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ABSTRACT 42 

Exercise-like electrical pulse stimulation (EL-EPS) of myotubes mimics many key physiological 43 

changes induced by in vivo exercise. Besides enabling intracellular research, EL-EPS allows to 44 

study secreted factors, including muscle-specific microRNAs (myomiRs) carried in extracellular 45 

vesicles (EVs). These factors can participate in contraction-induced intercellular crosstalk and 46 

may mediate health benefits of exercise. However, the current knowledge of these responses, 47 

especially under variable nutritional conditions, is limited. We investigated the effects of EL-48 

EPS on C2C12 myotube transcriptome in high and low glucose conditions by messenger RNA 49 

sequencing, while the expression of EV-carried miRNAs was analyzed by small RNA 50 

sequencing and RT-qPCR. We show that higher glucose availability augmented contraction-51 

induced transcriptional changes and that the majority of the differentially expressed genes were 52 

upregulated. Furthermore, based on the pathway analyses, processes related to contractility and 53 

cytokine/inflammatory responses were upregulated. Additionally, we report that EL-EPS 54 

increased packing of miR-1-3p into EVs independent of glucose availability. Together our 55 

findings suggest that in vitro EL-EPS is a usable tool not only to study contraction-induced 56 

intracellular mechanisms, but also extracellular responses. The distinct transcriptional changes 57 

observed under variable nutritional conditions emphasize the importance of careful consideration 58 

of media composition in future exercise-mimicking studies.  59 

NEW & NOTEWORTHY  60 

The present study examined for the first time the effects of exercise-like electrical pulse 61 

stimulation administered under distinct nutritional conditions on 1) the transcriptome of the 62 

C2C12 myotubes and 2) their media containing extracellular vesicle-carried microRNAs. We 63 

report that higher glucose availability augmented transcriptional responses related especially to 64 

contractility and cytokine/inflammatory pathways. Agreeing with in vivo studies, we show that 65 

packing of exercise-responsive miR-1-3p was increased in the extracellular vesicles in response 66 

to myotube contractions.   67 
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INTRODUCTION 68 

Exercise is known to promote health as well as to ameliorate and treat many diseases caused by 69 

sedentary lifestyle and obesity (1). During exercise skeletal muscles can modify not just their 70 

own, but also the metabolism of other organs, such as liver and adipose tissue (2). Exerkines are 71 

molecules released in response to acute and/or chronic exercise exerting their effects through 72 

endocrine, paracrine and/or autocrine pathways (3). Many organs including skeletal muscle 73 

produce and release these exerkines, such as proteins/peptides, cytokines, nucleic acids, 74 

metabolites as well as extracellular vesicles (EVs), and release them into circulation in response 75 

to exercise (2, 4). Numerous in vivo and in vitro studies have identified and validated various 76 

exerkines as well as some of their functions and target tissues (for review, see (2, 3)). Previous 77 

studies have shown that skeletal muscle specific exercise-like electrical pulse stimulation (EL-78 

EPS) (5) of the myotubes can mimic many intra- and extracellular responses of in vivo exercise 79 

at the cellular (5, 6) and omics (7) levels. Additionally, we have previously shown that media 80 

glucose availability altered the metabolic responses of the C2C12 myotubes to EL-EPS (8). 81 

Because myotube gene expression is significantly impacted by the media glucose content (9, 10) 82 

and exercise responses have been reported to be affected by carbohydrate availability in vivo 83 

(11), it is important to examine how EL-EPS together with the variable nutritional conditions 84 

affects myotube transcriptome and regulation of the expression of genes encoding, for example, 85 

different exerkines. 86 

Accumulating evidence demonstrates that EVs can encapsulate exerkines and transmit this 87 

functional cargo, such as microRNAs (miRNAs) (12, 13), via circulation to nearby and/or distant 88 

organs and tissues (14). We (15) and others (16) have shown that acute exercise induces changes 89 

in the miRNA cargo of EVs. Furthermore, some of the health-beneficial effects and adaptations 90 

of exercise have been reported to be mediated by miRNAs (17), thus making them an appealing 91 

target for biomarker research. Previous studies have shown that the levels of muscle-specific 92 

miRNAs, i.e., myomiRs, such as miR-1, miR-133a, and miR-206, are increased in the circulating 93 

EVs after exercise (12, 13). EVs are a heterogeneous group of membrane-bound particles found 94 

virtually from all biofluids in vivo and from conditioned cell culture media in vitro (17). Because 95 

the EV content can vary depending on the physiological state of the cells from which they 96 
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originate (18), it is important to study how nutrient availability affects EV-mediated intercellular 97 

crosstalk in response to myotube contractions. Additionally, in vitro approaches are needed to 98 

study the myotube-derived EVs because in vivo models cannot exclude the possibility that the 99 

EVs collected from the circulation, even in the presence of certain predetermined markers, are 100 

not of muscular origin.  101 

This study aimed to analyze the effects of the chronic low-frequency EL-EPS together with 102 

varying media glucose content on the C2C12 myotube transcriptome and EV cargo. Several 103 

bioinformatic analyses were used to reveal the underlying mechanisms through which EL-EPS 104 

and/or availability of nutrients affect physiological responses and related pathways. 105 
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MATERIAL AND METHODS 106 

Cell culture. The murine C2C12 myoblasts purchased from American Type Culture Collection 107 

(Manassas, VA, USA) were grown and differentiated identically as previously described in detail 108 

(8). Briefly, the myoblasts were seeded on 6-well plates and grown in high glucose (HG, 4.5 g/l, 109 

#BE12-614F, Lonza, Basel, Switzerland) containing growth medium. After reaching over 90% 110 

confluence, the fusion into myotubes was promoted by HG-containing differentiation medium 111 

(DM) (8). Representative images of the C2C12 myotubes differentiated with the identical 112 

protocol have been published previously elsewhere by us (19). The media volume per well 113 

during differentiation and experiments was 2 ml. All the experiments were performed using cells 114 

with passage number between 6-8 in a humidified environment at 37°C and 5% CO2.   115 

Exercise-like electrical pulse stimulation. The experiments were conducted on days 4-6 post 116 

myotube differentiation by using either high or low glucose (LG, 1 g/l, #BE12-707F, Lonza) 117 

DMEM identically as previously described (8) (Figure 1). Briefly, if LG medium was used, the 118 

cells were acclimatized to LG DM from day 4 post differentiation. At day 5 post differentiation, 119 

serum- and antibiotic-free HG or LG DMEM supplemented with 2 mM L-glutamine (#25030, 120 

Gibco, Rockville, MD, USA) was added for 1 hour (20). Serum-free conditions are important not 121 

only to exclude the effects of switching to serum-free medium (20), but also to avoid co-isolation 122 

of exogenous EVs or other signal carrier particles, such as high-density lipoproteins (21). Next, 123 

the medium was removed, the myotubes were rinsed with phosphate-buffered saline (PBS, 124 

#10010, Gibco), and fresh serum-free HG or LG DMEM supplemented with 2 mM L-glutamine 125 

was added. The low-frequency EL-EPS was applied for 24 hours (1 Hz, 2 ms, 12 V) using C-126 

Dish carbon electrodes attached to C-Pace device (Ionoptix Corporation, Milton, MA, USA). 127 

Carbon electrodes that were not attached to the C-Pace device were also placed on the control 128 

plates for the EV extraction experiments (sRNA-seq). This was done to exclude the effects of the 129 

electrodes on the EV extraction because EVs have high affinity to different types of surfaces, at 130 

least plastic (22). On day 6 post differentiation, the samples were harvested immediately after 131 

cessation of EL-EPS. To remove cell debris, media were centrifuged for 5 min at 382 x g at 4˚C 132 

and the supernatants were stored at -80°C until EV extraction. Simultaneously, the myotubes 133 
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were washed with PBS, scraped into 340 μl of DNA/RNA Shield (#R1100, Zymo Research, 134 

Irvine, CA, USA) and stored at room temperature (RT) until total RNA extraction.  135 

Validation of the EV isolation by nanoparticle tracking analysis and electron microscopy. 136 

The EVs were isolated using exoRNeasy serum/plasma midi kit (#77044, Qiagen, Hilden, 137 

Germany) as previously described (23). For the validation of the EV isolation protocol, 1.5 ml of 138 

media was used. Briefly, EVs were eluted by adding 140 μl of elution buffer XE (#76214, 139 

Qiagen) followed by 5 min incubation and centrifugation for 5 min at 500 x g at RT. The 140 

collected eluate was then mixed with 360 μl of PBS that was filtered through a 0.2 μm filter, 141 

transferred into a 100K ultra-filter device (UFC5100, Amicon, Millipore, Darmstadt, Germany), 142 

and centrifuged for 10 min at 14 000 x g at RT. Next, the EVs were washed three times with 143 

filtered PBS to purify EVs from possible debris originating from the affinity columns and the 144 

flow-through was discarded. The concentrate was recovered by centrifugation for 2 min at 1000 145 

x g at RT according to the manufacturer´s protocol. The analyses of the particle size 146 

(nanoparticle tracking analysis) and morphology (electron microscopy) were conducted at the 147 

University of Helsinki EV core (Helsinki, Finland) as previously described (23, 24). Low protein 148 

binding tubes were used whenever possible during the EV sample collection and purification.  149 

RNA extraction. Nucleic acid extraction from the C2C12 myotube lysates stored in the 150 

DNA/RNA Shield (Zymo Research) was conducted using Chemagic 360 automated nucleic acid 151 

extraction instrument (Perkin Elmer, Boston, MA, USA). The total RNA extraction from the 152 

EVs was conducted using the exoRNeasy Serum/Plasma Midi Kit (#77144 or after 153 

discontinuation #77044, Qiagen) according to the manufacturer´s protocol. Briefly about the EV 154 

RNA extraction, media from two or three wells were pooled and run through the exoRNeasy spin 155 

columns. During the RNA extraction for RT-qPCR, miRNeasy Serum/Plasma Spike-In Control, 156 

cel-miR-39 (#219610, Qiagen) was added to be used as an internal control.  157 

Library preparation and mRNA-sequencing. The total RNA samples of the cell lysates were 158 

first treated with dsDNase (EN0771, Thermo Scientific, Waltham, MA, USA) to eliminate 159 

genomic DNA. Then, RNA concentration and integrity were measured with TapeStation 160 
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(Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer´s instructions. The 161 

average RNA integrity number (RIN) value was 8.97 ± 0.22 (standard error of mean) showing 162 

low degradation of RNA.  The sequencing libraries for the gene expression profiling (3´ mRNA-163 

seq) were prepared using a commercial kit (012.24A, QuantSeq 3′ mRNA-Seq Library Prep Kit 164 

for Ion Torrent, Lexogen, Inc., Vienna, Austria) according to the manufacturer´s protocols. After 165 

measuring the DNA concentrations with Qubit dsDNA HS Assay Kit (Invitrogen), the barcoded 166 

libraries were pooled in equimolar concentrations (5 ng of each). The pool was then purified with 167 

1.2x sparQ PureMag Beads (QuantaBio, Beverly, MA, USA) and run on a High Sensitivity 168 

D1000 Screen Tape (Agilent Technologies) to determine the quality and molarity of the pool. To 169 

bind the template to the Ion Sphere Particles (ISPs), emulsion PCR was conducted in OneTouch2 170 

instrument with Ion PGM™ Hi-Q™ OT2 Kit (Life Technologies, Carslbad, CA, USA) following 171 

the protocol for 400-bp template according to the manufacturer’s instructions. The ISPs were 172 

loaded into an Ion 318 v2 BC chip and sequencing was performed in Ion Torrent Personal 173 

Genome Machine using Ion PGM™ Hi-Q™ View Sequencing Kit (Life Technologies) similarly 174 

as described previously by us (25). To obtain a similar amount of reads from all samples, the 175 

data were pooled from two 318 v2 chips.  176 

Library preparation and small RNA-sequencing. After the EV RNA extraction, the RIN 177 

values were not measured as small RNA (sRNA) is less sensitive for degradation and as the 178 

RNA concentration was low. The small RNA libraries for the miRNA expression profiling 179 

(sRNA-seq) were prepared using a commercial kit (#4475936, Ion Total RNA-Seq Kit v2, 12 180 

reaction kit, Thermo Fisher Scientific) according to the manufacturer´s protocols with slight 181 

modifications. The products were amplified using primer pair M13_IA 5´-182 

TGTAAAACGACGGCCAGTGGCCAAGGCG-3´ and P1 5´-CCACTACGCCTCCGCTTT-3´ 183 

using the Platinum Supermix and for second time using the primer P1 and the IonA_bc_M13 184 

adapter 5´-185 

CCATCTCATCCCTGCGTGTCTCCGACTCAGXXXTGTAAAACGACGGCCAGT-3´, where 186 

XXX refers to the IonXpress barcode. The barcoded samples were pooled in equal volumes and 187 

100-140 bp sized PCR products (including 92 bp of adapter sequences) were isolated using 1.6% 188 

NuSieve agarose (Lonza) gel electrophoresis and Nucleospin Gel and PCR Cleanup (Macherey-189 

Nagel) extraction. From this step onwards, the sequencing protocol is identical with mRNA 190 
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protocol described above, except that the samples were sequenced using Ion GeneStudio™ S5 191 

System with the 540 chip (Life Technologies). 192 

cDNA synthesis and real-time quantitative PCR. For the RT-qPCR from the cell lysates, 193 

genomic DNA was eliminated, and the cDNA was synthetized using Maxima H first strand 194 

cDNA synthesis kit with dsDNase (#K1682, Thermo Fisher Scientific) according to the 195 

manufacturer´s protocol. The RT-qPCR was conducted as previously described (26). The 196 

efficiency-corrected 2-ΔΔCt method was utilized for the RT-qPCR data analysis and 36b4 was the 197 

housekeeping gene used for normalization. The Bio-Rad Prime PCR™ Assays (Bio-Rad 198 

Laboratories, Hercules, CA, USA) used were as follows: Cxcl1 (qMmuCED0003898), Cxcl5 199 

(qMmuCED0003886) and Scml4 (qMmuCED0050877). The primer sequences for 36b4 were 5´-200 

GGCCCTGCACTCTCGCTTTC-3´ and 5´- TGCCAGGACGCGCTTGT-3´ and for Tceal7 5´-201 

TTGTGGCAAGGAGAAGAGAAG-3´ and 5´-TGAAATTGCCTTCCAGTCGC-3´. For the RT-202 

qPCR from the EVs, the extracted total RNA was reverse transcribed by using 12 µl of the RNA 203 

and miScript II RT Kit (#218161, Qiagen) according to manufacturer´s instructions. The RT-204 

qPCR was conducted as previously described for miRNAs and the data was analyzed by using 205 

the equation 2-ΔCq (23). The spike-in control cel-miR-39-3p was used for normalization. The 206 

miScript Primer Assays (Qiagen) used in the RT-qPCR were miR-1-3p (MS00008358), miR-207 

133a-3p (MS00031423) and cel-miR-39-3p (MS00019789). For miR-206-3p the miScript Primer 208 

Assay was not available, and hence it was ordered separately (sequence 5′-209 

TGGAATGTAAGGAAGTGTGTGG-3′, Invitrogen, Thermo Fisher). For all the studied miRs, 210 

the sequence of the universal primer was 5′-GAATCGAGCACCAGTTACGC-3′. All the RT-211 

qPCRs were conducted using the CFX96 Real-Time PCR Detection System combined with CFX 212 

Manager software (Bio-Rad Laboratories). 213 

Western blot. Due to the identical culturing and methodological arrangements, the same protein 214 

lysates and Western blot protocol were used as we previously described (8). Briefly, 10 µg of 215 

protein was loaded on 4%–20% Criterion TGX Stain-Free protein gels (No. 5678094, Bio-Rad 216 

Laboratories) followed by separation using SDS-PAGE. Stain-free technology was used to 217 

control loading and for data normalization to the total protein content. After blocking, the 218 
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primary antibodies were probed overnight at 4°C. The primary antibodies purchased from Cell 219 

Signaling Technology (Danvers, MA, USA) and their dilutions used were as follows: p-220 

C/EBPβThr235 (#3084, 1:1000), p-Iκβ/αSer32/36 (#9246, 1:1000), p-IKKα/βSer176/180 (#2697, 1:1000), 221 

p-NF-κBSer536 (#3033, 1:1000), p-STAT3Tyr705 (#9145, 1:1000) and STAT3 (#9139, 1:1000). The 222 

CCL2/MCP1 (NBP1-07034, 1:1000) was purchased from Novus Biologicals (Littleton, CO, 223 

USA) and MYH1E (MF 20, concentrate, 1:3000) from Developmental Studies Hybridoma Bank 224 

(Iowa City, IA, USA). The horseradish peroxidase-conjugated secondary IgG anti-mouse (1:30 225 

000) and anti-rabbit (1:10 000) antibodies were purchased from Jackson ImmunoResearch 226 

Laboratories (West Grove, PA, USA). Enhanced chemiluminescence (SuperSignal west femto 227 

maximum sensitivity substrate; Pierce Biotechnology, Rockford, IL, USA) and ChemiDoc MP 228 

device (Bio-Rad Laboratories) were used for protein visualization.  229 

Bioinformatic analyses. The mRNA-seq data analysis steps from the initial quality check to 230 

differential expression analysis were conducted using Chipster software (https://chipster.csc.fi/) 231 

(27), while sRNA-seq sequence processing was conducted using CLC Genomics Workbench 232 

version 22 software (Qiagen), and further data analyses with edgeR. In more detail, for the 233 

mRNA data processing, the read quality was first analyzed using multiQC for many FASTQ 234 

files. The quality control results show Phred scores ranging from over 30 in the beginning of the 235 

sequences to about 23 at the base 300. The mean per-sequence Phred score was 27.9. and the 236 

mean sequence length was 155 bases. Next, the reads were aligned to the selected genome using 237 

STAR for single-ended reads. To count the number of aligned reads per gene, HTSeq tool was 238 

used. The average number of reads per sample was 346 191, resulting on average of 255 387 239 

reads being unambiguously mapped to the genes. The maximum read sequence number per run 240 

using the Ion Torrent PGM chips is approximately 400 000 – 560 000 per sample for 20 samples. 241 

Our average was 346 191 reads per sample showing adequate technical success. About 23% of 242 

the reads were discarded because they could be aligned to more than one region. The total 243 

number of unique genes identified was 15 273 and this data was further analyzed to determine 244 

the differentially expressed genes (DEGs) using edgeR. From this step onwards, the data were 245 

analyzed using following software’s: Gene Set Enrichment Analysis (GSEA, https://www.gsea-246 

msigdb.org/gsea/index.jsp), Ingenuity Pathway Analysis (IPA, Qiagen, 247 

https://digitalinsights.qiagen.com) and ShinyGO (28) (http://bioinformatics.sdstate.edu/go/). The 248 
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GSEA is frequently used in exercise studies due to its low bias and ability to reveal changes in 249 

expression of a large set of genes even when the average change of gene expression is 20% or 250 

even lower (29, 30), which typically is the case with exercise (31, 32). The GSEA was conducted 251 

using fgsea R-package as previously described (33). The GSEA analysis included genes with at 252 

least 4 reads in the comparisons. When using ShinyGO, only DEGs (FDR < 0.05) from pool of 253 

the stimulated vs. pool of the non-stimulated comparison (EPS main effect) as well as all the 254 

genes as background (including more than 4 reads per sample) were input to analysis. For 255 

miRNAs, on average 2.39 M reads per sample were processed, adapter sequences were trimmed 256 

and 9-40 bp long sequences were selected for the analyses. Reads (1.1 M – 2.3 M per sample 257 

after trimming) were annotated against miRbase-Release_v22 (Mus musculus), allowing length-258 

based isomiRs, 2 additional/missing upstream and downstream bases and mismatches. In the 259 

case of sRNA-seq, miRNAs with very low expression (less than 5 samples with at least 2 counts) 260 

were filtered out. The miRNA counts were normalized by trimmed mean of M values (TMM) 261 

method (34) using edgeR-package (35). Overall, we detected 163 miRNAs from the EVs and of 262 

these, the top 50 miRNAs with the highest normalized expression were chosen for further 263 

analyses unless otherwise stated.  264 

Statistical analyses. The statistical significance was set at Benjamini-Hochberg corrected false 265 

discovery rate (FDR) < 0.05 for multiple testing and fold change (FC) >│1.2│to discover DEGs. 266 

These DEG´s were directed for the pathway/enrichment analyses using IPA (all comparisons) 267 

and ShinyGO (EPS main effect). For GSEA, all expressed mRNAs (which had at least 4 reads in 268 

total) were ranked in all the comparisons and used for the further GSEA. For the statistical 269 

evaluation of the main and interaction effects in sRNA-seq, RT-qPCR (cell lysates) and Western 270 

blot, the two-way multivariate analysis of variance (two-way MANOVA) was used, while the 271 

group comparisons were performed using multivariate Tukey’s test (IBM SPSS Statistics, 272 

version 26 for Windows, SPSS Chicago, IL, USA). PERMANOVA analysis of normalized 273 

miRNA counts was carried out using vegan R-package (36) and all the 163 miRNAs. The 274 

miRNA RT-qPCR results (group comparisons as well as EL-EPS and glucose effects) were 275 

analyzed using Mann Whitney U-test (IBM SPSS Statistics). The extreme outliers from all the 276 

RT-qPCR analyses were removed based on Grubbs´ test (https://www.graphpad.com). GraphPad 277 

Prism software (v10.0.2) was used to prepare the bar graphs. The VIsualization and Integration 278 
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of Metabolomics Experiments (VIIME) software (https://viime.org) was used to generate the 279 

principal component analysis (PCA) score plot and the heat maps (37). Some of the plots were 280 

generated using the ggplot2 package (38) in the R programming language (version 4.3.1). The 281 

data is presented as means ± SEM unless otherwise stated. The level of statistical significance 282 

was set at P < 0.05 when FDR was not used. 283 
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RESULTS 284 

Higher glucose availability augmented gene expression responses after EL-EPS 285 

The effects of EL-EPS and media glucose content on the C2C12 myotube transcriptome were 286 

analyzed after the 24-hour EL-EPS by mRNA-seq. We observed eight and 66 DEGs in LG and 287 

HG conditions after EL-EPS, respectively (Figure 2A). A comparison of the combined LG and 288 

HG groups with and without EL-EPS (EPS effect) resulted in 65 DEGs (Figure 2A). Altogether, 289 

six DEGs (Cxcl1, Cxcl5, Myh2, Tceal7, Csrp3 and Ier3) were shared between these three 290 

comparisons (Figure 2A). The principal component analysis (PCA) of the DEGs showed that the 291 

stimulated and non-stimulated groups were clearly separated independent of the glucose 292 

availability (Figure 2B). The heat map clustering of the DEGs show that all eight DEGs observed 293 

under LG condition were upregulated, while HG condition (50 up- and 16 downregulated DEGs) 294 

and EPS effect (50 up- and 15 downregulated DEGs) resulted in substantially more up- than 295 

downregulated DEGs (Figure 2C-E).  296 

To complement the mRNA-seq results, we analyzed the expression of a few of the most up- and 297 

downregulated genes by RT-qPCR. Concordantly with the mRNA-seq results, in comparison to 298 

non-stimulated myotubes, the expression of Cxcl1, Cxcl5 and Tceal7 were higher (EPS main 299 

effects, P < 0.05) and Scml4 was lower (EPS main effect, P = 0.057) in the EL-EPS-stimulated 300 

myotubes (Figure 3A-D). 301 

Pathways related to myotube contractibility and inflammatory responses were upregulated 302 

in response to EL-EPS independent of the glucose availability 303 

To understand the pathways to which the identified DEGs belong, we conducted bioinformatic 304 

analyses using Gene Set Enrichment Analysis (GSEA) and Ingenuity Pathway Analysis (IPA). 305 

The GSEA analysis was performed by using the Gene Ontology Biological Processes (GOPB) 306 

database (Figure 4A-B) and for completeness, this analysis was also run with Kyoto 307 

Encyclopedia of Genes and Genomes (KEGG) and REACTOME databases (Figure S1 and Table 308 

S1). Regardless of the database used, we found that the enriched pathways after EL-EPS were 309 

mainly related to muscle architecture and contractile ability as well as cytokine and 310 
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inflammatory responses, independent of the media glucose availability (Figure 4A-B, Figure S1 311 

and Table S1). The IPA analyses showed that the DEGs with molecular and cellular functions 312 

related to growth, proliferation, development, movement, assembly, and organization were 313 

upregulated by EL-EPS as were intercellular signaling and interaction pathways. To complement 314 

GSEA and IPA analyses, ShinyGo analysis was conducted. By using this approach, we observed 315 

that EL-EPS induced 180 enriched GOPBs, 9 KEGG, 4 REACTOME, 9 Gene Ontology 316 

Molecular Functions and 13 Gene Ontology Cellular Component (FDR < 0.05, Table S2). With 317 

ShinyGO, many processes were similar as with GSEA and IPA in response to EL-EPS, including 318 

processes related to contractility and inflammatory response (Figure 4, Figure S1, Table S1 and 319 

Table S2).  320 

Notably, we aimed to compare our previous metabolomics (8) and the present transcriptomics 321 

data to conduct trans-omic analyses using Metscape module in the Cytoscape platform 322 

(https://cytoscape.org). Our 1H-NMR metabolomics revealed significant changes in energy 323 

metabolism related intermediates (8), while only a small number of changes in metabolic DEGs 324 

were observed in the present study. Given the paucity of metabolic transcriptional changes, 325 

MetScape analysis did not reveal interactions between the omics.  326 

It is interesting to note that there were very few alterations in metabolic pathways identified in 327 

any of the datasets. Using the KEGG database, we observed an increase in the normalized 328 

enrichment score (NES) in oxidative phosphorylation in response to myotube contractions in LG 329 

conditions along with an increase in both the pentose phosphate pathway (PPP) and fructose & 330 

mannose metabolism in stimulated versus non-stimulated conditions (EPS vs. CTRL, Figure S1 331 

and Table S1). The REACTOME database revealed an increase in tricarboxylic acid cycle and 332 

respiratory electron transport in response to myotube contractions in LG conditions (Figure S1 333 

and Table S1). 334 

To elucidate whether the activities of some of the pathways suggested by the bioinformatic 335 

analyses were affected at the protein level, we analyzed the myosin heavy chain 1 isoform (MF 336 

20) content and cytokine/inflammatory pathways (CCL2, p-C/EBPβThr235 p-IKKα/βSer176/180, p-337 

Iκβ/αSer32/36, p-NF-κBSer536, p-STAT3Tyr705 and STAT3) from the C2C12 myotubes after EL-EPS. 338 

Of these, when compared to the respective controls, the phosphorylation of NF-κBSer536 was 339 
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greater in response to EL-EPS and media glucose content (EPS main effect, P < 0.05 and glucose 340 

main effect, P < 0.01, respectively, Figure 5A). The phosphorylation level or the content of 341 

CCL2, MF 20, STAT3Tyr705 and total STAT3 remained unaffected (Figure 5B-E), whereas p-342 

C/EBPβThr235, p-IKKα/βSer176/180 and p-Iκβ/αSer32/36 were undetected.  343 

Although media glucose content had greater effects on EV miRNAs than EL-EPS, packing 344 

of exercise-responsive miR-1-3p into EVs was greater after stimulation 345 

To elucidate whether miRNA-release occurs in cultured myotubes in response to EL-EPS, we 346 

collected the cell culture media, extracted the EVs and analyzed the representative samples using 347 

nanoparticle tracking analysis and electron microscopy. Based on the nanoparticle tracking 348 

analysis of the representative samples, the EV number appears to be greater in the HG media and 349 

lower in LG media of the stimulated myotubes in comparison to non-stimulated myotubes, while 350 

electron microscopy showed that the extracted EVs were of the expected size (~100 nm) in all 351 

conditions (Figure S2).  352 

Next, we analyzed EV samples using sRNA-seq. Our sRNA-seq data showed that the C2C12 353 

myotubes release EVs with similar miRNA content as previously reported for in vivo skeletal 354 

muscle (13), including miR-206-3p, miR-1-3p and miR-133a-3p (Figure 6A, Table S2). Further 355 

data analysis of the top 50 most abundant miRNAs showed that media glucose availability had a 356 

greater effect on EV miRNA content than EL-EPS. In more detail, based on the heat map 357 

clustering, eight miRNAs were affected by media glucose content and none by the EL-EPS. 358 

More specifically, the content of miR-196a-5p, let-7f-5p and miR-26a-5p in EVs were higher in 359 

HG conditions, while miR-378c, miR-378a-3p, miR-322-5p, miR-140-3p and miR-19b-3p were 360 

higher in LG conditions (HG main effect, P < 0.05, Figure 6B). However, when we further 361 

analyzed all the 163 miRNAs using PERMANOVA analysis, we found no differences between 362 

any of the groups. In addition to sRNA-seq, we used RT-qPCR to analyze the expression of a 363 

few best-known exercise-responsive miRNAs from the EVs. Based on these analyses, we 364 

demonstrate that similar to in vivo exercise, myotube contractions increased the packing of 365 

specific miRNAs to the released EVs. More specifically, when compared to the respective 366 

controls, the expression of miR-1-3p was greater in response to EL-EPS (EPS effect, P < 0.05), 367 

while miR-206-3p expression tended to be greater (EPS effect, P = 0.074) (Figure 6C-D). 368 
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Numerically miR-133a-3p also increased by several fold, but due to high inter-sample variation, 369 

this result was non-significant (EPS effect, P = 0.242) (Figure 6E). 370 
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DISCUSSION 371 

The number of in vitro studies examining transcriptional changes after EL-EPS has increased 372 

rapidly in recent years (10, 39–45), but, to our knowledge, studies investigating the interaction 373 

between nutritional availability and the exercise responses are lacking. In the present study, we 374 

demonstrate that the contraction-induced changes in the C2C12 myotube transcriptome including 375 

reorganization of contractile units and cytokine/inflammatory responses were amplified under 376 

high glucose compared to low glucose condition. This supports our previous metabolomics 377 

findings showing that higher glucose availability augmented metabolic responses in the 378 

contracting C2C12 myotubes (8). Notably, more DEGs and pathways were up- than 379 

downregulated in response to myotube contractions, which suggests that especially under high 380 

glucose condition, the repressors of transcription were overrun by the activators. Furthermore, to 381 

the best of our knowledge, this is the first study to analyze skeletal muscle cell-derived EVs and 382 

their miRNA content after EL-EPS conducted under variable nutritional conditions. We report 383 

that several miRNAs were released from the C2C12 myotube-derived EVs and show that 384 

packing of miR-1-3p into the EVs was increased in response to myotube contractions 385 

independent of the glucose availability. Our sRNA-seq findings, however, suggest that glucose 386 

availability has more prominent effects on myotube EV miRNA content than the EL-EPS.   387 

Based on the pathway analyses, the most upregulated cellular processes after EL-EPS were 388 

related to myotube contraction and structural modifications as well as cytokine and other 389 

inflammatory responses. The myotubes do not contract immediately after EL-EPS due to the lack 390 

of adequate sarcomere architecture (46). De novo sarcomere assembly and reorganization of the 391 

cytoskeleton are needed for the visible contractions and thus it is reasonable that muscle filament 392 

sliding, myofibril assembly, sarcomere organization, and muscle contraction pathways were 393 

upregulated in response to EL-EPS independent of the glucose availability. We showed in 394 

agreement with previous findings (10, 47) that although the gene expression of different myosin 395 

heavy chain isoforms was upregulated in response to myotube contractions especially when more 396 

glucose was available, the protein level of at least myosin heavy chain 1 isoform remained 397 

unaltered. Previously the absence of mRNA-protein correlations has been explained by the post-398 
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transcriptional mechanisms needed for the mRNA to be turned into protein as well as by broad 399 

range of protein half-lives (48). The changes in myosin heavy chain isoforms may be explained 400 

by the fact that the skeletal muscle cells in the culture are at variable differentiation stages. 401 

Indeed, differentiation of the C2C12 myoblasts into myotubes has been shown to increase the 402 

expression of variable myosin heavy chain isoforms (49), while Tceal7, a gene previously related 403 

to improved muscle cell differentiation after muscle damage (50) was also upregulated after EL-404 

EPS independent of the glucose availability. Moreover, EL-EPS itself may also promote 405 

differentiation and maturation of the myoblasts into myotubes (51, 52). Overall, our results 406 

suggest that repeated contractions promoted remodeling of the myotube architecture to promote 407 

contractility and possibly differentiation of the cells, especially with high glucose availability. 408 

Similar to in vivo exercise (53), cytokine and other inflammatory pathways including response to 409 

chemokine, chemokine signaling pathway, and cytokine signaling in the immune system were 410 

enhanced after EL-EPS, and we found that this occurred independent of the glucose availability. 411 

Concordantly with the previous EL-EPS studies (39, 41, 54, 55), the expression of the members 412 

belonging to the CXC (Cxcl1, Cxcl5 and Cx3cl1) and CC (Ccl2 and Ccl7, also known as 413 

monocyte chemoattractant protein (MCP)-1 and MCP-3, respectively) chemokine families were 414 

upregulated after EL-EPS, especially with high glucose availability. Others have demonstrated 415 

that many of the CXC and CC chemokines are released into the circulation/cell culture media in 416 

response to exercise and/or muscle cell/myotube contractions (39, 54–56), probably partly via 417 

β2-adrenoceptor antagonist (clenbuterol)-mediated mechanisms (10). In vivo, cytokine and other 418 

inflammatory responses induced by acute exercise may promote the infiltration of macrophages 419 

into the skeletal muscle (57). This could enhance skeletal muscle regeneration and/or 420 

hypertrophy possibly via CXCL1, CX3CL1 and CCL2 (57–59). In vitro, the increased media 421 

content of CXCL1 and CXCL5 have been reported to regulate C2C12 myoblast migration and 422 

differentiation after EL-EPS (58, 60), while CCL2 release into the media in a NF-κB-dependent 423 

manner may promote monocyte chemoattraction in vitro and possibly infiltration in vivo (58). 424 

Supporting the potential chemokine and inflammatory signaling after EL-EPS, we observed 425 

increased phosphorylation (activation) of NF-κB, which supports some (39, 58), but not all (47) 426 

studies. To summarize, together our results show that EL-EPS produced similar cytokine and 427 

inflammatory responses in the skeletal muscle cells as does in vivo exercise and that these 428 
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responses were augmented by higher glucose availability. These processes are important to 429 

promote exercise-induced adaptations in the skeletal muscle in vivo (61), but this remains to be 430 

demonstrated in vitro.   431 

Besides contractility and inflammation, many metabolic processes were affected by EL-EPS. We 432 

have previously reported that EL-EPS enhanced glycolysis in the myotubes based on the 433 

increased lactate production and release, especially with high glucose availability (8). Here we 434 

report concordantly that the expression of phosphofructokinase liver B-type (Pfkl) and pyruvate 435 

dehydrogenase kinase 1 (Pdk1) increased after EL-EPS. Phosphofructokinase is the key enzyme 436 

regulating glycolysis. Pyruvate dehydrogenase (PDH) promotes the conversion of pyruvate to 437 

acetyl-CoA, while enhanced PDK1 activation shifts the conversion of pyruvate towards lactate 438 

(62). Previously, the phosphorylated form of PDH has been reported to decrease in the C2C12 439 

cells after EL-EPS (42), which could increase the activity of the PDH enzyme and promote 440 

glucose oxidation in the cells, a response we previously reported after EL-EPS (8). In addition to 441 

increased lactate synthesis, lactate transport mechanisms may have been enhanced in response to 442 

myotube contractions. The solute carrier family 16 member 3 (Slc16a3, also known as MCT4) 443 

was upregulated in response to EL-EPS. It belongs to the monocarboxylate cotransporter (MCT) 444 

family that transport e.g., pyruvate and lactate across different membranes (63). The significance 445 

of SLC16A3 in the regulation of lactate efflux might be elevated in glycolytic cells (63) and 446 

indeed, the C2C12 myotubes can be considered relatively glycolytic cells (44). Together, the 447 

changes we have observed both at the levels of metabolites (8) and transcription in this study 448 

show that the production and probably handling of lactate were improved in the C2C12 449 

myotubes in response to EL-EPS. These observations are in accordance with human data on 450 

lactate metabolism in response to exercise (64).  451 

In addition to glycolysis, pentose phosphate pathway (PPP), a parallel metabolic pathway to 452 

glycolysis, was among the overrepresented processes in response to myotube contractions. In 453 

accordance, others have previously observed contraction-induced activation of PPP in the C2C12 454 

myotubes after short-term high-frequency EL-EPS (42). They suggested that PPP activation 455 

might occur partly via reactive oxygen species (ROS) as well as Akt, extracellular regulated 456 
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kinase (ERK) and c-Jun N-terminal kinase (JNK) signaling (42). Notably, we have also reported 457 

increased JNK phosphorylation after EL-EPS accompanied with increased glycolytic metabolism 458 

(8). Parallel to glycolysis, activation of PPP pathway after EL-EPS may be an adaptive response 459 

to myotube contractions (42) to support the synthesis of nucleotides, certain aromatic amino 460 

acids and lipids needed for e.g., hypertrophy and membrane recovery (65). Related to PPP 461 

activation and ROS, we observed contraction-induced upregulation in the expression of 462 

superoxide dismutase 3, extracellular (Sod3) as well as another possibly exercise-responsive (66) 463 

redox enzyme participating in antioxidant defense, glutaredoxin (Glrx). In accordance, ROS has 464 

been suggested to regulate transcription of antioxidant enzymes including SOD and glutathione 465 

peroxidase-1 (GPX1) after in vivo exercise (67). In vitro, others have shown that adequate 466 

protection against excessive ROS effects seems to be important to maintain myotube contractility 467 

(68) and mitochondrial function (69) during EL-EPS. Thus, future studies are recommended to 468 

examine how different EL-EPS protocols affect distinct pathways, including PPP and ROS, and 469 

what is their physiological significance.  470 

The circulating miRNAs respond rapidly to exercise stimulus (70), thus making them an 471 

interesting group of potential exerkines to study not only in vivo but also in vitro. To date, 472 

miRNA studies have focused on in vivo exercise (for review, see(13, 17)) showing that, for 473 

example, miR-1, miR-21, miR-133, miR-155 and miR-206 could act as biomarkers of changes in 474 

exercise capacity (71). Additionally, human primary myotubes have also been previously shown 475 

to release miR-1 containing EVs in response to EL-EPS (72). Concordantly with these studies, 476 

we demonstrate that miR-1-3p as well as potentially miR-206-3p and miR-133a-3p, were 477 

increased in the EVs in response to myotube contractions independent of the media glucose 478 

availability thus suggesting these could act as potential exerkines. Among other processes, EV-479 

derived miRNAs have been shown to promote myoblast differentiation (73). More specifically, 480 

in the C2C12 cells miR-1 enhanced myogenesis, while miR-133a promoted proliferation (74). 481 

Additionally, miR-206 has been shown to promote differentiation of the C2C12 cells (75). 482 

Beyond differentiation, miR-1 regulates e.g., mitochondrial metabolism (76, 77), while miR-483 

133a may be an important mediator of exercise-induced adaptations in the skeletal muscle (78). 484 

miR-206 is involved in processes related, but not limited to, skeletal muscle development, 485 

growth/adaptation and regeneration (79). Although in vivo studies have demonstrated that the 486 
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number of circulating EVs increases during exercise (14), this might not be the case in vitro (80). 487 

We observed that the EV number was possibly increased in high, but not in low glucose 488 

condition. This suggests that myotube contractions increased the abundance of the miRNAs, but 489 

not necessarily the number of EVs. Others have shown that short-term low-frequency EL-EPS 490 

had no effects on EV size distribution or protein markers (80). Yet, as in the present study the 491 

EV number was investigated only from a representative sample and not individual samples, this 492 

needs to be verified in future studies.  493 

Although both sRNA-seq and RT-qPCR identified similar miRNAs that have been linked to in 494 

vivo skeletal muscle and exercise (13, 16), our results were not fully compatible between the 495 

methods. Based on the sRNA-seq, media glucose content had greater effects on the EV-carried 496 

miRNAs than EL-EPS, while RT-qPCR showed contraction-induced increase in the miR-1-3p 497 

content, which was not confirmed by sRNA-seq. These observations are likely explained by 498 

methodological differences. Most importantly, normalization of the sRNA-seq and RT-qPCR 499 

results differ from each other (i.e., trimmed mean of M values (34) vs. spike-in cel-miR-39-3p, 500 

respectively). Furthermore, it has been previously shown that when comparing RT-qPCR to 501 

RNA-seq, 15–20% of protein coding genes were considered as non-concordant, and these genes 502 

were typically lower expressed and shorter (81). Since our study focused on sRNAs that are 503 

expressed at relatively low abundancy in cell media EVs, it is likely that these factors, together 504 

with the normalization, explain the observed difference between sRNA and RT-qPCR results. 505 

Finally, most of the sRNAs identified by sRNA-seq were other than miRNAs, while RT-qPCR 506 

approach used focuses more selectively on miRNAs. To summarize the miRNA results, in 507 

agreement with the existing literature, we show that miR-1-3p content in the EVs was greater in 508 

response to EL-EPS, but more research is needed to gain a comprehensive view of 509 

miRNA/sRNA packing and EV release in response to myotube and muscle contractions. 510 

In vivo, greater disturbances in the skeletal muscle metabolism are thought to augment exercise-511 

induced adaptations (82). The type, intensity and duration of exercise can increase the metabolic 512 

load in the skeletal muscle and possibly lead to greater adaptations, while also nutritional 513 

strategies can be used. Indeed, carbohydrate restriction and training under low carbohydrate 514 
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availability and glycogen-depleted state have been shown to enhance some of the metabolic 515 

adaptations to endurance exercise, such as mitochondrial biogenesis (11). Interestingly, we report 516 

here that myotube contractions induced greater responses in the gene expression as well as 517 

previously in the metabolites (8) under HG condition. The reason for these responses may be 518 

related to the viability of the cells. Our metabolomics studies showed that glucose was almost 519 

completely depleted from the media and cells under low glucose condition (8), which may limit 520 

the metabolism of these glycolytic C2C12 cells relying heavily on carbohydrate metabolism. 521 

However, other processes, such as miRNA packing and previously reported exerkine secretion 522 

and fatty acid oxidation (8) were less affected by the media glucose content. To summarize, our 523 

current and previous (8) omics-analyses suggest that lower glucose availability may compromise 524 

contraction-induced effects on the myotubes and result in smaller metabolic perturbations. 525 

Notably, based on the analyzed markers, no unique responses or pathways were observed in low 526 

glucose condition in response to myotube contractions. Moreover, similar to metabolomics (8), 527 

the observed contraction-induced changes at the level of transcription remained either unaltered 528 

or less affected when less glucose was available. More research is warranted to study the effects 529 

of nutritional availability on myotube metabolism in response to different types of EL-EPS, e.g., 530 

stimulation with higher frequency and/or voltage and with shorter durations. It would be 531 

important to better understand whether the glucose availability per se influences the contraction-532 

induced responses in the myotubes or can the results be explained by some other mechanisms 533 

that occur due to culturing in high or low glucose containing media. Finally, as higher media 534 

glucose content augmented omics responses of the C2C12 myotubes after EL-EPS based on our 535 

present and previous (8) experiments, future studies are recommended to consider and report 536 

media composition carefully.  537 

LIMITATIONS OF THE STUDY 538 

Although the use of EL-EPS and myotubes as an in vitro exercise model is well established and 539 

we report many similar responses in the myotube gene expression and EV miRNA content as has 540 

been reported after in vivo exercise, this approach does not fully represent in vivo exercising 541 

human muscle due to the murine origin of the C2C12 cells and the lack of other cell types, such 542 

as vascular cells. Moreover, myotube cultures always contain myoblasts, but EL-EPS has been 543 
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mainly suggested to target myotubes. As an example, interleukin 6, a well-known exerkine, is 544 

released mainly from the differentiated and contracting myotubes (83). Thus, caution is needed 545 

when interpreting the results in relation to in vivo findings, especially in human studies. In the 546 

future, more time course studies are needed to better examine rapid and transient contraction-547 

induced changes, such as cytokine bursts (84) and EV/miRNA responses (85) or delayed 548 

metabolic effects, such as myotube hypertrophy (86).  549 

From the methodological point of view, EVs are complicated transport vehicles to work with due 550 

to their low abundance in the cell culture media. For example, of the small RNAs analyzed using 551 

sRNA-seq, less than 1% were miRNAs. The majority of the RNAs found in EVs were e.g., 552 

transfer RNAs and ribosomal RNAs. Thus, the future studies are recommended to analyze not 553 

only these less well-known RNAs using e.g., PANDORA-seq (87), but also to pool media from 554 

multiple wells for one EV extraction to obtain adequate amount of starting material for the 555 

downstream analyses. Overall, despite the small sample amount, the EV miRNA results 556 

presented in this study, especially related to sRNA-seq and nanoparticle tracking analyses, are 557 

paving the way for more in-depth analysis in the future.  558 

CONCLUSION 559 

In conclusion, we show that the transcriptional responses of the C2C12 myotubes to EL-EPS 560 

were augmented by higher media glucose availability. Based on the pathway analyses, cellular 561 

processes including especially contractility and cytokine/inflammatory response were 562 

upregulated in response to myotube contractions independent of the media glucose content. 563 

However, only modest changes in these pathways were seen at the level of translation/protein 564 

phosphorylation. In accordance with the previous literature, we also show that EL-EPS increased 565 

myotube release and packing of miR-1-3p into the EVs, showing that as in vivo studies have 566 

suggested, this indeed is a potential exerkine. Yet, further studies are warranted to better 567 

understand how muscle contractions and different nutritional states regulate miRNA and EV 568 

responses. Together our results hopefully enable the development of more realistic in vitro 569 

exercise models. 570 
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FIGURE LEGENDS 914 

FIGURE 1. Schematic presentation of the study design. 915 

FIGURE 2. The effects of exercise-like electrical pulse stimulation (EL-EPS, EPS in the figure) 916 

and media glucose availability on the C2C12 myotube transcriptome. (A) Venn graph of the 917 

differentially expressed genes (DEGs). (B) Principal component analysis (PCA) of the DEGs. 918 

The read counts were used to create the PCA score plot. The heat map categorization of the 919 

DEGs after EL-EPS in (C) low and (D) high glucose (LG and HG, respectively) condition as 920 

well as (E) in the pool of the stimulated vs. non-stimulated samples (EPS vs. CTRL). The dashed 921 

lines cluster the DEGs that respond similarly to EL-EPS in each comparison. The heat map 922 

categorization is based on k-means clustering and the coloring on the z-scores. In A, false 923 

discovery rate < 0.05 and fold change >│1.2 │. N = 5 per group except in EPS vs. CTRL, N = 924 

10 per group. 925 

FIGURE 3. Complementary analysis of the mRNA-seq results after exercise-like electrical pulse 926 

stimulation (EL-EPS, EPS in the figure) by RT-qPCR. The mRNA expression of (A) Cxcl1, (B) 927 

Cxcl5, (C) Tceal7, and (D) Scml4. For the analysis of EL-EPS and media glucose content (EPS 928 

and HG main effects, respectively) and their interaction effect, the two-way MANOVA was 929 

used. The group comparisons were analyzed with multivariate Tukey´s test. In the figures, the 930 

values are presented as normalized to low glucose (LG) = 1 or high glucose (HG) = 1. N = 3–4 931 

per group. * = P < 0.05 and *** = P < 0.001, respectively. 932 

FIGURE 4. The top ten (A) over- and (B) underrepresented pathways after exercise-like 933 

electrical pulse stimulation (EL-EPS, EPS in the figure) on the C2C12 myotubes. The 934 

bioinformatic gene set enrichment analysis (GSEA) pathway analyses were conducted by using 935 

Gene Ontology Biological Processes (GOPB) database. Data in the figures is categorized by 936 

normalized enrichment scores (NES) and -Log10 of false discovery rate (FDR) values. Note that 937 

FDR < 0.05 equals >1.3 in -Log10 (FDR) scale and for clarity, the X- and Y-axes do not start at 938 

zero for the plots. Bold = pathway related to contractility and/or muscle structure, italics = 939 
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pathway related to cytokine and other inflammatory responses. N = 5 per group except for a pool 940 

of stimulated vs. non-stimulated (EPS vs. CTRL) comparison, N = 10 per group.   941 

FIGURE 5. The effects of the exercise-like electrical pulse stimulation (EL-EPS, EPS in the 942 

figure) and media glucose content on cytokine and inflammatory signaling as well as on 943 

contractile protein. (A) Phosphorylated NF-κBSer536, (B) phosphorylated STAT3Tyr705 and total 944 

STAT3, (C) CCL2 and (D) myosin heavy chain 1 (MF 20). (E) Representative blots. −, no 945 

stimulation; +, stimulation. In the figures, the values are presented as normalized to low glucose 946 

(LG) = 1 or high glucose (HG) = 1. The two-way MANOVA was used to analyze EL-EPS and 947 

media glucose content effects (EPS and HG main effects, respectively) and their interaction 948 

effect, whereas group comparisons were analyzed with multivariate Tukey’s test. N = 6 per 949 

group.  950 

FIGURE 6. The effects of the exercise-like electrical pulse stimulation (EL-EPS, EPS in the 951 

figure) on the extracellular vesicle (EV) microRNA (miRNA) content. A) Top 10 miRNAs in the 952 

C2C12 cell-derived EVs based on small RNA sequencing. The proportions represent the 953 

percentage of the top 50 miRNAs analyzed. All four groups were pooled for the analysis. B) The 954 

heat map categorization of the EV-derived miRNAs in the pool of the high and low glucose 955 

samples (HG vs. LG, respectively). The dashed line clusters the miRNAs that respond similarly 956 

to the media glucose content. The heat map categorization is based on k-means clustering and the 957 

coloring on the z-scores. The expression of (C) miR-1-3p, (D) miR-206-3p and (E) miR-133a-3p 958 

analyzed by RT-qPCR. The values are presented as normalized to LG or HG = 1. In B, the two-959 

way MANOVA was used to analyze EL-EPS and media glucose content effects (EPS and HG 960 

main effects, respectively) and their interaction effect, whereas group comparisons were 961 

analyzed with multivariate Tukey’s test. In C-D, EPS and HG effects as well as the group 962 

comparisons were conducted using Mann Whitney U-test. In A, N = 20, in B, N = 10 per group 963 

(HG vs. LG) and in C-E, N = 5–6 per group.  964 
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Higher glucose availability augments transcriptional 
responses but not miR-1-3p packing into extracellular 

vesicles in the contracting C2C12 myotubes

CONCLUSION: Independent of glucose availability, myotube contractions 
promote packing of miR-1-3p into extracellular vesicles

thus supporting its´ role as a potential exerkine

± 24h, 1 Hz, 2 ms, 12 V
electrical pulse stimulation

High (4.5 g/l) OR low (1 g/l)
glucose media

miR-1-3p packing into 
extracellular vesicles

 ↑ / ↑

Genes related to 
contractility

 ↑ ↑ / ↑

Genes related to cytokine and 
inflammatory response 

↑ ↑ / ↑
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