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Abstract 

Myogenesis is a complex process that is regulated by a variety of factors. We have 

previously shown that vitamin C and mild endoplasmic reticulum stress 

synergistically enhance myogenesis. The present study evaluated the effects of 

vitamin C (ascorbic acid (AsA) and AsA 2-phosphate (AsAp)) and extracellular 

signal-regulated kinase (ERK) 1/2 pathway on myogenesis. Treatment with U0126, an 

inhibitor of MEK1/2 that phosphorylates and activates ERK1/2, during the 

differentiation, increased the mRNA levels of Myod and Myog with an increase in the 

protein level of myosin heavy chain (MYH)1/2. Treatment with AsA or AsAp alone 

had minimal effects on myogenesis in C2C12 cells. However, combination treatment 

with vitamin C and U0126 greatly enhanced myogenesis; the number of thick and 

long myotubes was increased, and the expression of MYH1/2 was also increased. 

PD98059, another MEK1/2 inhibitor, also enhanced myogenesis in combination with 

vitamin C. These results indicate that relief of endogenous ERK1/2 activity enhances 

vitamin C-mediated myogenesis, suggesting a functional interaction between 

endogenous ERK1/2 activity and vitamin C. In addition, inhibition of p38 mitogen-

activated protein kinase repressed myogenesis in the presence of vitamin C. Thus, 

vitamin C is a conditional factor that modulates myogenesis. 
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1. Introduction 

The skeletal muscle is mainly composed of myofibers and is responsible for skeletal 

movement through contractility. Muscle contraction is achieved by myofibrillar 

proteins, including actin, myosin heavy chain (MYH), myosin light chain (MYL), 

troponin, and tropomyosin. Myofibers are formed via the following sequential 

differentiation steps: commitment of mesenchymal stem cells to myogenic lineage 

cells, myoblast proliferation, fusion of myoblasts into multinucleated myotubes, and 

myotube maturation [1-3]. Myogenesis is primarily controlled by basic helix-loop-

helix transcription factors named as myogenic regulatory factors (MRFs), i.e., 

myogenic factor 5 (MYF5), myoblast determination protein 1 (MYOD), myogenin 

(MYOG), and myogenic regulatory factor 4 (MRF4). Various molecules, including 

internal and external factors, are involved in the regulation of myogenesis by 

modulating the expression and activity of MRFs [1-3]. 

 

Mitogen-activated protein (MAP) kinase signaling regulates diverse (patho-) 

physiological processes via the modulation of cell proliferation and motility [4]. The 

conventional MAP kinase consists of three modules, namely the extracellular signal-

regulated kinase (ERK) 1/2, p38 MAP kinase, and c-Jun N-terminal kinase (JNK) 

pathways [4]. Previous studies have shown that the ERK1/2 pathway is involved in 

the regulation of the proliferation and differentiation of C2C12 myoblasts, which are 

frequently used as a cell model to evaluate myogenesis; however, the results are 

inconsistent [5-8]. Jo et al. [5] examined the effect of an MEK1/2 inhibitor 

(PD184352 or U0126), which represses phosphorylation and activation of ERK1/2, on 

myogenesis; protein levels of MYH were observed to be lower in C2C12 cells treated 

with inhibitors than those in control cells [5]. Knockdown of Erk2 led to a decrease in 

myotube formation induced by culture with reduced mitogens [6]. These results 

suggest that endogenous ERK1/2 activity is required for proper myogenesis in C2C12 

cells. In contrast, PD98059, another MEK1/2 inhibitor, potentiated an increase in 
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myotube formation, indicating a negative regulation of myogenesis by endogenous 

ERK1/2 activity [7]. Furthermore, the ERK1/2 pathway induced positive and negative 

regulation of myogenesis [5, 8]. 

 

Vitamin C, a generic term used for all compounds that show the biological activity of 

ascorbic acid (AsA), increased myogenesis; treatment with AsA 2-phosphate (AsAp, a 

stable form of AsA) slightly increased MYOG protein levels and promoted myotube 

maturation [9, 10]. In addition, we have recently revealed that induction of mild 

endoplasmic reticulum (ER) stress prior to the differentiation stimulation of 

myogenesis greatly enhanced vitamin C-induced myogenesis [11]. These results 

prompted us to hypothesize that myogenesis is rigorously regulated through 

functional interactions between internal factors, such as cell response and signaling, 

and external factors, such as diet. The present study explored the role of endogenous 

ERK1/2 pathway as an internal factor and its relationship with vitamin C-induced 

myogenesis in C2C12 myogenic cells. 

 

 

2. Materials and Methods 

2.1. Materials 

The following reagents were purchased: U0126, PD98059, SB203580, ascorbic acid 

(AsA), and ascorbic acid 2-phosphate (AsAp) were obtained from FUJIFILM Wako 

Pure Chemical (Osaka, Japan); SP600125 was purchased from BIOMOL Research 

Laboratories (Plymouth Meeting, PA, USA); antibodies against β-actin (#4967), ERK 

(#9102), JNK (#9252), p38 (#9212), phospho-ERK (Thr202/Tyr204) (#9101), 

phospho-JNK (Thr183/Tyr185) (#9251), and phospho-p38 (Thr180/Tyr182) (28B10) 

(#9216) were obtained from Cell Signaling Technology (Danvers, MA, USA); 

antibody against MYH1/2 (A4.1025) was purchased from Santa Cruz Biotechnology 

(Dallas, TX, USA); Chemi-Lumi One Ultra was purchased from Nacalai Tesque 
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(Kyoto, Japan). 

 

2.2. Cell culture 

C2C12 myoblasts were obtained from RIKEN BioResource Research Center 

(Tsukuba, Japan). Cells were grown in a growth medium, namely Dulbecco's 

modified Eagle's medium (DMEM), containing heat-inactivated 10% fetal bovine 

serum, 100 U/ml penicillin, and 100 µg/ml streptomycin, at 37°C under a humidified 

5% CO2 atmosphere. At day 1 after reaching the confluence (day 0), C2C12 

myoblasts were stimulated to induce differentiation from myoblasts to myotubes by 

culture in differentiation medium consisting of DMEM with 2% horse serum 

supplemented with antibiotics. Cells were treated in differentiation medium with or 

without AsA or AsAp (100 μM or 200 μM) and the indicated concentrations of 

inhibitors of the MAP kinase pathway (U0126, PD98059, SB203580, and SP600125) 

from day 0 to day 4. Dimethyl sulfoxide was used as the vehicle control for the 

inhibitors. 

 

2.3. RNA isolation and real-time RT-quantitative PCR (RT-qPCR) 

Total RNA isolation and RT-qPCR were performed as previously described [12]. The 

primers used for qPCR are listed in Table S1. The ΔΔCt method was used to 

normalize the levels of the target transcripts to that of hypoxanthine 

phosphoribosyltransferase 1 (Hprt1). 

 

2.4. Western blotting 

Western blotting was performed as described previously [11]. Immunoreactive 

proteins were visualized using Chemi-Lumi One Ultra (Nacalai Tesque, Kyoto, Japan) 

following the manufacturer's protocol. The full-gel results of western blot analyses are 

shown in Fig. S1-S4. 
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2.5. Giemsa staining 

Giemsa staining was performed as described previously [11]. 

 

2.6. Statistical analysis 

Data are expressed as mean ± standard error of the mean (SEM). Gene expression 

data were log-transformed to provide an approximation of the normal distribution 

before analysis. Statistical analyses of gene expression were performed using the SAS 

statistical software (version 9.4; SAS Inst. Inc., Cary, NC). Data were analyzed using 

one-way or two-way analysis of variance (ANOVA). Comparisons between groups 

were performed using Dunnett's test or Tukey's test. Differences were considered 

statistically significant at P < 0.05. 

 

 

3. Results and discussion 

We first evaluated the effect of U0126, an MEK1/2 inhibitor [13], on myogenesis. The 

expression levels of Myod and Myog were increased upon treatment with U0126 for 4 

days after differentiation stimulation (Fig. 1A). Treatment with U0126 at 5 μM or 

higher increased the expression of Myod and Myog by > 3-fold and > 10-fold, 

respectively. In contrast, treatment with U0126 (15 μM) decreased the expression of 

Myf5. Mrf4 expression was not affected by U0126. 

 

There are two types of muscles, namely fast-type and slow-type [14]. MYH1, MYH2, 

and MYL1 are highly expressed in fast-twitch muscles, whereas MYH7, MYL2, and 

MYL4 constitute slow-twitch type muscles [14]. MYL is divided into two classes: 

essential light chain and regulatory light chain. MYL1 is categorized as an essential 

light chain, whereas MYL2 and MYL4 are regulatory light chains [15]. 

 

The expression levels of Myh1, Myh4, and Myh7 were increased by treatment with 5 
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μM U0126 (Fig. 1B). Treatment with 10 μM U0126 also increased Myh7 expression. 

U0126 showed a potency to up-regulate Myl1 and Myl2 expression (Fig. 1C). In 

addition, although the mRNA levels of Myl4 were increased, this increase was not 

statistically significant. Western blot analysis showed that MYH1/2 protein levels 

were increased upon treatment with U0126 at 5 μM or higher concentration (Fig. 1D, 

lane 1 vs. lanes 2-4), and that the level was the highest in cells treated with 5 μM 

U0126 (Fig. 1D, lane 2). Consistent with these results, Giemsa staining revealed the 

emergence of thick, long multinuclear cells after treatment with U0126 (Fig. 1E). 

These results suggest that endogenous ERK1/2 activity inhibits myogenesis, partly 

through the repression of Myod and Myog expression. 

 

We next examined the effect of co-treatment with U0126 and vitamin C. Myf5 mRNA 

levels were slightly decreased by U0126, whereas vitamin C had no effect on Myf5 

expression (Fig. 2A). U0126, but not vitamin C, increased the mRNA level of Myod 

(Fig. 2B). Treatment with AsAp, but not AsA alone, increased Myog expression 

slightly; U0126-induced Myog expression was enhanced by treatment with AsA or 

AsAp at 100 μM or 200 μM (Fig. 2C). Neither U0126 nor vitamin C affected the 

expression of Mrf4 (Fig. 2D). 

 

A marginal increase in Myh1 expression was detected following the treatment with 

U0126 or vitamin C, as shown in the ANOVA table (Fig. 3A, inlet). U0126 increased 

the expression of Myh4 and Myh7, and expression of Myh4, but not Myh7 was 

increased by vitamin C (Fig. 3B, C). The expression levels of Myl1 were increased by 

vitamin C in the absence of U0126, however, vitamin C did not affect its expression 

in cells treated with U0126 (Fig. 3D). The expression of Myl2 and Myl4 was increased 

by U0126; vitamin C had no effect on Myl2 and Myl4 mRNA levels, irrespective of 

the treatment with U0126 (Fig. 3E, F). Western blot analysis revealed that U0126-

induced MYH1/2 expression was enhanced by AsA or AsAp treatment (Fig. 3G, lane 
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6 vs. lanes 7-10). Consistent with these results, thicker and longer multinucleated cells 

were evident after the co-treatment with U0126 and vitamin C (Fig. 3H). 

 

Although vitamin C had no effect on the mRNA levels of Myh1 in the presence of 

U0126 (Fig. 3A), MYH1/2 protein level was clearly increased by vitamin C in 

U0126-treated cells (Fig. 3D). The mRNA level of Myh2 was close to the detection 

limit (data not shown). Thus, the data at the mRNA level were not always consistent 

with those at the protein level. Previous studies have also shown a mismatched 

relationship between Myh/MYH expression at the mRNA and protein levels [16, 17]. 

Dexamethasone decreased the protein levels of MYH without affecting the mRNA 

levels of Myhs in C2C12 cells, resulting from the induction of MuRF, an E3 ubiquitin 

ligase, and stimulation of MYH protein degradation [16]. Additionally, degradation of 

BCL-2 interacting cell death suppressors (BIS) led to a decrease in MYH protein 

levels, but the mRNA levels of Myhs were not affected [17]. In addition to its effect 

on Myh1 mRNA levels, inhibition of endogenous ERK1/2 activity and vitamin C may 

stabilize MYH1/2 protein through post-transcriptional regulation, leading to 

inconsistent changes in the expression at mRNA and protein levels. 

 

To evaluate the off-target effects of U0126 on MEK1/2 inhibition, we further 

evaluated the effect of PD98059, another MEK1/2 inhibitor [18]. Treatment with 

AsAp alone slightly increased the protein expression of MYH1/2 (Fig. 4A, lanes 1-3). 

Similar to U0126, PD98059 potentiated an increase in MYH1/2 protein level on day 4, 

and the expression level was enhanced by co-treatment with AsAp (Fig. 4A, lanes 1-3 

vs. lanes 7-9). Consistent with these results, thick and long myotubes were efficiently 

formed upon co-treatment with PD98059 and AsAp (Fig. 4B), verifying the inhibitory 

role of endogenous ERK1/2 in myogenesis and the synergistic stimulation of 

myogenesis along with vitamin C by ERK1/2 inhibition. 
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As described above, the MAP kinases consist of three main families, namely ERK1/2, 

p38 MAP kinase, and JNK [4]. We also examined the role of the endogenous activity 

of p38 MAP kinase and JNK in myogenesis using SB203580 (an inhibitor for p38 

MAP kinase [19]) and SP600125 (a JNK inhibitor [20]), respectively (Fig. 4). 

Although the treatment with SB203580 alone had no effect on MYH1/2 protein levels 

(Fig. 4A, lane 1 vs. lane 10), MYH1/2 expression was lower in cells treated with 

SB203580 and AsAp than in those treated with AsAp alone (Fig. 4A, lanes 2-3 vs. 

lanes 11-12). SB203580 alone did not induce morphological changes compared with 

vehicle treatment; however, compared with the treatment with AsAp alone, more 

mononuclear cells were detected when SB203580 and AsAp were used as a co-

treatment (Fig. 4B), reflecting inhibition of myotube formation. These results suggest 

that endogenous p38 MAP kinase activity is required for myogenesis in the presence 

of vitamin C. Previously, treatment with SB203580 alone has been shown to repress 

the formation of myotubes [8]. The reasons for these discrepant results obtained for 

responses against SB203580 are currently unknown. 

 

Treatment with SP600125 alone marginally increased the expression of MYH1/2 

protein (Fig. 4A, lane 1 vs. lane 13), which was consistent with a previous study [21]. 

In addition, compared to the treatment with AsAp (200 μM) alone (Fig. 4A, lane 3), 

co-treatment with SP600125 and AsAp slightly increased MYH1/2 expression (Fig. 

4A, lane 15). Thick and long myotubes were also efficiently formed by co-treatment 

with SP600125 and AsAp (Fig. 4B). These results suggest that the activity of 

endogenous JNK is similar to that of endogenous ERK, but is relatively weaker. 

 

Previous studies have revealed the involvement of MAP kinase activity in vitamin C-

mediated biological changes [22-24]; AsA induced cardiogenesis by inducing ERK 

phosphorylation and activation in white adipose tissue-derived stem cells [22]. 

Vitamin C was observed to reduce p38 MAP kinase phosphorylation during p53-
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induced growth inhibition of human bladder cancer EJ cells [23]. Phosphorylation and 

activation of JNK were found to be associated with dehydroascorbic acid-induced 

steroidogenesis in human choriocarcinoma JAR cells [24]. Hence, we examined MAP 

kinase phosphorylation in C2C12 cells treated with the inhibitors and vitamin C to 

explore possible involvement of MAP kinase phosphorylation in the regulatory 

myogenesis (Fig. 4C). Treatment with U0126 or PD98059 expectedly decreased the 

phosphorylation of ERK (Fig. 4C, lanes1-3, 6-8, and 11-13). AsAp slightly increased 

ERK phosphorylation (Fig. 4C, lanes 1 and 11). Phosphorylation of JNK was 

increased by SB203580 treatment (Fig. 4C, lanes 1, 4, 6, 9, 11, and 14). JNK 

phosphorylation was decreased by treatment with U0126 but not PD98059 (Fig. 4C, 

lanes 1-3, 6-8, and 11-13). In summary, phosphorylated MAP kinase did not show any 

changes consistent with changes in myogenesis in C2C12 cells co-treated with a 

MEK1/2 inhibitor (U0126 and PD98059) and vitamin C. 

 

The present study has revealed that: 1) endogenous ERK1/2 activity negatively 

regulates myogenesis; 2) vitamin C slightly promotes myogenesis; 3) inhibition of 

ERK activity greatly enhances vitamin C-stimulated myogenesis; 4) in contrast, 

inhibition of p38 MAP kinase represses myogenesis in the presence of vitamin C; and 

5) the role of endogenous JNK activity is similar to that of endogenous ERK1/2 

activity. Thus, myogenesis is modulated through the interaction of MAP kinase 

activity (an internal factor) and vitamin C (an external factor). As described above, we 

have previously shown that vitamin C-induced myotube formation was enhanced by 

the induction of mild ER stress prior to the differentiation stimulation of myogenesis 

(Diao et al., 2021). Collectively, these results suggest that vitamin C is a conditional 

factor that modulates myogenesis. The detailed mechanism by which endogenous 

MAP kinase activity regulates vitamin C-induced myogenesis need to be clarified in 

future studies. 
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Figure legends 

Figure 1. Enhancement of myogenesis by U0126 in C2C12 cells  

One day after reaching the confluence (day 0), C2C12 cells were treated with 

different concentrations (0, 5, 10, or 15 μM) of U0126 in the differentiation medium 

for 4 days. The expression levels of Mrfs (A), Myhs (B), and Myls (C) were quantified 

by RT-qPCR. The expression levels of the respective genes in the control cells were 

set to 1. Data are presented as mean ± SEM (n = 3). **: P < 0.01 vs. control cell. (D) 

MYH1/2 protein level was examined using western blot analysis. The expression 

level of β-actin was used as the reference. (E) Representative image of Giemsa-

stained C2C12 cells on day 4. Scale bar, 50 μM. 

 

Figure 2. Modulation of expression levels of Mrfs by U0126 and vitamin C 

One day after reaching the confluence (day 0), C2C12 cells were cultured in 

differentiation medium with vitamin C (AsA or AsAp at 100 μM or 200 μM) and 

U0126 (10 μM) for 4 days. The expression levels of Myf5 (A), Myod (B), Myog (C), 

and Mrf4 (D) were quantified by RT-qPCR. The expression levels of the respective 

genes in the control cells were set to 1. Data are presented as mean ± SEM (n = 3). 

The results of ANOVA are expressed as an inlet; U: U0126, VC: vitamin C, U × VC: 

interaction of U0126 and vitamin C. a-d: Mean values that do not have a common 

letter on the bar differ significantly (P < 0.05). 

 

Figure 3. Further enhancement of U0126-induced myogenesis by vitamin C 

One day after reaching the confluence (day 0), C2C12 cells were cultured in 

differentiation medium with vitamin C (AsA or AsAp at 100 μM or 200 μM) and 

U0126 (10 μM) for 4 days. The expression levels of Myh1 (A), Myh4 (B), Myh7 (C), 

Myl1 (D), Myl2 (E), and Myl4 (F) were quantified by RT-qPCR. The expression levels 

of the respective genes in the control cells were set to 1. Data are presented as mean ± 

SEM (n = 3). The results of ANOVA are expressed as an inlet; U: U0126, VC: vitamin 
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C, U × VC: interaction of U0126 and vitamin C. a-c: Mean values that do not have a 

common letter on the bar differ significantly (P < 0.05). (G) MYH1/2 protein level 

was examined using western blot analysis. The expression level of β-actin was used as 

the reference. (H) Representative image of Giemsa-stained C2C12 cells on day 4. 

Scale bar, 50 μM. 

 

Figure 4. Modulation of myogenesis by MAP kinase inhibitors and vitamin C 

One day after reaching the confluence (day 0), C2C12 cells were cultured in 

differentiation medium with vitamin C (AsAp at 100 μM or 200 μM (A, B) or AsA or 

AsAp at 200 μM (C)) and the indicated MAP kinase inhibitors (U0126 (10 μM), 

PD98059 (20 μM), SB203580 (10 μM), or SP600125 (10 μM)) for 4 days (A, B) or 1 

h (C). MYH1/2 protein level (A) or phosphorylation level of MAP kinases (C) were 

examined by western blot analysis. The expression level of β-actin was used as the 

reference. (B) Representative image of Giemsa-stained C2C12 cells on day 4. Scale 

bar, 50 μM. 
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Figure S1. Images of full-length blot shown in Fig. 1D 

Western blot analysis was visualized by chemical luminescence-based method. The raw 

results of Western blot analysis are shown. Dashed squares were cropped and shown in 

Fig. 1D. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Figure S2. Images of full-length blot shown in Fig. 3G 

Western blot analysis was visualized by chemical luminescence-based method. The raw 

results of Western blot analysis are shown. Dashed squares were cropped and shown in 

Fig. 3G. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. Images of full-length blot shown in Fig. 4A 

Western blot analysis was visualized by chemical luminescence-based method. The raw 

results of Western blot analysis are shown. Dashed squares were cropped and shown in 

Fig. 4A. 

  
  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. Images of full-length blot shown in Fig. 4C 

Western blot analysis was visualized by chemical luminescence-based method. The raw 

results of Western blot analysis are shown. Dashed squares were cropped and shown in 

Fig. 4C.  



Table S1. Oligonucleotide PCR primers for RT-qPCR 

  5’-primer 3’-primer 

Myogenic regulatory factors 

 Mrf4 5’-CAGCTACAAACCCAAGCAAG-3’ 5’-AGGCATCCACGTTTGCTC-3’ 

 Myod 5’-AGCACTACAGTGGCGACTCA-3’ 5’-GGCCGCTGTAATCCATCAT-3’ 

 Myog 5’-ACAGGCCTTGCTCAGCTC-3’ 5’-CGCTGTGGGAGTTGCATT-3’  

 Myf5 5’-CTGCTCTGAGCCCACCAG-3’ 5’-GACAGGGCTGTTACATTCAGG-3’ 

Myosin heavy chains 

 Myh1 5’-GGACCCACGGTCGAAGTTG-3’ 5’-GGCTGCGGGCTATTGGTT-3’ 

 Myh4 5’-CCGAGCAAGAGCTACTGGA-3’ 5’-TGTTGATGAGGCTGGTGTTC-3’ 

 Myh7 5’-CATCCCCAATGAGACAAAGTC-3’ 5’-CGGAAGTCCCCATAGAGAATG-3’ 

Myosin light chains 

 Myl1 5’-GGATTGGAGCTGCCTTCAGT-3’ 5’-GCCTCCTTGAAGTCGGCAAT-3’ 

 Myl2 5’-CCTCAGACACCATGGCACC-3’ 5’-GTCGATGAAGCCGTCTCTGT-3’ 

 Myl4 5’-GACAGTGTCCATATACCTGCCTG-3’ 5’-TCAGCACTGAAGTCTATCTTCACAC-3’ 

Reference 

 Hprt1 5’-GTTATGACCTAGATTTGTTTTGTA-3’ 5’-CTTCATGACATCTCGAGCAAGTCT-3’ 
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