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Amelioration of muscle wasting by
gintonin in cancer cachexia

Abstract

Cancer cachexia is characterized by systemic inflammation, protein degradation, and loss of skeletal muscle. Despite extensive efforts
to develop therapeutics, only few effective treatments are available to protect against cancer cachexia. Here, we found that gintonin
(GT), a ginseng-derived lysophosphatidic acid receptor (LPAR) ligand, protected C2C12 myotubes from tumor necrosis factor o
(TNFa)/interferon y (IFNy)- induced muscle wasting condition. The activity of GT was found to be dependent on LPAR/Gai2,
as the LPAR antagonist Ki16425 and Gai2 siRNA abolished the anti-atrophic effects of GT on myotubes. GT suppressed TNFa-
induced oxidative stress by reducing reactive oxygen species and suppressing inflammation-related genes, such as interleukin 6 (IL-6)
and NADPH oxidase 2 (NOX-2). In addition, GT exhibited anti-atrophy effects in primary normal human skeletal myoblasts. Further,
GT protected against Lewis lung carcinoma cell line (LLC1)-induced cancer cachexia in a mouse model. Specifically, GT rescued the
lower levels of grip strength, hanging, and cross-sectional area caused by LLC1. Collectively, our findings suggest that GT may be a
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good therapeutic candidate for protecting against cancer cachexia.
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Introduction

Skeletal muscle mass represents approximately 40-50% of human body
weight and serves as both the largest tissue mass and the major protein
storage in the body [1]. Most patients with advanced cancer, especially lung
cancer, eventually develop a skeletal muscle wasting condition known as
cancer-induced cachexia, which is characterized by systemic inflammation,
protein degradation, and loss of lean body mass [2]. Cachexia is also observed
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in many other medical conditions, such as acquired immunodeficiency
syndrome (AIDS), chronic obstructive pulmonary disease (COPD), diabetes,
and hormonal deficiency [2,3]. In cancer cachexia, the loss of skeletal muscle
is the most obvious symptom because it occurs rapidly in cancer patients
[4,5]. Up to 60% of cancer patients suffer from cancer cachexia, leading to
pronounced weight loss, markedly lower quality of life, and poor prognosis
and outcomes [5,6]. Further, cancer cachexia contributes to increase the
mortalities of 20 - 30% of cancer patients [7,8].

Cachexia is driven by variable conditions, such as altered energy balance,
increased production of pro-cachexia cytokines and factors, and adipose
tissue depletion [5]. The major well-known cachexia-inducing factors
are myostatin, activin, growth differentiation factor 15 (GDF15), tumor
necrosis factor-like weak inducer of apoptosis (TWEAK), and inflammatory
cytokines, such as interferon y (IFNy), tumor necrosis factor @ (TNFw),
interleukin 1 and B (IL-1 and IL-18), and interleukin (IL)-6 [5,9]. These
factors lead to catabolic conditions by inducing proteolysis through activation
of the ubiquitin-proteasome system (UPS) and autophagy-lysosome system
(ALS). During physiological conditions, serine/threonine-protein kinase
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(AKT) phosphorylates the FoxO3, leading to cytoplasmic localization. In
the cachexia condition, AKT activity is suppressed either by the influence
of inflammatory cytokines or the decreased levels of insulin-like growth
factor 1 (IGF1). Decreased AKT activity leads to dephosphorylation and
subsequent nuclear translocation of FoxO3a proteins, which in turn enable
the transcription of Murf-1 and Atrogin-1 [5]. A common converging
step that controls inflammatory cytokines involves the nuclear factor
kappa B (NF-«B), a ubiquitous transcription factor that mediates cellular
responses to a diverse array of stimuli, including lipopolysaccharide,
reactive oxygen species (ROS), and several cytokines [10,11]. TNF-o was
demonstrated to upregulate inflammatory cytokines via NF-x B, which act as
an upstream element of a common pathway that produces catabolic cytokines
[9,12]

Ginseng, the root of Panax ginseng Meyer, has been used as a conventional
medicinal plant for many centuries in the Orient, particularly in Korea,
Japan, and China. The name Panax suggests ‘all healing,” which represents
the traditional belief that ginseng has characteristics to heal all aspects of
the body. Ginseng roots and root extracts have been traditionally used
as a medicine in Korea to revitalize the body and mind, increase muscle
and physical strength, prevent aging, and increase vigor [13,14]. Panax
ginseng (Korean ginseng) was demonstrated to induce muscle strength of
normal mice after 7 weeks of treatment [15] and reduce muscle damage and
inflammatory response in mice caused by eccentric muscle contraction [16].
Several ginsenosides, such as ginsenoside Rgl, have also been demonstrated
to have protective effects on muscle by up-regulating promyogenic kinases
on C2C12 myoblasts cells [17]. Thus, we hypothesized that ginseng might
have a potential beneficial effect on muscle atrophy. Here, we screened
ginseng-derived components and identified that gintonin (GT), a ginseng-
derived lysophosphatidic acid receptor (LPAR) ligand, enhanced the myotube
diameter and fusion of both mouse C2C12 and human skeletal myoblast
(HSkM) cells. Using a murine model, we also showed that GT protected
against Lewis lung carcinoma cell line (LLC1) -induced cancer cachexia in
vivo.

Results

Ginseng-derived components induce hypertrophy and fusion of C2C12
myotubes

We hypothesized that ginseng-derived components may have potential
effects on muscle atrophy. To prove this hypothesis, we screened various
ginseng-derived components (arginine-fructose-glucose (AFG), GT, non-
saponin extracts, and total saponin extracts at 100 ng/ml; ginsenoside Rb1,
Rb2, Re, Rd, Re, Rf, Rgl, Rg2, Rg3R, and Rg3 isomer such as Rg3R, and
Rg3S at 100 nM) to determine their potential effects on C2C12 myotubes.
Myoblast C2C12 cells were differentiated into myotubes and then treated
with ginseng-derived components for 2 days. The cell hypertrophy and fusion
index were determined by measuring cell diameter and counting the number
of nuclei per cell, respectively. To quantify the myotube diameter, MHC-
positive myotubes with more than 10 nuclei were counted in 10 different
places, and the diameter mean was calculated. To quantify cell fusion induced
by ginseng components, we calculated the fusion index by counting the
number of nuclei per MHC-positive myocytes (mononucleate, two to five
nuclei, and six or more nuclei per myotube). Several ginsenosides, such as
ginsenoside Rd, Rb1, Rg2, Rg3R, and Rg3S, induced cell hypertrophy and
fusion (Supplementary Fig. 1). This finding is consistent with that of previous
reports, where ginsenoside Rbl and Rg3 were shown to induce muscle
hypertrophy and myoblast differentiation [18,19]. Interestingly, we found
that GT (100 ng/ml) markedly induced the highest levels of hypertrophy
and fusion of C2CI12 myotubes among the ginseng components tested
(Supplementary Fig. 1).

GT induced hypertrophy and fusion of C2C12 myotubes

As GT strongly exhibited hypertrophic effects on myotubes compared to
other ginsenosides, we proceeded to determine whether GT has protective
effects on muscle wasting. First, we tested the effect of GT on C2C12
cell viability. GT treatment did not display apparent cytotoxicity against
C2C12 myotubes (Supplementary Fig. 1). To determine the dose-dependent
hypertrophic effects of GT on myotubes, C2C12 myotubes were treated
with 10 ng/mL to 10,000 ng/mL GT and stained with a myosin heavy
chain (MHC), a marker of myogenic differentiation. GT treatment increased
myotube diameter approximately by 2.5-fold compared to the control
(Fig. 1A, B). GT also significantly increased the frequency of myotubes
containing multiple nuclei (2 to 5 nuclei and six or more nuclei) compared
to control (Fig. 1A, C). Moreover, the frequency of mononucleate myocytes
was significantly lower with GT treatment (Fig. 1A, C), suggesting that GT
promoted the formation of bigger myotubes by inducing muscle cell fusion.

GT protects C2C12 myotubes from TNFo/IFNy - induced muscle cell
atrophy

As GT increased the muscle cell size and fusion index, we questioned
whether GT could protect muscle cells from cancer cachexia condition.
To mimic cancer cachexia in vitro, differentiated C2C12 cells were treated
with TNFa/IFNy (TI) together with GT and the effects of GT on cellular
atrophy were determined. The decreased myotube diameters caused by TI
were significantly increased by GT treatment in a dose-dependent manner
(Fig. 1D, E). Moreover, the frequency of myotubes with multiple nuclei
was significantly increased with GT+TI treatment compared to TT alone
(Fig. 1D, F). To determine a potential therapeutic effect of GT, C2C12
cells were pretreated with TI and then GT was added. Consistent with
co-treatment of GT+TI, GT exerted protective effects on pretreated TI-
induced cellular atrophy (Fig. G-I). To test whether these effects were
associated with proteolysis-related proteins, such as Atrogin-1 and MuRF-1,
we determined the expression of these proteins. As expected, Atrogin-1 and
MuRF-1 were induced by TI, which was significantly reduced by GT (Fig. 1],
K). Altogether, these results indicate that GT protected C2C12 myotubes
from TI-induced muscle cell atrophy.

GT protects against cellular atrophy through the lysophosphatidic acid
receptor (LPAR)

Previously, it was shown that GT activates lysophosphatidic acid receptors
(LPAR) and suppresses heat stress-induced inflammation through LPAR
[20,21]. Thus, to gain insights into the mechanisms of GT, we tested
whether the effects of GT on muscle cells are associated with LPAR. First,
we determined whether LPAR (LPAR1, LPAR2, and LPAR3) expression is
affected in C2CI12 cells by GT using RT-qPCR. The expression of both
LPAR1 and LPAR3, but not LPAR2, was significantly induced with GT
treatment (Fig. 2A). Further, we determined whether LPAR is functionally
related to GT using the LPAR antagonist Kil6425. Differentiated C2C12
myotubes were pre-treated with Kil6425 for 30 min, followed by GT
treatment. Thereafter, the diameter and fusion index of myotubes were
determined. The diameter and fusion index induced by GT were significantly
decreased with the dual treatment of GT and Kil6425 (Fig. 2B-D),
suggesting that GT induces muscle cell hypertrophy via LPAR. As a proof-
of-concept, we tested the effects of the LPAR agonist, LPA, on myotubes,
and found that LPA at 20 M also induced the hypertrophy of myotubes
(Fig. 2B-D). Gai2, a downstream signaling protein of LPA/LPAR, was
demonstrated to promote muscle hypertrophy by stimulating PI3K-AKT to
induce cell growth and inhibiting protein degradation through the reduction
of E3 ubiquitin ligase atrogin-1 [22-25]. Using Gai2 siRNA, we tested
whether the hypertrophic effects of GT are associated with Gri2. As shown,
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Fig. 1. GT protects C2C12 myotubes from TNFo/IFNy -induced muscle cell atrophy.
(A-C) C2C12 myotubes were treated with GT for 48 h at the indicated concentration and stained with anti-MHC Ab. (A) Representative images were shown.

(B) Average myotube diameter was measured by Image] software. (C) The number of nuclei per myotube was quantified. The data were shown as mean +
SEM of more than 100 myotubes from 10 randomly chosen fields (*2 < 0.05; ***P < 0.0001). (D-F) C2C12 myotubes were treated with GT at the indicated
concentrations together with TNFa (20 ng/mL) and IFNy (100U/mL) for 24 h, and then stained with anti-MHC Ab. (D) Representative images were shown.
(E) Average myotube diameter was measured by Image] software. (F) The number of nuclei per myotube was quantified. The data were shown as mean +
SEM of more than 100 myotubes from 10 randomly chosen fields (*2 < 0.05; ***P < 0.0001). (G-I) C2C12 myotubes were pre-treated with TNFa (20
ng/mL) and IFNy (100U/mL) for 24 h, and then treated with GT (100 ng/mL) for 24 h. Cells were stained with anti-MHC Ab. (G) Representative images
were shown. (H) Average myotube diameter was measured by Image] software. (I) The number of nuclei per myotube was quantified. The data were shown
as mean = SEM of more than 100 myotubes from 10 randomly chosen fields (*2 < 0.05; ***P < 0.0001). (J-K) C2C12 myotubes were treated with GT
(100 ng/mL) together with TNFa (20 ng/mL) and IFNy (100U/mL). Cells were isolated, and the protein levels of Atrogin-1 and MuRF-1 were evaluated by
western blot. (J) Representative images were shown. (K) Images were measured by Image]J software. The data were shown as mean + SEM (n=3; *P < 0.05).

GT induced the hypertrophy of C2C12 myotubes, which was abolished with
two independent Gai2 siRNA (Fig. 2E-I). These results suggest that GT
protects against cellular atrophy through the LPAR/Gai2 pathway.

GT protects C2C12 cells from oxidative stress

As oxidative stress is a common mechanism of cancer cachexia
[26] and GT was demonstrated to reduce inflammatory response [21],
we hypothesized that GT could reduce oxidative stress or inflammation,
protecting C2C12 myoblast from oxidative damage caused by TNFa. To
prove this hypothesis, we determined total ROS levels in C2C12 cells using
2’,7—dichlorofluorescein diacetate (DCFDA) in the absence or presence of
TNFa. As expected, TNFer induced higher levels of ROS than the vehicle
(Fig. 3A, B). Interestingly, the accumulated ROS levels caused by TNFo
were significantly reduced by GT or the well-known ROS scavenger, N-
acetylcysteine (NAC) (Fig. 3A, B). The reduction of ROS levels by GT
was also observed in C2C12 myotubes (Fig. 3C, D). Using MitoSox™
Red mitochondrial superoxide indicator, we also determined mitochondrial
ROS levels. The levels of mitochondrial ROS were consistently reduced by
GT treatment (Fig. 3E, F). As a higher level of ROS is known to reduce
mitochondrial membrane potential (AWm), we tested whether GT could
rescue mitochondrial membrane potential using a MitoProbe DilC; (5) assay

kit. TNFo was found to induce the AWm collapse in C2C12 myoblast;
however, this was rescued by the addition of GT (Fig 3G, H).

Thus, to identify the mechanisms whereby GT reduces ROS levels,
we employed two independent methods: a radical scavenging assay and
inflammation-related gene regulation by GT. First, we determined the radical
scavenging activity of GT using a hydroxyl radical scavenging assay. The
hydroxyl radicals generated from H,O, was dose-dependently reduced by
the addition of GT. Interestingly, 1 ng/ml GT displayed a markedly better
scavenging effect than the well-known scavenger, ascorbic acid (125 ng/ml)
in our system (Fig 3I). Second, the inflammation-related genes, such as
NOX2 and IL-6, induced by TNFw are known to be implicated in ROS
production [26]. TNFa induced the expression of IL-6 and NOX-2, which
was significantly reduced by GT (Fig 3], K). These results suggest that GT
protects against cellular atrophy by exhibiting ROS scavenging activity and
reducing inflammation-related genes.

GT protects against atrophy of primary normal human skeletal
myoblasts (HSkM)

As GT protected against muscle cell atrophy in a mouse system iz vitro,
we wondered whether the protection by GT is also evident in human cells.

Thus, by using HSkM, we analyzed the effect of GT on human muscle cell
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Fig. 2. GT protects against cellular atrophy through the lysophosphatidic acid receptor (LPAR) and Gei2 activation.

(A) C2C12 myotubes were treated with GT (100 ng/mL) for 24 h and then the expression of LPARs were quantified by RT-PCR. The data were shown as
mean £ SEM of three independent experiments (*P < 0.05; ns, not significant). (B—D) C2C12 myotubes were treated with GT (100 ng/mL), TNF« (20
ng/mL) and IFNy (100U/mL), or Kil6425 (10 uM) for 24 h and then stained with anti-MHC Ab. (B) Representative images were shown. (C) Average
myotube diameters and (D) the number of nuclei per myotube of more than 100 myotubes from 10 randomly chosen fields for each condition were measured
by Image] software. The data were shown as mean & SEM (*P< 0.05; ***P < 0.0001). (E-F) C2C12 cells were transfected with control (non-targeting)
(siCtrl) or Gai2 siRNA. (E) mRNA level of Gori2 was evaluated by RT-PCR and (F, G) protein level of Goi2 was evaluated by western blot. The data were
shown as mean & SEM of 2 independent experiments ((*P< 0.05; ***P < 0.0001). (H, I) The transfected cells were differentiated to myotubes for 4 days and
treated with GT (100 ng/mL) for 48 h. (H) Representative images were shown. (I) Average myotube diameters of more than 100 myotubes from 10 randomly
chosen fields of each condition were measured by Image] software. The data were shown as mean £ SEM (*P< 0.05;***P < 0.001; ns, not significant).

atrophy. HSkM cells were differentiated in low glucose DMEM with 2%
horse serum for 7 days, treated with GT for 3 days in the presence or absence
of TNFa. Thereafter, the diameter and fusion index of myotubes were
determined (Fig. 4A, B). GT-treated HSkM myotubes exhibited significantly
larger diameters than the control myotubes (Fig. 4A, B). In addition, the
frequency of cells containing more than 5 nuclei was significantly higher in
the GT-treated group compared to the control group (Fig. 4C). Consistently,
in a TNFu -induced atrophy model, we found that GT increased both the
cell diameter and frequency of cells containing more than 5 nuclei (Fig. 4A-
C). Further, we also checked the levels of Atrogin-1 and MuRF-1 after
TNFa treatment in the absence or presence of GT. Consistent with the
results obtained from C2C12 cells, both Atrogin-1 and MuRF1 were highly
induced with TNFo in HSkM cells, which was significantly reduced with
GT treatment (Fig. 4D, E). These results suggest that GT protects against
atrophy of both mouse and human muscle cells and could thus serve as a
promising candidate for cancer cachexia.

GT-enriched fraction (GEF) protected against Lewis lung carcinoma
(LLC1)-induced cancer cachexia in vivo

To further verify the effect of GT on cancer cachexia in vivo, a lung
cancer-induced cachexia murine model was employed. To date, it is known
that cachexia is the most common problem associated with advanced lung
cancer [27,28]. Among the available cancer cachexia models, the Lewis lung
carcinoma (LLC1) and colon-26 adenocarcinoma (C26) models are the most
commonly used [29-31]. Here, we used the LLC1-induced cancer cachexia
model to further elucidate the GT effects in the cachexia inhibition iz vivo.

For the in vivo study, we used GEF, which was mass-produced from
ginseng using ethanol and water as shown before [32]. To evaluate the effect
of GEF on muscle wasting, LLC1 cells were subcutaneously injected into
the flanks of C57BL6 mice. Thereafter, GEF was orally administered daily
for 15 days starting at 6 days post tumor implantation. The grip-strength
was determined every two days during the treatment (Fig. 5A). The LLC1-
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Fig. 3. GT protects C2C12 myoblast from oxidative stress through the reduction of ROS and inflammation genes.

(A, B) C2C12 myoblast was incubated for 4 h with TNFa (20 ng/mL), GT (100 ng/mL), or N-acetyl cysteine (NAC) as indicated, and then ROS levels were
measured by flow cytometry. NAC was used as a negative control. (A) Representative FACS profiles were shown and (B) the data were presented as mean = SEM
of four independent experiments (*2 < 0.05; ***P < 0.0001). (C, D) C2C12 myotube was incubated with TNFa (20 ng/mL) and GT (100 ng/mL) for
4 h as indicated, and then ROS levels were measured by fluorescence microscope. (C) Representative fluorescence images were shown and (D) fluorescence
intensity were quantified using the Image] software. The data were presented as mean & SEM of at least 10 randomly chosen fields of each condition (***P <
0.0001). (E, F) C2C12 myoblast was incubated for 24 h with TNF« (20 ng/mL) or GT (100ng/mL) as indicated, and mitochondria ROS were measured by
flow cytometry. (E) Representative FACS profiles were shown and (F) the data were presented as mean &= SEM of four independent experiments (*P < 0.05;
P < 0.0001). (G, H) C2C12 myoblast was incubated for 24 h with TNFe (20 ng/mL) or GT (100ng/mL) as indicated, and mitochondrial membrane
potential (AW¥m) were measured by flow cytometry. (G) Representative FACS profiles were shown and (H) the data were presented as mean £+ SEM of five
independent experiments (*P < 0.05). (I) The effect of GT on scavenging of hydroxyl radical was analyzed using iron (II)-dependent TBA reactive substance.
Ascorbic acid (AA) was used as a positive control. Data were shown as mean = SEM of three independent experiments (*P < 0.05; ***P < 0.0001). (J, K)
C2C12 myotubes were treated for 24 h with TI (TNFe at 20 ng/mL and IFNy at 100U/mL) or GT (100 ng/mL) as indicated, and then the levels of IL-6

(J) and Nox-2 (K) were quantified by RT-PCR. The data were shown as mean &= SEM of three to four independent experiments (*, P < 0.05).

induced cachexia model was well established, as characterized by an obvious
decrease in tumor-free body weight and significant loss of muscle weights
compared to that in wild-type control mice (Fig. 5B-E). GEF did not
exert any obvious anti-tumor effect, as demonstrated by the similar tumor
size between GEF-treated and PBS-treated mice (Fig. 5B). Excitingly, GEF
distinctly improved several features of cancer cachexia, including tumor-free
body weight, muscle weights, grip strength, and hanging time (Fig. 5C-H).
PBS-treated mice (LLC1+4PBS) exhibited 9.51% loss of tumor-free body
weight compared with the healthy control group, whereas that of GEF-treated
mice (LLC+ GEF) was significantly rescued (Fig. 5C). Similarly, the weights
of tested muscles, including Soleus (SOL), extensor digitorium longus (EDL),
gastrocnemius (GA), and tibialis anterior (TA), were decreased in PBS-treated
mice compared to healthy control mice, but were rescued by GEF treatment
(Fig. 5D, E). The organ weights tested, such as heart, lungs, and spleen, were
not affected by GEF treatment (Fig. 5F). The decreased grip strength was
partially rescued by GEF treatment compared to that in healthy control mice

during the treatment (day 9 to day 21) (Fig. 5G). Consistently, the lower levels
of the hanging test caused by LLC1 was rescued by GEF treatment, which was
comparable to that of healthy mice (Fig. SH). To understand the protective
effect of GEF on muscle atrophy at the molecular level, hematoxylin, and
cosin (H&E) staining was conducted. The average cross-section area (CSA)
with GEF treatment was 1.8-fold higher than that with PBS treatment
(Fig. 5 L, J). The PBS-treated group had smaller sizes of CSA distribution,
whereas the GEF-treated group exhibited larger sizes of CSA, which were
comparable to the sizes observed in healthy mice (Fig. 51, K). To further
investigate the possible anti-cachexia mechanism of GEE, the levels of several
muscles atrophy-related signaling pathways, such as myostatin, MuRF-1 and
Atrogin-1, in GA muscle were determined by western blot. The levels of
myostatin, MuRF-1 and Atrogin-1 was significantly increased in PBS-treated
mice compared to that in the healthy mice and were partially rescued by GEF
treatment (Fig. 5L, M). These results suggest that GEF could protect against
LLCl-induced muscle atrophy in vive.
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Fig. 4. GT protects against the atrophy of primary normal Human Skeletal Myoblasts (HSkM).

(A—C) HSkM myoblast were differentiated to myotube for 7 days in differentiation media. Differentiated cells were treated with different concentrations of
GT in the presence or absence of TNFa (10 ng/mL) for 3 days and then stained with anti-MHC Ab. (A) Representative images of myotube cultures were
captured with a phase-contrast microscope (100x magnification). (B) Average myotube diameters and (C) the number of nuclei per myotube were quantified
from more than 100 myotubes in 10 randomly chosen fields of each condition using Image] software. The data were shown as mean &= SEM (*P < 0.05; ***P
< 0.0001). (D, E) HSkM myotubes were treated with GT (100 ng/mL) together with TNFa (10 ng/mL) for 8 h. Cells then were isolated, and the protein
levels of Atrogin-1 and MuRF-1 were evaluated by western blot. (D) Representative images were shown. (E) Images were measured by Image] software. The

data were shown as mean + SEM (»=3; *P < 0.05).

Discussion

Muscle atrophy is observed in various conditions, such as aging, cancer,
diabetes, and renal failure, as well as after long periods of inactivity [33].
Cancer cachexia is found in up to 60% of cancer patients and is associated
with a poor prognosis [5,6]. Despite extensive efforts to develop therapeutics,
only few effective treatments are available to protect against muscle atrophy.
In this study, we found that GT, a ginseng-derived component, has skeletal
muscle anti-atrophic effects in vitro and in vivo. GT protected both mouse
C2C12 and human HSkM myotubes from TNFa/IFNy- induced muscle
atrophy iz vitro. In addition, in a cancer cachexia mouse model, GT preserved
the tumor-free body weight and grip strength, and improved the muscle
masses, including those of GA, SOL, TA, and EDL. However, GT did not
show obvious anti-tumor effects at the dose used, suggesting that the anti-
cachexia effects of GT may be related to skeletal muscle anti-atrophy, but not
to smaller tumor size.

GT is a glycolipoprotein extracted from ginseng that contains
lysophosphatidic acid (LPA) [34]. Thus, it is also known as a novel high-
affinity ligand for mammalian LPAR [20]. LPARs are well known to be
highly expressed in many types of cells and are responsible for proliferation,
survival, cytoskeletal changes, and calcium influx [35]. LPAR is a G protein-
coupled receptor (GPCR) that couples to heterotrimeric G proteins (Gai2,
Gq, G12/13 alpha subunits) and can evoke multiple cellular responses upon
LPA stimulation [35]. The biological activity of LPA is largely mediated via
the activation of the six receptors, LPAR1 to LPARG [35]. Of these receptors,
we found that GT treatment induced the expression of both LPARI and
LPAR3. The activity of GT was dependent on the LPAR/Gai2 signaling
pathways, as evidenced by that both the LPAR antagonist Kil6425 and
siGai2 abolished the effects of GT on C2C12 myotubes. Consistently, the
anti-atrophic effect of Goi2 was revealed in a previous report, indicating that
Guai2 inhibits TNFa-induced atrophy effects by acting as a counterbalance
to MuRF-1 and Atrogin 1-mediated atrophy [25,36]. Thus, we propose that
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Fig. 5. GEF protected against Lewis lung carcinoma (LLC1)-induced cancer cachexia i vivo

(A) Experiment design of LLC1-induced cancer cachexia. Mice were injected subcutaneously with LLC1 cells. Then, after 6 days of injection, mice were orally
administrated with GEF (50 mg/kg body weight/day) or PBS daily for 15 days. Control (n==8), LLC1 + PBS (n=6), and LLC1 + GEF 50 mg/kg (n=6).
(B) Tumor volume and (C) body weight were determined. (D-F) skeletal muscles, including GA, SOL, TA, and EDL, and organs (heart, lungs, and spleen)
were dissected at 21 days. (D) Representative images of skeletal muscles were shown, and weights of skeletal muscles (D) and organs (F) were determined.
The data were shown as mean £ SEM (*P < 0.05; ***P < 0.0001). (G) Grip strength was evaluated every 3 days and (H) hanging test was conducted at day
20. The data were shown as mean £ SEM (*P < 0.05; ***P < 0.0001). (I-K) GA muscles were stained with HE staining, and (I) representative images were
shown. (J) Average of cross-sectional area (CSA) GA muscle fiber was quantified by Image] and (K) plotted depending on the frequency as indicated. The
data were shown as mean & SEM (*P < 0.05; ***P < 0.0001). (L-M) GA tissue lysates were isolated, and the protein level of muscle atrophy-related genes
were evaluated by western blot. (L) Representative images were shown. (M) Images were measured by Image] software. The data were shown as mean &+ SEM

(n=6;*P < 0.05).

GT prevents muscle atrophy via activation of the LPAR/ Gui2 signaling
pathway.

The other mechanism, we propose, by which GT protects against cancer
cachexia is via ROS reduction. Previously, it was shown that GT reduced the
ROS levels through activation of the LPAR1 receptor signaling pathway in
HT?22 and that ROS levels were reduced through LPA3 receptor activation
in HEK293 cells [37,38]. We also discovered that GT treatment decreased
ROS levels through the reduction of inflammation-related genes, such as
NOX2 and IL6, and ROS scavenging activity of GT. Thus, it seems that
LPAR activation plays important roles in ROS reduction. Although it has
been revealed that GT has a ROS scavenging activity via biochemical analysis
in vitro, it is not clear yet whether GT enters cells and scavenges ROS directly
inside cells, independent of LPAR activation. However, it was observed
that LPA3/LPAR were internalized via lysosomal pathway in progerin
HEK293 cells [38], indicating that the possibility of GT internalization
should not be completely excluded, and remain to be addressed and further
studied.

GT was demonstrated to have potential neuroprotective effects against
several models of neurodegenerative diseases, such as Alzheimer disease (AD)
and multiple sclerosis [39-42]. GT was also revealed to suppress oxidative

stress and inflammatory response caused by heat stress in C2C12 cells [21]. In
addition, in an animal model of experimental autoimmune encephalomyelitis
(EAE), GT was shown to alleviate EAE due to its anti-inflammatory and
antioxidant activities [42]. These phenotypes were mechanistically achieved
by the inhibition of the ERK, p38 mitogen-activated protein kinases
(MAPKs), and NF-«B pathways, and the stabilization of nuclear factor
erythroid 2-related factor 2 (Nrf2) via increased expression of LPAR1-
3 [42]. Here, we also found that GT exhibited anti-oxidant effects by
directly scavenging ROS and reducing inflammation-related genes, such as
IL6 and NOX2. Thus, it seems that GT can reduce the inflammatory
response in many types of tissues, including muscle and neuronal system.
Previously, we showed that GEF administration was safe and tolerated by
cognitively impaired elderly subjects, and exhibited potential beneficial effects
on cognition in the participants from the small scale of clinical trial [43].
Thus, we propose that GEF is a good therapeutic candidate to protect against
or alleviate cancer cachexia-associated signaling and inflammatory response,
and could be tested clinically to improve muscle wasting.

In summary, we found that the novel ginseng component, GT, induced
hypertrophy and fusion in both mouse and human myotubes. GT also
protected against or alleviated LLCl-induced muscle wasting in a mouse



1314 Amelioration of muscle wasting by gintonin in cancer cachexia

Y.T. Wijaya et al. Neoplasia Vol. 23, No. xxx 2021

\ Ga.
(|
/ IL-6
% NOX 2
//' Promﬂammatory cytokines

f‘“?.".’.? LPA Receptor

/“/‘f

MuRF-1
Atrogin-1
Myostatin

CANCER

TNF-a

-

h

Muscle atrophy

Fig. 6. A model of the molecular pathway of GT against cancer cachexia.

GT binds to the LPA receptor, leading to the activation of Gi2. Gi2 activation inhibits TNFa-induced atrophy by repression of muscle atrophy and
inflammation-related genes. In addition, GT reduces oxidative stress, inhibiting the loss of mitochondrial membrane potential.

model through LPAR and Gei2 (Fig. 6). Thus, we propose that GT could be a
promising candidate to treat skeletal muscle atrophy under both physiological
and pathological conditions.

Materials and methods
Preparation of GT and GEF

GT and GEF was prepared as described before [44-46]. Briefly, to
prepare GT from ginseng root, eight kilograms of 4-year-old ginseng roots
were ground into small pieces (> 3 mm) and refluxed with 80% methanol
(MeOH) three times for 8 h at 80°C each. The MeOH extracts (1.3 kg)
concentrated in vacuo were partitioned between n-butanol (n-BuOH) and
water. n-BuOH fraction (fr., 300 g) of Panax ginseng dissolved in phosphate
buffer saline (PBS, pH 7.2) was loaded onto a column packed with DEAE
sepharose CL-6B (GE Healthcare) and equilibrated with PBS (pH 7.2). The
unbound materials were eluted with the same buffer and the bound materials
were eluted with a linear gradient of 0 to 1 M NaCl in PBS (pH 7.2). The
eluted fraction was further dialyzed at 4°C for 8 h with 1000-fold excess
distilled water (DW) using Spectra/Por dialysis membrane (molecular weight
cut off 6000-8000; Spectrum Laboratories Inc., Rancho Dominguez, CA,
USA) to remove small molecular components such as ginsenosides and other
components with a yield of 0.2% (Pyo, 2011 #134). To prepare GEF from
ginseng root, one kilogram of 4-year-old ginseng was ground into small pieces
(> 3 mm) and refluxed with 70% fermentation ethanol eight times for 8 h
at 80°C each. The ethanol extracts (150 g) were concentrated as previously
described (Hwang, 2012 #10; Choi, 2015 #17).

Cell culture

The mouse myoblast cell line, C2C12, was obtained from the American
Type Culture Collection (Manassas, VA, USA) and cultured in a growth
medium (GM, Dulbecco’s modified Eagle’s medium [DMEM, Corning Life
Sciences, Oneonta NY, USA], supplemented with 10% fetal bovine serum
[FBS, Corning Life Sciences] and 1% penicillin-streptomycin [Corning Life
Sciences] under 5% CO, at 37°C. For differentiation, 1x10° cells were
seeded in each well of 24 well-plates and cultured until confluency, unless
stated otherwise. Confluent C2C12 cells were cultured in a differentiation
medium (DM, DMEM containing 2% heat-inactivated horse serum
[Sigma] and 1% penicillin-streptomycin) for up to 4 days for myogenic
differentiation. The differentiation media were replaced every 2 days with
fresh differentiation medium. The Human skeletal myoblast (HSkM) cells
were obtained from Thermo Fisher Scientific. For differentiation, 1x 107 cells
were seeded in each well of 24 well-plates and cultured until confluency. Cells
were differentiated in a differentiation medium (low glucose DMEM [Gibco]
containing 2% heat-inactivated horse serum [Sigma] and 1% penicillin-
streptomycin) for up to 7 days, treated with GT for 3 days, and then the
diameter and fusion index of myotubes were determined. All cytokines were

purchased from Peprotech, USA.

Western blot analysis

Tissue lysates were harvested using a homogenizer and lysis with a
common cell lysis buffer and centrifuged at 13,000 rpm for 20 min at 4°C.
The protein concentration of the supernatant was determined by Bio-Rad
Protein Assay (Bio-Rad Laboratories, Inc., USA). An equal amount of each
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Table 1

Sequences of RT-qPCR primers used in this study.

Sense (5-3’)

Antisense (5'-3')

LPAR1 AGCCATGAACGAACAACAGTG CATGATGAACACGCAAACAGTG
LPAR2 TGCTACTACAACGAGACCATCG ATGGCTGCAATAACCAGCAGA
LPAR3 CAAGCGCATGGACTTTTTCTAC GAAATCCGCAGCAGCTAAGTT
Gui2 CAACTCCTCCAGCCTAGACC TCTCTCACGCTTCTTGTGCT
GAPDH AGAAGACTGTGGATGGCCCCTC GATGACCTTGCCCACAGCCTT

protein extract (30 pg) was resolved using 10% polyacrylamide gel and
electro-transferred onto 0.45 pum hybridization nitrocellulose filter (HATF)
membrane (Millipore, USA) using Trans-blot turbo (Bio-Rad Laboratories,
Inc., USA). The following antibodies were used anti-atrogin-1 (sc-166806,
Santa Cruz Biotechnology, Texas, USA), anti-MuRF-1 (ab172479, Abcam,
MA, USA), anti-GDF8/myostatin (sc-398333, Santa Cruz Biotechnology,
Texas, USA), anti-Gai-2 (sc-13534, Santa Cruz Biotechnology, Texas, USA),
anti-Actin (ab1801, Abcam, MA, USA) and anti-GAPDH (#2118, Cell
Signaling Technology, MA, USA).

Cell viability assay (MTT assay)

MTT assay was used to evaluate cell viability after GT treatment. The
assay was done by using Cell Proliferation Kit I (Roche, Netherlands). Cells
(1x10%) were seeded into a 96-well plate and incubated for 24h. Then,
myoblast was treated with different concentrations of GT for 96h. After the
incubation period, cells were added with 10 pl MTT solution for 4 h, then
added with 100 pl solubilization solution overnight.

Absorbance was measured at 575 nm and then subtracted by background
noise measured at 650 nm using a microplate reader, Multiskan GO
spectrophotometer (Thermo Fisher Scientific, USA).

RNA extraction and gRT-PCR

RNA was isolated using Hybrid R (Gene All), and equal amounts of
RNA were converted to cDNA using ReverTra Ace® gPCR Kit (Toyobo)
according to the manufacturer’s instructions. To determine gene expression
levels, PCR was performed using the qPCR Master Mix Kit (Toyobo) with
primer sequence shown in Table 1. Results were normalized to the level of

GAPDH.
Measurement of rotal ROS production

C2C12 myoblast cells were incubated with TNFe (20 ng/mL) £ GT
(100 ng/mL) for 4 h as indicated. Subsequently, cells were incubated with
CellRox Deep Red reagent (Life Technologies, USA) for 30 min at 37°C in
the darkness. Analysis was carried out on a FACS Canto or FACS Aria ITI (BD
Biosciences, USA) at the Soonchunhyang Biomedical Research Core Facility
of Korea Basic Science Institute, and data were analyzed with Flow]Jo software
(Tree Star Inc., USA). To determine ROS levels in myotubes, differentiated
C2C12 myotubes were incubated with TNFa (20 ng/mL) £ GT (100
ng/mlL) for 4 h as indicated. Then, myotubes were washed, incubated with
20 pM of DCFDA solution (ab113851, Abcam) for 45 min at 37°C in the
darkness, and washed with the 1X buffer according to the manufacturer’s
protocol. Live cells microscopy was perfomed with a filter set appropriate
for fluorescein (FITC) using a fluorescence microscope (Leica). Fluorescence
intensity was quantified at least ten fields of every treatment using the Image]
software.

Hydroxyl radical scavenging assay

ROS scavenging assay was conducted as shown before [47]. Briefly,
measurement of iron (II)-dependent thiobarbituric acid (TBA) reactive

substance was used to assay the hydroxyl radical-mediated damage to
deoxyribose. The reaction system contained 20 pl ferrous ammonium sulfate
(10 mM), 50 pl of H,O, (10 mM), 25 pl of EDTA (10mM), 25 pl of 2-
deoxyribose, and GT in 150 pl of PBS, pH 7.4. The mixture was incubated
at 37°C for 4 h. Then, 250 pl of 2.8% trichloroacetic acid (TCA) along with
250 pl of 1% TBA was added to the mixture. Then, the mixture was boiled
at 100°C for 15 min, cooled and the chromogen was quantitated at 535 nm
with a Multiskan GO spectrophotometer (Thermo Fisher Scientific, USA).
All chemicals were purchased from Sigma-Aldrich, USA.

Mitochondrial membrane potential (AVm) assay

Mitochondrial membrane potential was examined using The
MitoProbe™ DIIC1(5) Assay Kit (Molecular Probe, USA). C2C12
myoblast cells was pre-incubated with either GT (100 ng/mL) in the
presence or absence of TNFar (20 ng/mL) for 24 h. Then, cells were stained
with 5 ul of 10 uM DiIC1(5) for 15 min at 37°C followed by one wash
in PBS buffer. Cells were pelleted by centrifugation at 1000 rpm for 5 min
and resuspended in 500 ] of PBS. Fluorescence was analyzed using a FACS
Canto and data were analyzed with Flow]Jo software (Tree Star Inc., USA).
The approximate excitation and emission peaks of DiIC1(5) are 638 nm and
658 nm, respectively.

Measurement of reactive oxygen species in the mitochondria

Mitochondria superoxide production was performed using MitoSox™
Red mitochondrial superoxide indicator (Molecular Probes) according to a
previous study with some modifications [47]. C2C12 myoblast cells were
treated with TNFa (20 ng/mL) with/without GT (100 ng/mL) for 24 h.
After that, the cells were stained with MitoSox™ (5 uM) for 10 min at 37°C
and then wash in HBSS buffer one time. Cells were pelleted by centrifugation
at 1000 rpm for 10 min and fixed by resuspended in 300 pl of formaldehyde
(3.7%) for 10 min. The cells were pelleted by centrifugation and resuspended
in 250 pul of HBSS to be analyzed by flow cytometry. Quantification was
analyzed using a FACS Canto and data were analyzed with FlowJo software
(Tree Star Inc., USA). The approximate excitation and emission peaks of
Mitosox™ Red are 488 nm and 564-606 nm, respectively.

Gui2 siRNA transfection

C2C12 myoblast was transfected with 5 pM of Gai2 siRNA (Bioneer,
pre-designed siRNA14678-1, 5-GAGCAAGUUUGAGGAUCU-3’, and
siRNA14678-2, 5°-CCAGAGCAAGUUUGAGGA-3’) and control non-
targeted siRNA (Bioneer, SN-1003) using Lipofectamine RNAIMAX
(Invitrogen) according to manufacturer’s protocol. Differentiation was
initiated after the cells were 80% confluent by changing to DMEM
supplemented with 2% horse serum. The cells were differentiated for 4 days,
and treated with GT (100 ng/ml) and vehicle (DMSO) for 2 days. Then, the

diameter of myotubes were determined.
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Animal study

C57BL/6 wild-type mice (10-weeks-old, 25 + 1.0 g, male) were
purchased from Orient (Korea). All animals were maintained in a pathogen-
free environment on a 12-h light/dark cycle with free access to food and water.
The handling and all experimental protocols for the mice were approved by
the Soonchunhyang University Animal Care and Use Committee. The health
status of all the mice used here was normal, and they were not involved in any
previous experiments. To determine the anti-cancer cachexia effects of GT,
LLC1 cells (2x 10 cells) were subcutaneously injected into the right flank.
When tumor was palpable at day 6, the mice were randomly divided into
three groups: control health, LLC1 with PBS, and LLC1 with GEE Mice
were orally administrated daily with GEF (50 mg/kg body weight) or PBS
as the vehicle control until day 21. At the end of the experiment, the tibialis
anterior, gastrocnemius, EDL, and soleus muscles were harvested, and their
weights were measured.

Assessment of muscle strength

Muscle performances were conducted with two independent tests. First, a
grip strength test was recorded using the grip strength meter for mice (Model
47200, Ugo-Basile, Varese, Italy). To measure grip strength in the forepaws
of mice, mice were gently held in the tail and allowed to grasp the metal bar.
As soon as mice grasped the metal bar, the animals were pulled horizontally
backwards by the tail until the grip was lost. Each mouse was evaluated in
five trials at 2 min inter-trial intervals. The three maximum values of each
day were normalized by dividing with body weight. The hanging test was
conducted using Kondziela’s inverted screen test. Each mouse was placed
in the center of the wire mesh screen (40x40 cm) and then the screen was
rotated slowly turned upside down and held in position 40 cm over the base.
The time when mouse fell off was measured and the maximum time is 8 min.
Performance was taken of three trials separated by at least 30 min.

Hematoxylin and eosin staining and immunofluorescence staining

Immunofluorescence staining of the cultured cells and cryosections was
performed as described previously with slight modification [48]. Briefly,
cryosections (10 um thickness) of GA muscle were stained for 10 min in
hematoxylin (Sigma-Aldrich), 3 min in eosin (Sigma-Aldrich), dehydrated
with ethanol, and then cleared using Xylene solution (Daejung). Images
were taken using a Nikon digital SLR camera (DS-i2) attached to the
Nikon Eclipse Ti-U inverted microscope at the Soonchunhyang Biomedical
Science Core Facility Center of Korea Basic Science Institute (KBSI). For
immunofluorescence staining, samples were fixed with 4% formaldehyde in
1x PBS for 15 min, and then washed and blocked with 1x PBS with 5 %
normal donkey serum for 1 h. Sarcomeric myosin heavy chain (MyHC)
(MF20, 0.3 pg/mL; Developmental Studies Hybridoma Bank) was used.
The primary antibodies were incubated overnight at 4°C. Secondary anti-
mouse IgG antibody conjugated with Cy3 (1:800 dilution; Jackson Immuno-
Research Laboratories, West Grove, PA, USA) was used. Cell nuclei were
stained with 4',6-diamidino-2-phenylindole (DAPI; Invitrogen, Waltham,
MA, USA). The cell images were obtained using a Nikon digital SLR
camera (DS-i2) attached to the Nikon eclipse Ti-U inverted microscope.
The counting and measurements were carried out using Image] software.
Evaluation of myotube diameter were determined as average diameter of at
least 100 myotubes from 10 randomly chosen fields for each condition.

Statistical analysis
All in vitro and in vivo experiments were performed with three

independent replicates (as indicated in the figure legends) and the results
are presented as mean £ SEM (standard error mean). The sample size for

each experiment is indicated in figure legends. The experimental groups
were compared using a two-tailed Student’s t-test and analysis of variance
(ANOVA). The graphs and bar diagrams were generated using GraphPad
Prism software. P-values < 0.05 were considered statistically significant (*P
< 0.05 and ***P < 0.0001).
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