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Abstract: Exercise has beneficial effects on human health and is affected by two different pathways;
motoneuron and endocrine. For the advancement of exercise research, in vitro exercise models are
essential. We established two in vitro exercise models using C2C12 myotubes; EPS (electrical pulse
stimulation) for a motoneuron model and clenbuterol, a specific 32 adrenergic receptor agonist,
treatment for an endocrine model. For clenbuterol treatment, we found that Ppargcla was induced
only in low glucose media (1 mg/mL) using a 1-h treatment of 30 ng/mL clenbuterol. Global tran-
scriptional changes of clenbuterol treatment were analyzed by RNA-seq and gene ontology analyses
and indicated that mitogenesis and the PI3K-Akt pathway were enhanced, which is consistent with
the effects of exercise. Cxcll and Cxcl5 were identified as candidate myokines induced by adrenaline.
As for the EPS model, we compared 1 Hz of 1-pulse EPS and 1 Hz of 10-pulse EPS for 24 h and
determined Myh gene expressions. Ten-pulse EPS induced higher Myh2 and Myh7 expression. Global
transcriptional changes of 10-pulse EPS were also analyzed using RNA-seq, and gene ontology
analyses indicated that CaMK signaling and hypertrophy pathways were enhanced, which is also
consistent with the effects of exercise. In this paper, we provided two transcriptome results of in vitro
exercise models and these databases will contribute to advances in exercise research.
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1. Introduction

Exercise has beneficial effects in the prevention and treatment of a number of diseases,
such as metabolic diseases, psychiatric diseases, neurological diseases, cardiovascular
diseases, musculo-skeletal disorders, and cancer [1-4]. Skeletal muscles, which are one of
the major tissues used to perform exercise, are also affected by exercise causing increased
insulin sensitivity, myokine secretion, muscle fiber type shifts, and increased muscle mass.
In particular, mimicking physical exercise, achieved by neuromuscular electrical stimula-
tion, has been shown to improve skeletal muscle regeneration in the elderly [5,6]. During
exercise, motoneuron firing induces intramyofibrillar Ca?* release from the sarcoplasmic
reticulum to trigger muscle contraction through myosin heavy chain ATPase activity, while
systemic conditions, such as increased sympathetic nervous system activity, release of fatty
acids, and glucocorticoid secretion, are changed. These stimuli synergistically or additively
induce transcriptomic activation or repression in skeletal muscles [7-9]. Transcriptomic
modification is classified by the expression patterns of two groups: acute response genes
and slow response genes. Acute response genes are induced shortly after exercise and
this gene induction does not last for a long time. Ppargcla is a well-known acute exercise
induced gene [10]. On the other hand, chronic reactive genes are not induced by a single
bout of exercise; however, once the gene expression is modified, it is maintained for longer
period of time, such as with Myh genes [11].
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Calcium released from the sarcoplasmic reticulum acts as an important transcrip-
tional regulator, which activates calcineurin, a calcium/calmodulin-regulated protein
phosphatase, and CaMK, calcium- and calmodulin-dependent protein kinase. Calcineurin
induces translocation of NFAT proteins to the nucleus and causes transcriptional activation.
The calcineurin-NFAT pathway increases Myh2 expression in fast-type muscles and Myh7
in slow-type muscles. CaMK phosphorylates HDAC (histone deacetylase) to induce nu-
clear export, which complexes with MEF2 proteins to repress MEF2-dependent genes, such
as Myh7. Both calcium-induced transcriptions lead fiber-type shifts to a slow type [12].

Adrenalin secretion is increased during exercise to satisfy the energy demand via
increased heart rate, respiration, glycogenolysis in the liver, and lipolysis in white adipose
tissue. Adrenaline acts through adrenoreceptors, which are found in skeletal muscles,
cardiac muscle, smooth muscle, and the brain [13]. In particular, skeletal muscles express
(32-adrenoceptor, which plays a role in vasodilation and increased contraction velocity
in skeletal muscle, as well as in carbohydrate degradation [14]. Clenbuterol is a specific
agonist of 2-adrenoceptor and is usually used as a bronchodilator for airway obstructive
disorders, such as bronchial asthma and chronic bronchitis; clenbuterol is also an anabolic
steroid, which is a banned drug and has been designated by the World Anti-Doping
Agency (WADA) as being used for doping. Clenbuterol has been shown to induce skeletal
muscle hypertrophy and a type change from a slow to fast muscle type by increasing IGF-1
expression [15-17]. Ppargcla has been shown to also be under the control of clenbuterol in
in vivo treatments [18].

To elucidate the molecular mechanisms of transcriptional regulation of in vivo exercise,
we factored the exercise into muscle contraction induced by motoneuron activity and the
effect of endocrines. As an in vitro muscle contraction model, electrical pulse stimulation
(EPS) has been widely used [19,20]. EPS induces calcium release from the sarcoplasmic
reticulum, therefore EPS enables analysis of calcium signaling in vitro. Global transcrip-
tional analyses of EPS have recently been published by two different groups [21,22]. Both
experiments focused on relatively short-term EPS treatments. In this paper, we performed
global transcriptome analyses of 24 h of continuous EPS treatment as a model of muscle
contraction. In addition, global transcriptional analyses of 1 h of clenbuterol treatment
were also performed as a model of endocrine stimulation.

2. Materials and Methods
2.1. Cell Culture

The C2C12 cell line was obtained from Dr. Shinichiro Hayashi. Mouse C2C12
cells were maintained in Dulbecco’s Modified Eagle’s Medium-high glucose (DMEM)
(4.5 mg/mL) (D6429-500ML, Sigma-Aldrich, St. Louis, MO, USA) containing 10% heat-
inactivated fetal bovine serum (FBS) (10099-141, Thermo Fischer Scientific, Waltham, MA,
USA) and 1% penicillin—streptomycin mixed solution (PS) (26253-84, Nacalai Tesque, Kyoto,
Japan). For the EPS experiments and clenbuterol treatment, cells were seeded at 2 x 10° in
an 8-well cell culture plate (167064, Thermo Fischer Scientific) and grown in DMEM, 10%
FCS, 1% PS in a 5% CO, atmosphere at 37 °C. Two days later, culture medium was replaced
with DMEM containing 2% heat-inactivated horse serum (HS) (16050-122, Thermo Fischer
Scientific) and 1% PS. The medium was changed every two days. Seven days later, the
fully differentiated myotubes were utilized for EPS experiments or clenbuterol treatment.
For clenbuterol treatment, the medium was changed to DMEM-low glucose (1 mg/mL)
(D6046-500ML, Sigma-Aldrich) containing 2% HS, 1% PS and 30 ng/mL clenbuterol (032-
20441, FUJIFILM Wako Pure Chemical, Osaka, Japan). One hour later, cells were lysed
with ISOGEN reagent (319-90211, Nippon Gene, Tokyo, Japan) and stored in a freezer at
—80 °C.

2.2. Electrical Pulse Stimulation (EPS)

EPS experiments were performed with a commercially available C-Dish (CLD8WN,
IonOptix, Westwood, MA, USA), a function generator (FGX-2220, Texio, Kanagawa, Japan)
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and an amplifier (T-HVAO3, Turtle Industry, Ibaraki, Japan). In the EPS experiment, the
medium was changed to DMEM-low glucose (1 mg/mL) containing 2% HS and 1% PS. EPS
was applied with one or ten 20-V, 5 ms electrical pulses at 1 Hz (one pulse per second or
10 continuous pulses per second) for 24 h. EPS-induced muscle contraction was confirmed
using an optical microscope. The cells were lysed with ISOGEN reagent (319-90211, Nippon
Gene) and stored in a freezer at —80 °C.

2.3. RNA Extraction

Total RNA was extracted using ISOGEN Reagent, according to the manufacturer’s
instructions and quantified using a Nanodrop 1000 Spectrophotometer (Thermo Fischer
Scientific); the purity of the resulting RNA was assessed according to the 260 nm /280 nm
ratio.

2.4. Quantitative Real-Time PCR Analysis (qRT-PCR)

A total of 500 ng of total RNA was utilized for reverse transcription to cDNA using
PrimeScript RT Master Mix (RR036A, Takara, Shiga, Japan) according to the manufacturer’s
instruction. qRT-PCR was performed with a StepOneTM Real Time PCR System (Applied
Biosystems, Waltham, MA, USA). The sequences of the used primers are shown in Table 1.
Relative gene expression was normalized with Actb.

Table 1. Sequence of the oligonucleotides for gPCR.

Gene Name

Forward (5'-3') Reverse (5'-3')

Actb
Myh7
Myh2
Myh4
Myhl

Irs2
Nr4al
Nr4a2
Nr4a3

Ppargcla
Il6

Vegfa
Cxcll
Cxcl5

Perl
Slc2al
Actal
Gstal
Gsta4

GGCTGTATTCCCCTCCATCG
AGGGCGACCTCAACGAGAT
ACTTTGGCACTACGGGGAAAC
GCTTGAAAACGAGGTGGAAA
TACTCACGCCAGCTAGACGA
CTGCGTCCTCTCCCAAAGTG
TTGAGTTCGGCAAGCCTACC
GTGTTCAGGCGCAGTATGG
TCAGCCTTTTTGGAGCTGTT
TATGGAGTGACATAGAGTGTGCT
TAGTCCTTCCTACCCCAATTTCC
TCTCTGGGAGAACCCAAATG
CTGGGATTCACCTCAAGAACATC
GTTCCATCTCGCCATTCATGC
CGGATTGTCTATATTTCGGAGCA
CAGTTCGGCTATAACACTGGTG
CCCAAAGCTAACCGGGAGAAG
AAGCCCGTGCTTCACTACTTC
TGATTGCCGTGGCTCCATTTA

CCAGTTGGTAACAATGCCATGT
CAGCAGACTCTGGAGGCTCTIT
CAGCAGCATTTCGATCAGCTC

CCTCCTCAGCCTGTCTCTTG

TGCCTCTTCAGCTCCTCAAT

GGGGTCATGGGCATGTAGC
GTGTACCCGTCCATGAAGGTG

TGGCAGTAATTTCAGTGTTGGT
TGAAGTCGATGCAGGACAAG

CCACTTCAATCCACCCAGAAAG

TTGGTCCTTAGCCACTCCTTC
ATCCACCCACTAGGCAACAG
CAGGGTCAAGGCAAGCCTC
GCGGCTATGACTGAGGAAGG
TGGGCAGTCGAGATGGTGTA
GCCCCCGACAGAGAAGATG
CCAGAATCCAACACGATGCC
GGGCACTTGGTCAAACATCAAA
CAACGAGAAAAGCCTCTCCGT

2.5. RNA-Sequence

Libraries were generated from 1 ug of total RNA using an Illumina TruSeq stranded
mRNA LT Sample Prep Kit (Illumina, San Diego, CA, USA) according to the manufacturer’s
instructions. Each library was sequenced on a Novaseq 6000 (Illumina) with a NovaSeq
6000 S4 Reagent Kit v1.5 (Illumina, San Diego, CA, USA) using 101 base pair end. The
reads were mapped on the mouse genome (mm10) with HISTAT2 and read numbers were
counted by Stringtie. Differentially expressed genes were determined by exactTest using
edgeR after normalization. RNA sequencing data were deposited in the Gene Expression
Omnibus under accession no. GSE183159. Pathway analysis was performed using DAVID
Bioinformatics Resources [23,24] and Ingenuity Pathway Analysis (IPA).
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2.6. Statistical Analysis

All graphs represent mean values &= SD. Unpaired Student’s ¢ tests were used when
the two groups were analyzed. One-way ANOVA were used for three or more groups.

3. Results
3.1. Acute Transcriptional Induction by Clenbuterol Supplementation

To establish an in vitro acute exercise model, we determined the clenbuterol treatment
protocol in C2C12 myotubes. Acute transcriptional induction by exercise was observed
at one hour after exercise [25,26]; therefore, the duration of clenbuterol treatment was
determined to be one hour. Different concentrations of clenbuterol were supplemented and
Nr4a3 gene induction, a stable target of 32-adrenergic signaling in multiple tissues [27], was
examined (Figure 1a). A total of 30 ng/mL clenbuterol significantly and reliably induced
Nr4a3 gene expression; thereafter we used 30 ng/mL of clenbuterol. To evaluate whether
exercise-induced genes were also induced by clenbuterol treatment, Irs2, Nr4a3, Ppargcla,
and 116 were determined at two different glucose concentrations: low glucose (1 mg/mL)
and high glucose (4.5 mg/mL) (Figure 1b). Nr4a3 and II6 expressions were increased
by more than 10-fold, both in low glucose and in high glucose conditions. In contrast,
interestingly, Irs2 and Ppargcla induction was observed only in the low glucose condition.
This result indicated that standard high glucose DMEM media impaired gene induction
by clenbuterol; therefore, we used low glucose DMEM for gene expression analysis. In
fact, the 4.5 mg/mL glucose level was too high compared with physiological blood glucose
concentrations.

Acute aerobic exercise promotes gene expression in skeletal muscle, which does
not last for a day [28]. Thus, we next examined gene expression at different times after
clenbuterol supplementation. Expression levels of Nr4a3, 116, Ppargcla, and Irs2, were
increased significantly within 1 h of clenbuterol supplementation and the expression levels
gradually decreased over time (Figure 1c). These results indicated that the clenbuterol
treatment model was consistent with acute gene response by exercise.

3.2. RNA-Seq Analysis in Clenbuterol-Supplemented Myotubes

To clarify global transcriptional regulation in clenbuterol treatment, clenbuterol-
treated C2C12 myotubes were analyzed using RNA-seq (Figure 2a). Four-hundred-and-two
genes were identified as differentially expressed genes (DEGs) with statistical significance
(exactTest raw p < 0.05) and a fold change greater than 2-fold. We validated nuclear re-
ceptor subfamily 4 group A member 1 (Nr4al), nuclear receptor subfamily 4 group A
member 2 (Nr4a2), vascular endothelial growth factor A (Vegfa), C-X-C motif chemokine
ligand 1 (Cxcl1), C-X-C motif chemokine ligand 5 (Cxcl5), and period circadian regulator 1
(Per1) using qPCR experiments, in which expression levels were greatly increased in the
clenbuterol-supplemented myotubes (Figure 2b). Cxcl1 and Cxcl5 were identified as a new
target of clenbuterol. The enriched pathways are analyzed using the Kyoto Encyclopedia
of Genes and Genomes (KEGG) [29] (Figure 2c) and DIRECT BP (Figure 2d). Adrenaline
is known to activate cAMP signaling, therefore, enrichment of cAMP signaling pathway
by KEGG analysis and by DIRECT BP analysis was consistent. PI3k-Akt signaling, down-
stream of IGF-I, is also important for muscle hypertrophy. It is noted that adrenaline can
regulate circadian rhythm.

3.3. Twenty-Four-Hour Electrical Pulse Stimulation in C2C12 Myotubes Induced Myh7
and Myh?2

Electrical pulse stimulation (EPS) experiments have been performed by several re-
searchers, using slightly different protocols regarding duration, voltage, frequency and
pulse number [19,30-32]. We used the most standard EPS conditions (24-h duration,
20 voltage and 1 Hz frequency) and compared two pulse number conditions; 1 or 10 pulses
(Figure 3). Obvious cell death was observed neither with the 1-pulse condition nor with
the 10-pulse condition. Myh7 gene expression is known to be induced by EPS; therefore,
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we also examined Myh gene expression to evaluate EPS efficiency on transcription. Myh7,
Myh2 and Myhl were significantly induced, both by 1 pulse and 10 pulses, whereas Myh4
was not induced. Comparing the 1-pulse condition with the 10-pulse condition, 10 pulses
induced Myh7 and Myh2 more strongly compared with 1 pulse. We further analyzed global
transcriptional modification via RNA-sequencing.
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Figure 1. Clenbuterol treatment induced acute-exercise-like transcriptional changes. (a) mRNA expression levels of Nr4a3

were determined in C2C12 myotubes supplemented with indicated concentration of clenbuterol for 1 h (n = 3). * p < 0.05,
**** p < 0.0001 compared with untreated C2C12 myotubes; (b) mRNA expression levels of Nr4a3, 116, Irs2 and Ppargcla were
determined in C2C12 myotubes supplemented with 30 ng/mL clenbuterol for 1 h in low glucose or high glucose media
(n = 4/each condition). * p < 0.05, *** p < 0.0001 compared with untreated C2C12 myotubes; (¢) mRNA expression levels
of Nr4a3, 116, Irs2, and Ppargcla were determined in C2C12 myotubes supplemented with 30 ng/mL clenbuterol for an

indicated hour in low glucose media (n = 4/each condition). * p < 0.05, ** p < 0.01, *** p < 0.001 and *** p < 0.0001 compared
with untreated C2C12 myotubes.
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Figure 2. RNA-sequencing analysis revealed clenbuterol-dependent transcription. (a) Volcano plot for RNA-seq data
obtained from C2C12 myotubes treated with 30 ng/mL clenbuterol, low glucose media for 1 h; (b) mRNA expression levels
of Nr4al, Nr4a2, Vegfa, Cxcll, Cxcl5, and Perl were determined in C2C12 myotubes supplemented with 30 ng/mL clenbuterol
for 1 h in low glucose media (1 = 4/each condition). ** p < 0.01, *** p < 0.001 and **** p < 0.0001 compared with untreated
C2C12 myotubes; (c¢) KEGG pathway analysis for clenbuterol-dependent upregulated genes (red) and downregulated genes
(blue). Number of genes in enriched terms are indicated in brackets. (d) Direct BP analysis for clenbuterol-dependent
upregulated genes (red) and downregulated genes (blue). Number of genes in enriched terms are indicated in brackets.

3.4. RNA-Seq Analysis in EPS Myotubes

To clarify global transcriptional regulation with 24-h EPS, EPS-applied C2C12 my-
otubes were analyzed by RNA-seq (Figure 4a). A total of 575 genes were identified as
differentially expressed genes (DEGs) with statistical significance (exactTest raw p < 0.05)
and a fold change more than 2-fold. In addition to Myh7 and Myh2, RNA-seq revealed
that sarcomeric genes, such as Actal and Myom1, were also induced by EPS. Slc2al, which
codes GLUT1 (glucose transporter 1), was also increased, which might contribute to insulin
sensitivity increased by exercise. We validated Gstal, Gsta4, Slc2al, Actal, and Myom2 with
qPCR experiments, in which expression levels were greatly increased in the EPS-applied
myotubes (Figure 4b). Gstal, Gsta4, and Slc2al were identified as new targets of EPS. These
results suggested that EPS increased antioxidant pathway and glucose metabolism. The en-
riched pathways are analyzed by KEGG [29] (Figure 4c) and DIRECT BP (Figure 4d). Both
analyses identified cytokine—cytokine receptor interaction and glutathione metabolism
(Figure 4c).
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Figure 4. RNA-sequencing analysis revealed EPS-dependent transcription. (a) Volcano plot for RNA-seq data obtained
from C2C12 myotubes with 10 pulses at 1 Hz for 24 h; (b) mRNA expression levels of Slc2al, Actal, Myom2, Gstal and
Gsta4 were determined in C2C12 myotubes with10 pulses at 1 Hz for 24 h (n = 4/each condition). * p < 0.05, ** p < 0.01;
(c) KEGG pathway analysis for EPS-dependent upregulated genes (red) and downregulated genes (blue). Number of

genes in enriched terms are indicated in brackets. (d) Direct BP analysis for EPS-dependent upregulated genes (red) and

downregulated genes (blue). Number of genes in enriched terms are indicated in brackets.
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3.5. IPA Analysis

To visualize the results of RNA-seq, we analyzed the RNA-seq of the clenbuterol
experiment and EPS experiment by IPA (Figure 5a,b). IPA indicated that CREBI acts as an
upstream transcription factor to mediate clenbuterol-dependent transcriptional regulation
and mitogenesis, cell cycle progression, and the development of body trunk were induced
(Figure 5a). In the case of EPS experiment, CAMK2D/4 and MEF2D were predicted
to induce cardiac hypertrophy signaling (Figure 5b). These results are consistent with
the importance of CREB1 in adrenaline signaling and the CAMK-MEF2 axis in muscle
contraction.

\ Cell cycl,g!essmn CAWZD . Function
\< // \ARPQFZI /%W1 e /CM“ B cytokine
vg ot | Y

. Transcription regulator
. Transmembrane receptor

. Other

. Disease

V kinase

x Canonical pathway

Exercise
' | '
—Endocrine —Motoneuron —
I Adrenaline I I EPS I
CREB Calcium

Myh genes

Hypertrophy, Mitogenesis Fiber type Shift

(c)

Figure 5. Models of clenbuterol treatment and EPS. (a) Pathway diagram for CREB1 and mitogenesis of clenbuterol
treatment analyzed by IPA; (b) pathway diagram for cardiac hypertrophy of EPS analyzed by IPA; (c) a model of exercise

regulation of acute and slow transcriptional changes.

4. Discussion

In this study, we factored the effect of exercise into motoneuron activity and endocrines
and established two in vitro exercise models for the research of transcription using clen-
buterol treatment and EPS experiments. We analyzed global transcriptional regulation
by RNA-seq in both models. The IPA analyses summarized the RNA-seq results and are
shown in Figure 5a,b. RNA-seq analyses revealed that clenbuterol regulated hypertrophic
effect and mitogenesis pathway and EPS-regulated sarcomeric gene transcription to achieve
fiber type shift (Figure 5c).

Ppargcla and Irs2 are important genes to achieve the effect of exercise, mitogenesis and
insulin/IGF-1 signaling. The induction of Ppargcla and Irs2 by clenbuterol was observed
only in low glucose media (Figure 1). The precise mechanism causing the difference
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between high glucose media and low glucose media is not clear. High glucose concentration
is reported to induce phosphorylation of HDAC5 by CaMKII and nuclear export of HDAC5
in C2C12 myotubes [33]. HDACS is a transcriptional suppresser, therefore nuclear export
of HDACS might be directly or indirectly related with induction of Ppargcla and Irs2 by
clenbuterol. To examine the physiological meaning of the impaired induction of Ppargcla
and Irs2 by adrenaline, diabetic patients or animal models would be useful to test induction
of Ppargcla and Irs2 by exercise in future research.

Exercise affects the whole body through myokines, bioactive molecule secreted from
skeletal muscles, which include Irisin, IGF-I, 116 and so on. EPS was reported to increase
the mRNA expression of 16, Cxcl1, and Cxcl5 in C2C12 myotubes and human primary
myoblasts [31,34]. Consistent with previous reports, our RNA-seq analysis of 24 h EPS
also identified up-regulation of 116, Cxcl1 and Cxcl5. In addition, clenbuterol treatment
surprisingly induced 116, Cxcl1 and Cxcl5 gene expression (Figures 1 and 2). Although the
meaning of the existence of common target genes is not clear, those genes might act as
myokines to inform the other tissues expressing their corresponding receptors about the
occurrence of transcriptional changes in skeletal muscles.

Clenbuterol treatment induced gene expression of Nr4a3, Irs2, and Ppargcla within
1 h, whereas EPS needed longer to induce Myh7 and Myh2 gene expression. The gene
induction speed was different between clenbuterol treatment and EPS. Transcription is
closely related with epigenome, chemical modification without DNA sequence change such
as methylation of DNA, acetylation and methylation of histone proteins and turnover of
histone protein variants. Depending of epigenetic modification, the speed of transcriptional
suppression and activation is different and acetylation of histone responds faster than H3K9
methylation or DNA methylation [35]. The difference of gene induction speed might be
explained from the point of epigenetic regulation. As for epigenetic analysis of exercise,
exercise led to enhanced hypoacetylation of histone 3 lysine 27 [36]. Recently, it was also
reported that chronic exercise training induces histone turnover to histone variant H3.3
and enhanced gene responses to exercise [37]. However, the responsible biological signal
for epigenetic modification is not clear. As another possibility, different sets and number
of transcription factors might explain the difference in transcriptomic responses. It was
reported that CREB/ATF/AP1-, MYC/MAX- and E2F-related transcription factors are
associated with the acute response genes in in vivo exercise and IRF- and STAT-related
transcription factors were associated with chronic response genes [38,39]. For the advanced
molecular mechanistic analyses, our in vitro exercise models would be useful.

In conclusion, exercise effects on transcription are factorized into muscle contraction
and adrenaline stimulation. The transcriptome analyses identified new insights into future
study in the field of muscles.
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