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Figure S1 - The measured metabolites in each cluster were mapped on the KEGG global metabolism 

map. Names colored in orange, blue, and red correspond to metabolites in clusters 2, 3, and 5 in Fig 2, 

respectively. Related to Figure 2 and 3. 
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Figure S2 - (A) Images of EPS-induced Ca2+ signals in myotubes at 0, 5, 15, 30 and 60 min of 2 Hz or 

20 Hz EPS. Scale bar is 150 um. (B) ATP and (C) ADP levels and (D) calculated energy charge ([ATP] 

+ 0.5*[ADP]/[ATP]+[ADP]+[AMP]) during 0, 2 and 20 Hz EPS. Related to Figure 3.  
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Figure S3 - Representative images of signaling molecules detected by Western blotting. Related to Figure 

4. 
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Figure S4 - Analysis of transcriptomic data. 

C2C12 myotubes were collected at each time point. RNA sequencing was performed on Hiseq 2500 

(Ilumina) (n = 1). Sequencing reads were mapped using TOPHAT v2.0.7, and FPKM values were 

calculated using Cufflinks. The differentially expressed genes (DEGs) were identified as genes with one 

or more FPKM values increased or decreased >2.0 fold compared with FPKM at time 0 at 2 Hz or 20 Hz. 

As a result, 800 genes were identified as DEGs. Hierarchical clustering was performed on these 800 

DEGs. TFs were predicted for DEGs in each cluster. Molecules upstream of the predicted TFs were 

identified as regulators using the KEGG database. Related to Figure 5 and 6. 
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Figure S5 - Identification of regulators upstream of predicted TFs in KEGG signaling pathway map. 

Related to Figure 6 and 7. 

(A) MAPK signaling pathway, (B) PI3-Akt signaling pathway, (C) AMPK signaling pathway, and (D) 

calcium signaling pathway. Red indicates identified regulators.  
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Figure S6 - Identification of significantly changed metabolites and differentially expressed responsible 

metabolic enzymes. Related to Figure 7. 

Red- and blue-colored dots and names indicate metabolites with continuous increase and decrease in 

levels, respectively. Green-colored dots and names indicate metabolites that both increased and decreased 

during the time course. Colored lines and names indicate differentially expressed responsible metabolic 

enzymes in clusters (orange: cluster 1, green: cluster 3, red: cluster 4, blue: cluster 5, purple: cluster 7, 

black: cluster 8.) 

 

  



 

Supplement tables 

Table S1. Metabolites in each cluster. Related to Figure 2. 
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Table S2. Significantly changed metabolites after 20 Hz EPS. Red, blue, and green indicate metabolites 

that continuously increased, continuously decreased, and both increased and decreased, respectively. 

Related to Figure 3.  
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Table S3. Signaling molecules in each cluster. Related to Figure 4. 
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Table S4. KEGG pathway analysis of genes enriched in each cluster. Related to Figure 5. 
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Table S5. List of differentially changed responsible metabolic enzymes. Cluster numbers are shown in 

Figure 5. Colors are shown in Figure S6. Related to Figure 5 and 7. 
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Table S6. KEGG pathway analysis of 27 differentially changed responsible metabolic enzymes. Related 

to Figure 5 and 7. 
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Table S7. KEGG pathway analysis of the differentially changed responsible metabolic enzymes in cluster 

4. Related to Figure 5 and 7. 
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Transparent Methods 

C2C12 culture 

C2C12 myoblasts were seeded into four-well rectangular plates at a density of 3.0 × 105 cells/well, with 

3 mL of growth medium comprising Dulbecco’s Modified Eagle’s Medium (DMEM with 25 mM 

glucose; Wako, Japan) supplemented with 10% fetal bovine serum. Myoblasts culture was maintained in 

an incubator at 37°C under a 5% CO2 atmosphere. After 2 days, the medium was replaced with a 

differentiation medium consisting of DMEM supplemented with 2% horse serum. Six days after 

differentiation, cells were used for EPS. 

 

Electrical pulse stimulation (EPS) and N-acetylcysteine (NAC) treatment 

EPS was performed using the method of Manabe et al. (Manabe et al., 2012). Briefly, differentiated 

C2C12 myotubes were used 16 h after the final change of medium. The four-well plates were connected 

to the electrical stimulation apparatus, a four-well C-Dish (Ion Optix Corp., Milton, MA, USA), and 

myotubes were stimulated by electric pulses generated by an electrical pulse generator (Uchida Denshi, 

Hachioji, Japan). Myotubes were stimulated with electric pulses of 50 V at 0, 2, or 20 Hz for 3 ms for a 

given time period in an incubator at 37°C. We used 2 Hz for low frequency and 20 Hz for high frequency 

stimulation. Previous studies confirmed that 20 Hz was high frequency for C2C12 myotubes (Fujita et 

al., 2007; Yamasaki et al., 2009) but 20 Hz is not considered high frequency stimulation for skeletal 

muscle in vivo (Cairns et al., 2007). To inhibit the accumulation of ROS, we added NAC (5 mM) after 

1 h of 20 Hz EPS and collected cells 3 h after the EPS.  

 

Metabolome Analysis 

The stimulated cells were washed twice with 5% mannitol and incubated for 10 min in 1 mL methanol 

containing 25 µM each of the three internal standards [L-methionine sulphone (Wako), D-camphor-10-

sulphonic acid (Dojindo, Kumamoto, Japan), and 2-(N-morpholin-o)ethanesulfonic acid (Wako)]. After 

500 uL Milli-Q purified water was added, 600 uL of the solution was taken and mixed well with 400 uL 

chloroform and then centrifuged for 15 min at 20,000 g and 4°C. The separated 400 uL aqueous layer 

was centrifugally filtered through a 5 kDa cutoff filter (Millipore, Burlington, MA, USA) to remove 

residual protein. The filtrate (320 µL) was lyophilized and dissolved in 50 uL Milli-Q water containing 

reference compounds [200 µM each of trimesate (Wako) and 3-aminopyrrolidine (Sigma-Aldrich, St. 

Louis, MO, USA)] and then injected into a CE-TOF-MS system (Agilent Technologies, Santa Clara, CA, 

USA) (Soga et al., 2006, 2009). We performed independent biological triplicates and excluded 

metabolites that could not be measured in any of the three samples. For data analysis, the obtained 



 

absolute concentration (µM) in the suspension was normalized to that at time 0 to generate relative values.  

 

Glycogen content assay 

Glycogen content was quantified using the method of Noguchi et al. (Noguchi et al., 2013). The cell 

suspension was incubated for 1 h with 1.2 mL of 30% (w/v) KOH solution at 95°C; 61.2 uL of glacial 

acetic acid and 1% (w/v) linear polyacrylamide were added to 200 uL of the cell suspension to 

coprecipitate glycogen. Then 400 uL pure ethanol was added to the mixture to precipitate the total 

glycogen and the mixture was centrifuged for 15 min at 15,000 r.p.m. at 4°C. The supernatants were 

discarded, and the pellets were resuspended in 50 uL of 50 mM NaOAc buffer (comprising an equal 

volume of 50 mM sodium acetate and 50 mM acetate). Then 600 uL pure ethanol was added to the 

resuspended sample. The resuspended sample was centrifuged for 15 min at 15,000 r.p.m. at 4°C. After 

the supernatant was discarded, the pellet was dried to eliminate any residual ethanol and incubated with 

20 uL amyloglucosidase (0.1 mg/mL in 50 mM NaOAc buffer) for 2 h at 55°C. After the incubation, 

hydrolyzed glycogen was measured using the glucose assay.  

 

Intracellular calcium ion (Ca2+) measurement 

C2C12 myotubes were washed twice with phosphate buffered saline (PBS). Ca2+ assay buffer, 

comprising Fluo-8 dye loading solution (AAT Bioquest Inc., Sunnyvale, CA, USA) and DMEM cell 

medium without serum, was added to the wells and incubated at 37°C for 30 min. Myotubes were 

stimulated with electric pulses at 2 Hz or 20 Hz in the incubator and observed at the indicated time under 

an inverted fluorescence microscope, IX 83 (Olympus, Tokyo, Japan) 755 equipped with a 

UPLSAPO10X2 objective lens (Olympus) an ORCA-R2 C10600-10B CCD camera (Hamamatsu 

Photonics, Shizuoka, Japan) , a U-HGLGPS mercury lamp (Molecular Devices, San Jose, CA, USA), a 

U-FBNA mirror unit (Olympus), an MD XY30100T-META automatically programmable stage position 

(Molecular Devices.).  

 

Western blotting 

Total proteins were extracted from cells by 50 mM Tris-Cl pH 7.5 with 2% SDS at the indicated time 

points after EPS and subjected to standard SDS-PAGE. The resolved proteins were transferred to 

nitrocellulose membranes and probed with specific antibodies (antibodies against pAKT [Ser473, #9271, 

Thr308, #9275], pAMPK [Thr172, #2535], pACC [Ser89, #3661], pAS160 [Thr642, #4288], pERK 

[Thr202/Tyr204, #9101], pp38 [Thr180/Tyr182, #9211], pS6K [Thr389, #9205], p4EBP [Thr37/46, 

#2855], pCREB [Ser133, #9198], pJNK [Thr183/Tyr185, #4668], pmTOR [Ser2488, #2971], pATF2 



 

[Thr71, #9221], pACL [Ser455, #4331], pFoxo1/3a [Thr24/Thr32, #9464], pHSL [Ser563, #4139], pGS 

[Ser641, #3891], EGR1 [#4154], and GAPDH [#2118] were purchased from Cell Signaling Technology 

Japan (Tokyo, Japan); antibody against pPDH [Ser293, ab92696] was purchased from Abcam 

(Cambridge, UK). The signal was visualized using chemiluminescence and horseradish peroxidase 

(HRP)-conjugated secondary antibodies (GE Healthcare, Chicago, IL, USA) and the Immobilon Western 

Chemiluminescent HRP Substrate (Millipore) using a LAS4000 imager (Fujifilm, Tokyo, Japan). The 

intensities of the specific bands were quantified using TotalLab TL120 (Nonlinear Dynamics) analysis 

software. Quantitative values were normalized using GAPDH quantities as standards. 

 

RNA Sequencing  

Total RNA was extracted from C2C12 myotubes at 0, 1, 3, and 6 h after 0, 2, or 20 Hz EPS using RNeasy 

Mini Kit (Qiagen, Hilden, Germany). mRNA was enriched from total RNA using poly(A) selection, and 

quality of the mRNA samples was validated using 2100 Bioanalyzer (Agilent). RNA integrity number 

(RIN) values were a range of 8.9-9.7 across samples. Standard Illumina protocols were used to generate 

101-base pair, paired-end sequencing reads on the HiSeq 2500 platform (Illumina, San Diego, CA, USA) 

(Matsumoto et al., 2014). Q30, which is an index of sequence quality, was 86-88% and sequencing depth 

was more than 50.0 million reads across samples. The sequence data are deposited to DDBJ (Accession 

number DRA010400).  

 

Identification of differentially expressed genes 

The obtained sequencing reads were aligned to the reference mouse genome sequence GRCm38 

(Ensemble release 75), using TopHat v2.0.7 (Trapnell et al., 2009). Mapping rate using TOPHAT across 

samples was 74-79%. FPKM values were calculated using Cufflinks (Trapnell et al., 2010). We removed 

genes with FPKM < 1 at all time points based on results from a previous RNA-seq study (Väremo et al., 

2015). The DEGs were identified as genes with FPKM values that changed more than 2.0-fold and less 

than 0.5-fold compared with those at time 0 at more than one time point under 2 and/or 20 Hz. 

 

Hierarchical clustering 

We performed hierarchical clustering analysis by Ward method using MATLAB (Mathworks) (Sano et 

al., 2016). For normalization, L2 normalization was performed for each time series data of metabolites, 

signal molecules, and transcripts.  

 

 



 

TF prediction using Motif Enrichment Analysis 

We performed motif enrichment analysis following CIDER methods (Mina et al., 2015) to determine 

enrichment of TF binding motifs in promoter region [−300 bp to +100 bp flanking the consensus 

transcription start site (Arner et al., 2015; Kinsella et al., 2011)] of DEGs in each cluster. Binding sites 

of each TF were determined using sequences obtained from Ensembl BioMart (Kinsella et al., 2011), 

TRANSFAC Pro (Matys et al., 2006), and the Match tool (Kel et al., 2003). We used extended 

vertebrate_non_redundant_min_SUM.prf, one of the parameter sets prepared in TRANSFAC Pro for the 

threshold of similarity score calculated by Match. The enrichment of TF binding motifs in the promoter 

of DEGs in each cluster was determined by Fisher’s exact test with FDR following Storey’s procedure 

(Storey et al., 2004). The TFs predicted from the significantly enriched TF binding motifs (FDR < 0.01) 

were identified as the TFs regulating DEGs in each cluster.  

 

Identification of regulators of TFs  

Using the accession numbers from TRANSFAC, we associated the significantly enriched TF binding 

motifs with TFs using the identifiers obtained from matrix.dat in TRANSFAC Pro. The accession 

numbers of TFs provided in TRANSFAC Pro are associated with the gene IDs in DATF, EMBL, 

FLYBASE, MIRBASE, PATHODB, PDB, SMARTDB, SWISSPROT, TRANSCOMPEL, or 

TRANSPATH. To identify regulators of the TFs, the gene IDs from EMBL, PDB, or SWISSPROT that 

were associated with the accession numbers of human, mouse, and rat TF were converted to KEGG gene 

IDs using bioDBnet (https://biodbnet-abcc.ncifcrf.gov/) (Mudunuri et al., 2009). We manually 

determined the upstream regulators of the TFs from the four signaling pathways (MAPK signaling, PI3K-

AKT signaling, calcium signaling, and AMPK signaling) based on KEGG.  

 

Identification of responsible metabolic enzymes that were differentially expressed 

To identify responsible metabolic enzymes that were differentially expressed, metabolic enzymes with 

quantitatively changed metabolites as substrates or products were extracted from KEGG database. 

Among these metabolic enzymes, those encoded by the DEGs were defined as differentially expressed 

responsible metabolic enzymes. 

 

KEGG pathway analysis 

We used the DAVID tool (https://david.ncifcrf.gov/home.jsp) (Huang et al., 2008, 2009) for KEGG 

pathway analysis. 

 



 

Statistical analysis 

For identification of quantitatively changed metabolites, comparison of the mean concentration of 

metabolites under 0, 2, and 20 Hz EPS at each time point was performed using Welch’s t-test. P values 

were adjusted for multiple testing with the Storey’s procedure (Storey et al., 2004) using MATLAB 

(Mathworks) function mafdr for time points during (0, 2, 5, 15, 30, and 60 min) and after (120, 240, and 

420 min) EPS, and the adjusted p values are shown as q values. When q < 0.2 at two or more time points, 

the metabolite was defined as a quantitatively changed metabolite. Statistical comparison of the level of 

each molecule among 0, 2, and 20 Hz at each time point was performed using two-way ANOVA. The 

calculated p value for the electrical stimulation was corrected for multiple testing using the Benjamini–

Hochberg method, and q < 0.1 was regarded as a significant difference. 
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