studies that demonstrated the po-
tential beneficial effect of KRG on chemical or immobilization-
induced muscle degeneration [26,27]. In this study, we first
demonstrated that KRG improved denervation-induced muscle
injury by suppressing the p53-mediated apoptotic signal in
denervated muscle and decreasing AKT/mTOR signaling, which
might indicate damage remission following KRG treatment.

We induced skeletal muscle atrophy by dissecting the sciatic
nerves to evaluate the effects of KRG on denervation-induced
skeletal muscle atrophy. TA is a faster twitch type II fiber-rich
muscle than GA and quadriceps and is vulnerable to stimuli with
a higher rate of atrophy than type I fibers under denervation con-
ditions [28—30]. The difference in the impact of denervation be-
tween the muscle parts is in line with previous reports. In the
present study, TA showed the most evident denervation-induced
muscle atrophy among the examined muscles. Moreover, the
apoptotic signal induced after denervation was relatively smaller in
the GA and quadriceps than in the TA, supporting different sensi-
tivities to denervation stress by muscle type.

Mitochondria-associated apoptotic signaling is activated by
decreased muscle mass in denervation-induced skeletal muscle
atrophy [8]. p53 directly mediates apoptotic process through
translocation to the mitochondria with a transcription-
independent mechanism. In addition, increased level of cyto-
plasmic p53 reported to interact with diverse cytosolic apoptogenic
factors including Bax and activate apoptosis during muscle atrophy
[9,31]. Reactive oxygen species-mediated oxidative damage is one
of the leading theories regarding the mechanisms underlying age-
related muscle denervation [32]. Moreover, oxidative stress acti-
vates p53-dependent muscle senescence during denervation [33].
The biological role of KRG as an antioxidant has been well
demonstrated in previous studies using diverse disease models
[34,35]. In the present study, KRG attenuated p53/Bax/cytochrome
c/Caspase 3 signaling induced by nerve injury in a dose-dependent
manner. Consistent with this result, KRG reduced the number of
TUNEL-positive apoptotic cells in the TA muscles.

In the denervated TA muscle, decreased muscle mass was
concomitant with a reduction in muscle fiber areas, confirmed by
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laminin staining analysis. However, KRG treatment prevented
skeletal muscle weight loss and improved TA muscle fiber volume
in the injured area. Differentiation of skeletal myoblasts is a
multistage maturation process forming skeletal myofibers,
including the self-renewal of myogenic cells, expression of muscle-
specific transcriptional genes, and fusion into multinucleated
myofibers [36,37]. Myogenin is a transcription factor that partici-
pates in terminal myoblast differentiation and regulates myocyte
fusion during development [38]. Myogenin also plays an important
role as an essential regulator of myogenesis in regulating
denervation-induced atrophy [39]. Myogenin promotes muscle
atrophy upon denervation by directly activating the expression of
murf-1 and atrogin-1, which encode E3 ubiquitin ligases respon-
sible for muscle protein degradation. Conversely, histone acetyla-
tion, which plays an important role in denervation-dependent
changes, regulates myogenin expression, and forced expression of
myogenin restores muscle atrophy after denervation. Therefore, we
focus on myogenin because of its dual role as a regulator of muscle
development after denervation-induced atrophy. Myogenin
expression was enhanced in the denervation-alone group, pre-
sumed to restore muscle atrophy. However, the myogenin expres-
sion level in the KRG-treated group was lower than that in the
denervation-alone group, at a level similar to that of the sham
control group, confirmed by Western blot analysis and IHC. More-
over, the phosphorylation of AKT and mTOR in the KRG-treated
group was lower than that in the denervation-alone group, in a
dose-dependent manner. The AKT/mTOR pathway plays a major
role in muscle hypertrophy [40]. In particular, mTOR has been
recognized as the crucial regulator of protein synthesis in muscles
under various pathological conditions [41]. In the present study,
enhanced AKT phosphorylation in the denervation-alone group
was accompanied by enhanced apoptosis-related signals, and KRG
treatment reversed this expression pattern. AKT was previously
shown to be activated by mitochondrial apoptotic stimuli, and the
apoptosis process was delayed by its activation [42]. The overall
results indicate that the muscle-improving effect of KRG against
denervation-induced muscle atrophy might rely on the inhibition
of apoptotic signals that can trigger muscle atrophy and spare the
expression of restorative myogenesis activation.

In this study, we investigated the potential protective role of
KRG against denervation-induced atrophy. Ameliorated atrophy
observed after KRG treatment was accompanied by reduced levels
of mitochondria-associated apoptosis. Further detailed evaluations
of these molecular events are required to elucidate how KRG
sequentially prevents denervation-induced muscle atrophy.
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