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ABSTRACT 

Myogenesis is a complex process regulated by several factors. This study evaluated the 

functional interaction between vitamin C and a high dose of capsaicin (a potential 

endoplasmic reticulum (ER) stress inducer) on myogenesis. After the induction of 

differentiation, treatment with ascorbic acid or ascorbic acid phosphate (AsAp) alone had 

minimal effects on myogenesis in C2C12 cells. However, treatment with capsaicin (300 

μM) in undifferentiated C2C12 cells increased the expression levels of genes related to 

ER stress as well as oxidative stress. Myogenesis was effectively enhanced in C2C12 

cells treated with a combination of capsaicin (300 μM) for one day before differentiation 

stimulation and AsAp for four days post-differentiation; subsequently, thick and long 

myotubes formed, and the expression levels of myosin heavy chain (MYH) 1/2 and Myh1, 

Myh4, and Myh7 increased. Considering that mild ER stress stimulates myogenesis, AsAp 

may elicit myogenesis through the alleviation of oxidative stress-induced negative effects 

in capsaicin-pretreated cells. The enhanced expression of Myh1 and Myh4 coincided with 

the expression of Col1a1, a type I collagen, suggesting that the fine-tuning of the 

myogenic cell microenvironment is responsible for efficient myogenesis. Our results 

indicate that vitamin C is a potential stimulator of myogenesis in cells, depending on the 

cell context. 
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1. Introduction 

Skeletal muscle is a specialized organ that generates force and movement and is 

composed of postmitotic, multinucleated muscle fibers. Appropriate skeletal muscle mass 

is also critical for maintaining glucose utilization and insulin sensitivity [1]. Furthermore, 

various bioactive molecules, termed myokines, are produced and secreted from skeletal 

muscle [2]. Skeletal muscle formation consists of a complex set of differentiation steps: 

commitment of mesenchymal stem cells to myoblast lineage cells, proliferation of 

myoblasts, and fusion of myoblasts into multinucleated myotubes with the expression of 

muscle-cell-specific proteins such as myosins [3, 4]. 

 

Myogenic differentiation is principally governed by the sequential expression of 

myogenic regulatory factors (MRFs), such as MYF5, MYOD, MYOG, and MRF4 [3-6], 

and many factors regulate myogenesis by modulating the expression levels of MRFs [7, 

8]. Oxidative stress and hypoxia impair myogenesis by repressing the expression of Myf5, 

Myod, and Myog [9-11]. In contrast, endoplasmic reticulum (ER) stress stimulates 

myogenesis [12, 13]. Vitamin C, a generic term for all compounds exhibiting the 

biological activity of ascorbic acid (AsA), modulates myogenesis by upregulating MYOG 

expression [14, 15]. Dietary vitamin C has also been shown to improve skeletal muscle 

function in patients with facioscapulohumeral muscular dystrophy, an inherited skeletal 

muscle disease [16]. The present study examined the effect of vitamin C supplementation 

on the expression of genes related to myogenesis in C2C12 myogenic cells. 

 

 

2. Materials and methods 

2.1. Materials 

AsA, AsA phosphate (AsAp), and capsaicin were purchased from FUJIFILM Wako Pure 

Chemical (Osaka, Japan). Mouse monoclonal antibodies against MYH1/2 (A4.1025) and 
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rabbit polyclonal antibody against MYOG were purchased from Santa Cruz 

Biotechnology (Dallas, TX, USA) and Abcam (Cambridge, UK), respectively. 

 

2.2. Cell Culture 

C2C12 myoblasts [17] were obtained from the RIKEN BioResource Research Center. 

Cells were cultured in growth medium, that is, Dulbecco's modified Eagle's medium 

(DMEM) with heat-inactivated 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 

100 µg/ml streptomycin, at 37°C under a humidified 5% CO2 atmosphere. To induce 

differentiation from myoblasts to myotubes, the medium was replaced 1 d after 

confluence (day 0) with differentiation medium consisting of DMEM with 2% horse 

serum (HS) supplemented with antibiotics. Ascorbic acid (AsA: 100 μM or 200 μM) or 

ascorbic acid 2-phosphate (AsAp: 100 μM or 200 μM) was added from day 0 to day 4. 

High doses of capsaicin (200 μM or 300 μM) or dimethyl sulfoxide, as a vehicle control, 

were administered from day -1 to day 0. 

 

2.3. RNA Isolation and real-time reverse transcription (RT)-quantitative (q) PCR 

Total RNA isolation and real-time RT-qPCR were performed as previously described [18]. 

The nucleotide sequence of qPCR primers is given in Table S1. The ΔΔCt method was 

used to normalize the levels of target transcripts to Hprt1 levels. 

 

2.4. Western blot 

Western blot analyses were performed as previously described [19]. The immunoreactive 

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

following the manufacturer’s protocol. 

 

2.5. Giemsa and immunofluorescence staining 

Cells were fixed with methanol for 2 min and subsequently stained with Giemsa stain for 
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20 min. For immunofluorescence staining, cells were fixed with 10% formalin in 

phosphate-buffered saline (PBS). The fixed cells were treated with 0.1% Triton X‐100 in 

PBS for permeabilization, followed by blocking with blocking solution (5% normal goat 

serum in PBS) for 20 min. The cells were subsequently incubated with the primary 

antibody against MHC1/2 in blocking solution overnight at 4 °C. After washing with 

0.1% Tween-20 in PBS, cells were incubated with Alexa Fluor 488 in blocking solution 

for 1 h, followed by staining with 2.5 µg/ml Hoechst 33342 for detection of nuclei. Three 

independent images were randomly captured and analyzed morphometrically. The 

MYH1/2-positive myotube number and nuclear number were measured, and the number 

of nuclei was calculated using ImageJ software (http://rsbweb.nih.gov/ij/). The fusion 

index was calculated as the ratio of the number of nuclei incorporated into myotubes to 

the total number of nuclei [20]. In addition, the maturation index was defined as the 

number of nuclei in myotubes. 

 

2.6. Statistical Analyses 

Data are expressed as the mean ± SEM. Data on gene expression were log-transformed 

to provide an approximation of normal distribution before the analysis. Statistical 

analyses of gene expression were performed using the SAS statistical software (version 

9.1; SAS Inst. Inc., Cary, NC). Data on the effect of AsA, AsAp, or capsaicin alone in 

C2C12 cells were analyzed by one-way analysis of variance (ANOVA). When the effect 

of a group was significant, comparisons among groups were performed using Dunnett’s 

test. Data on the effect of combined treatment with capsaicin and AsAp were analyzed by 

two-way ANOVA including the effect of capsaicin, AsAp, and the interaction of capsaicin 

and AsAp. When at least one effect was significant, differences among treatments were 

compared using Tukey’s test. Differences were considered significant at P < 0.05, and 

those 0.05 ≤ P < 0.10 were considered to demonstrate a tendency. 
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3. Results and discussion 

We first examined the effect of treatment with AsA or AsAp, a stable AsA derivative, 

during myogenesis on the expression of Myhs and Mrfs in C2C12 cells (Fig. 1A, B). AsA 

(200 μM) increased the expression of Myh1, whereas Myh4 expression decreased in 

culture containing AsA or AsAp (Fig. 1A). Treatment with AsA (100 μM or 200 μM) or 

AsAp (200 μM) significantly increased the expression of Myog (Fig. 1B). 

 

ER stress induced by tunicamycin has been shown to stimulate myogenesis [12, 13]. 

However, the onset of ER stress can induce oxidative stress [21] which inhibits 

myogenesis [9-11]. Thus, we hypothesized that combination treatment with an ER stress 

inducer and vitamin C may enhance myogenesis. We first treated C2C12 myoblasts with 

tunicamycin to induce ER stress, but severe cell death was reproducibly detected (data 

not shown). We previously showed that a high dose of capsaicin (100 μM) induced 

relatively mild ER stress in brown preadipocytes [22]. Preliminary experiments showed 

that capsaicin at 100 μM after differentiation induction led to severe cell death, but 

capsaicin treatment prior to differentiation induction resulted in cell death within the 

acceptable range (data not shown). 

 

We examined the expression levels of several genes related to ER stress in 

undifferentiated C2C12 cells treated with capsaicin (200 or 300 μM) (Fig. 2A). ER stress 

is sensed by three kinds of ER-resident transmembrane proteins: inositol-requiring 

enzyme (IRE) 1, activating transcription factor (ATF) 6, and PKR-like ER kinase (PERK), 

followed by modulation of downstream gene expression [23-25]. The activation of IRE1 

increases the formation of the spliced form of X-box binding protein 1 (sXbp1). 

Additionally, activation of the IRE1 pathway increases ER degradation by inducing α-

mannosidase-like protein (Edem) and homocysteine-induced endoplasmic reticulum 
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protein (Herp) genes. The stimulation of the ATF6 pathway also increases the expression 

of Herp as well as p58ipk, ER protein (Erp) 72, glucose-regulated protein (Grp) 78, and 

C/EBP homologous protein (Chop). Phosphorylation of PERK in response to ER stress 

increases Chop and Atf4 mRNA levels [23-25]. During this study, treatment with 

capsaicin at 300 μM increased the expression of sXbp1, Herp, p58ipk, Erp72, Grp78, and 

Chop, whereas capsaicin at 200 μM decreased the expression of Atf4 (Fig. 2A). These 

results suggest that treatment with capsaicin at 300 μM induces ER stress in C2C12 cells; 

in particular, it stimulates the ATF6 pathway and is likely to activate the IRE-1 pathway.  

 

Hmox1 expression was significantly increased following capsaicin treatment at 300 μM 

(Fig. 2B). The expression levels of Myf5 and Myod significantly increased in response to 

treatment with capsaicin at 200 μM, whereas Myog expression numerically increased 

following treatment with 200 μM capsaicin and significantly decreased with 300 μM 

capsaicin (Fig. 2C). These results suggest that treatment with capsaicin at 300 μM also 

induced oxidative stress, and that the expression levels of Mrfs did not increase under 

capsaicin-induced ER stress and oxidative stress. We also examined the expression of 

Trpv1, a receptor for capsaicin [26], but significant expression was not detected in C2C12 

cells (data not shown). 

 

We treated C2C12 cells with capsaicin (300 μM) for 1 day before the induction of 

differentiation, followed by treatment with vitamin C for 4 days after its initiation. Giemsa 

staining indicated that multinucleated myotube formation increased in response to 

combined treatment with capsaicin and AsAp (Fig. 3A). MYH1/2 expression was 

evaluated by immunofluorescence analysis. Treatment with either capsaicin or AsAp 

slightly, but significantly, stimulated myogenesis (Fig. 3B). Combination treatment with 

capsaicin and AsAp resulted in the formation of thick and long myotubes (Fig. 3B). The 

fusion index, measured as the ratio of nuclei in MYH1/2-expressing cells to the total 
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number of nuclei, increased significantly in response to treatment with either capsaicin or 

AsAp, and increased further after combined treatment with capsaicin and AsAp (Fig. 3C). 

Similar effects of capsaicin and AsAp were detected via the maturation index, which 

reflects the number of nuclei in a myotube (Fig. 3D). 

 

Comparable results were also obtained using RT-qPCR and western blot analyses (Fig. 

3E, F). The capsaicin-induced expression of Myh1 was greatly increased by AsAp 

treatment (Fig. 3E). In contrast, neither capsaicin nor AsAp substantially affected Myh2 

expression. Treatment with capsaicin increased the expression of Myh4 and Myh7, and 

AsAp decreased the expression of Myh4 but not Myh7 (Fig. 3E). Western blot analyses 

showed that MYH1/2 expression in cells treated with capsaicin prior to differentiation 

increased in response to treatment with AsAp after the induction of differentiation (Fig. 

3F), which was consistent with the results gathered on Myh1 mRNA levels (Fig. 3E). 

 

To explore the mechanism underlying enhanced myogenesis induced by treatment with 

capsaicin and AsAp, we examined the expression of Hmox1 (Fig. 4A), Mrfs (Fig. 4B), 

and genes related to extracellular matrix formation (Fig. 4C). Unlike on day 0 (Fig. 2B), 

capsaicin decreased the expression of Hmox1 on day 4 (Fig. 4A); AsAp also decreased 

Hmox1 expression (Fig. 4A). However, decreased Hmox1 expression following the 

addition of 200 μM AsAp was not further decreased by capsaicin. Expression levels of 

Myog, but not Myf5 and Myod, were increased by capsaicin or AsAp, and the combination 

treatment led to a synergistic increase in the expression of Myog (Fig. 4B). The regulatory 

changes in Myog mRNA levels coincided with those in the MYOG protein (Fig. 3F). 

Previous studies have shown that modulation of the extracellular matrix affects 

myogenesis [27-31]. Although capsaicin or AsAp significantly changed the expression of 

genes related to matrix metalloprotease (Mmps) and its inhibitor (Timp1), except for 

Mmp13, the extent of modification of the expression levels was minimal (Fig. 4C). In 
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contrast, treatment with capsaicin or AsAp alone did not affect the expression of α-1 type 

I collagen (Col1a1), but the combination treatment significantly increased Col1a1 mRNA 

levels. Expression levels of Col1a1 were positively correlated with those of Myh1 and 

Myh7 (Fig. 3D). 

 

Here, we revealed that vitamin C alone had a minimal effect on myogenesis, but that 

combination treatment with capsaicin prior to differentiation and AsAp after 

differentiation induction enhanced myogenesis, resulting in thick and long myotubes, and 

increased MYOG and MYH1/2 expression. Thus, the effect of vitamin C on myogenesis 

is considered to be conditional, depending on the cell context. Currently, information on 

the involvement of vitamin C in regulatory myogenesis is limited. The present results 

suggest the importance of vitamin C as a potential and powerful stimulator of myogenesis. 

 

The onset of mild ER stress in undifferentiated myogenic cells is required for the vitamin 

C-induced enhancement of myogenesis. To date, two functions of vitamin C have been 

identified, that is, its roles as an antioxidant and a stimulator of collagen maturation [32]. 

Because AsAp decreased the expression of Hmox1 and increased the expression of 

Col1a1 in cells pretreated with capsaicin, both functions of vitamin C are likely to be 

involved in enhanced myogenesis. Treatment with capsaicin induces ER stress, which 

leads to an increase in ROS production in some biological systems [22, 33, 34]. Treatment 

with AsAp after pre-treatment with capsaicin on stimulatory myogenesis may result from 

the alleviation of the negative effects resulting from mild ER stress. Stimulation of 

myogenesis is also related to increased collagen synthesis. Production of the extracellular 

matrix modulates myogenesis, and type I collagen stimulates myoblast differentiation and 

MYOG [31]. Murakami et al. [35] showed the presence of an unfolded protein response 

element, a cis-acting regulatory element identified in the promoters of genes induced by 

ER stress, in Col1a1, which is involved in tunicamycin-induced Col1a1 transcription. 
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Treatment with capsaicin and AsAp may stimulate Col1a1 gene transcription via 

regulatory elements in C2C12 cells. 

 

ER stress has been suggested to remove vulnerable cells for myogenesis through 

induction of apoptosis, leading to increased formation of myotubes [12]. In addition, the 

ER-localized isoform of the USP19 deubiquitinating enzyme has been shown to inhibit 

myogenesis by suppressing ER stress [13]. Considering that treatment with capsaicin 

prior to differentiation increased the expression of ER stress markers, capsaicin in concert 

with AsAp may enhance myogenesis through these mechanisms. 

 

Although a high dose of capsaicin (300 μM) enhanced myogenesis in C2C12 cells 

subsequently treated with AsAp, significant expression of Trpv1, a capsaicin receptor [26], 

was not expressed in C2C12 cells. We previously observed that capsaicin (100 μM)-

induced Ca2+ influx was not inhibited by 5-iodo-resiniferatoxin, a TRPV1 antagonist, in 

brown preadipocytes [22]. Therefore, it is possible that capsaicin at 300 μM elicits cell 

responses through a TRPV1-independent mechanism. The detailed mechanisms should 

be clarified in future studies. 
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Figure legends 

Figure 1 Expression of Myhs and Mrfs in C2C12 myogenic cells treated with 

ascorbic acid or AsAp 

One day after confluence (day 0), C2C12 myoblasts were differentiated into myotubes by 

culturing with 2% HS. Subsequently, AsA or AsAp at 100 μM or 200 μM was 

administered for 4 days (days 0-4). Expression levels of Myhs (A) or Myf5, Myod, and 

Myog (B) were quantified by RT-qPCR. The expression levels of the respective genes in 

control cells were set at 1. Data are presented as the mean ± SE (n = 4). * and **: P < 0.05 

and P < 0.01 vs. control cell, respectively. 

 

Figure 2 Expression of genes related to ER stress or oxidative stress and Mrfs in 

C2C12 myogenic cells treated with capsaicin 

At confluence (day -1), C2C12 myoblasts were treated with or without capsaicin (200 

μM or 300 μM) for 12 h (A) or 24 h (B, C). Expression levels of genes related to ER 

stress (A), oxidative stress (B), and Mrfs (C) were quantified by RT-qPCR. The expression 

levels of the respective genes in control cells were set at 1. Data are presented as the 

mean ± SE (n = 4). * and **: P < 0.05 and P < 0.01 vs. control cell, respectively. 

 

Figure 3 Myogenic differentiation in C2C12 myogenic cells treated with capsaicin 

and AsAp 

At confluence (day -1), C2C12 myoblasts were treated with or without capsaicin (300 

μM) for 24 h, followed by culture in differentiation medium supplemented with AsAp 

(100 μM or 200 μM) for 4 days (A, E, F) or 8 days (B, C, D). (A) Representative image 

of Giemsa staining of C2C12 cells on day 4. Bar: 200 μm. (B) Representative image of 

immunostaining of myosin heavy chain in C2C12 cells on day 8. Green: MYH1/2, blue: 

nuclei. Bar: 100 μm. (C, D) Fusion index (the ratio of nuclei number in myotubes to total 

number of nuclei, C), and maturation index (number of nuclei in a myotube, D) are shown. 
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(E) Expression levels of Myhs were quantified by RT-qPCR. The expression levels of the 

respective genes in control cells were set at 1. Data are presented as the mean ± SE (n = 4). 

White bar: vehicle. Black bar: capsaicin. a, b, c: Means with a common letter on the bar 

did not differ significantly (P < 0.05). x, y, z: Means with a common letter on the bar did 

not differ significantly (P < 0.10). (F) Expression levels of MYH1/2 and MYOG were 

examined by western blot analysis. As a reference, the expression levels of β-actin were 

examined. 

 

Figure 4 Expression of possible genes affecting modulated myogenesis in C2C12 

myogenic cells treated with capsaicin and AsAp 

At confluence (day -1), C2C12 myoblasts were treated with or without capsaicin (300 

μM) for 24 h, followed by culture in differentiation medium supplemented with AsAp 

(100 μM or 200 μM) for 4 days. (A) Expression levels of Hmox1 (A), Myf5, Myod, and 

Myog (B), and genes related to extracellular matrix formation (C) were quantified by RT-

qPCR. The expression levels of the respective genes in control cells were set at 1. Data 

are presented as the mean ± SE (n = 4). White bar: vehicle. Black bar: capsaicin. a, b, c, 

d: Means with a common letter on the bar did not differ significantly (P < 0.05). (D) The 

relationship between expression levels of Col1a1 and myogenic regulatory factors was 

evaluated using the Pearson correlation coefficient. Upper: correlation coefficient; 

Lower: P-value. The relationship is also illustrated in graphical form. The solid line 

indicates a significant regression line (P < 0.05). 
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Figure S1. Images of full-length blot shown in Fig. 2F 
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. 6B. 
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Table S1. Oligonucleotide PCR primers for RT-qPCR 

  5’-primer 3’-primer 

 Atf4 5’-GGCTGGTCGTCAACCTATAAA-3’ 5’-CAGGCACTGCTGCCTCTAAT-3’ 
 Chop 5’-GCCAGAATAACAGCCGGAAC-3’ 5’-GACCAGGTTCTGCTTTCAGGT-3’ 
 Col1a1 5’-CATGTTCAGCTTTGTGGACCT-3’ 5’-GCAGCTGACTTCAGGGATGT-3’ 
 Creb3l1 5’-GTGTCTATGCAGCCAGTCAGA-3’ 5’-GTTTGAGCTCCCAGCCTTCT-3’ 
 Edem 5’-GGTCTTCGAAGCTACGATAAGG-3’ 5’-GGGCTGTTTGGAATCAGTTATTA-3’ 
 Erp72 5’-GCTACTGGAGTTCTATGCACCA-3’ 5’-CCTTCAAAGTACTGGCAATTTTC-3’ 
 Grp78 5’-CTGAGGCGTATTTGGGAAAG-3’ 5’-TCATGACATTCAGTCCAGCAA-3’ 
 Herp 5’-GCAGCGACGTTTTCTGTTTT-3’ 5’-CTCTGTCTGAACGGAAACCAC-3’ 
 Hmox1 5’-TGAAGGAGGCCACCAAGGAGGT-3’ 5’-GGTACAAGGAGGCCATCACCAGCTT-3’ 
 Hprt1 5’-GTTATGACCTAGATTTGTTTTGTA-3’ 5’-CTTCATGACATGTCGAGCAAGTCT-3’ 
 Mmp2 5’-GATGTCGCCCCTAAAACAGA-3’ 5’-TTTCAGCACAAAGAGGTTGC-3’ 
 Mmp9 5’-AGACGACATAGACGGCATCC-3’ 5’-TCGGCTGTGGTTCAGTTGT-3’ 
 Mmp13 5’-GCCAGAACTTCCCAACCAT-3’ 5’-TCAGAGCCCAGAATTTTCTCC-3’ 
 Mmp14 5’-GAGAACTTCGTGTTGCCTGA-3’ 5’-CTTTGTGGGTGACCCTGACT-3’ 
 Myh1 5’-GGACCCACGGTCGAAGTTG-3’ 5’-GGCTGCGGGCTATTGGTT-3’ 
 Myh2 5’-CAGCTGCACCTTCTCGTTTG-3’ 5’-CCCGAAAACGGCCATCT-3’ 
 Myh4 5’-CCGAGCAAGAGCTACTGGA-3’ 5’-TGTTGATGAGGCTGGTGTTC-3’ 
 Myh7 5’-CATCCCCAATGAGACAAAGTC-3’ 5’-CGGAAGTCCCCATAGAGAATG-3’ 
 Myf5 5’-CTGCTCTGAGCCCACCAG-3’ 5’-GACAGGGCTGTTACATTCAGG-3’ 
 Myod 5’-AGCACTACAGTGGCGACTCA-3’ 5’-GGCCGCTGTAATCCATCAT-3’ 
 Myog 5’-ACAGGCCTTGCTCAGCTC-3’ 5’-CGCTGTGGGAGTTGCATT-3’ 
 p58ipk 5’-AAGAAGTCCTCTCAGACCCAGA-3’ 5’-GAGTTCCAACTTCTGTGGAAGG-3’ 
 sXbp1 5’-TGCTGAGTCCGCAGCAGGTG-3’ 5’-GCTGGCAGGCTCTGGGGAAG-3’ 
 Timp1 5’-GCAAAGAGCTTTCTCAAAGACC-3’ 5’-AGGGATAGATAAACAGGGAAACACT-3’ 
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