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Abstract As the first step in evaluating the possibility of
low-temperature atmospheric plasma for clinical applica-
tions in the treatment of rhabdomyosarcoma (RMS), we
determined the effects of plasma exposure on C2CI12
myoblasts. The low-temperature atmospheric plasma was
generated through an electrical discharge in argon gas. One
minute of plasma exposure every 24 h inhibited the cell
proliferation, whereas myoblast differentiation was not
affected. Plasma exposure increased the phosphorylation of
ERK and JNK at 30 min after the exposure, but the
phosphorylation of both was decreased to less than control
levels at 1 and 4 h after the exposure. Plasma exposure
increased the percentage of cells in the G2/M phase at 8 h
after the exposure. In conclusion, plasma exposure retarded
the proliferation of C2C12 myoblasts by G2/M arrest.
Therefore, plasma exposure can be a possible treatment for
the anti-proliferative effects of malignant tumors, such as
RMS, without affecting differentiated skeletal muscle cells.
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Introduction

In general, plasma of an electrical discharge can be pro-
duced only at high temperatures or in a vacuum, but
technical innovations have allowed the development of
plasma at low-temperatures and atmospheric pressures.
Many types of low-temperature atmospheric plasma devi-
ces have recently been developed for medical applications
such as the surface reformulation of biomaterials [1, 2] and
the sterilization of medical instruments [3, 4]. Plasma
exposure has also been used directly on living tissues or
cells for medical treatment (reviewed by [5-7]).

Plasma consists of many active components including
reactive species, ions, electrons, and photons. These com-
ponents can chemically interact with living cells. In-vitro
experiments with fibroblasts [8], endothelial cells, and
smooth muscle cells [9] demonstrated that plasma affects
cells in a dose-dependent manner. It was also shown that
treatment with low-intensity plasma induced cell prolifer-
ation in endothelial cells [10]. In contrast, it was reported
that plasma exerted anti-proliferative effects on a variety of
cancer cells by inducing apoptosis [11-14]. The results of
these studies have suggested possible applications of
plasma in cancer therapy.

Rhabdomyosarcoma (RMS) is a childhood cancer thought
to be derived from skeletal myoblasts or their progenitors, and
is the most common soft tissue sarcoma in children [15].
Standard treatment of RMS is systemic chemotherapy with
radiation therapy and/or surgery for local control. In addition,
intraoperative radiotherapy represents an effective means of
improving the therapeutic ratio of radiation therapy in the
treatment of patients with soft tissue sarcomas [16]. The
purpose of the intraoperative radiation therapy is to destroy
remaining cancer cells after surgical excision while causing as
little damage as possible to normal cells.
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In the present study, we focused on the effect of plasma
exposure on C2C12 cells. The C2C12 cell line was derived
from the mouse skeletal muscle C2 cell line, which shares
similar properties with isolated skeletal muscle cells [17].
The myoblast proliferation and differentiation are highly
coordinated processes, and are critical factors for muscle
development. As the first step in evaluating the possibility
of low-temperature atmospheric plasma for clinical appli-
cations in the treatment of soft tissue sarcoma, including
RMS, we determined the effects of plasma exposure on the
proliferation and differentiation of myoblasts. Here we
show that 1 min of plasma exposure every 24 h inhibited
the proliferation of C2C12 cells by G2/M phase cell-cycle
arrest, whereas the cells’ differentiation was not affected by
plasma exposure. Our results indicate that the effect of
plasma exposure was apparent in the proliferating cells,
and the cell-cycle arrest may be mediated by downregu-
lation of MAP kinase pathways and cell-cycle checkpoint
proteins. Therefore, low-temperature atmospheric plasma
exposure can be a possible treatment for the anti-prolifer-
ative effects of malignant tumors, such as RMS, without
affecting differentiated skeletal muscle cells.

Materials and methods
Materials

Culture medium, fetal bovine serum (FBS), horse serum
(HS), and antibiotics were purchased from Sigma-Aldrich (St.
Louis, MO). Antibodies against phospho-extracellular-regu-
lated kinase (ERK1/2) (Thr202/Tyr204), phospho-c-Jun
N-terminal kinase (SAPK/INK) (Thr183/Tyr185), phospho-
cdc2 (Tyrl5), cyclin B1, PB-actin, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were obtained from Cell
Signaling Technology (Beverly, MA). Antibody against fast
myosin heavy chain (MHC) was obtained from Novocastra
Laboratories (Newcastle, UK). Antibodies against myogenin
and p21 Waf-1/Cip-1 were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA).

Low-temperature atmospheric plasma

Low-temperature atmospheric plasma was generated by a
microwave-type plasma torch (AD-TEC Plasma Technology
Co., Hiroshima, Japan) (Fig. 1). The torch has a stainless steel
electrode placed inside an aluminum cylinder. Microwave
power at 2.45 GHz frequency was applied to the electrode via
a three-stub tuner and coaxial cables. The microwave power
can be set at 0—15 W. Argon gas is used to produce plasma at
the flow rate of 1 standard liter/min. The distance between the
surface of the culture medium and the tip of the plasma was
approximately 7 mm.
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Fig. 1 Photograph of the low-temperature atmospheric plasma
device. C2C12 cells were cultured in 0.5 mL of growth or differen-
tiation medium and treated with plasma exposure for 1 min

C2C12 culture

C2C12 cells (a mouse myoblast cell line) were obtained
from the Riken BRC Cell Bank (Ibaraki, Japan). C2C12
cells were plated in a four-well dish (1.9 cm?/well, Thermo
Fisher Scientific, Yokohama, Japan) in 0.5 mL of Dul-
becco’s modified Eagle’s medium (DMEM), supplemented
with 4.5 g/L glucose, 10 % FBS, 100 units/mL penicillin,
and 100 mg/mL streptomycin sulfate (growth medium) in a
5 % CO,-humidified chamber at 37 °C. Growing cells
were exposed to plasma for 1 min (10 s x six different
areas) every 24 h (Plas group). The growth medium was
changed every 24 h prior to plasma exposure. Two dif-
ferent control groups were set; one was an incubator con-
trol without any treatment (IC group), and the other was
treated with argon gas flow only (Cont group). To evaluate
the indirect effect of plasma exposure through culture
media, the culture medium of the control cells were
replaced with plasma-exposed medium (Med group).

Effect of antioxidant, N-acetyl-L-cysteine (NAC) on
plasma-exposure was investigated. One hour prior to
plasma exposure, culture medium was changed to media
containing 0.2 or 2 mM NAC. The cells were then exposed
to plasma for 1 min (10 s x six different areas) every
24 h. The medium containing NAC was changed every
24 h prior to plasma exposure.

To investigate the effect of plasma exposure on cell
differentiation, the culture medium was changed to 0.5 mL
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of differentiation medium (DMEM supplemented with
1.5 g/ glucose, 2 % HS, 100 units/mL penicillin, and
100 mg/mL streptomycin sulfate) when the cells had
reached approx. 100 % confluence. The cells were then
exposed to plasma for 1 min (10 s x six different areas)
every 24 h. The differentiation medium was changed every
24 h prior to plasma exposure.

Cell proliferation assay

Cell proliferation was examined by counting the numbers
of cells with trypan blue staining. At the indicated time,
plasma-exposed cells and control cells were recovered by
0.25 % trypsin-EDTA solution. Cells were stained with
0.2 % trypan blue/phosphate-buffered saline (PBS) for

1 day 2 day

10 min. Stained and non-stained cells were counted under a
microscope using a hemocytometer.

SDS-PAGE and immunoblotting

Cells were rinsed with cold PBS and lysed in RIPA lysis
buffer (Santa Cruz Biotechnology). Equal amounts of
protein were subjected to sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and immu-
noblotting. Separated proteins were transferred to
polyvinylidene difluoride (PVDF) membranes (Millipore,
Billerica, MA). Nonspecific binding to the membrane was
blocked with Tris-buffered saline (pH 7.4) containing
0.05 % (v/v) Tween-20 and 5 % (w/v) bovine serum
albumin (BSA) or 5 % (w/v) skim milk. Following an
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Fig. 3 Images of control and plasma-exposed cells in proliferative phase. Bright-field images of control (argon gas flow only) and plasma-
exposed C2C12 cells at 0, 1, and 2 days after plasma exposure (x20) in growth medium
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Fig. 4 Antioxidant NAC did not rescue the reduction of cell
proliferation by plasma exposure. C2C12 cells were pretreated with
antioxidant N-acetyl-L-cysteine (NAC) at 0.2 or 2 mM prior to
plasma exposure (n = 4-6). Plasma exposure was performed as noted
in the legend of Fig. 2 for 2 days. Viable cell number/well was

overnight incubation with the indicated primary antibody,
the membranes were washed and then incubated with
horseradish peroxidase-conjugated anti-rabbit IgG or anti-
mouse IgG as appropriate. Immunoreactive protein bands
were visualized by ECL-prime (GE Healthcare UK,
Buckinghamshire, UK) with an ECL mini-camera (GE
Healthcare UK). The band intensity was quantified by a
computer analysis package (NIH Imagel).

Cell-cycle analysis by flow cytometry
The measurement of the cell-cycle progression was per-

formed using the Cell Cycle Phase Determination
Kit (Cayman Chemical Co., Ann Arbor, MI). Briefly,
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*Significantly different from control (Cont; argon gas flow only)
groups at same treatment (p < 0.05)

plasma-exposed cells and control cells were recovered by
0.25 % trypsin-EDTA solution and washed twice with
assay buffer. Then, cells were resuspended in fixative
solution for at least 2 h. Fixed and permeated cells were
collected and treated with staining solution containing
propidium iodide (PI) and RNase A for 30 min. Stained
cells were analyzed using a FACS Cantoll Flow Cytometer
(BD Biosciences, San Jose, CA).

Statistical analyses
All values are expressed as mean & SD. Statistical analy-

ses for multiple comparisons were performed using a one-
or two-way analysis of variance (ANOVA) followed by
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Fig. 5 Plasma exposure did not affect cell differentiation. C2C12
cells at approx. 100 % confluence were cultured in differentiation
medium, which was changed every 24 h. Cells were treated with
plasma for 1 min at 3.5 W every 24 h. Cells were lysed at 0, 1, and
3 days of culture in differentiation medium (n = 4-6). Representative
western blots showing myogenin, fast myosin heavy chain (MHC),

Scheffe’s post-hoc test. Comparisons between the control
and plasma-exposed groups were made using the unpaired
Student’s ¢ test. Differences were considered significant at
p < 0.05.

Results
Effect of plasma exposure on cell proliferation

One minute of plasma exposure every 24 h inhibited the
proliferation of the C2C12 cells, without cell death. Cell
viability was assayed by trypan blue staining, and the
numbers of stained cells (0-2 cells/100 cells) were not
different among the four groups. The cell numbers in the
plasma-exposure (Plas) groups were significantly lower
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and B-actin proteins in control (Cont; argon gas flow only) and plasma
exposed (Plas) cells are shown in (A). The total protein content in
recovered cells was measured by BCA protein assay (B). The
expressions of myogenin (C) and MHC (D) were analyzed by
densitometry for quantification. Values with different letters are
significantly different (p < 0.05)

than IC, Cont, and Med groups at 1 and 2 days after the
plasma exposure (Fig. 2A). The total protein yield per well
was significantly decreased in the Plas groups at 2 days
after the plasma exposure (Fig. 2B). An inhibitory effect of
plasma exposure on cell proliferation was also observed by
bright-field microscopy images (Fig. 3).

Effect of antioxidant NAC on plasma exposure-induced
inhibition of cell proliferation

To investigate the mechanisms for the inhibitory effect of
cell proliferation by plasma exposure, the cells were pre-
treated with non-specific antioxidant NAC prior to plasma
exposure. Treatment of NAC at 0.2 or 2 mM did not rescue
the inhibitory effect of plasma exposure on cell prolifera-
tion (Fig. 4A, B).
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Fig. 6 Images of control and plasma-exposed cells in differentiation phase. Bright-field images of control (argon gas flow only) and plasma-
exposed C2C12 cells at 0, 1, and 3 days after plasma exposure (x20) in differentiation medium
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Fig. 7 Plasma exposure increased the phosphorylation of ERK and
JNK. C2C12 cells were treated with plasma exposure and electrical
power at 0, 3.5, or 4.5 W for 1 min, and at 30 min after the exposure,
the cells were lysed with RIPA lysis buffer. The phosphorylations of

Effect of plasma exposure on cell differentiation

Cell differentiation was induced with differentiation med-
ium containing 2 % HS instead of 10 % FBS. The
expressions of the two marker proteins for differentiation,
myogenin (Fig. 5A, C) and MHC (Fig. 5A, D), were not
different between the Cont and Plas groups at both 1 and
3 days after the plasma exposure. The total protein yield
per well was not significantly different between the Cont
and Plas groups at 1 and 3 days after the plasma exposure
(Fig. 5B). The observation by bright-field images indicated
that plasma exposure did not affect the myotube formation
(Fig. 6).
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ERK (A) and JNK (B) were analyzed by western blotting (n = 4-6).
*Significantly different from 0 W (argon gas flow only) group
(p < 0.05)

Effect of plasma exposure on the phosphorylation
of ERK and JNK

To investigate the mechanisms involved in plasma expo-
sure, we examined the phosphorylation of ERK and JNK
because both enzymes quickly respond to external stimuli
and play an important role in signal transduction. Prolif-
erating C2C12 cells were exposed to 1 min of low-tem-
perature atmospheric plasma at 3.5 or 4.5 W. Plasma
exposure significantly increased the phosphorylations of
ERK (Fig. 7A) and JNK (Fig. 7B) in an electrical power-
dependent manner. However, time-course experiments
revealed that the phosphorylations of ERK (Fig. 8A) and
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Fig. 8 Time-course analysis of the phosphorylation of ERK and JNK
in response to plasma exposure. Cells were treated with plasma
exposure (3.5 W) for 1 min and returned to the CO, incubator. Cells
were lysed at 0, 0.5, 1, 4, 8, and 24 h after the plasma exposure. The

JNK (Fig. 8B) were decreased markedly to less than the
control levels at 1 and 4 h after the plasma exposure, and
returned to the control levels at 24 h.

Effect of plasma exposure on cell-cycle progression

Cell-cycle progression was analyzed by flow cytometry.
One minute of plasma exposure significantly affected the
percentage of cells in cell-cycle phases at 8 h after the
exposure (Fig. 9A, B). Plasma exposure decreased the
percentage of cells in GO/G1 and S phases and increased
those in the G2/M phase at 8 h after the exposure
(Fig. 9C). At 24 h after plasma exposure, the percentage of
cells in the cell-cycle phase was not different between the
control and plasma-exposed cells (Fig. 9D).

To further characterize the plasma exposure-induced
G2/M arrest, we measured the expression of cell-cycle
checkpoint proteins (Fig. 10). Immunoblots revealed
increased levels of phospho-cdc2 (Tyrl5) in plasma-
exposed cells (Fig. 10B), suggesting that the plasma
exposure inhibited the cyclin Bl/cdc2 complex by
increasing the phosphorylation of cdc2 (inactive), despite
the elevated levels of cyclin B1 (Fig. 10C). The expression
of p21 Waf-1/Cip-1, which is known to control the entry of
cells at the G2/M phase transition checkpoint, was also
elevated in the plasma-exposed cells (Fig. 10D).

Discussion

The results of the present study demonstrate that 1 min of
low-temperature atmospheric plasma exposure every 24 h
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phosphorylations of ERK (A) and JNK (B) were analyzed by western
blotting (n = 4-6 for each time points). Values with different letters
are significantly different (p < 0.05)

retarded the proliferation of C2C12 myoblasts, without cell
death. The effect of plasma exposure was apparent only in
the proliferative phase of the cells; the differentiation of the
cells was not affected by plasma exposure.

We measured the effect of plasma exposure on cell
proliferation by counting the cell numbers. The cell num-
bers in the plasma-exposed group were significantly lower
than those of the other groups. The proliferation of the cells
treated with argon gas flow without plasma (Cont group)
was not different from incubator control (IC group). In
addition, the proliferation of the cells was not affected by
the plasma-exposed culture medium. These results suggest
that retardation of cell proliferation was due to the direct
effect of plasma exposure. We assessed the effect of
plasma exposure on cell viability by trypan blue straining,
and we found no difference among the four groups (0-2
cells/100 cells). These results suggest that the inhibition of
cell proliferation by plasma exposure was not caused by
cell death. Previous studies demonstrated that non-thermal
plasma produces dose-dependent effects that range from
increased cell proliferation to apoptosis in epithelia and
endothelial cells [18, 19]. In the present study, we applied
1 min of plasma exposure at 3.5 W every 24 h to the cells.
This exposure condition might be too severe for the pro-
liferation of C2C12 cells. The effect of shorter and milder
conditions of plasma exposure should be examined in
future experiments.

The effects of plasma exposure were reported to being
due to active species—mainly oxygen/hydroxyl radicals
and nitric oxide—generated in the plasma [8, 20]. To
examine the involvement of reactive oxygen species
(ROS), which are generated by plasma exposure, the cells
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Fig. 9 Plasma exposure affected the percentage of cells in cell-cycle
phases. Cells were treated with plasma exposure (3.5 W) for 1 min
and returned to the CO; incubator. Cells were lysed at 8 and 24 h after
the plasma exposure. Flow cytometry plots of DNA content were
measured by PI staining. Representative histograms from flow

were pretreated with non-specific antioxidant NAC prior to
plasma exposure. It has been reported that arsenic trioxide-
induced reduction of C2C12 cell viability was attributed to
the generation of ROS, and pretreatment of NAC reversed
this effect [21]. However, in the present study, plasma
exposure-induced retardation of cell proliferation was not
attenuated by pretreatment with NAC. This result suggests
that ROS are not major contributors for the plasma expo-
sure-induced inhibition of cell proliferation.

To investigate the mechanisms involved in plasma
exposure, we first examined the phosphorylation of MAP
kinase family members ERK and JNK. MAP kinase family
members are essential signal transduction components, and
they are involved in various stimulatory and inhibitory
signals [22, 23]. ERK and JNK are activated (phosphory-
lated) by growth factors, cytokines, and environmental
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cytometry for the control (argon gas flow only) (A) and plasma-
exposed (Plas) (B) cells at 8 h after exposure are shown. The
percentages of cells in each cell-cycle phase at 8 h (C) and at 24 h
(D) after plasma exposure (n = 5-6) are also shown. *Significantly
different from Cont (argon gas flow only) group (p < 0.05)

stress. The activated state of ERK and JNK plays a role in
cell survival and/or cell proliferation [24-27]. Here, 1 min
of plasma exposure increased the phosphorylation of ERK
and JNK at 30 min after the exposure. However, the
phosphorylation of ERK and JNK was markedly decreased
to less than control levels at 1 and 4 h after the plasma
exposure, respectively, and returned to the control levels at
24 h. These results suggest that the predominant effect of
plasma exposure on ERK and JNK was inactivation
(dephosphorylation) of the enzymes. The inactivation of
ERK and JNK may be involved in the retardation of cell
proliferation by plasma exposure. This hypothesis is sup-
ported by studies showing that the downmodulation of
ERK and JNK activity inhibits the proliferation of various
cell types (reviewed in [26]). It was also reported
that polyunsaturated fatty acid decreased C2C12 cell
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proliferation through an MAPK-ERK pathway [28]. Inhi-
bition of JNK and phosphatidylinositol 3-kinase pathways
blocked the proliferation of pulmonary artery smooth
muscle cells in response to growth factor [29].

Our flow cytometric analysis revealed that at 8 h after
the 1-min plasma exposure, the proportion of cells in the
G2/M phase was increased, suggesting that plasma expo-
sure inhibited the cell proliferation by cell-cycle arrest at
the G2/M phase. On the other hand, at 24 h after the
exposure, the proportion of the cells in each cell-cycle
phase was not different between the control and plasma-
exposed cells. The reduced level of ERK and JNK phos-
phorylation in the plasma-exposed cells also returned to the
control level at 24 h after the exposure. These results
suggest that the effect of the plasma exposure applied in
this study is temporary and reversible.

The progression of cell-cycle phases is under the control
of the cyclins and their partner kinases, the cyclin-depen-
dent kinases (CDKs) [30]. The transition from G2 phase
into mitosis is controlled by the activation of the cyclin B1/
cdc2 complex [31]. Activation of cdc2 (also known as
CDK1) is prevented by its phosphorylation at Thr14/Tyr 15
by the protein kinase Weel and Mytl [32, 33]. In the
present study, the phosphorylation of cdc2 at Tyr 14 was
significantly increased in the plasma-exposed cells, further
suggesting that the plasma exposure induced G2/M arrest
by downregulation of the cyclin Bl/cdc2 complex.

Cont

Plas Plas

p21 Waf-1/Cip-1 expression

Disruption of cell-cycle progression in the plasma-exposed
cells was also confirmed by the upregulation of p21, a
member of the Cip/Kip family of cyclin-dependent kinase
inhibitors involved in cell-cycle regulation [34, 35].

In contrast to the inhibitory effect of plasma exposure on
cell proliferation, the differentiation of these myoblasts to
myotubes was not affected. The expression of myogenin, a
marker for the entry of myoblasts into the differentiation
pathway, was not different between the control and plasma-
exposed cells. MHC, another marker of differentiation, was
also not affected by the plasma exposure. The differentia-
tion of muscle cells and the subsequent myotube formation
depend not only on muscle transcription factors’ expression
and activity but also on irreversible GO/G1 cell-cycle arrest
[36, 37]. When C2C12 cells were cultured in differentia-
tion medium, the cell cycle was already arrested by the
low-mitogen concentration in the medium. This may be
one reason why the plasma exposure did not affect the cell
differentiation.

From a clinical point of view, low-temperature atmo-
spheric plasma exposure can be applied for the treatment of
RMS and other soft tissue sarcomas. Intraoperative plasma
exposure is a possible candidate for treatment instead of
radiation, because it inhibited growth of the cells in the
proliferative phase and did not affect the cells in the dif-
ferentiation phase. Thus, plasma exposure may specifically
act on uncontrolled proliferation of cancer cells. More
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detailed studies in vitro and animal studies are needed to
investigate the potentiality of low-temperature atmospheric
plasma exposure against soft tissue sarcoma.

In conclusion, low-temperature atmospheric plasma
exposure retarded the proliferation of C2C12 myoblasts,
without cell death, but it had no effect on the cells’ dif-
ferentiation. The inhibition of cell proliferation in the
plasma-exposed cells was caused by the induction of G2/M
cell-cycle arrest. Downregulation of ERK and JNK activity
and modulation of cell-cycle checkpoint proteins may be
involved in plasma exposure-induced cell-cycle arrest.
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