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Abstract

Arecoline is known to induce reactive oxygen species (ROS). Our previous studies showed
that arecoline inhibited myogenic differentiation and acetylcholine receptor cluster formation
of C2C12 myoblasts. N-acetyl-cysteine (NAC) is a known ROS scavenger. We hypothesize
that NAC scavenges the excess ROS caused by arecoline. In this article we examined the
effect of NAC on the inhibited myoblast differentiation by arecoline and related mechanisms.
We found that NAC less than 2 mM is non-cytotoxic to C2C12 by viability analysis. We further
demonstrated that NAC attenuated the decreased number of myotubes and nuclei in each
myotube compared to arecoline treatment by H & E staining. We also showed that NAC pre-
vented the decreased expression level of the myogenic markers, myogenin and MYH caused
by arecoline, using immunocytochemistry and western blotting. Finally, we found that NAC
restored the decreased expression level of p-ERK1/2 by arecoline. In conclusion, our results
indicate that NAC attenuates the damage of the arecoline-inhibited C2C12 myoblast differen-
tiation by the activation/phosphorylation of ERK. This is the first report to demonstrate that
NAC has beneficial effects on skeletal muscle myogenesis through ERK1/2 upon arecoline
treatment. Since defects of skeletal muscle associates with several diseases, NAC can be a
potent drug candidate in diseases related to defects in skeletal muscle myogenesis.

Introduction

Skeletal musculature makes up to 40% of the human body weight [1]. Defect of skeletal muscu-
lature is associated with diseases, such as type 2 diabetes, muscular dystrophy, sarcopenia and
cachexia arising from cancer, heart diseases and liver diseases [2, 3]. It is, therefore, important
for health to maintain a normal function of the skeletal musculature. Skeletal muscles are
formed through a process called myogenesis. Myogenesis starts from the specification of pro-
genitor satellite cells differentiating into mononucleated myoblasts. The myoblasts then fuse
into multinuclear myotubes [4]. During muscle development, myogenin activates the myo-
genic differentiation program [5]. Myosin heavy chain, MYH, is an actin-based motor protein
and associates with muscle contraction. It plays a predominant role in specifying skeletal

PLOS ONE | https://doi.org/10.1371/journal.pone.0272231

July 28, 2022 1/16


https://orcid.org/0000-0003-0917-4747
https://doi.org/10.1371/journal.pone.0272231
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0272231&domain=pdf&date_stamp=2022-07-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0272231&domain=pdf&date_stamp=2022-07-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0272231&domain=pdf&date_stamp=2022-07-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0272231&domain=pdf&date_stamp=2022-07-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0272231&domain=pdf&date_stamp=2022-07-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0272231&domain=pdf&date_stamp=2022-07-28
https://doi.org/10.1371/journal.pone.0272231
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

NAC prevents arecoline-inhibited myogenesis by p-ERK1/2

analysis, decision to publish, or preparation of the
manuscript.

Competing interests: The authors have declared
that no competing interests exist.

muscle properties [6]. Thus, myogenin and MYH are used as markers of myogenesis. Myoblast
differentiation takes place not only during development but also during the regeneration of
skeletal muscles after injury. Abnormal differentiation of muscles is associated with aging, type
IT diabetes, muscle degenerative and muscle injured diseases [7, 8]. Therefore, it will be helpful
to develop drugs for the maintenance of muscle cell function and normal myogenesis for
patients suffering from above diseases.

Areca nut is chewed by more than 600 million people worldwide. The principal active com-
pound, arecoline, was shown to be genotoxic [9]. Arecoline, therefore, was classified in Group
2B as a possible carcinogen of humans on the basis of strong mechanistic evidence by the
International Agency for Research on Cancer (IARC) [10]. Areca nut chewing during preg-
nancy was found to be associated with lower birth weight [11]. Our previous study showed
that arecoline inhibited the implantation of mouse zygotes [12]. We demonstrated that areco-
line inhibited myogenic differentiation of C2C12 myoblasts [13]. We also reported that areco-
line inhibited acetylcholine receptor cluster formation in C2C12 myotubes [14]. These results
indicate that arecoline inhibited myogenesis of C2C12 myoblasts. Therefore, C2C12 myoblasts
are shown as a suitable cell model for the study of myogenetic blockage by arecoline or its
recovery by drug candidates.

Arecoline can suppress cell proliferation and induces cell cycle arrest [15]. Our previous
study demonstrated that arecoline inhibits the myogenic differentiation of C2C12 cells and
suppresses the activation (phosphorylation) of STAT3, a transcription factor regulating myo-
genesis [13]. Arecoline is known to induce reactive oxygen species (ROS) and apoptosis [16].
Oxidative stress plays a critical role in the physiopathology of skeletal musculature [17]. To
develop drugs that maintain the function of muscle cells and normal myogenesis, we searched
for compounds capable of scavenging excess ROS.

N-acetyl-cysteine (NAC), a known scavenger of ROS, has long been used therapeutically
for the treatment of an acetaminophen (paracetamol) overdose by acting as a pro-drug of
hepatic glutathione (GSH) to deplete drugs through conjugation [18]. It can attenuate oxida-
tive stress and glutathione-dependent redox imbalance in cells, such as pancreatic Rin-5F cells,
and increase the viability of cocaine treated rat C6 astroglia-like cells [19, 20]. It can also
increase the fertilization rate of vitrified—-warmed oocytes by cleaving disulfide bonds and pro-
moting the expansion of the zona pellucida [21]. Skeletal muscle fibers generate ROS during
muscle contraction. NAC was shown to inhibit fatigue during electrical muscle activation [22].
It can also improve the function of skeletal muscles after injury [23]. NAC rescued the myo-
tube formation in muscle-specific estrogen-related receptors knockout M-ERRY (-/-) mice
[24]. NAC scavenged excessively the arecoline-induced reactive oxygen species production
and increased cell viability of normal as well as prostate cancer cells [25]. It also inhibited the
arecoline-induced hypoxia inducible factor (HIF)-1o gene expression in areca quid chewing-
associated oral squamous cell carcinoma (OSCC) [26]. In vivo studies showed that NAC can
ameliorate the developmental retardation of zebrafish embryos caused by arecoline [27].
Above results indicate that NAC prevents different cells from the damage caused by arecoline.
However, the effect of NAC on myoblast differentiation inhibited by arecoline was not studied
as yet. We examined here the effect of NAC on the inhibited myoblast differentiation caused
by arecoline and the related mechanism for this.

Materials and methods
Cell culture and viability analysis

Mouse myoblastic C2C12 (Bioresource Collection and Research Center, BRCR, Hsinchu, Tai-
wan) cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, USA),
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supplemented with 10% fetal bovine serum (FBS, Gibco, USA), and antibiotics. The proce-
dures of the cell survival assay were similar as previously described [13]. Briefly, 5x10° cells
(passage number <10) were cultured in 96-well plates for 24 hours and then treated with dif-
ferent concentrations (0, 0.1, 0.5, 1, 2, 5, 10, and 20 mM) of NAC (Actein Granules, Synmosa
Biopharma Corporation, Hsinchu, Taiwan) for additional 24 or 48 hours. Twenty microliters
of CellTiter 96 Aqueous One Solution Reagent (Promega, Madison, WI, USA) was added to
each well and incubated at 37°C for 1 hour. Finally, the absorbance was measured at 490 nm.

Myogenic differentiation

The procedures of myoblastic cell cultivation were following Chang et al. (2012). Briefly, myo-
blastic C2C12 cells (5x10°) were seeded in each of a 6-well plate for 24 hours. The media were
changed to DMEM with 2% horse serum (HS, Gibco, USA) and at the same time treated with
arecoline (Tokyo Chemical Industries, Tokyo, Japan) and NAC for 7 days. The cells were then
fixed with 4% paraformaldehyde (J.T. Baker, Radnor Township, Pennsylvania, USA) for 30
min and stained with hematoxylin and eosin (H&E staining, Muto Pure Chemicals, Tokyo,
Japan). The myoblast differentiation was morphologically determined by measuring the total
number of multinucleated myotubes and the average number of nuclei in each myotube. The
cells were imaged by a phase contrast microscope Nikon Diaphot TMD (Nikon, Nikon Corpo-
ration, Tokyo, Japan) at 100x magnification.

Immunofluorescence

The procedures of immunocytochemistry were similar as previously described (Chang et al.,
2012). Briefly, C2C12 cells were induced to form myotubes as described above. Cells were per-
mealized in 0.1% Triton X-100 (Merck, Darmstadt, Germany)/ PBS for 5 min, blocked in 1%
bovine serum albumin (BSA, Sigma)/ PBS for 1 hour, and then treated with mouse anti-
MYH1/2/4/6 (Santa Cruz Biotechnology, Santa Cruz, CA) antibody for 1 hour. After washing
with 0.5% Tween 20 (Sigma)/ PBS and blocking with 1% BSA/PBS, cells were treated with
DyLight 594 conjugated anti-mouse secondary antibody (Abcam, Cambridge, MA, USA) for 1
hour. Cells were then stained with DAPI (4’,6-diamidino-2-phenylindole) for 15 min and visu-
alized by fluorescence microscope ZEISS Axiovert 40 CFL (ZEISS, Carl Zeiss AG, Oberkochen,
Germany) at 100x magnification. Images were processed using Image] and the intensity of
MYH was quantified.

Western blotting

The procedures of Western blotting were similar to those described previously [28]. Briefly,
cells were harvested and lysed in RIPA buffer (50 mM Tris-HCI (Calbiochem, Merck), pH 7.6,
1 mM EDTA (Calbiochem), 150 mM NaCl (J.T. Baker), 1% Nonidet P40 (NP40, Sigma), 1%
Sodium deoxycholate (Sigma), 0.1% Sodium dodecyl sulfate (SDS, J.T. Baker), and protease
inhibitor cocktails (20 mM NaF (Sigma), ImM Na3;VO, (Sigma) at 4°C for 20 minutes. The
protein concentrations were determined based on the method of Bradford using Bio-Rad Pro-
tein Assay Dye Reagent Concentrate (Bio-Rad, California, USA). The 40 ug protein lysates
were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotting. The blots were probed with Goat anti-Actin (C4) IgG; (Santa Cruz, sc-
47778, 1:5000 dilution), Mouse anti-MYH 1/2/4/6 1gG; (F59)(Santa Cruz, sc-32732, 1:1000
dilution), Mouse anti-myogenin IgG; (F5D) (Santa Cruz, sc-12732, 1:1000 dilution), Rabbit
anti-ERK 1(C-16) IgG (Santa Cruz, sc-93, 1:1000 dilution), Rabbit anti-p-ERK (E-4) IgG,,
(Santa Cruz, sc-7383, 1:1000 dilution), followed by secondary antibodies, Donkey anti-Goat
IgG-HRP (Santa Cruz, sc-2020, 1:5000 dilution), anti-Mouse IgG-HRP (Cell Signaling
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Technology, Inc., Danvers, MA, USA, #7076, 1:4000 dilution), anti-Rabbit IgG-HRP (Cell Sig-
naling, #7074, 1:4000 dilution). In the blots of p-ERK appeared as two bands of 42 and 44 kDa
representing p-ERK 2 and p-ERK 1, respectively. These blots were then stripped with stripping
buffer (62.6M Tris pH 6.8, 2% SDS, 100 mM Beta-Mercaptoethanol) at 55°C for 15 min and
reprobed with anti-Actin to show a single band at 43 kDa. The same blots were stripped again
and reprobed with anti-ERK 1 to get two bands of 42 and 44 kDa. The blots were detected by
ECL- chemiluminescence kit (GE Healthcare, Little Chalfont, UK). The images were exposed
to x-ray films and quantified with software Image].

Statistical analysis

All results are shown as means + SD from three independent experiments. Comparisons
between groups were performed using one-way analysis of variance (ANOVA) and post-hoc
Tukey HSD test. A p-value <0.05 was considered as statistically significant. The asterisks rep-
resent results of *p < 0.05 and **p < 0.01 using Tukey HSD test. The ANOVA test was done
applying Statistics Kingdom.

Results
NAC less than 2 mM is not cytotoxic to myoblastic C2C12 cells

Since arecoline is known to induce ROS, and NAC is a scavenger of ROS, we hypothesized
that NAC plays a role in preventing arecoline-inhibited myoblast differentiation of C2C12. We
first tested suitable concentrations of NAC for our studies. The cytotoxicity of NAC on C2C12
was determined by viability analysis. The results showed that NAC less than 2 mM is not cyto-
toxic to myoblastic C2C12 cells for 24 and 48 h (Fig 1A). Since C2C12 takes 7 days for differen-
tiation, we further tested the viability of C2C12 with 0-5 mM of NAC for 7 days. Our results
showed that NAC less than 2 mM is also not cytotoxic to C2C12 cells for 7 days (Fig 1B). We
used concentrations between 0-2 mM of NAC for our future studies. We also used 5 mM
NAC in some experiments as a control.

NAC prevented the decreased number of myotubes caused by arecoline

In order to test the effect of NAC on the arecoline-inhibited myoblast differentiation, we mea-
sured the number of myotubes induced from C2C12 myoblastic cells. Our previous research
demonstrated that 0.04 mM and 0.08 mM arecoline inhibited the myogenic differentiation of
C2C12 myoblasts [13, 14]. We used these concentrations of arecoline for our experiments. The
C2C12 cells were induced to differentiate for 7 days in the presence of 0-5 mM NAC and 0.04
mM arecoline (Fig 2A and 2B) or 0.08 mM arecoline (Fig 2C and 2D). The morphology of
myotubes is shown in Fig 2A and 2C. The number of myotubes was significantly decreased
when cells treated with arecoline were compared with those of cells without arecoline treat-
ment (Fig 2B and 2D). However, when cells were treated with arecoline and 0.5-2 mM NAC,
the number of myotubes were significantly increased compared to those cells which were
treated with arecoline alone. Since 5 mM NAC is toxic to C2C12 cells, myotubes failed to form
as expected. These results indicate that NAC can restore the inhibited formation of myotubes
caused by arecoline at lower concentrations than 2 mM.

NAC attenuated the decreased number of nuclei in each myotube caused by
arecoline

Since NAC can prevent the arecoline-inhibited formation of myotubes, we further examined
the effect of NAC on nuclei number in each myotube. The C2C12 cells were induced to
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Fig 1. Effect of NAC on cell proliferation in C2C12 myoblasts. Cells were exposed to 0-20 mM arecoline for 24 h
(solid bars) or 48 h (open bars) (A) and 7 days (B). The viability of cells was measured with CellTiter 96 Aqueous One
Solution Reagent (Promega) in duplicate. The means of duplicate from three independent experiments were used for
further analysis. The values of ANOVA at 24 h, 48 h and 7 days were (F; 1 = 56.44, P = 4.28E-10), (F; ;6 = 26.97,

P =1.03E-07) and (Fs 1, = 7.93, P = 1.66E-3), respectively (mean + SD; **p < 0.01, as compared to a no-treatment
control, Tukey HSD test).

https://doi.org/10.1371/journal.pone.0272231.9001

differentiate for 7 days in the presence of 0-5 mM NAC and 0.04 mM arecoline (Fig 3A and
3B) or 0.08 mM arecoline (Fig 3C and 3D). The nuclei of myotubes were indicated by arrows
in Fig 3A and 3C. The number of nuclei in each myotube were significantly decreased in cells
treated with arecoline compared to cells without arecoline treatment (Fig 3B and 3D).
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Fig 2. The effects of NAC on the decreased number of myotube formations caused by arecoline. C2C12 cells were
cultured in differentiation medium with 0-5 mM NAC and 0.04 mM (A, B) or 0.08 mM (C, D) arecoline for 7 days.
The myotubes were photographed by phase contrast microscopy (A, C). Scale bar, 100 pm. The numbers of myotubes
from 30 random fields were counted (B, D). The values of ANOVA with 0.04 and 0.08 mM were (Fs ;, = 241.90,

P =1.30E-11) and (Fs 1, = 379.27, P = 8.99E-13) (mean * SD; **p < 0.01, as compared to cells that were treated only
with arecoline, Tukey HSD test).

https://doi.org/10.1371/journal.pone.0272231.9002

However, when cells were treated with NAC, most of the nuclei numbers in each myotube
were significantly increased compared to those of cells treated only with arecoline. The cells
treated with 5 mM NAC failed to form myotubes with fused myoblasts. These results indicate
that NAC can prevent the inhibited fusion of myoblasts in myotubes caused by arecoline.
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Fig 3. Effect of NAC on the arecoline-inhibited multinucleated myotube formation. C2C12 cells were cultured in
differentiation medium with 0-5 mM NAC and 0.04 mM (A, B) or 0.08 mM (C, D) arecoline for 7 days and H&E
staining. The myotubes were photographed by light microscopy (A, C). Arrows indicate the nuclei in the
multinucleated myotubes. Scale bar, 100 pm. The numbers of nuclei per myotube from 30 random fields were shown
(B, D). The values of ANOVA with 0.04 and 0.08 mM were (Fs ;, = 14.51, P = 9.87E-05) and (F5 ;, = 154.72, P = 1.83E-
10). (mean + SD; *p < 0.05; “*p < 0.01, as compared to cells treated with arecoline only, Tukey HSD test).

https://doi.org/10.1371/journal.pone.0272231.g003

PLOS ONE | https://doi.org/10.1371/journal.pone.0272231  July 28, 2022 7/16


https://doi.org/10.1371/journal.pone.0272231.g003
https://doi.org/10.1371/journal.pone.0272231

PLOS ONE

NAC prevents arecoline-inhibited myogenesis by p-ERK1/2

NAC protected the decreased expression level of myogenin from the effect
of arecoline

Because myogenin participates in activating myogenic differentiation, the expression level of
myogenin was tested by Western blotting. C2C12 cells were induced to differentiate in the
presence of 0-2 mM NAC and 0.08 mM arecoline (Fig 4). The total proteins were then har-
vested on day 7 of differentiation and Western blotting was performed (Fig 4A). The level of
myogenin was significantly increased (p < 0.05) by 2 mM NAC compared to cells treated only
with 0.08 mM arecoline (Fig 4B). These results indicate that NAC can restore the inhibited
expression of myogenin caused by arecoline.

NAC recovered the decreased expression of MYH caused by arecoline

MYH is a marker of myogenesis specifically expressed during myogenic differentiation. We
examined the expression of MYH. The C2C12 cells were induced to differentiate for 7 days in
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Fig 4. Effect of NAC on decreased myogenin expression caused by arecoline in C2C12 cells. The C2C12 cells were
cultured in differentiation medium with 0-2 mM NAC and 0.08 mM arecoline for 7 days. (A) The expression of
myogenin protein was detected by Western blotting. B-actin served as a loading control. (B) The band intensities of
myogenin were quantified and normalized to the no-treatment control. Data from three independent experiments
were used. The values of ANOVA were (Fy 19 = 22.02, P = 6.05E-05)(mean + SD; **p < 0.01 as compared to cells
treated with arecoline only, Tukey HSD test).

https://doi.org/10.1371/journal.pone.0272231.9004
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the presence of 0-2 mM NAC and 0.04 mM arecoline (Fig 5A and 5C) or 0.08 mM arecoline
(Fig 5B and 5D). The distribution of MYH was presented in red color under immunofluores-
cence microscopy (Fig 5A and 5B, left, upper panel). The nuclei in the same pictures were
stained by DAPI and turned to blue color (Fig 5A and 5B, left, middle panel). The images of
MYH and DAPI were merged (A and B, left, lower panel). The intensities of MYH were quan-
tified (Fig 5A and 5B, right panels). The results showed that the fluorescent intensity of MYH
was decreased when cells were treated with arecoline as compared to cells without arecoline
treatment. However, when cells were treated with arecoline and 0.5-2 mM NAGC, the fluores-
cent intensity of MYH was increased compared to that of cells treated only with arecoline. The
levels of MYH were examined by Western blotting (Fig 5C and 5D, upper panel) and the
intensities of MYH were quantified (Fig 5C and 5D, lower panel). The results of Western blot-
ting provided the same trend as that of immunofluorescence. The level of MYH was signifi-
cantly decreased when cells treated with arecoline were compared with cells without arecoline
treatment. However, when cells treated with arecoline and NAC, the level of MYH showed an
increasing trend compared to cells which were only treated with arecoline. The level of MYH
was significantly increased (p < 0.05) by 0.08 mM arecoline and 2 mM NAC compared to cells
treated only with arecoline. These results indicate that NAC can prevent the inhibited expres-
sion of MYH caused by arecoline.

NAC restored the decreased expression level of p-ERK caused by arecoline

The extracellular signal-regulated kinase (ERK1/2) is a promotor of myogenesis. C2C12 cells
treated with siERK2 to knockdown the level of ERK2 protein resulted in the failure of myo-
blasts to fuse into multinucleated myofibers [29]. ERK1/2 does have modulatory roles in the
maintenance of the slow myofiber phenotype of skeletal musculature [30]. Therefore, we
hypothesized that ERK1/2 participates in the arecoline-inhibited myogenesis. Since NAC can
attenuate the damage caused by arecoline, we aimed to study the role of ERK1/2 in arecoline-
inhibited myogenesis attenuated by NAC. To further investigate the molecular mechanism of
NAC on the inhibition of myogenic differentiation caused by arecoline, we examined the effect
of NAC on the expression and phosphorylation/activation of ERK1/2 during myogenic differ-
entiation of C2C12 cells. The C2C12 cells were induced to differentiate in the presence or
absence of 0.08 mM arecoline and 0-2 mM NAC. The total proteins were then harvested at
different times of differentiation. The expression of ERK1/2 and Tyr-204 phosphorylated
ERK1/2, p-ERK1/2, at different times was also detected by Western blotting (Fig 6A). The
amounts of p-ERK1/2 were significantly increased (p < 0.05) in cells with 0.5-2 mM NAC
treatment at 24 h and 2 mM NAC treatment at 12 h compared to those of cells with only areco-
line treatment (Fig 6B). However, the level of ERK1/2 were not significantly different at all of
the time points (Fig 6C). The ratio of p-ERK1/2 to ERK1/2 were significantly increased

(p < 0.05) in cells with 0.5-2 mM NAC treatment at 24 h and with 2 mM NAC treatment at 12
h compared to those of cells with only arecoline treatment (Fig 6D). In conclusion, these
results demonstrated that the phosphorylated portion but not the total ERK1/2 was rescued by
NAC during myogenic differentiation of C2C12 cells after treatment with arecoline.

Discussion

Our previous studies demonstrated that arecoline inhibits myogenic differentiation and acetyl-
choline receptor cluster formation of C2C12 myoblasts [13, 14]. We used C2C12 cells treated
with arecoline as a cell model. In this article we studied drugs capable of preventing the inhibi-
tion of myoblast differentiation. We found that NAC attenuated the decreased number of
myotubes and the number of nuclei in each myotube which were caused by arecoline. We also
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Fig 5. Effect of NAC on decreased MYH expression caused by arecoline in C2C12 cells. The C2C12 cells were cultured in
differentiation medium with 0-2 mM NAC and 0.04 mM (A, C) or 0.08 mM (B, D) arecoline for 7 days. The distribution of MYH
was examined by immunofluorescence under a fluorescence microscope (A and B, left, upper panel). Scale bar represents 100 um
at 100x magnification. Nuclei in the same field were counterstained with DAPI (A and B, left, middle panel). The images of MYH
and DAPI were merged (A and B, left, lower panel). The intensities of MYH were quantified and normalized to the no-treatment
control from random images of three independent experiments (Fig 5A and 5B, right panels). The values of ANOVA with 0.04
and 0.08 mM were (Fy19=2.73, P = 0.09) and (Fy,;o = 14.49, P = 3.63E-04). The expression of MYH protein was detected by
Western blotting (C and D, upper panel). B-actin served as a loading control. The band intensities of MYH from three
independent experiments were quantified and normalized to no-treatment control (C and D, lower panel). The values of ANOVA
with 0.04 and 0.08 mM were (F4 ;9 = 0.63, P = 0.65) and (F4 ;0 = 5.15, P = 0.02) (mean + SD; *p < 0.05; **p < 0.01, as compared to
cells treated only with arecoline, Tukey HSD test).

https://doi.org/10.1371/journal.pone.0272231.9005
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Fig 6. The effect of NAC on decreased ERK1/2 Tyr-204 phosphorylation caused by arecoline during myogenic
differentiation in C2C12 cells. (A) The expression of Tyr-204 phosphorylated ERK1/2, ERK1/2 and B-actin proteins were
detected by Western blotting at 0, 6, 12, 24 h, 4 and 7 days of myogenic differentiation in C2C12 cells treated with 0.08 mM
arecoline and 0-2 mM NAC. p44:ERK1, p42:ERK2. B-actin served as the loading control. (B) The relative expression of p-ERK1/
2 protein to B-actin were quantified and normalized to the no-treatment control. The values of ANOVA at 12 and 24h were
(Fy,10 =5.03, P =0.02) and (F4 10 = 5.07, P = 0.02). (C) The relative expression of ERK1/2 protein to B-actin were quantified and
normalized to the no-treatment control. (D) The ratio of p-ERK1/2 to ERK1/2 from figure B and C were relative to B-actin and
normalized to the no-treatment control. The values of ANOVA at 12 and 24h were (Fy ;9 = 5.54, P = 0.01) and (Fy;0 = 7.94,

P = 3.78E-03). Data from three independent experiments were presented (mean + SD; *p < 0.05; **p < 0.01, as compared to
cells treated with arecoline, Tukey HSD test).

https://doi.org/10.1371/journal.pone.0272231.9g006

found that NAC prevented the decreased expression levels of the myogenic markers, myo-
genin and MYH, caused by arecoline. Finally, we demonstrated that NAC restored the phos-
phorylated level of ERK1/2 inhibited by arecoline. Since ERK is also a positive regulator of
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myogenesis, our results indicate that NAC prevents the arecoline-inhibited C2C12 myoblast
differentiation by activation (phosphorylation) of ERK.

We found that NAC at less than 2 mM concentration is not cytotoxic to myoblastic C2C12
cells. Actually, NAC is shown to be a safe clinical antidote [31]. It has the function of detoxify-
ing oxidizing radicals and binding redox-active metal ions to be well known for their roles
against paracetamol intoxication and as a mucolytic agent [32]. NAC is also applied in the
treatment of several diseases, including polycystic ovary syndrome, premature birth and recur-
rent pregnancy loss, liver cancer and others [33]. It can also produce behavioral recovery after
traumatic brain injury in mice and rat models [34]. For the effects on skeletal muscle, NAC sig-
nificantly inhibited amyotrophy via antioxidant effects in rats [35]. NAC improves force capac-
ity and fatigue properties in ex vivo skeletal muscles from rats after aerobic exercise [36]. NAC
protects the skeletal musculature against injury induced by fatiguing contractile activity [37].
We found that NAC can promote the formation of myotubes. During myogenesis, myogenic
markers are increased by NAC. These results indicate that NAC is helpful in myoblast differ-
entiation. This is the first report to demonstrate that NAC has a beneficial effect on skeletal
muscle myogenesis against the damage caused by arecoline.

Our data demonstrated that p-ERK Tyr204 phosphorylation restored by NAC treatment at
24 h during myogenic differentiation of C2C12 cells was inhibited by arecoline. These results
indicate that NAC prevents arecoline-inhibited myoblast differentiation through the activation
of ERK. ERK1/2 got stimulated by molecules, such as fibroblast growth factor 19, ferulic acid
and EPHA2; it is further required for skeletal muscle mass regulation and myogenic differenti-
ation [38-40]. Knockdown of ERK1/2 inhibited the differentiation of C2C12 cells [41]. The
MAPK/ERK pathway involved in the skeletal muscle regeneration of adult zebrafish is regu-
lated by Fgf [42]. MEK/ERK signaling also participated in maintaining the myogenic progeni-
tor cells by TGFp signaling [43]. These data indicate that ERK1/2 plays an important role in
different stages of skeletal muscle myogenesis. NAC was reported to increase phosphorylated
ERK to facilate neuroprotective effects [44]. Our similar results showed that NAC can regulate
the phosphorylation of ERK1/2. As a scavenger of ROS, NAC removes ROS produced by arec-
oline through p-ERK during myogenesis.

Myogenic differentiation contains early proliferation and late differentiation stages. An
ERK signaling pathway regulates the early proliferation stage of myogenic differentiation [45].
HMCA (4-hydroxy-3-methoxy cinnamic acid) was reported to have a significant effect on
muscle cell differentiation. A comparison of the ratio of p-ERK/ ERK at 3 and 5 days after the
treatment of C2C12 cells with 5 mM HMCA showed that p-ERK/ ERK significantly increased
at 3 days but not at 5 days of treatment [46]. METTL3/14, a member of the m6A core methyl-
transferase complex, is required for the maintenance of muscle myogenesis. The results
showed that the amount of p-ERK was increased at days 1 to 3 but decreased at days 4 to 6
after METTL3/14 treatment in C2C12 cells for skeletal muscle differentiation [47]. Time
course of ERK phosphorylation levels in the culture of P19 stem cells showed that the expres-
sion of p-ERK were high at days 1 and 2 but decreased later at days 3 to 9 [48]. Our results
showed that NAC increased the levels of p-ERK/ERK compared to the arecoline treatment
alone at 12 and 24 h indicating that the effect of NAC was restricted to the early phase of mus-
cle differentiation.

Areca quid chewing is a major risk factor for the generation of oral squamous cell carci-
noma. NAC can downregulate the arecoline-induced ROS generation in this disease [49].
Here, we provide an example of NAC to attenuate the damage caused by arecoline. Many skel-
etal muscle related diseases are also related to the generation of ROS [50]. Our results demon-
strated that NAC can attenuate the damage of skeletal myogenesis caused by arecoline. These
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results indicate that NAC has the potential for medical applications in diseases related to skele-
tal muscle defects.

Conclusions

The present study provides direct evidence that NAC attenuates the damage of arecoline-
inhibited C2C12 myoblast differentiation by the activation/phosphorylation of ERK1/2.
Defects of skeletal muscle associates with several diseases. Our work suggests that this mecha-
nism can be applied to clinical treatments of diseases related to defects in skeletal muscle myo-
genesis by NAC or NAC-related compounds.

Supporting information

S1 Raw images.
(PDF)

Acknowledgments

We thank Professor Samuel Alexander Denny, Jr. at Sangmyung University (Seoul, Korea)
and Professor Hans-Uwe Dahms at Kaohsiung Medical University (Taiwan) for corrections of
the written English.

Author Contributions
Conceptualization: Yi-Xuan Li, Yung-Fu Chang.
Data curation: Yi-Xuan Li, Chun-Hung Hsiao.

Writing - review & editing: Yung-Fu Chang.

References

1. KameiY, Miura S, Suzuki M, Kai Y, Mizukami J, Taniguchi T, et al. Skeletal muscle FOXO1 (FKHR)
transgenic mice have less skeletal muscle mass, down-regulated Type | (slow twitch/red muscle) fiber
genes, and impaired glycemic control. J Biol Chem, 2004. 279(39): p. 41114-23. https://doi.org/10.
1074/jbc.M400674200 PMID: 15272020.

2. Morgan J and Partridge T. Skeletal muscle in health and disease. Dis Model Mech, 2020. 13(2): p.
dmmO042192. https://doi.org/10.1242/dmm.042192 PMID: 32066552; PubMed Central PMCID:
PMC7044447.

3. Truskey GA. Development and application of human skeletal muscle microphysiological systems. Lab
Chip, 2018. 18(20): p. 3061-73. https://doi.org/10.1039/c8Ic00553b PMID: 30183050; PubMed Central
PMCID: PMC6177290.

4. Lehka L and Redowicz MJ. Mechanisms regulating myoblast fusion: A multilevel interplay. Semin Cell
Dev Biol, 2020. 104: p. 81-92. https://doi.org/10.1016/j.semcdb.2020.02.004 PMID: 32063453.

5. Comai G and Tajbakhsh S. Molecular and cellular regulation of skeletal myogenesis. Curr Top Dev Biol,
2014.110: p. 1-73. https://doi.org/10.1016/B978-0-12-405943-6.00001-4 PMID: 252484783.

6. Talmadge RJ. Myosin heavy chain isoform expression following reduced neuromuscular activity: poten-
tial regulatory mechanisms. Muscle Nerve, 2000. 23(5): p. 661-79. https://doi.org/10.1002/(sici)1097-
4598(200005)23:5<661::aid-mus3>3.0.co;2-j PMID: 10797389.

7. LeeSd, Yoo M, GoGY, HwangJ, Lee HG, Kim YK, et al. Tetrahydropalmatine promotes myoblast dif-
ferentiation through activation of p38MAPK and MyoD. Biochem Biophys Res Commun, 2014. 455(3—
4): p. 147-52. https://doi.org/10.1016/j.bbrc.2014.10.115 PMID: 25450677.

8. Byun SK, AnTH, Son MJ, Lee DS, Kang HS, Lee EW, et al. HDAC11 Inhibits Myoblast Differentiation
through Repression of MyoD-Dependent Transcription. Mol Cells, 2017. 40(9): p. 667—76. https://doi.
org/10.14348/molcells.2017.0116 PMID: 28927261; PubMed Central PMCID: PMC5638774.

PLOS ONE | https://doi.org/10.1371/journal.pone.0272231  July 28, 2022 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0272231.s001
https://doi.org/10.1074/jbc.M400674200
https://doi.org/10.1074/jbc.M400674200
http://www.ncbi.nlm.nih.gov/pubmed/15272020
https://doi.org/10.1242/dmm.042192
http://www.ncbi.nlm.nih.gov/pubmed/32066552
https://doi.org/10.1039/c8lc00553b
http://www.ncbi.nlm.nih.gov/pubmed/30183050
https://doi.org/10.1016/j.semcdb.2020.02.004
http://www.ncbi.nlm.nih.gov/pubmed/32063453
https://doi.org/10.1016/B978-0-12-405943-6.00001-4
http://www.ncbi.nlm.nih.gov/pubmed/25248473
https://doi.org/10.1002/%28sici%291097-4598%28200005%2923%3A5%26lt%3B661%3A%3Aaid-mus3%26gt%3B3.0.co%3B2-j
https://doi.org/10.1002/%28sici%291097-4598%28200005%2923%3A5%26lt%3B661%3A%3Aaid-mus3%26gt%3B3.0.co%3B2-j
http://www.ncbi.nlm.nih.gov/pubmed/10797389
https://doi.org/10.1016/j.bbrc.2014.10.115
http://www.ncbi.nlm.nih.gov/pubmed/25450677
https://doi.org/10.14348/molcells.2017.0116
https://doi.org/10.14348/molcells.2017.0116
http://www.ncbi.nlm.nih.gov/pubmed/28927261
https://doi.org/10.1371/journal.pone.0272231

PLOS ONE

NAC prevents arecoline-inhibited myogenesis by p-ERK1/2

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Oliveira NG, Ramos DL and Dinis-Oliveira RJ. Genetic toxicology and toxicokinetics of arecoline and
related areca nut compounds: an updated review. Arch Toxicol, 2021. 95(2): p. 375-93. https://doi.org/
10.1007/s00204-020-02926-9 PMID: 33097969.

Marques MM, Beland FA, Lachenmeier DW, Phillips DH, Chung F, Dorman DC, et al. Carcinogenicity
of acrolein, crotonaldehyde, and arecoline. Lancet Oncol, 2021. 22(1): p. 19-20. https://doi.org/10.
1016/S1470-2045(20)30727-0 PMID: 33248467.

de Costa C and Griew AR. Effects of betel chewing on pregnancy outcome. Aust N Z J Obstet Gynae-
col, 1982. 22(1): p. 22—4. https://doi.org/10.1111/j.1479-828x.1982.tb01392.x PMID: 6954939.

Liu ST, Young GC, Lee YC and Chang YF. A preliminary report on the toxicity of arecoline on early preg-
nancy in mice. Food Chem Toxicol, 2011. 49(1): p. 144-8. https://doi.org/10.1016/j.fct.2010.10.009
PMID: 20940028.

Chang YF, Liu TY, Liu ST and Tseng CN. Arecoline inhibits myogenic differentiation of C2C12 myo-
blasts by reducing STAT3 phosphorylation. Food Chem Toxicol, 2012. 50(10): p. 3433-9. hitps://doi.
org/10.1016/j.fct.2012.07.032 PMID: 22847137.

Chang YF, Liu TY and Liu ST. Arecoline inhibits and destabilizes agrin-induced acetylcholine receptor
cluster formation in C2C12 myotubes. Food Chem Toxicol, 2013. 60: p. 391-6. https://doi.org/10.1016/
j.fct.2013.07.079 PMID: 23933062.

GulL, Xie C, Peng Q, Zhang J, Li J and Tang Z. Arecoline suppresses epithelial cell viability through the
Akt/mTOR signaling pathway via upregulation of PHLPP2. Toxicology, 2019. 419: p. 32-9. https://doi.
org/10.1016/j.tox.2019.03.006 PMID: 30910432.

Yen CY, Lin MH, Liu SY, Chiang WF, Hsieh WF, Cheng YC, et al. Arecoline-mediated inhibition of
AMP-activated protein kinase through reactive oxygen species is required for apoptosis induction. Oral
Oncol, 2011. 47(5): p. 345-51. https://doi.org/10.1016/j.oraloncology.2011.02.014 PMID: 21440488.

Musarod A, Fulle S and Fano G. Oxidative stress and muscle homeostasis. Curr Opin Clin Nutr Metab
Care, 2010. 13(3): p. 236—42. https://doi.org/10.1097/MCO.0b013e3283368188 PMID: 20098320.

Yan M, Huo Y, Yin S and Hu H. Mechanisms of acetaminophen-induced liver injury and its implications
for therapeutic interventions. Redox Biol, 2018. 17: p. 274-83. https://doi.org/10.1016/j.redox.2018.04.
019 PMID: 29753208; PubMed Central PMCID: PMC6006912.

Alnahdi A, John A and Raza H. N-acetyl cysteine attenuates oxidative stress and glutathione-depen-
dent redox imbalance caused by high glucose/high palmitic acid treatment in pancreatic Rin-5F cells.
PLoS One, 2019. 14(12): p. €0226696. https://doi.org/10.1371/journal.pone.0226696 PMID:
31860682; PubMed Central PMCID: PMC6924679.

Badisa RB, Kumar SS, Mazzio E, Haughbrook RD, Allen JR, Davidson MW, et al. N-acetyl cysteine mit-
igates the acute effects of cocaine-induced toxicity in astroglia-like cells. PLoS One, 2015. 10(1): p.
e€0114285. https://doi.org/10.1371/journal.pone.0114285 PMID: 25617894; PubMed Central PMCID:
PMC4305286.

Mukunoki A, Takeo T and Nakagata N. N-acetyl cysteine restores the fertility of vitrified-warmed mouse
oocytes derived through ultrasuperovulation. PLoS One, 2019. 14(10): p. e0224087. https://doi.org/10.
1371/journal.pone.0224087 PMID: 31639156; PubMed Central PMCID: PMC6804996.

Reid MB. Free radicals and muscle fatigue: Of ROS, canaries, and the IOC. Free Radic Biol Med, 2008.
44(2): p. 169-79. https://doi.org/10.1016/j.freeradbiomed.2007.03.002 PMID: 18191753.

Yosef B, Zhou Y, Mouschouris K, Poteracki J, Soker S and Criswell T. N-Acetyl-L-Cysteine Reduces
Fibrosis and Improves Muscle Function After Acute Compartment Syndrome Injury. Mil Med, 2020.
185(Suppl 1): p. 25-34. https://doi.org/10.1093/milmed/usz232 PMID: 32074330; PubMed Central
PMCID: PMC7029776.

Murray J, Auwerx J and Huss JM. Impaired myogenesis in estrogen-related receptor y (ERRYy)-deficient
skeletal myocytes due to oxidative stress. FASEB J, 2013. 27(1): p. 135-50. https://doi.org/10.1096/1].
12-212290 PMID: 23038752; PubMed Central PMCID: PMC3528312.

Shih LJ, Wang JY, Jheng JY, Siao AC, Lin YY, Tsuei YW, et al. Betel Nut Arecoline Induces Different
Phases of Growth Arrest between Normal and Cancerous Prostate Cells through the Reactive Oxygen
Species Pathway. Int J Mol Sci, 2020. 21(23): p. 9219. https://doi.org/10.3390/ijms21239219 PMID:
33287214; PubMed Central PMCID: PMC7729937.

Lee SS, Tsai CH, Yang SF, Ho YC and Chang YC. Hypoxia inducible factor-1a expression in areca quid
chewing-associated oral squamous cell carcinomas. Oral Dis, 2010. 16(7): p. 696—701. https://doi.org/
10.1111/j.1601-0825.2010.01680.x PMID: 20846156.

Chang BE, Liao MH, Kuo MY and Chen CH. Developmental toxicity of arecoline, the major alkaloid in
betel nuts, in zebrafish embryos. Birth Defects Res A Clin Mol Teratol, 2004. 70(1): p. 28-36. https://
doi.org/10.1002/bdra.10136 PMID: 14745892.

PLOS ONE | https://doi.org/10.1371/journal.pone.0272231  July 28, 2022 14/16


https://doi.org/10.1007/s00204-020-02926-9
https://doi.org/10.1007/s00204-020-02926-9
http://www.ncbi.nlm.nih.gov/pubmed/33097969
https://doi.org/10.1016/S1470-2045%2820%2930727-0
https://doi.org/10.1016/S1470-2045%2820%2930727-0
http://www.ncbi.nlm.nih.gov/pubmed/33248467
https://doi.org/10.1111/j.1479-828x.1982.tb01392.x
http://www.ncbi.nlm.nih.gov/pubmed/6954939
https://doi.org/10.1016/j.fct.2010.10.009
http://www.ncbi.nlm.nih.gov/pubmed/20940028
https://doi.org/10.1016/j.fct.2012.07.032
https://doi.org/10.1016/j.fct.2012.07.032
http://www.ncbi.nlm.nih.gov/pubmed/22847137
https://doi.org/10.1016/j.fct.2013.07.079
https://doi.org/10.1016/j.fct.2013.07.079
http://www.ncbi.nlm.nih.gov/pubmed/23933062
https://doi.org/10.1016/j.tox.2019.03.006
https://doi.org/10.1016/j.tox.2019.03.006
http://www.ncbi.nlm.nih.gov/pubmed/30910432
https://doi.org/10.1016/j.oraloncology.2011.02.014
http://www.ncbi.nlm.nih.gov/pubmed/21440488
https://doi.org/10.1097/MCO.0b013e3283368188
http://www.ncbi.nlm.nih.gov/pubmed/20098320
https://doi.org/10.1016/j.redox.2018.04.019
https://doi.org/10.1016/j.redox.2018.04.019
http://www.ncbi.nlm.nih.gov/pubmed/29753208
https://doi.org/10.1371/journal.pone.0226696
http://www.ncbi.nlm.nih.gov/pubmed/31860682
https://doi.org/10.1371/journal.pone.0114285
http://www.ncbi.nlm.nih.gov/pubmed/25617894
https://doi.org/10.1371/journal.pone.0224087
https://doi.org/10.1371/journal.pone.0224087
http://www.ncbi.nlm.nih.gov/pubmed/31639156
https://doi.org/10.1016/j.freeradbiomed.2007.03.002
http://www.ncbi.nlm.nih.gov/pubmed/18191753
https://doi.org/10.1093/milmed/usz232
http://www.ncbi.nlm.nih.gov/pubmed/32074330
https://doi.org/10.1096/fj.12-212290
https://doi.org/10.1096/fj.12-212290
http://www.ncbi.nlm.nih.gov/pubmed/23038752
https://doi.org/10.3390/ijms21239219
http://www.ncbi.nlm.nih.gov/pubmed/33287214
https://doi.org/10.1111/j.1601-0825.2010.01680.x
https://doi.org/10.1111/j.1601-0825.2010.01680.x
http://www.ncbi.nlm.nih.gov/pubmed/20846156
https://doi.org/10.1002/bdra.10136
https://doi.org/10.1002/bdra.10136
http://www.ncbi.nlm.nih.gov/pubmed/14745892
https://doi.org/10.1371/journal.pone.0272231

PLOS ONE

NAC prevents arecoline-inhibited myogenesis by p-ERK1/2

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

LiuTY, Yuo CY, Kao CH, Tseng CN, Jong YJ, Chang JG, et al. Hydrogen peroxide decreases the sur-
vival rate of HeLa cells with stable knockdown of survival motor neuron protein. Kaohsiung J Med Sci,
2011. 27(3): p. 102—7. https://doi.org/10.1016/j.kjms.2010.11.002 PMID: 21421198.

Li J and Johnson SE. ERK2 is required for efficient terminal differentiation of skeletal myoblasts. Bio-
chem Biophys Res Commun, 2006. 345(4): p. 1425-33. https://doi.org/10.1016/j.bbrc.2006.05.051
PMID: 16729978.

Rimer M. Extracellular signal-regulated kinases 1 and 2 regulate neuromuscular junction and myofiber
phenotypes in mammalian skeletal muscle. Neurosci Lett, 2020. 715: p. 134671. https://doi.org/10.
1016/j.neulet.2019.134671 PMID: 31805372; PubMed Central PMCID: PMC6956858.

Atkuri KR, Mantovani JJ, Herzenberg LA and Herzenberg LA. N-Acetylcysteine—a safe antidote for
cysteine/glutathione deficiency. Curr Opin Pharmacol, 2007. 7(4): p. 355-9. https://doi.org/10.1016/].
coph.2007.04.005 PMID: 17602868; PubMed Central PMCID: PMC4540061.

Samuni Y, Goldstein S, Dean OM and Berk M. The chemistry and biological activities of N-acetylcys-
teine. Biochim Biophys Acta, 2013. 1830(8): p. 4117-29. https://doi.org/10.1016/j.bbagen.2013.04.016
PMID: 23618697.

Mokhtari V, Afsharian P, Shahhoseini M, Kalantar SM and Moini A. A Review on Various Uses of N-
Acetyl Cysteine. Cell J, 2017. 19(1): p. 11-7. https://doi.org/10.22074/cellj.2016.4872 PMID:
28367412; PubMed Central PMCID: PMC5241507.

Eakin K, Baratz-Goldstein R, Pick CG, Zindel O, Balaban CD, Hoffer ME, et al. Efficacy of N-acetyl cys-
teine in traumatic brain injury. PLoS One, 2014. 9(4): p. €90617. https://doi.org/10.1371/journal.pone.
0090617 PMID: 24740427; PubMed Central PMCID: PMC3989181.

Kinoshita H, Orita S, Inage K, Yamauchi K, Abe K, Inoue M, et al. Skeletal Muscle Cell Oxidative Stress
as a Possible Therapeutic Target in a Denervation-Induced Experimental Sarcopenic Model. Spine
(Phila Pa 1976), 2019. 44(8): p. E446—e55. https://doi.org/10.1097/BRS.0000000000002891 PMID:
30299418.

Jannig PR, Alves CRR, Voltarelli VA, Bozi LHM, Vieira JS, Brum PC, et al. Effects of N-acetylcysteine
on isolated skeletal muscle contractile properties after an acute bout of aerobic exercise. Life Sci, 2017.
191: p. 46-51. https://doi.org/10.1016/}.1fs.2017.10.012 PMID: 29030088.

Pinheiro CH, Vitzel KF and Curi R. Effect of N-acetylcysteine on markers of skeletal muscle injury after
fatiguing contractile activity. Scand J Med Sci Sports, 2012. 22(1): p. 24-33. https://doi.org/10.1111/j.
1600-0838.2010.01143.x PMID: 20673252.

Benoit B, Meugnier E, Castelli M, Chanon S, Vieille-Marchiset A, Durand C, et al. Fibroblast growth fac-
tor 19 regulates skeletal muscle mass and ameliorates muscle wasting in mice. Nat Med, 2017. 23(8):
p. 990-6. https://doi.org/10.1038/nm.4363 PMID: 28650457.

Zhang X, Wang L, Qiu K, Xu D and Yin J. Dynamic membrane proteome of adipogenic and myogenic
precursors in skeletal muscle highlights EPHA2 may promote myogenic differentiation through ERK sig-
naling. FASEB J, 2019. 33(4): p. 5495-509. https://doi.org/10.1096/f].201801907R PMID: 30668921;
PubMed Central PMCID: PMC6436648.

Michailovici I, Harrington HA, Azogui HH, Yahalom-Ronen Y, Plotnikov A, Ching S, et al. Nuclear to
cytoplasmic shuttling of ERK promotes differentiation of muscle stem/progenitor cells. Development,
2014. 141(13): p. 2611-20. https://doi.org/10.1242/dev.107078 PMID: 24924195; PubMed Central
PMCID: PMC4067960.

Feng Y, Niu LL, Wei W, Zhang WY, Li XY, Cao JH, et al. A feedback circuit between miR-133 and the
ERK1/2 pathway involving an exquisite mechanism for regulating myoblast proliferation and differentia-
tion. Cell Death Dis, 2013. 4(11): p. €934. https://doi.org/10.1038/cddis.2013.462 PMID: 24287695;
PubMed Central PMCID: PMC3847338.

Saera-Vila A, Kish PE and Kahana A. Fgf regulates dedifferentiation during skeletal muscle regenera-
tion in adult zebrafish. Cell Signal, 2016. 28(9): p. 1196-204. https://doi.org/10.1016/j.cellsig.2016.06.
001 PMID: 27267062; PubMed Central PMCID: PMC4966975.

Miyake T, Aziz A and McDermott JC. Maintenance of the Undifferentiated State in Myogenic Progenitor
Cells by TGF Signaling is Smad Independent and Requires MEK Activation. Int J Mol Sci, 2020. 21
(3): p- 1057. https://doi.org/10.3390/ijms21031057 PMID: 32033454; PubMed Central PMCID:
PMC7038076.

Lin CH, Kuo SC, Huang LJ and Gean PW. Neuroprotective effect of N-acetylcysteine on neuronal apo-
ptosis induced by a synthetic gingerdione compound: involvement of ERK and p38 phosphorylation. J
Neurosci Res, 2006. 84(7): p. 1485-94. https://doi.org/10.1002/jnr.21047 PMID: 16983658.

Jang YN and Baik EJ. JAK-STAT pathway and myogenic differentiation. Jakstat, 2013. 2(2): p.
€23282. https://doi.org/10.4161/jkst.23282 PMID: 24058805; PubMed Central PMCID: PMC3710318.

Kuppusamy P, Soundharrajan |, Kim DH, Hwang | and Choi KC. 4-hydroxy-3-methoxy cinnamic acid
accelerate myoblasts differentiation on C2C12 mouse skeletal muscle cells via AKT and ERK 1/2

PLOS ONE | https://doi.org/10.1371/journal.pone.0272231  July 28, 2022 15/16


https://doi.org/10.1016/j.kjms.2010.11.002
http://www.ncbi.nlm.nih.gov/pubmed/21421198
https://doi.org/10.1016/j.bbrc.2006.05.051
http://www.ncbi.nlm.nih.gov/pubmed/16729973
https://doi.org/10.1016/j.neulet.2019.134671
https://doi.org/10.1016/j.neulet.2019.134671
http://www.ncbi.nlm.nih.gov/pubmed/31805372
https://doi.org/10.1016/j.coph.2007.04.005
https://doi.org/10.1016/j.coph.2007.04.005
http://www.ncbi.nlm.nih.gov/pubmed/17602868
https://doi.org/10.1016/j.bbagen.2013.04.016
http://www.ncbi.nlm.nih.gov/pubmed/23618697
https://doi.org/10.22074/cellj.2016.4872
http://www.ncbi.nlm.nih.gov/pubmed/28367412
https://doi.org/10.1371/journal.pone.0090617
https://doi.org/10.1371/journal.pone.0090617
http://www.ncbi.nlm.nih.gov/pubmed/24740427
https://doi.org/10.1097/BRS.0000000000002891
http://www.ncbi.nlm.nih.gov/pubmed/30299418
https://doi.org/10.1016/j.lfs.2017.10.012
http://www.ncbi.nlm.nih.gov/pubmed/29030088
https://doi.org/10.1111/j.1600-0838.2010.01143.x
https://doi.org/10.1111/j.1600-0838.2010.01143.x
http://www.ncbi.nlm.nih.gov/pubmed/20673252
https://doi.org/10.1038/nm.4363
http://www.ncbi.nlm.nih.gov/pubmed/28650457
https://doi.org/10.1096/fj.201801907R
http://www.ncbi.nlm.nih.gov/pubmed/30668921
https://doi.org/10.1242/dev.107078
http://www.ncbi.nlm.nih.gov/pubmed/24924195
https://doi.org/10.1038/cddis.2013.462
http://www.ncbi.nlm.nih.gov/pubmed/24287695
https://doi.org/10.1016/j.cellsig.2016.06.001
https://doi.org/10.1016/j.cellsig.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27267062
https://doi.org/10.3390/ijms21031057
http://www.ncbi.nlm.nih.gov/pubmed/32033454
https://doi.org/10.1002/jnr.21047
http://www.ncbi.nlm.nih.gov/pubmed/16983658
https://doi.org/10.4161/jkst.23282
http://www.ncbi.nlm.nih.gov/pubmed/24058805
https://doi.org/10.1371/journal.pone.0272231

PLOS ONE

NAC prevents arecoline-inhibited myogenesis by p-ERK1/2

47.

48.

49.

50.

activation. Phytomedicine, 2019. 60: p. 152873. https://doi.org/10.1016/j.phymed.2019.152873 PMID:
30879871.

Xie SJ, Lei H, Yang B, Diao LT, Liao JY, He JH, et al. Dynamic m(6)A mRNA Methylation Reveals the
Role of METTL3/14-m(6)A-MNK2-ERK Signaling Axis in Skeletal Muscle Differentiation and Regenera-
tion. Front Cell Dev Biol, 2021. 9: p. 744171. https://doi.org/10.3389/fcell.2021.744171 PMID:
34660602; PubMed Central PMCID: PMC8517268.

Bouchard F and Paquin J. Differential effects of retinoids and inhibitors of ERK and p38 signaling on adi-
pogenic and myogenic differentiation of P19 stem cells. Stem Cells Dev, 2013. 22(14): p. 2003—-16.
https://doi.org/10.1089/scd.2012.0209 PMID: 23441952; PubMed Central PMCID: PMC3699902.

Lee SS, Tsai CH, Yu CC and Chang YC. Elevated snail expression mediates tumor progression in
areca quid chewing-associated oral squamous cell carcinoma via reactive oxygen species. PLoS One,
2013. 8(7): p. €67985. https://doi.org/10.1371/journal.pone.0067985 PMID: 23874481; PubMed Cen-
tral PMCID: PMC3707908.

Espinosa A, Henriquez-Olguin C and Jaimovich E. Reactive oxygen species and calcium signals in
skeletal muscle: A crosstalk involved in both normal signaling and disease. Cell Calcium, 2016. 60(3):
p. 172-9. https://doi.org/10.1016/j.ceca.2016.02.010 PMID: 26965208.

PLOS ONE | https://doi.org/10.1371/journal.pone.0272231  July 28, 2022 16/16


https://doi.org/10.1016/j.phymed.2019.152873
http://www.ncbi.nlm.nih.gov/pubmed/30879871
https://doi.org/10.3389/fcell.2021.744171
http://www.ncbi.nlm.nih.gov/pubmed/34660602
https://doi.org/10.1089/scd.2012.0209
http://www.ncbi.nlm.nih.gov/pubmed/23441952
https://doi.org/10.1371/journal.pone.0067985
http://www.ncbi.nlm.nih.gov/pubmed/23874481
https://doi.org/10.1016/j.ceca.2016.02.010
http://www.ncbi.nlm.nih.gov/pubmed/26965208
https://doi.org/10.1371/journal.pone.0272231

