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Abstract: This study investigates the differential gene expression in an immortalized cell
line of mouse skeletal myoblasts (C2C12)-derived myotube cells subjected to hyperther-
mia (40°C) with and without insulin treatment to elucidate the impact of thermal stress
on skeletal muscle physiology. Hyperthermia, which occurs during intense physical ac-
tivity or environmental heat exposure, is known to challenge muscle homeostasis and in-
fluence metabolic function. mRNA sequencing revealed that hyperthermia robustly al-
tered gene expression—upregulating key genes involved in glycolysis, oxidative phos-
phorylation, heat shock response, and apoptosis. These changes are suggestive of an ele-
vated metabolic state and enhanced cellular stress; however, these results remain prelim-
inary without complementary protein or metabolic assays. Notably, insulin treatment
moderated many of the hyperthermia-induced transcriptional alterations, particularly af-
fecting genes linked to glucose uptake and metabolism. Together, these findings provide
hypothesis-generating insights into the interplay between thermal stress and insulin sig-
naling in C2C12 myotubes, and they underscore potential targets for future mechanistic
studies.
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1. Introduction

Maintaining cellular homeostasis is essential for proper physiological function, yet
cells are continually challenged by stressors such as hyperthermia and hormonal fluctua-
tions [1,2]. Hyperthermia—whether due to fever or environmental heat stress—triggers
adaptive responses including the induction of heat shock proteins, metabolic reprogram-
ming, and apoptosis [3-5]. Insulin, a key regulator of glucose metabolism, modulates glu-
cose uptake and energy homeostasis. Although the individual effects of hyperthermia
and insulin have been studied, their combined impact on cellular processes in skeletal
muscle remains poorly understood [6-9].

C2C12 skeletal myoblasts, under prescribed conditions, differentiate and fuse into
multinucleated myotubes, and serve as in vitro models of skeletal muscle cells [10]; C2C12
myotubes are particularly sensitive to both thermal and hormonal signals [11-14]. This
sensitivity makes them an ideal model for investigating how hyperthermia and insulin
interact to influence cellular function. Importantly, understanding this interplay may be
relevant to metabolic disorders such as diabetes, where dysregulated glucose homeostasis
plays a central role [15-23].
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In this study, we employed mRNA sequencing (RNA-seq) to evaluate the acute mo-
lecular responses of C2C12 myotubes subjected to hyperthermia (40°C) with and without
insulin. By identifying key gene networks and pathways modulated under these condi-
tions, our results generate testable hypotheses regarding the molecular mechanisms that
govern energy metabolism and stress responses in C2C12 cells. While our findings high-
light intriguing transcriptional shifts, they also underscore the need for future studies in-
corporating protein-level and functional assays to fully elucidate the cellular outcomes of
combined thermal and insulin stress.

2. Materials and Methods

2.1 Cell Culture

C2C12 myoblast cells were obtained from the American Type Culture Collection
(ATCC) and cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 4.5g/1 glucose
(Corning Cat # 10-013-CV) supplemented with 10% fetal bovine serum (FBS) (Corning,
Cat#:35-011-CV) and 1% penicillin-streptomycin (Corning, Cat# 30-002-CI). Cells were
maintained at 37°C in a humidified atmosphere with 5% CO2. For differentiation, cells
were seeded in 6-well plates and grown to ~80% confluence before switching to differen-
tiation medium (DMEM with 4.5 g/L glucose, 2% horse serum [Corning, Cat #:35-030-CV],
and 1% penicillin-streptomycin). The medium was refreshed every other day until day 8,
when myotube formation was confirmed (Fig. 1).

Figure 1. Myoblasts and myotubes in culture. Representative microphotographs of myoblasts (a),
and myotubes (b). Scale bar 100 micron.

2.2 Hyperthermia and Insulin Treatment

To synchronize the cell cycle and reduce basal metabolic activity, cells were se-
rum-starved overnight in DMEM containing 0.5% FBS. Subsequently, cells were divided
into four groups (n=3 per group) as follows. 1) Control: maintained at 37°C, 2) Hyper-
thermia: exposed to 40°C for 30 minutes, 3) Insulin: treated with 100 nM insulin at 37°C
for 30 minutes (Millipore Sigma, Cat #19278), 4) Combined treatment: exposed to 40°C
with 100 nM insulin for 30 minutes. (Fig. 2). Hyperthermia was achieved by moving the
plated cells from the 37°C incubator and into an incubator with temperature set at 40°C
with 5%CO2 for the prescribed time (30 minutes). The insulin treatment was applied (to
the indicated groups) immediately before placing the cells either back into the 37°C incu-
bator or into the 40°C incubator (hyperthermia). Immediately following treatment, cells
were harvested for RNA extraction.
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84
Figure 2. Experimental Design. Schematic of the four different conditions that were tested. 85
86
87
2.3 RNA Extraction and Sequencing 88

Total RNA was extracted using Direct-zol RNA extraction kit with Tri-reagent (Zymo 89
Research, Cat# R2051) following the reported protocol [24]. RNA quality and concentra- 90
tion were assessed using the Agilent 2100 Bioanalyzer and NanoDrop spectrophotometer. 91
RNA samples from one independent experiment with an RNA integrity number (RIN) 92
above 7.0 were used for library preparation. 93

94

RNA-seq libraries were prepared using the Universal Plus mRNA-Seq kit 95
(NuGEN/Tecan), according to the manufacturer’s protocol. Briefly, mRNA was isolated 96
from total RNA, fragmented, and reverse transcribed to cDNA. Adapters were ligated, 97
and the cDNA was amplified by PCR. The resulting libraries were quantified, pooled, and 98
sequenced on an Illumina NextSeq 2000 platform, targeting an average of 35 million read 99
pairs (70 million paired-end reads) per sample using a paired-end 100 base pair run con- 100

figuration. 101
102

2.4 Bioinformatics and Differential Expression Analysis 103
2.4.1 Quality Control and Alignment 104

Raw sequencing reads were subjected to quality control using FastQC to assess read 105
quality, adapter content, and duplication rates. Low-quality bases and adapter sequences 106
were trimmed using Trim_galore (v4.6) [25], a wrapper for Cutadapt (v4.6) [26]. Reads 107
shorter than 20 nt or with a quality score <20 were excluded from further analysis. The 108
trimmed reads were then aligned to the Mus musculus reference genome (mm10, 109
GRCm38) using TopHat (v2.1.1) [27] and bowtie2 (v2.5.1) [28]. To reduce PCR bias, unique 110
molecular identifiers (UMIs) were appended to the aligned reads using fgbio (v2.2.0) [29] 111
and deduplicated using umi_tools (v1.1.4) [30]. For paired-end data, adapters were also 112
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trimmed using Trim_galore [25] a convenience wrapper for Cutadapt (v4.6) [26]. Addi- 113

tionally, high-quality reads were aligned using STAR aligner. 114
115
2.4.2 Gene Count Normalization 116

Gene counts were generated using the HTSeq.scripts.count (v1.05) [31] in Python 117
(v3.10.13) [32]. Contaminant reads were identified by aligning to the PhiX and hg38 118
(GRCh38) genomes, as well as to ribosomal and mitochondrial RNA sequences from 119
mm10, using bowtie2 (v2.5.1) [28]. File formatting and sorting for downstream analyses 120
were performed with samtools (v1.18) [33]. Quality control reports were generated ateach 121
step using FastQC (v0.12.1) followed by MultiQC (v1.18) [34]. Low expressing genes were 122
removed early in analysis and before normalization using the filterByExpr function in the 123
edgeR package. 124

125

Normalization and differential expression analysis were performed in R (v4.3.2) us- 126

ing the edgeR package (v4.0.12) [35] with the Trimmed Mean of M values (TMM) method 127
[36, 37]. Biological replicates were grouped by identity and the desired contrasts (dis- 128
cussed below), and statistical model were established with the makeContrasts function in 129
edgeR. Dispersion estimates were then recalculated, a quasi-likelihood generalized linear 130
model [38] was fitted, and finally, statistical testing was performed with the contrasts and 131

model previously mentioned. 132
133

2.4.3 Statistical Analysis. 134

A general lineal model was used to determine differential expression across a treat- 135
ment type. These group-wise statistical comparisons were defined as follows: 136
Primary comparisons: 137

e Insulin effect: 37°C vs. 37°C + Ins. 138

e Temperature effect: 37°C vs. 40°C. 139

¢ Combined treatment effect: 37°C vs. 40°C + Ins. 140
Additional comparisons evaluated the temperature effect in the context of insulin 141
(37°C + Ins vs. 40°C + Ins) and the insulin effect at hyperthermia (40°C vs. 40°C + Ins). 142
143

Differentially expressed genes (DEGs) were called using the decideTests() function 144
in limma package for R. Multiple comparisons were corrected for using the Benjamini- 145

Hochberg false discovery rate (FDR) method. An FDR cut off was set at FDR < 0.05. 146
147

2.5 Pathway and Gene Ontology Analysis. 148
Gene Ontology (GO) and KEGG pathway enrichment analyses were performed in R 149

on the DEGs [37,39]. Enrichment was considered significant at an FDR < 0.05. 150
151

3. Results 152
153

3.1. Quality Control 154

Sequencing libraries exhibited high quality, with Phred scores consistently above 155

30, indicating high base call accuracy. Of the three biological samples per group, one bio- 156
logical sample from the control group (which showed significant PCR duplication rates 157
during deduplication) was excluded from further analysis to avoid skewing normaliza- 158
tion and statistical power. The remaining samples demonstrated satisfactory alignment 159
rates to the Mus musculus reference genome (mm10), ranging from 85% to 95%, with min- 160
imal off target alignments that were discarded. 161
162
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3.2. Differential Gene Expression Analysis 163
Principal component analysis (PCA) identified two primary components that ac- 164
count for 50.48% and 13.01%, respectively (Supplementary fig. S1a). Pair-wise plotting of 165
sample scores revealed that the first component predominantly separated the 40°C sam- 166
ples, which clustered tightly together, whereas the control (37°C) samples and those re- 167
ceiving insulin treatment were more dispersed (Supplementary fig. S1b). 168
Transcriptome-wide analysis showed distinct expression trends across primary 169
comparisons (Fig. 3a); notably, hyperthermia alone resulted in a more dispersed pattern 170
with an increased number of downregulated genes (Fig. 3b). 171
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Figure 3. Volcano plots showing the differentially expressed genes between different 173
comparisons. a) Volcano plots show transcriptome wide differentially expressed genes between 174
control (37°C) and hyperthermia (40°C, without and with insulin). b) Volcano plots show 175
transcriptome wide differentially expressed genes in balancing comparisons. Blue indicates 176
downregulated genes, red indicates upregulated genes. Biological replicates: n=2 for 37°C group, 177

and n=3 for all other groups. 178

Hyperthermia (40°C) induced widespread transcriptional changes, with 1772 genes 179
upregulated and 2517 downregulated relative to the control (37°C) (Table 1). Many altered 180
genes are involved in glucose metabolism, stress responses, and apoptosis. For example, 181
downregulation of Errfil, Fos, and Egr, suggests reduced proliferative and adaptive 182
signaling under thermal stress (Table 2), whereas upregulation of Txnip indicates a shift 183
toward managing oxidative stress and modulating glucose utilization (Table 2). 184
Additionally, glycolytic enzymes such as Gapdh, Tpil, and Pfkl were differentially 185
expressed (Table 3), and several electron transport chain components (e.g., Ndufal, 186
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Coxbal, Atp5mc3, Atpbmk, Atp5pb, Atpbmg, Atp5flb, Atp5fld, and Atp5fle) were 187
upregulated (Supplemental data table S1). Hyperthermia also significantly increased 188
expression of reactive oxygen species (ROS) response genes (Sod1, Gpx1, Hmox1) and 189

apoptotic genes (Bok, Trp53, Bbc3) (Supplemental data table S1). 190
191
Table 1. Summary of number of DEGs. 192
37+ Ins 40C 40C+ Ins 40C+ Ins 4oc+ Ins
37C 37C 37C SaC Ins 40C
Up 193 a2 694 136 3795
N.S. 12191 8106 11419 12156 5932
Down 11 2517 282 103 2668
193
Note: N.S. = not significant. Number of DEGs identified for each group-wise statistical 194
comparison. 195
Table 2. Largest magnitude DEGs. 196
37l 40C 40C+ns 40C+1ns 40CH1ns
37C 37C 37C 37C+ns 40C
logfFC  FDR logFC FDR logFC FDR logFC FDR logFC  FDR

Arc 231 0.0000° 0.25 0.4140 3.67 0.0000° 1.36 0.0000° 3.43 0.0000"

Duspl 0.66  0.0000" -0.65 0.0000" -0.78 0.0000" -1.44 0.0000" -0.14  0.1208

Dynltla 220  0.4080 255 0.0729 0.05 0.9855 -2.15 0.3285 -2.49 0.0248"

Egrl 2.97  0.0000" -0.57 0.0002° 2.78  0.0000" -0.19 0.3285 3.34  0.0000"

Egr2 2.73  0.0000° -0.06 0.7184 2.87 0.0000° 0.14 0.4984 2.93 0.0000"

Egr3 1.15  0.0000" -1.30 0.0000" 1.71 0.0000" 0.56 0.0037" 3.01 0.0000"

Errfil 2.22  0.0000° -1.07 0.0000° 1.82 0.0000 -0.40 0.0011 2.89 0.0000"

Fos 2.88  0.0000" -0.58 0.0099" 2.05 0.0000" -0.83 0.0000" 2.63 0.0000"

Gm10532 -0.29 0.7474 -3.80 0.0000 -0.30 0.6124 -0.01 0.9942 3.50 0.0000"

sml15441 029  0.3729 1.26  0.0000" 2.21  0.0000° 1.91 0.0000° 0.95 0.0000"

Ter2 251  0.0000° 0.14 0.2545 2.19 0.0000" -0.32 0.0193° 2.05 0.0000"

Mir5114  -0.17  0.8928 -3.59 0.0002" -0.22 0.7882 -0.05 0.9778 3.38 0.0001"

Txnip 0.30 0.0493" 1.57 0.0000° 2.19 0.0000° 1.90 0.0000° 0.62 0.0000" 197
Note: FC: fold-change; FDR: false discovery rate. Values in bold(*) indicate the genes selected as 198
significant from the corresponding comparisons. 199
Table 3 . Glycolysis pathway genes. 200

gl 40C 40CHns 40CHns 40C+os
37C 37C 37C 37C+t1ns 40C
logFC FDR logFC FDR logFC FDR logFC FDR logFC FDR

Aldoa -0.07 0.7323 0.20 0.0506 -0.17 0.1941 -0.09 0.6938 -0.37 0.0003"

Enol -0.06  0.7550 0.12  0.1790 -0.08 0.4906 -0.02 0.9413 -0.20 0.0093"
Enolb -0.15 04038 0.06 0.5506 -0.21 0.0767 -0.06 0.8083 -0.27 0.0019"
Eno2 0.05 0.8182 -0.06 0.5546 -0.03 0.8347 -0.09 0.7206 0.03 0.7409

Eno3 -0.12  0.5872 0.19 0.0707 -0.23 0.0872 -0.11 0.6205 -0.42 0.0001"

Gapdh  -0.10 0.5995 0.27 0.0097" -0.13 0.2889 -0.03 0.9299 -0.40 0.0001"

Gnpdal -0.06 0.8399 0.11 0.4255 -0.02 0.9155 0.04 0.9378 -0.13 0.2235

Gnpda2 0.22 05590 0.27 0.1687 0.31 0.2055 0.08 0.8864 0.04 0.8273

Gpil -0.10  0.5665 0.14 0.1191 -0.10 0.4225 0.01 0.9827 -0.24 0.0035"

Pfkl -0.11  0.5724 -0.37 0.0009" -0.49 0.0001" -0.38 0.0011" -0.12  0.1415

Pgaml -0.01 0.9827 0.03 0.7714 -0.12 0.3132 -0.12 0.5245 -0.15 0.0519

Pgkl -0.03  0.8623 0.09 0.2320 -0.11 0.2857 -0.08 0.6757 -0.21 0.0041"

Pkm -0.07 0.7277 0.12 0.1960 -0.09 0.4372 -0.03 0.9335 -0.21 0.0081"

Tpil -0.08 0.6780 0.25 0.0097" -0.12 0.2865 -0.05 0.8635 -0.37 0.0001"

201
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Note: FC: fold-change; FDR: false discovery rate. Values in bold(*) indicate the genes selected as 202

significant from the corresponding group-wise comparisons. 203

Insulin treatment alone (37°C + Ins vs. 37°C) resulted in 204 differentially 204
expressed genes (193 upregulated, 11 downregulated) (Table 1). A cluster of insulin- 205
responsive genes (including Egr1, Errfill, Fos, Egr2 and Ier2) was highly significant 206
(Table 2); notably, Fos, Egrl, and Errfil were downregulated in the hyperthermia (40°C) 207
condition compared to control (37°C), while Arc was significantly increased. In 208
addition, pro-apoptotic genes Bok and Bbc3 were decreased. 209

The combined treatment (40°C + Ins vs. 37°C) led to 976 differentially expressed 210
genes (694 upregulated and 282 downregulated) (Table 1). In this condition, the two most 211
downregulated genes (GM10532 and Mir5114) were no longer differentially expressed, 212
whereas insulin-responsive genes such as Egr1, Egr2, and ler2 remained altered (Table 2). 213
The Arc gene was notably upregulated (3.67FC). Balancing comparisons further revealed 214
that insulin treatment in the context of hyperthermia (40°C vs. 40°C + Ins) increased the 215
expression of numerous glycolytic pathway genes (Table 3), and that the increase in 216
temperature in the presence of insulin (37°C + Ins vs. 40°C + Ins) mitigated some gene 217
expression differences (Tables 2 and 3). Among all genes, Txnip consistently showed 218
significant upregulation across comparisons, with a synergistic effect observed when 219
insulin and hyperthermia were combined (40°C: +1.57 log FC; 40°C + Ins: +2.19 log FC). 220

221
3.3. Analysis of Shared DEGs. 222

Analysis of shared differentially expressed genes (DEGs) across conditions revealed 223
that the 37°C vs. 40°C + Ins comparison had the highest number of overlapping DEGs (Fig. 224
4a). The overlap of downregulated genes was similarly dominated first by changes inin- 225

sulin status and then by temperature (Fig. 4b). 226
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Figure 4. Overlap between comparisons. Upset plots showing the numbers of upregulated (a) and 228
downregulated (b) DEGs shared across the five comparisons. The commonalities between 229

comparisons are distinguished by changes in insulin status (purple and green) and temperature 230

status (pink and orange). 231
232
3.4. Transcriptome-Wide Pathway Analysis 233

GO and KEGG pathway analyses of the primary comparisons identified the top 20 234
significantly affected networks (Fig. 5) [39]. Hyperthermia upregulated networks in- 235
volved in protein synthesis and turnover (e.g., ribosome, proteasome, RNA polymerase, 236
protein processing in the endoplasmic reticulum, spliceosome, and protein export) as well 237
as energy metabolism (e.g., oxidative phosphorylation, thermogenesis, citrate cycle, mi- 238
tophagy, pyruvate metabolism, and carbon metabolism). In contrast, networks related to 239
cell adhesion, tight junctions, and cytoskeletal regulation were downregulated. Notably, 240
pathways such as insulin signaling, inositol phosphate metabolism, and several prolifer- 241
ation-related pathways (ErbB, Hippo, and growth hormone signaling) were also down- 242
regulated. The addition of insulin (40°C + Ins) largely abolished the temperature-induced 243
changes, with the combined treatment clustering more closely with insulin-only profiles; 244
for instance, networks involved in oxidative phosphorylation, thermogenesis, and ribo- 245

some function were significantly downregulated compared to hyperthermia alone. 246
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Figure 5. Significantly enriched KEGG Pathway Terms. Heatmaps showing the top 20 most 248

significantly affected networks for (a) upregulated and (b) downregulated genes. 249
250

3.5. Targeted Gene Expression Analysis. 251
To elucidate mechanistic insights, we focused on specific gene networks related to 252
glucose transport, metabolism, and apoptosis. 253
254

3.5.1 Glucose Import Network. 255

Gene expression profiles were strongly influenced by insulin status, with control 256
samples clustering closer to insulin-treated samples (Supplementary fig. S2). Under hy- 257

perthermia (40°C), genes involved in GLUT4 translocation (such as Rab4b, Gsk3a, Rtn2, 258
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and Aspcrl) were upregulated; however, this effect was largely reversed in the 40°C +
Ins condition, suggesting that insulin restores these genes toward baseline levels.

3.5.2 Glucose Metabolism Network.

Hyperthermia alone caused distinct clustering with upregulation of genes like
Madh1, Bad, and Hmgb1, while key genes such as Sorbs1 (important for GLUT4-mediated
glucose uptake) were markedly downregulated (Supplementary fig. S3). Insulin treat-
ment in the hyperthermia context reversed or mitigated these expression changes.

3.5.3 Apoptosis Network.

Consistent with the global analysis, hyperthermia induced significant upregulation
of pro-apoptosis genes (Bok, Bbc3, Trp53, Sirt2, Ptgis, and Gperl) (Supplementary fig. 54).
The addition of insulin reversed many of these changes, underscoring its protective role
against heat-induced apoptotic signaling.

Overall, these targeted analyses indicate that insulin counterbalances the
detrimental transcriptional effects of hyperthermia on glucose metabolism and apoptosis.

3.6. Gene Ontology Analysis

GO network analysis [37,40] was performed on DEGs (Fig. 9). Under hyperthermia
(37°C vs. 40°C), genes involved in cellular respiration, mitochondrial ATP synthesis cou-
pled to electron transport, and response to reactive oxygen species were upregulated,
along with the heat response network. Networks related to autophagy and apoptosis ex-
hibited both up- and downregulation. With the addition of insulin (37°C vs. 37°C+Ins and
37°C vs. 40°C+Ins), the apoptotic process network was further upregulated, and blood
vessel morphogenesis (which was downregulated under hyperthermia alone) was al-
tered. Overall, these analyses support that insulin mitigates many of the transcriptional
changes induced by hyperthermia, particularly those related to energy metabolism and

stress response.
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Figure 9. Significantly Enriched GO: Biological Function Pathway Terms. GO terms and pathway

enrichment analysis based on upregulated (a) or downregulated (b) networks.
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4. Discussion 289

290

Since their establishment by Yaffe and Saxel [10], C2C12 cells have been widely used 291

as an in vitro model for skeletal muscle research. Our study demonstrates that acute hy- 292
perthermia induces robust transcriptional changes in C2C12 myotubes, affecting a broad 293
range of metabolic, stress, and apoptotic pathways. Hyperthermia (40°C) significantly up- 294
regulated genes involved in glycolysis, oxidative phosphorylation, reactive oxygen spe- 295
cies (ROS) response, and apoptosis. For instance, upregulation of genes such as Bad, 296
Clgtnf3, Gapdh, Tpil, Hmgbl, Mdh2, Mdh1, and Trp53 suggests that cells respond to heat 297
stress by increasing glycolytic flux and activating stress-induced apoptotic signals [41-49]. 298
Concurrent downregulation of genes essential for normal metabolic function, including 299
Sorbs1 and Atp6-ps [50-54], further indicates that hyperthermia disrupts cellular energy 300
regulation. 301
302

Importantly, our data reveal that the introduction of insulin during hyperthermia 303
substantially alters this transcriptional landscape. While hyperthermia alone triggered a 304
broad, nonspecific stress response, insulin appears to selectively modulate these effects. 305
For example, the combined treatment (40°C + Ins) led to a significant reduction in the 306
expression of several pro-apoptotic genes (e.g., Bok and Bbc3) compared to hyperthermia 307
alone, and maintained or enhanced the expression of insulin-responsive genes such as 308
Egrl, Egr2, and ler2 (Table 2). The Arc gene, which has been implicated in anti-apoptotic 309
processes through its interaction with caspases [55], was also markedly upregulated when 310
insulin was added, suggesting that insulin confers a protective effect against hyperther- 311
mia-induced cellular damage. 312
313

Targeted gene expression analyses provide further insight into the mechanisms by 314
which insulin modulates hyperthermia responses. In the glucose import network, hyper- 315
thermia upregulated genes critical for GLUT4 translocation (e.g., Rab4b, Gsk3a, Rtn2, and 316
Aspcrl) [56-58], yet these changes were largely reversed by insulin, returning expression 317
profiles closer to control levels (Fig. 6). Similarly, in the glucose metabolism network, in- 318
sulin treatment mitigated the hyperthermia-induced upregulation of genes such as Mdh1, 319
Bad, and Hmgb1, and prevented the marked downregulation of key genes like Sorbs1 (Fig. 320
7). These observations suggest that insulin may help restore metabolic balance under ther- 321
mal stress by fine-tuning the expression of genes involved in both energy production and 322
glucose uptake. 323
324

In addition, the global pathway analyses indicate that while hyperthermia upregu- 325
lates networks associated with protein synthesis, turnover, and energy metabolism (e.g., 326
oxidative phosphorylation, thermogenesis, and the citrate cycle), the addition of insulin 327
shifts the overall network profile. Insulin mitigates these broad changes, downregulating 328
pathways that were highly activated by heat stress alone (such as those related to oxida- 329
tive phosphorylation and thermogenesis) and thereby potentially reducing cellular dam- 330
age (Figs. 5 and 9). This shift implies a protective role for insulin, as it not only enhances 331
glucose uptake but also helps balance the cellular energy state and reduce excessive stress 332
responses. 333
334

In a study by Liu and Brooks (2012) [59], exposing C2C12 myotubes to mild heat 335
stress (1 h at 40°C) led to a robust induction of mitochondrial biogenesis, as evidenced by 336
rapid AMPK activation, increased SIRT1 and PGC-1a expression, and an elevated mito- 337
chondrial DNA copy number, effects that were most prominent 24 hours after treatment, 338


https://doi.org/10.1101/2025.03.26.644592
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.26.644592; this version posted March 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

and further enhanced with repeated exposures over five days. In contrast, our study fo- 339
cused on the acute transcriptional response immediately following a 30-minute hyper- 340
thermia exposure. We observed significant alterations in genes involved in glycolysis, ox- 341
idative phosphorylation, and stress responses, with insulin treatment modulating many 342
of these hyperthermia-induced changes. Although our investigation captured early mo- 343
lecular events, the findings by Liu and Brooks suggest that longer recovery periods or 344
repeated heat treatments are critical for fully manifesting the mitochondrial biogenesis 345
program. Together, these complementary studies underscore how the timing and dura- 346
tion of thermal stress are key factors in determining the extent of cellular adaptation in 347
skeletal muscle cells. 348
349

Collectively, these findings suggest that insulin exerts a dual function under hyper- 350
thermic conditions: it acts as a targeted modulator that both counterbalances detrimental 351
transcriptional changes and supports metabolic regulation. Such a modulatory effect may 352
be particularly relevant in physiological and pathological contexts, such as in metabolic = 353
disorders where insulin sensitivity is compromised [15-23]. These observations rely on 354
changes in mRNA expression which do not directly reflect the expression level of the en- 355
coded proteins and their expected function, therefore further experiments to evaluate the 356
results at the protein level are required. Also, because our conclusions are based solely 357
on acute transcriptomic data following a 30-minute intervention, further studies incorpo- 358
rating time-course analyses, along with gene and protein validation experiments (QPCR 359
and Western blot) are required to fully understand the effect of these interventions. In this 360
pilot study, one biological replicate of the control group was excluded during quality con- 361
trol analysis, with only 2 samples remaining for further downstream analysis, therefore 362
future experiments should include higher numbers of biological replicates to account for 363
potential exclusion at the stage of quality control analysis. While our observations point 364
to the plausible hypothesis that hyperthermia had an impact on metabolic activity and 365
apoptosis, with increase on energy demands, more experiments are required to support 366
this hypothesis, including assays to evaluate protein abundance, glucose metabolism, in- 367
flammation and cell survival. 368
369

Since their establishment by Yaffe and Saxel [10], C2C12 cells have been widely used 370

as an in vitro model for skeletal muscle research. Their ease of culture, reproducibility, 371
and well-characterized differentiation process have made them a standard model system 372
despite their tetraploid karyotype. It is important to note that our study was conducted 373
using C2C12 myotubes in an in vitro setting. As such, the cellular responses observed here 374
do not fully recapitulate the complex interactions that occur in vivo, where multiple cell 375
types—including endothelial cells, immune cells, and stromal elements—contribute to 376
physiological outcomes such as vasodilation and systemic inflammatory responses fol- 377
lowing heat exposure. Future studies employing animal models or human tissue samples 378

will be essential to validate these findings in the context of whole-organism physiology. 379
380
5. Conclusions 381
382

This study provides comprehensive insights into the acute transcriptional responses 383
of C2C12 myotubes to hyperthermia and insulin treatment. Hyperthermia at 40°C in- 384
duced significant metabolic adjustments, activated oxidative stress responses, and in- 385
creased the expression of pro-apoptotic genes, reflecting the challenges of maintaining 386
cellular homeostasis under thermal stress. Notably, the addition of insulin moderated 387
many of these detrimental effects by enhancing glucose metabolism and reducing stress 388
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and apoptotic signaling. Although these results are preliminary and based solely on tran- 389
scriptomic data, they lay the groundwork for future mechanistic studies that will incor- 390
porate protein-level and functional validations to further define the interplay between 391

thermal stress and insulin signaling in skeletal muscle. 392
393
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