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Myogenic precursors are myoblasts that have a potency to differentiate into muscle fibers on injury and
maintain the regenerative power of skeletal muscle. However, the roles of exogenous nitric oxide (NO)
in muscle development and myoblast differentiation are largely unknown. Therefore, in this study, we
examined the effects of exogenous NO generated by a microwave plasma torch on rat myoblastic L6
cell proliferation and differentiation. We observed that the differentiation of L6 myogenic precursor
cells into myotubes was significantly enhanced after NO treatment. The expression of the myogenesis

. marker proteins and mRNA level, such as myoD, myogenin, and myosin heavy chain (MHC), as well as

. the cyclic guanosine monophosphate (cGMP) level, were significantly increased after the NO treatment,

. without creating toxicity. Moreover, we observed that the oxidative stress signaling [extracellular-
signal-regulated kinase (Erks), and Adenosine monophosphate-activated protein kinase (AMPK)]

. phosphorylation was higher in NO treated cells than in the control cells [without NO treatment].

. Therefore, these results reveal the exogenous NO role in regulating myoblast differentiation through

* the oxidative stress signaling pathway. Through this work, we can suggest that exogenous NO can help

© in cell differentiation and tissue regeneration, which provides new possibilities for plasma medicine.

* Nitric oxide (NO) plays an important role in regulating the cellular signaling molecule involved in many physi-
. ological and pathological processes. This simple molecule has a broad scope in the biological cellular functions
that balance vascular homeostasis, including immunomodulation, regulation of cell growth, differentiation, and
during wound healing; it also protects the vessel from the fatal influences that effect the platelets and cells in blood
circulation'. In fact, diminished nitric oxide bioactivity can cause various pathogenesis and progression of vas-
cular disorders, hypertension, Alzheimer’s disease, hypercholesterolemia, and myocardial ischemia diseases®’.
Recently, George Han et al. developed NO-releasing nanoparticles that modulate and accelerate wound healing in
a pleiotropic manner®. In another study, Mostafa et al., demonstrated that exogenous NO generated by plasma can
facilitate early osteogenic differentiation without the presence of growth factors in media. They also claimed that
. exogenous NO could be transported to an area of interest to activate the osteoprogenitor cell without subsequent
. toxicity®. Other research groups generated the NO using arc discharge and demonstrated that treatment with NO
© has the ability to heal the damaged tissue and wounds of rats and humans!®-2. In a previous study, we developed
a microwave plasma torch system to generate NO and verified the effects of NO on non-pathogenic saprophytic
fungus (Neurospora crassa) cell differentiation'®. The above studies suggest that exogenous NO and NO inducible
:agent can be used for various biomedical applications. However, the beneficial effects of NO generated through
* plasma have not been intensively explored for various applications.
: The cell proliferation, differentiation, and regeneration of injured tissue are essential steps in wound heal-
. ing. However, injured muscle tissue itself has an ability to repair and regenerate through myogenic differenti-
© ation'®-16, Many studies have been reported in recent years on the role of non-thermal atmospheric pressure
* plasma on wound healing'” 8. Although, the plasma generated NO can possibly stimulate these steps, studies
. on plasma generated NO remain absent from the literature. The rat skeletal muscles (L6) cell line can reproduce
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Figure 1. (a) Symmetrical diagram of Microwave plasma torch, (b) OES spectra of NO production using
microwave plasma torch.

myogenic differentiation in the presence of a growth factor in a culture medium and has been the most widely
used model to investigate myogenic differentiation' ?°. However, the expression and sub cellular localization
of NO in muscle development and myoblast differentiation are largely unknown. In order to extend this study,
further investigation on the differentiation and regeneration in advanced cell types is needed. Therefore, in the
present work, we studied the role of exogenous NO generated by a microwave plasma torch on the proliferation/
differentiation of rat myoblastic L6 cells. Additionally, we studied the expression of myogenesis marker proteins
and mRNA levels such as MyoD, myogenin, and myosin heavy chain (MHC), as well as phosphorylation of
extracellular-signal-regulated kinase (Erks), adenosine monophosphate-activated protein kinase (AMPK), and
cyclic guanosine monophosphate (cGMP) levels before and after the exogenous NO exposure. In addition, we
attempt to clarify the molecular mechanism and role of exogenous NO produced by a microwave plasma torch in
myogenic differentiation.

Results

Variation in physical and chemical parameters. The production of NO was investigated using N,
(nitrogen) plasma operated at a microwave power of 400 W with an N, flow rate of 10 lpm (liters per minute).
Different (200~400) standard cubic centimeters per minute (SCCM) of O, (oxygen) gas were applied and the
various excited plasma species were identified using optical emission spectroscopy (OES) with a wide wavelength
range of 200-900 nm, as shown in Fig. 1b. The emission spectra show the presence of excited N, species, whereby
the first positive system of N, is produced due to the molecular excitation of N,. In addition, Fig. 1b shows the
highly reactive NO radicals at 250 nm, whereas the atomic oxygen lines at 616 and 777.1 nm are immersed due to
the presence of the N, first positive system strong emission lines. The N, first positive system was related to the
excited metastable state of N, molecules due to the small mole fraction of the O, gas. After applying 10 lpm of N,
and a certain amount of O, in a microwave plasma torch, mostly a gaseous form of NO was produced.
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Figure 2. Temperature, pH, and ROS/RNS measurements after NO exposure in media. (a) Measurement of
Temperature, (b) pH, (c) Determination of OH radicals and (d) Determination of NO concentration in 2 ml
media after NO (200 and 400 SCCM of O, flow rate) for 3 min. All values are expressed as +SD in triplicate.

Students t-test was performed as the control (* denotes P < 0.05 and ** denotes P < 0.01).

Change in physical and chemical properties of culture media after exogenous NO expo-
sure. Inorder to identify the amount of NO responsible for cell differentiation, we applied O, flow rates of 200
and 400 SCCM and 10 lpm of nitrogen in a microwave plasma torch to generate NO. The process was applied to
a culture media for further analysis of NO concentration (using a detection kit, as given in detail in the Materials
and Methods section). We checked the temperature and pH of the culture media after NO (O, flow rates of 200
and 400 SCCM) for 3 min exposure; no significant change in temperature was observed (Fig. 2a). As shown in
Fig. 2a and b, the temperature of the media was maintained at around 20 °C during NO treatment, but the pH of
the media slightly decreased after NO treatment with an O, of 400 SCCM. These data indicate that pH and tem-
perature had no effect on cellular differentiation at an O, flow of 200 SCCM. We also checked the amount of OH
radicals in the DMEM media after the NO exposure and found that the fluorescence intensity of the hydroxytere-
phthalic acid (HTA) formation had not changed significantly with the variation of O, flow of 200 SCCM and 400
SCCM compared with the control, as shown in Fig. 2¢. This reveals that there is either no production, or a very
small production, of OH radicals in the NO treatment, so the effect of OH radicals was negligible in our study.
We also found that NO concentration in DMEM media for O, supply of 200 and 400 SCCM for 3 min was ~25
and ~35uM, respectively (Fig. 2d). However, in the presence of the NO scavenger [2-4-carboxyphenyl-4, 4, 5, 5-
tetramethylimidazoline-1-oxyl-3-oxide (cPTIO)] at an O, flow of 400 SCCM, the concentration of NO in media
decreased, demonstrating that the exogenous NO value can be controlled in media using a scavenger. Further, we
analyzed the NO effects generated by the microwave plasma torch on cell viability, proliferation, and toxicity to
confirm whether the NO treatment triggered the elevation of cell differentiation.

Toxicity test at different O, flow rates. To determine the cell viability and toxicity of NO on L6 cells, we
performed an MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide] assay. After treating with
NO at an O, flow of 200 SCCM for 3 min, the L6 cells showed significant proliferation on the day 2, day 4, and day
8. However, at an exposure of 400 SCCM O,, toxicity in the L6 cells was observed (Fig. 3a). The light microscope
image in Fig. 3b shows that the cellular differentiation after exposure with NO (O, flow of 200 and 400 SCCM) for
3 min on the day 2, day 4, and day 8. This shows that the 200 flow of O, significantly affected the cellular differen-
tiation on every consecutive day, but the O, flow of 400 showed toxicity. The total DNA and total protein contents
of cells after treating with O, flow of 200 SCCM was greater than that of the cells treated with O, flow of 400
SCCM (Fig. 3c and d). For example, the DNA and protein contents at treatments of O, of 200 SCCM on the day
2, day 4, and day 8 of culture was significantly higher. However, the total DNA and total protein contents reduced
at an exposure of O, flow of 400 SCCM. Under the exposure of O, flow of 200 SCCM, confluent myoblasts cell
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Figure 3. L6 muscle cells proliferation, differentiation, DNA, and total protein content analysis after NO
exposure. (a) Cell proliferation analysis, (b) Cell differentiation analysis using light microscopy, (c) DNA
estimation, and (d) Total protein measurement after exposure with NO (200 and 400 SCCM of O, flow rate) for
3minday 2, day 4, and day 8. All values are expressed as £SD in triplicate. Students t-test was performed as the
control (* denotes P < 0.05 and ** denotes P < 0.01).

layers were observed after 2 days of culture cell proliferation, which continued to increase on the 4™ and 8" days
of culture. Hence, the total DNA and total protein contents indicate that the exposure of NO with an O, flow of
200 SCCM induces cell proliferation. Hereafter, we used NO generated due to O, flow of 200 SCCM as the NO
for the remains of the study.

Cell morphology and differentiation study. For a clearer observation of the myoblast differentiation
after NO exposure, we performed immunostaining of actin and «a-tubulin filament on the day 2, day 4, and
day 8 of incubation. The average area of the individual myotube was stained with monoclonal antibodies of
a-tubulin conjugated with fluorescein isothiocyanate (FITC) (Abcam, USA) and the actin filament was stained
with rhodamine phalloidin (Molecular probe, USA). During the extended cell culture, the L6 myoblast showed a
highly organized structure after differentiation into myotubes (Fig. 4, with separate actin/tublin image shown in
Supplementary Figures S1-S3). In particular, the majority of the cells cultured on the 4" day of incubation and
the 8™ day incubation showed that the differentiated myotubes were longer and wider than those observed at the
4 and 8t days without exposure.

Myogenesis related gene and Myosin heavy chain protein expression analysis. To complement
the cellular differentiation analysis, we investigated the expression of myogenic differentiation markers after exog-
enous NO exposure. We found that the myogenin, myoD, and MHC genes were significantly over expressed
in cells exposed with NO compared to the control, while the myoD gene was expressed early in all groups. A
significant difference was shown in the expression level of the myoD gene on the 2"¢ day compared with that
on the 4" and 8" day of incubation among the NO treated groups, as shown in Fig. 5a. However, other genes
such as MHC and myogenin, were expressed during myogenic development at the early, late, and fully differ-
entiated stages. For example, the level of MHC and myogenin gene expression (Fig. 5b and c) was higher on
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Figure 4. Cellular differentiation analysis through actin, tublin and nuclear immunofluorescence images of L6
cells on day 2, day 4, and day 8 after exposure with NO (200 and 400 SCCM of O, flow rate) for 3 min.

the 4t day and 8th day of incubation, compared with the control. However, in all treated groups, MHC protein
expression showed higher expression on the 8" day of incubation (Fig. 5d with separate whole blot image in
Supplementary Figure S5). These results indicate that NO generated by microwave plasma torch influences myo-
blast differentiation. However, we also studied the gene expression of myoD, myogenin, and MHC in the presence
of NS-nitro-L-arginine (L-NNA). The expression of these genes were down-regulated, indicating that L-NNA
inhibits the NO synthase to control the intracellular NO production®"?2. Therefore, the above results provide
strong evidence that extracellular NO generated by a microwave plasma torch influences the myoD, myogenin,
and MHC gene expression.

Intracellular Nitric oxide and oxidative stress marker analysis. The DAF-FM diacetate fluorescent
probe was used to detect the total intracellular NO level, which significantly increased for 3 min exogenous NO
treatment in comparison with the control without exposure on the day 2, day 4, and day 8, as shown in Fig. 6a
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Figure 5. Myogenic differentiation regulated mRNA expression and myosin protein expression analysis after
exposure with NO. (a) myoD, (b) MHC, and (c) myogenin gene expression analysis after exposure with NO
(200 of O, flow rate) for 3 min with and without the presence of L-NNA on day 2, day 4, and day 8. The relative
value of mRNA expression of these genes were measured by real-time RT-PCR. 3-actin was used as a reference
gene. All values are expressed as SD in triplicate. Students t-test was performed as the control (* denotes

P <0.05 and ** denotes P < 0.01). (d) Western blot analysis of the myosin on 8" day after exposure with NO
(200 of O, flow rate) for 3 min. 3-tublin was used as the loading control.

and b. Additionally, we studied the change in concentration of cGMP after the treatment with exogenous NO.
The increase in the cGMP level was activated by NO, which solubilized the guanylate cyclise by binding to the
enzyme’s heme moiety and subsequently increased the cGMP level. From Fig. 6¢c, we observed an increase in the
pmole/ug protein in the cGMP formation. The maximum cGMP was formed after 3 min exposure of exogenous
NO. On the other hand, the concentration of cGMP decreased after treatment of cells in the presence of L-NNA
and exogenous NO for 2 days, 4 days, and 8 days. Therefore, the presence of L-NNA demonstrates the enhance-
ment of intracellular NO is generated through extracellular NO, using a microwave plasma torch. This Exogenous
NO in media were responsible for the oxidative stress inside the cell and also modulated several types of protein
signaling such as extracellular signal-regulated kinases 1/2 (Erk1/2) and adenosine monophosphate-activated
protein kinase (AMPK), which were involved in the regulation of cell survival, tissue regeneration, and oxidative
stress?> 24, Thereafter, we checked the Erks and AMPK phosphorylation on the 8" day immediately after 3 min
treatment of exogenous NO. Figure 6d (separate whole blot image in Supplementary Figure S5) shows that for
3 min exogenous NO treatment, a greater phosphorylation was observed, while the expression of these proteins
did not show significant change. Collectively, our findings show that NO generated using a microwave plasma
torch might be used to activate differentiation and myotube formation in myoblasts. This reveals the importance
of exogenous NO presence in media on the activation of a signaling target for skeletal muscle regeneration.
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Figure 6. Intracellular NO and oxidative markers analysis. (a) Level of intracellular NO, (b) Fluorescence
image of intracellular NO (200 of O, flow rate) for 3 min with on day 2, day 4, and day 8 (c) cGMP analysis after
exposure with NO (200 of O, flow rate) for 3 min with and without the presence of L-NNA on day 2, day 4, and
day 8. Each value is the average of three technical replicates. Students t-test was performed as the control (*
denotes P < 0.05 and ** denotes P < 0.01), (d) Western blot analysis of the Erks and APMK phosphorylation on
8t day after exposure with NO (200 of O, flow rate) for 3 min. 3-tublin was used as the loading control.

Discussion

In continuous studies of plasma biological applications, we developed a microwave plasma torch that can generate
NO species'’. In addition, to understand the effect of NO molecular action on cell differentiation, we investigated
the role of exogenous NO on the proliferation and differentiation of L6 muscle cells. Analysis of the mechanical
properties of the NO demonstrated that as the O, flow rate was increased, the NO generation increased. The pro-
duction of NO was investigated using N, plasma operated at a microwave power of 400 W with an N, flow rate of
10 Ipm and application of two different flow rates of O, (200 and 400 SCCM). First, we determined the pH and
temperature of the media after 3 min exposure to O, of 200 and 400 SCCM. No significant change was observed
in the pH and temperature of the culture media at an O, flow of 200 SCCM. However, the NO level in the DMEM
media was higher after exposure of 400 SCCM O, flow, compared with the 200 SCCM O, flow. Although no sig-
nificant OH species was found in the media during exposure, this result indicates that the NO species have the
most influence on the cells differentiation. In our previous reported work, the 3 min exposure of O, at 400 SCCM
showed a larger amount of NO,™ ions that might be responsible for the decrease of the pH values'’. Further, we
analyzed the NO dose generated using the microwave plasma torch on cell viability, proliferation, and toxicity
to confirm that the NO treatment may have triggered the elevation of cell differentiation. Skeletal muscle tissue
regeneration depends on the reoriented properties of myoblast and their potential to proliferate and differenti-
ate to form organized muscle fibers!* 2. In this study, we found that the NO treatment for 3 min at an O, flow
of 200 SCCM has significant effects on cell proliferation and differentiation. After morphological analysis, we
investigated the exogenous NO effect on the expression of myogenic differentiation markers. We found that exog-
enous NO exposure for 3 min significantly elevates the expression of myogenic precursor genes such as myoD,
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Figure 7. Nitric Oxide generated through microwave plasma penetrates inside the cell through the cell
membrane that activates the myogenic specific gene as well as protein via a oxidative related signaling pathway,
which leads to cell proliferation and differentiation in L6 skeletal muscle cells.

MHC, and myogenin, which indicates the formation of new muscle tissue**”. NO generated through the use of
a microwave plasma torch freely diffuses through the cell membranes to reach its targets at different intracellular
locations and activates the signaling cascade?, as shown in Fig. 7. We also observed a decrease in the expression
of the myoD, MHC, and myogenin genes expression in the presence of L-NNA. This demonstrates that the pres-
ence on L-NNA inhibits the NO synthase?"?, only to control the intracellular NO production. Although the
extracellular NO influences the myoD, the MHC as well as the myogenin expression might be possible through
the activation of intracellular NO. Simultaneously to conformation this result we study the action of nitric oxide
donor S-nitroso-L-glutathione (GSNO) on NOS activity and myoD, MHC, and myogenin gene expression. In
this results (Figure S4a,b) we found that 200 SCCM of O, and GSNO have similar effects on NOS activity as well
as myogenesis related gene expression. Our results indicate that the expression of myoD, MHC, and myogenin
is significantly influenced by the extracellular NO in media which is generated by the microwave plasma torch.
On the other hand nitric oxide donor also influence the myoD, myogenin and MHC gene expression might be
responsible for NOS activity. NO can provoke long lasting changes in the cell and signaling pathways that regulate
the L6 skeletal muscle differentiation; this function of NO is manifested in its ability to regulate gene and protein
expression'*, AMPK is a serine/threonine kinase that works as a stimulant of the cellular energy that is respon-
sible for cellular stresses. More recent studies show that AMPK also has a wider role in cellular processes such as
cell proliferation, angiogenesis, and inflammation®. On the other hand, Erks are important signaling nodes in
the pathways that control metabolism, growth, and expression?*-*2, Erks influences the signaling pathways®*3*
that involve eNOS; good evidence for the direct phosphorylation of eNOS by Erks can be seen in bovine aortic
endothelial cells (BAECs)*. The increased cellular cGMP also involved in the activation promotes the phospho-
rylation of the Erks as well as other protein signaling®®?’.

In addition NO in skeletal muscle regulates metabolism related signaling, as well as demand of energy®*.
that’s contribute mitocondrial biogenesis, imporoved motor function, physiological function with aging**-** and
contributes to muscle repair following acute and chronic muscle injuries**-*. Several groups also have explored
the mechanisms beyond the therapeutic potential of NO and found that it has multiple actions on survival, acti-
vation and differentiation of mononuclear myogenic precursor cells. This action inhance the ability of these cells
to repair the damaged muscle**-*. Therefore to reveal the targets of NO in the cell, our results show that 3 min
NO exposure increases the expression of Erks and AMPK phosphorylation, while increasing the cGMP level. This
demonstrates that exogenous NO can influence the signaling pathways in cells. To the best of our knowledge, our
study provides evidence for the first time that the differentiation of myoblast can be modulated by extracellular
NO produced using a microwave plasma torch. Moreover, our experimental results establish the role of exoge-
nous NO in media and cGMP/Erks/ AMPK in regulating myoblast differentiation and explain their mechanism
of action, providing a direct link with oxidative stress signaling, which is a key player in myogenesis. Based on
these findings, the understanding of how NO is generated by plasma offers new possibilities for plasma medicine
has increased.
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Materials and Methods

Materials. Cell culture reagents including fetal bovine serum (FBS), Dulbecco’s modified eagle’s medium
including high glucose (DMEM), Dulbecco’s phosphate buffered saline (PBS), trypsin/EDTA, and penicillin-
streptomycin were purchased from Gibco BRL (Carlsbad, CA, USA). Genomic DNA extraction and RNA extrac-
tion were performed using a DNA extraction kit (Gene All, CELL SV MAXI, BanseokBld, Seoul, Korea) and
RNA extraction kit (rneasy mini kit, giagen). cGMP was measured using an ELISA kit (Abcam. USA). DAF-FM
Diacetate (4-Amino-5-Methylamino-2’,7’-Difluorofluorescein Diacetate, Invitrogen, USA) was used for the
detection of intracellular NO. NO scavenger 2- to 4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-ox-
ide (cPTIO) were purchased from Sigma Aldrich, USA.

System configuration of nitric oxide generating microwave plasma. The microwave plasma sys-
tem for NO generation consists of a magnetron, waveguide component (WR-340 for 2.45 GHz) and a microwave
plasma torch, as shown in Fig. 1. N, gas mixed with O, enters the discharge tube through feeders as a swirl gas
that creates a vortex flow in the discharge tube, where a plasma torch at a temperature of 6000K and a plasma
density in the order of 1013 cm ™ is generated. The design and operation of the atmospheric microwave plasma
torch are reported in detail in the literature!®*. The gas emitted from the torch flame has a very high tempera-
ture. Therefore, the microwave plasma-torch system is connected to a water cooling system for possible medical
applications. The gas is monitored by a gas analyzer. The N, torch flames were at a microwave power of 400 W and
the N, working gas is mixed with O, with a small mole fraction of 10 Ipm of N, gas with an oxygen mixture gas
of 200 and 400 SCCM.

pH and temperature change in culture media. DMEM media in a 6-well plate (2 ml per well) were
exposed for 0 and 3 min at 200 and 400 SCCM O, flow rates, respectively. After exposure, the pH and temperature
of the media were measured using a pH meter (Eutech Instruments, Singapore) and Infrared (IR) camera (Fluke
Ti100 Series Thermal Imaging Cameras, UK).

Culture of mouse skeletal muscle cells (L6). L6 myoblasts were used to study the cell proliferation and
differentiation in 6-well plates after exposure with NO. Cells were cultured in DMEM and supplemented with
10% FBS and 1% penicillin-streptomycin (p/s) under standard culture conditions (37°C, 5% CO,). Cells were
seeded onto the 6-well plate at a density of 5 x 10* cell/mL and cultured under growth media for 24 h. To induce
myotube formation, the media were then replaced with differentiation media (DMEM supplemented with 1%
horse serum and 1% p/s) and cultured for an additional 8 days. The cells were exposed for 0 and 3min at an O,
flow rate of 200 and 400 SCCM, respectively. Untreated media were included as a 0 min treatment in each experi-
ment. After exposure for 2 days, 4 days, and 8 days incubation, the treated L6 cells were used to check the viability
through MTT (3-[4,5-dimethylthiazol-2yl]-2,5-diphenyltetrazolium bromide) assay™.

Measurement of DNA and protein content. To measure the DNA content at the designated time points
(at the day 2, day 4, and day 8), the cells seeded in the 6-well plate were measured using a DNA assay kit. All of
the cell protein extracts from the treated/untreated cells were lysed in a (RIPA) buffer (Cell Signaling Technology,
USA) and the extracted protein and protein concentration were measured using the protein assay kit (Biorad,
USA).

Immunofluorescence staining. After exposure for 2 days, 4 days, and 8 days incubation, the treated
muscle cells were used to check the cell morphology, and the cells on the cover glass were immunofluorescence
stained for a-tublin and actin which were visualized using a fluorescence microscope (TE-2000, Nikon Corp.,
Tokyo, Japan). The seeded cells were fixed in 4% paraformaldehyde (in PBS) and then permeabilized in cytoskel-
eton buffer (pH 6.8, 50 mM NaCl, 150 Mm sucrose, 3 mM MgCl,, 50 mM Trizma-base, 0.5% Triton X-100). After
permeabilization, non-specific binding sites were blocked by incubation with 5% FBS in PBS, and then sequen-
tially incubated with FITC-conjugated a-tublin (1:50), and the Cell nuclei and actin were stained with DAPI
(1:5000) and Rhodamine-phlloidine (1:200).

Real-time RT-PCR. Real-time (RT-PCR) was used to measure the expression levels of myoD, myogenin, and
MHC. The total RNA from the cells were cultured after exposure for 3 min at an O, flow of 200 SCCM and 200
SCCM + 3 min exposure in the presence of 50 uM L-NNA (NOS inhibitor) on the day 2, day 4, and day 8, incu-
bation. A standard 50 uM nitric oxide donor GSNO was used separately to check the expression levels of myoD,
myogenin and MHC on the 8 day incubation. The total RNA was isolated and the concentration, purity, and
integrity of the isolated RNA were assessed using a UV-Vis spectrophotometer (Beckman, Fullerton, CA, USA).
cDNA synthesis was performed on RNase-free DNase-treated total RNA (1 mg) using a reverse transcription
system. Real-time RT-PCR using SYBR green master mix was performed. The oligonucleotide primer sequences
are listed in Table 1. The data obtained by real-time RT-PCR were analyzed by the comparative threshold cycle
(Ct) method?*>!. The relative expression of each gene compared to the expression level of 3-actin was calculated,
and was subsequently normalized according to the value for cells.

Intracellular nitric oxide, cGMP and NOS analysis. The intracellular NO radical was measured accord-
ing to the method previously reported by our group>2. We used the DAF-FM Diacetate probe to estimate the
total NO inside the cell. Adherent L6 cells in the 6-well plate in DMEM media were exposed to an O, flow of 200
SCCM for 0 and 3 min exposure. Each treated/untreated sample was transferred to a microcentrifuge tube. After
washing three times with PBS, 20 mM DAF-FM Diacetate was added to each sample. The cells were incubated at
30°C for 1h and were then washed twice with PBS, then read at 495/515 (ex./em.) nm using a microplate reader.
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Genes Forward primers [5-3] Reverse primers [5-3]

MHC 5-GAAGGCCAAGAAGGCCATC-3 5-CTCGCCTCTCGTGTTTTCG-3
Myogenin | 5-GCAGTGCCATCCAGTACATTGAGC-3 | 5-GGAAGGTGACAGACATATCCTCCAC-3
MyoD 5-GGCAAAGTGCTCTACAACGGCTA-3 | 5-CTGGAATCTCGTGCCTTCG-3

B-actin 5-TCACCGAGGCCCCTCTGAACCCTA-3 | 5-GGCAGTAATCTCCTTCTGCATCCT-3

Table 1. Primer sequences used for myogenesis related mRNA expression in L6 skeletal muscle cell lines.

For the measurements of the cGMP levels and NOS activity, we used the cGMP & NOS immunoassay kit (abcam,
USA) and (Bio Vision, USA) following the standard protocol provided with the kit.

Western blot analysis. L6 cells were exposed to an O, flow of 200 SCCM for 3 min upto on 8 days incuba-
tion. After exposure, protein extraction of the cells was performed. The whole cell protein extracts from treated/
untreated cells were lysed in a RIPA buffer (Cell Signaling Technology, USA) and the extracted proteins were
subjected to electrophoresis in 12% SDS-PAGE and blotted onto nitrocellulose membranes. The membrane
was probed with the MHC, Erks, and AMPK antibodies. MHC was used for protein expression, while Erks and
AMPK were used for phosphorylation analysis (Cell Signaling Technology, USA). The bands were detected using
the Super Signal West Pico Chemiluminescent substrate (Pierce, Rockford, IL, USA) and images was taken using
a Vilver imaging system (Vilver, Upland, CA, USA).

Statistical analysis. All values are represented as the mean = S.D. of the indicated number of replicates.
Statistical analyses of the data were performed using the Student’s t-test to establish the significance between data
points, with significant differences based on P < 0.05 or P < 0.01.

References
1. Witte, M. B. et al. Role of nitric oxide in wound repair. Am ] Surg 183, 406-12 (2002).
2. Contestabile, A. et al. Role of nitric oxide in the regulation of neuronal proliferation, survival and differentiation. Neurochem Int 45,
903-14 (2004).
3. Noiri, E. I. et al. Podokinesis in endothelial cell migration: role of nitric oxide. Am J Physiol 274, C236-44 (1998).
4. Huang, N. E et al. Role of nitric oxide signaling in endothelial differentiation of embryonic stem cells. Stem Cells Dev 10, 1617-26
(2010).
5. Cannon, O. R. et al. Role of nitric oxide in cardiovascular disease: focus on the endothelium. Clinical Chemistry 44, 1809-1819
(1998).
6. Fernandez, A. P. et al. Nitric oxide: target for therapeutic strategies in Alzheimer’s disease. Curr Pharm Des 16, 2837-50 (2010).
7. Hesslinger, C. et al. Inhibition of inducible nitric oxide synthase in respiratory diseases. Biochem Soc Trans 37, 886-91 (2009).
8. Han, G. et al. Nitric oxide-releasing nanoparticles accelerate wound healing by promoting fibroblast migration and collagen
deposition. Am J Pathol 180, 4 (2012).
9. Elsaadany, M. et al. Exogenous nitric oxide (NO) generated by NO-plasma treatment modulates osteoprogenitor cells early
differentiation. ] Phys D: Appl Phys 48, 345401 (2015).
10. Young, H. N. et al. Production of nitric oxide using a microwave plasma torch and its application to fungal cell differentiation. J Phys
D: Appl Phys 48, 195401 (2015).
11. Bach, A. D. et al. Skeletal muscle tissue engineering. ] Cell Mol Med 8, 413-22 (2004).
12. Hemish, J. et al. Nitric Oxide activates diverse signaling pathways to regulate gene expression. ] Biol Chem 278, 42321-42329 (2003).
13. Andres, V. et al. Myogenin expression, cell cycle withdrawal, and phenotypic differentiation are temporally separable events that
precede cell fusion upon myogenesis. J Cell Biol 132, 657-666 (1996).
14. Arnold, H. H. et al. Muscle differentiation: more complexity to the network of myogenic regulators. Curr Opin Genet Dev 8, 539-544
(1998).
15. Guo, K. et al. MyoD induced expression of p21 inhibits cyclin-dependent kinase activity upon myocyte terminal differentiation. Mol
Cell Biol 15, 3823-3829 (1995).
16. Lassar, A. B. et al. Regulatory mechanisms that coordinate skeletal muscle differentiation and cell cycle withdrawal. Curr Opin Cell
Biol 6, 788-794 (1994).
17. Lee, J.-H. et al. Effect of non-thermal air atmospheric pressure plasma jet treatment on gingival wound healing. ] Phys D: Appl Phys
49, 075402 (2016).
18. Fathollah, S. et al. Investigation on the effects of the atmospheric pressure plasma on wound healing in diabetic rats. Sci Rep 6, 19144
(2016).
19. Huang, E. N. et al. Role of Nitric Oxide Signaling in Endothelial Differentiation of Embryonic Stem Cells. Stern Cells Dev 19, 10
(2010).
20. Nabeshima, Y. et al. Myogenin gene disruption results in perinatal lethality because of severe muscle defect. Nature 364, 532-535
(1993).
21. Morizane, C. et al. N(omega)-nitro-L-arginine methyl ester protects retinal neurons against N-methyl D-aspartate-induced
neurotoxicity in vivo. Eur ] Pharmacol 328, 45-9 (1997).
22. Yang, J. et al. Arginase regulates red blood cell nitric oxide synthase and export of cardioprotective nitric oxide bioactivity. PNAS
110, 15049-15054 (2013).
23. Vazquez, M. et al. Evidence for an LKB1/AMPK/eNOS Cascade Regulated by HGE S-Adenosylmethionine and NO in Hepatocyte
Proliferation. Hepatology 49, 608-617 (2009).
24. Kumar, N. et al. Induced apoptosis in melanocytes cancer cell and oxidation in biomolecules through deuterium oxide generated
from atmospheric pressure non-thermal plasma jet. Sci Rep 4, 7589 (2014).
25. Charge, S. B. P. et al. Cellular and molecular regulation of muscle regeneration. Physiol Rev 84, 209-38 (2004).
26. Grisham, M. B. et al. Nitric Oxide. Physiological chemistry of nitric oxide and its metabolites: implications in inflammation. Am J
Physiol 276, G315-G321 (1999).
27. Cargnello, M. & Roux, P. P. Activation and function of the MAPKs and their substrates, the MAPK-activated protein kinases.
Microbiol Mol Biol Rev 75, 50-83 (2011).
28. Cuadrado, A. & Nebreda, A. R. Mechanisms and functions of p38 MAPK signaling. Biochem ] 429, 403-417 (2010).
29. Zarubin, T. & Han, J. Activation and signaling of the p38 MAP kinase pathway. Cell Res 15, 11-18 (2005).

SCIENTIFICREPORTS |7: 542 | DOI:10.1038/s41598-017-00154-3 10



www.nature.com/scientificreports/

30. Bardwell, A. J. et al. Selectivity of docking sites in MAPK kinases. ] Biol Chern 284, 13165-13173 (2009).

31. Gaestel, M. Specificity of signaling from MAPKs to MAPKAPKSs: kinases’ tango Nuevo. Front Biosci 13, 6050-6059 (2008).

32. Yang, J. et al. Nitric oxide activated by p38 and NF-«B facilitates apoptosis and cell cycle arrest under oxidative stress in evodiamine-
treated human melanoma A375-S2 cells. Free Radic Res 42, 1-11 (2008).

33. Ridnour, L. A. et al. Nitric oxide regulates angiogenesis through a functional switch involving thrombospondin-1. Proc Natl Acad
Sci 102, 13147-13152 (2005).

34. Bernier, S. G. et al. Bradykinin-regulated interactions of the mitogen-activated protein kinase pathway with the endothelial nitric-
oxide synthase. ] Biol Chem 275, 30707-30715 (2000).

35. Salerno, J. C. et al. Endothelial nitric oxide synthase is regulated by ERK phosphorylation at Ser602. Biosci Rep 34, €00137 (2014).

36. Jones-Wheeler, C. P. D. et al. Cell signalling in the cardiovascular system: an overview. Heart 91, 1366-1374 (2005).

37. Francis, S. H. et al. cGMP-dependent protein kinases and cGMP phosphodiesterases in nitric oxide and cGMP action. Pharmacol
Rev 62, 525-563 (2010).

38. De Palma, C. et al. Nitric oxide inhibition of Drp1-mediated mitochondrial fission is critical for myogenic differentiation. Cell Death
& Differentiation 17, 1684-1696 (2010).

39. De Palma, C. et al. Deficient nitric oxide signalling impairs skeletal muscle growth and performance: involvement of mitochondrial
dysregulation. Skeletal muscle 4, 22 (2014).

40. Justice, J. N. et al. Sodium nitrite supplementation improves motor function and skeletal muscle inflammatory profile in old male
mice. Journal of applied physiology 118, 163-169 (2015).

41. Colussi, C. et al. Nitric oxide deficiency determines global chromatin changes in Duchenne muscular dystrophy. The FASEB Journal
23,2131-2141 (2009).

42. Anderson, J. E. A role for nitric oxide in muscle repair: nitric oxide-mediated activation of muscle satellite cells. Molecular biology
of the cell 11, 1859-1874 (2000).

43. Pambianco, S. et al. Reversal of Defective Mitochondrial Biogenesis in Limb-Girdle Muscular Dystrophy 2D by Independent
Modulation of Histone and PGC-1cx Acetylation. Cell Reports 17, 3010-3023 (2016).

44. Buono, R. et al. Nitric Oxide Sustains Long-Term Skeletal Muscle Regeneration by Regulating Fate of Satellite Cells Via Signaling
Pathways Requiring Vangl2 and Cyclic GMP. Stem Cells 30, 197-209 (2012).

45. Filippin, L. I et al. The role of nitric oxide during healing of trauma to the skeletal muscle. Inflammation research 60, 347-356 (2011).

46. Cordani, N., Pisa, V., Pozzi, L., Sciorati, C. & Clementi, E. Nitric oxide controls fat deposition in dystrophic skeletal muscle by
regulating fibro-adipogenic precursor differentiation. Stem Cells 32, 874-885 (2014).

47. Colussi, C. et al. HDAC2 blockade by nitric oxide and histone deacetylase inhibitors reveals a common target in Duchenne muscular
dystrophy treatment. Proceedings of the National Academy of Sciences 105, 1918319187 (2008).

48. Sciorati, C. et al. Ex vivo treatment with nitric oxide increases mesoangioblast therapeutic efficacy in muscular dystrophy. Journal of
cell science 119, 5114-5123 (2006).

49. Uhm, H. S. et al. Dissociation and excitation coefficients of nitrogen molecules and nitrogen monoxide generation. Phys Plasmas 20,
083502 (2013).

50. Kumar, N. et al. The action of microsecond-pulsed plasma-activated media on the inactivation of human lung cancer cells. J Phys D:
Appl Phys 49, 11540 (2016).

51. Kumar, N. et al. Influence of water vapour with non-thermal plasma jet on the apoptosis of SK-BR-3 breast cancer cells. RSC Adv 5,
14670 (2015).

52. Kumar, N. et al. Enhancement of glucose uptake in skeletal muscle L6 cells and insulin secretion in pancreatic hamster insulinoma-
transfected cells by application of non-thermal plasma jet. App Phys Lett 103, 203701 (2013).

Acknowledgements

This work was financially supported by the (SRC) program (Grant #2010-0029421) and Leading Foreign Research
Institute Recruitment program (Grant # NRF-2016K1A4A3914113) throughout the Basic Science Research
Program of the National Research Foundation (NRF) of Korea. It was also partially supported by the CBDRC
program of the Ministry of Defense and Kwangwoon University 2016.

Author Contributions

N.K. and P.A. conceived and designed the experiments, N.K. and P.S. performed the research, and analyzed
the data. PA. wrote the manuscript. H.S.U. and E.H.C. supervised the study/project and provided assistance in
designing the microwave plasma torch setup.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-00154-3

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS |7: 542 | DOI:10.1038/s41598-017-00154-3 11


http://dx.doi.org/10.1038/s41598-017-00154-3
http://creativecommons.org/licenses/by/4.0/

	Influence of Nitric Oxide generated through microwave plasma on L6 skeletal muscle cell myogenesis via oxidative signaling  ...
	Results

	Variation in physical and chemical parameters. 
	Change in physical and chemical properties of culture media after exogenous NO exposure. 
	Toxicity test at different O2 flow rates. 
	Cell morphology and differentiation study. 
	Myogenesis related gene and Myosin heavy chain protein expression analysis. 
	Intracellular Nitric oxide and oxidative stress marker analysis. 

	Discussion

	Materials and Methods

	Materials. 
	System configuration of nitric oxide generating microwave plasma. 
	pH and temperature change in culture media. 
	Culture of mouse skeletal muscle cells (L6). 
	Measurement of DNA and protein content. 
	Immunofluorescence staining. 
	Real-time RT-PCR. 
	Intracellular nitric oxide, cGMP and NOS analysis. 
	Western blot analysis. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 (a) Symmetrical diagram of Microwave plasma torch, (b) OES spectra of NO production using microwave plasma torch.
	Figure 2 Temperature, pH, and ROS/RNS measurements after NO exposure in media.
	Figure 3 L6 muscle cells proliferation, differentiation, DNA, and total protein content analysis after NO exposure.
	Figure 4 Cellular differentiation analysis through actin, tublin and nuclear immunofluorescence images of L6 cells on day 2, day 4, and day 8 after exposure with NO (200 and 400 SCCM of O2 flow rate) for 3 min.
	Figure 5 Myogenic differentiation regulated mRNA expression and myosin protein expression analysis after exposure with NO.
	Figure 6 Intracellular NO and oxidative markers analysis.
	Figure 7 Nitric Oxide generated through microwave plasma penetrates inside the cell through the cell membrane that activates the myogenic specific gene as well as protein via a oxidative related signaling pathway, which leads to cell proliferation and dif
	Table 1 Primer sequences used for myogenesis related mRNA expression in L6 skeletal muscle cell lines.




