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ABSTRACT
Background. Physical exercise is a health promotion factor regulating gene expression
and causing changes in phenotype, varying according to exercise type and intensity.
Acute strenuous exercise in sedentary individuals appears to induce different transcrip-
tional networks in response to stress caused by exercise. The objective of this research
was to investigate the transcriptional profile of strenuous experimental exercise.
Methodology. RNA-Seq was performed with Rattus norvegicus soleus muscle, submit-
ted to strenuous physical exercise on a treadmill with an initial velocity of 0.5 km/h
and increments of 0.2 km/h at every 3 min until animal exhaustion. Twenty four hours
post-physical exercise, RNA-seq protocols were performed with coverage of 30 million
reads per sample, 100 pb read length, paired-end, with a list of counts totaling 12816
genes.
Results. Eighty differentially expressed genes (61 down-regulated and 19 up-regulated)
were obtained. Reactome and KEGG database searches revealed the most significant
pathways, for down-regulated gene set, were: PI3K-Akt signaling pathway, RAF-MAP
kinase, P2Y receptors and Signaling by Erbb2. Results suggest PI3K-AKT pathway
inactivation by Hbegf, Fgf1 and Fgr3 receptor regulation, leading to inhibition of
cell proliferation and increased apoptosis. Cell signaling transcription networks were
found in transcriptome. Results suggest some metabolic pathways which indicate the
conditioning situation of strenuous exercise induced genes encoding apoptotic and
autophagy factors, indicating cellular stress.
Conclusion. Down-regulated networks showed cell transduction and signaling path-
ways, with possible inhibition of cellular proliferation and cell degeneration. These
findings reveal transitory and dynamic process in cell signaling transcription networks
in skeletal muscle after acute strenuous exercise.
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INTRODUCTION
Physical exercise acts as stressing agent on skeletalmuscle, promotingmolecular adaptations
which depend on the intensity and type of the exercise accomplished (Egan & Zierath,
2013). Strenuous exercise has been studied specially due to the intense muscular energetic
demands. Intensive sessions of acute exercise may induce positive metabolic adaptations
(Zychowska et al., 2017) and improvement of cognitive capacity (Dinoff et al., 2017).
However, in sedentary individuals or during intensive training applied without an adequate
recovering period, such sessions may cause inflammation, oxidative cellular damage,
protein degradation and even muscular lesion (Peake, Nosaka & Suzuki, 2005; Baumert et
al., 2016;Mohamed, Lamya & Hamda, 2016).

There are many factors involved in the physiology of the skeletal muscle in response
to the stress caused by acute exercise such as expression of genes, proteins, activation of
signaling cascades and other processes (Egan et al., 2013; Pacheco et al., 2018). Regulation
of gene expression and activation of specific metabolic pathways are fundamental for
skeletal muscle remodeling (MacNeil et al., 2010; Keller et al., 2011) and its been studied in
different time periods, which may be hours or days, in order to identify cellular adaptations
occurring between the inflammatory process and muscular recovery (Paulsen et al., 2012;
Gjevestad, Holven & Ulven, 2015).

In this respect, post-genomic approaches have been used in the subject of exercise
physiology (Sapp et al., 2017; McGee & Walder, 2017; Fu et al., 2019). Previous molecular
evaluations characterized some ‘omic’ features from physical exercise, such as differentially
expressed genes (DEGs). In a previous study we found 743 up regulated genes and 530
down regulated gene in different intensities and types of exercises, with some gene clusters
connected by regulating nets (Pacheco et al., 2018). In a previous study with exhausting
exercise model for rats in an adapted treadmill we evaluated the expression of pro-oxidizing
and anti-oxidizing enzymes in the muscle. A period of 24 h, after the strenuous exercise
session, seemed to produce a response of acute phase of gene transcription. The results
showed attenuation of the oxidative stress and intensification in expression of gene
PPARGC1α, as well as oxidative defense adaptations and differential gene expression
according to the type of muscular fiber (Alves et al., 2020). However, that and other studies
of gene expression (Alves et al., 2020; Neubauer et al., 2014) did not evaluate the complete
transcriptional response in the muscle after exhausting exercise, but instead only some
specific genes.

In the present study we propose a far-reaching evaluation of the gene expression caused
by the exhausting exercise in the skeletal muscle from rats, 24 h after the exercise, in
order to investigate the global transcriptional response in the structural and functional
remodeling of the skeletal muscle. Based on a transcriptomic assay (RNA-seq), we show
some metabolic pathways affected and some candidate genes responsible for the muscular
stress induced by the strenuous exercise.
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METHODS
Animal experiments
The study was approved by the Ethics for Animal Use Committee of the State University
of Ceará—UECE (protocol number: 1592060/2014). Eight 2-months old male Wistar rats
with average weight of 220–280 g, provided by the vivarium of the Superior Institute of
Biomedical Sciences at UECE, were used. Animals were kept in cycles of light/dark (12
h/12 h), in a controlled temperature (22–25 ◦C) environment, with water and feed ad
libitum. Animal refusal to physical activity was used as a criterion for pre-exclusions.
None of the animals were excluded or euthanized before completing the experiments, only
after the experiment animals were euthanized. All animal experiments were performed in
accordance with the Guidelines from the National Council for Animal Experimentation
Control from Brazil.

Strenuous acute exercise
The study comprised two experimental groups: Control group (C) and Trained group
(T). Both C and T were familiarized in an adapted treadmill (INBRAMED-Porto Alegre,
Brasil) for two weeks during the nocturnal period. Acclimation conditions were completed
in 5 days/week: 1st week: 0.4 km/h, 5 min and 2nd week: 0.4 km/h, 10 min. Animals in
the control treatment were submitted only to the acclimation period. This session was
used for the animal familiarization to the experimental environmental conditions and to
minimize the stress created by the exercise protocol (Kregel et al., 2006). After two weeks
of adaptation, only the trained group (T) performed a single strenuous exercise session,
also nocturnal period, consisting in 3 min running stages with constant load, with initial
velocity at 0.3 km/h and 0.2 km/h increments between stages until the animals reached
physical exhaustion, a period determined by the animal refusal to continue exercise and
loss of limb coordination (Teixeira et al., 2012). An indicator of strenuous exercises is the
occurrence of fatigue with ceric lactate accumulation. Our previous study demonstrated
that a strenuous exercise session, with a protocol established by our study group, increases
lactate levels in the animals (Alves et al., 2020).

Euthanasia and tissue collection
All animals, groupC and T, were euthanized with Thiopental sodium (150mg/kg) 24 h after
the exhaustive exercise session. Samples of soleus muscle were desiccated and immediately
immersed in RNA stabilizing solution (RNAlater—RNA Stabilization Reagent/ QIAGEN,
Hilden, Germany), following recommendations by the manufacturers. Stabilized samples
were conditioned at −80 ◦C. Muscle samples were used for gene expression analyses by
RNA-seq and RT-qPCR.

Sequencing
RNA extraction and quantification
Extraction of total RNA was achieved with TRIzol R© (Thermo Fisher Scientific/Mas-
sachusetts, EUA) and RNeasy Plus Mini Kit R© (QIAGEN) following recommendations
and specifications by manufactures. Integrity of the RNA in the samples was
evaluated by capillary electrophoresis, using the Agilent 2100 Bioanalyzer System (Agilent
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Tecnologies/Santa Clara, CA, EUA). Quality of the extracted RNA was verified by the RNA
integrity number (RIN). All samples demonstrated integral 18S and 28S bands. RNA
concentrations obtained in the samples were of 466.6 ± 21.7 ng/µL and the 28S/18S ratio
was of 1.4 ± 0.02. The RIN values obtained were 8.1 ± 0.14. Samples satisfied RNA quality
and integrity requirements for sequencing.

cDNA libraries and sequencing
cDNA libraries were built with Ilumina TruSeq Kit (kits/truseq-rna-v2.html). Sequencing
was performed using the Illumina HiSEQ 2500 Platform (Illumina, San Diego, CA, EUA).
Sequencing coverage was of 30 million reads per sample, with 100bp paired-end sequenced
reads.

RT-qPCR
In order to validate gene expression results generated by RNA-seq analyses, six genes
involved in muscle oxidative metabolism were submitted to relative expression analyses
by RT-qPCR. Selected genes were: Nox2, Nox4, Sod1, Sod2, Mstn and Cic. Gene expression
quantitative analysis was performed using the Bio-Rad CFX96 system (Bio-Rad, CA,
EUA). Assays were performed in duplicate using 2µL of previously synthetized cDNA,
adding to the mix a reaction of 10µL of Power SYBR Green (Life technologies, CA, EUA),
6.8µL ultra-pure water (Life Technologies, CA, EUA) and 0.6 µL (300 nM) of each primer
(forward and reverse) (Supplemental Material Fig. S1_Validation of RNA-seq by RT-qPCR
https://doi.org/10.6084/m9.figshare.9738203.v2).

Bioinformatics analyses
Processing RNA-seq sequences obtained
Sequenced read quality was evaluated using FastQC v0.11.4 adopting standard
parameters (Andrews, 2010). Removal of adaptors and filtration of low-quality sequences
were performed with Trim Galore v0.4.1 (Martin & Wang, 2011) and Cutadapt
v1.8.3 (Krueger, 2015). The sequencing data showed in the present study have been
submitted to the National Center for Biotechnology Information’s Sequence Read Archive
(SRA) and are accessible through BioProject PRJNA557195.

Mapping with reference genome
After low quality sequences were removed, reads sequences were mapped with reference
genome (Rno 4.0) using TopHat v2.1.0 (Trapnell, Pachter & Salzberg, 2009) following
-G ref_genes.gtf parameters. Genome version used was Rno 4.0 with transcriptome
version dated 27/01/2011, both obtained in the UCSC Genome Browser (https:
//genome.ucsc.edu/). Sequence ordination was performed with Samtools v1.7 (Li et al.,
2009) and the resulting files were used as inputs to estimate transcript relative abundance.

Transcripts identification and quantification
Reads sequences, previously selected with the required quality, were mapped with non-
redundant reference transcriptome, to estimate the abundance of transcripts and isoforms
using TopHat standard parameters. Transcript quantification for each identified gene was
performed using HTSeq v0.11.0 (Anders, Pyl & Huber, 2015). Ambiguous and chimeric
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read sequences were not computed, beyond that, sequences were quantified with MAPQ
(Mapping quality score) alignment above 10. These analyses generated a table with all the
identified genes and its respective mean expression values for each sample, and this was
the input for differential gene expression analyses.

Differential gene expression analyses
Gene expression analyses were completed with EBseq v 1.22.1 (Leng et al., 2013) package
in R (Version 3.5). The transcript quantification data was evaluated following Fold change
≥ 1.4, p≤ 0.05 and FDR ≤ 0.05 parameters.

Gene ontology and enrichment
The set of differentially expressed genes was analyzed for gene ontology enrichment
and identification of the metabolic pathways affected, with Database for Annotation,
Visualization and Integrated Discovery—DAVID platform, version 6.9 (Huang, Sherman
& Lempicki, 2009). DEGs were analyzed in three Gene Ontology—GO (Mi et al., 2017)
categories: molecular function (MF), cellular component (CC) and biological process (BP).
Metabolic pathway analysis was performed using the Kyoto Encyclopedia of Genes and
Genomes—KEGG (Kanehisa et al., 2012), Reactome (Fabregat et al., 2018) with DAVID
Functional Annotation Tool, parameters: count genes ≥ 2, EASE (Modified Fisher Exact
p-value for gene-enrichment analysis): 0.1, p≤ 0.05. The gene set was separated into two
subsets, up- and down-regulated, for gene ontology and enrichment analyses.

RESULTS
Differential expressed genes (DEGs)
Differential expressed genes (DEGs) after acute strenuous exercise in soleus muscle of rats
were obtained following the parameters: FC≥ 1.4, FDR≤ 0.05 and p≤ 0.05. A heat map of
80 resulting DEGs with 19 up-regulated and 61 down-regulated genes was obtained (Fig. 1),
with log2fc values from 0.14 to 2.59. The most significant differential expression values are
showed in Top20 DEGs (Table 1). Up-regulated expressive DEGs were: Chac1 (log2fc 1.37),
Asic2 (1.36), Hes2 (1.11), Loc500300 (1.04) and Ky (0.90), while down-regulated DEGs
included Lhx9 (log2fc −2.79),Wdr72 (−2.40), LOC500035 (−2.04),Gsc2 (−1.84) andDlg2
(−1.68). Transcription factors observed in the Top 80 DEGs set were Creg1 (log2fc 0.52),
Ppargc1b (0.53), Klf16 (0.61), Hes2 (1.11), all up-regulated, and Lhx9 (−2.79), Mettl21c
(−1.45) andCxcr4 (−0.53), down-regulated factors (Supplemental Material Table S1_TOP
80DEGs https://doi.org/10.6084/m9.figshare.9738278.v2).

Ontology and enrichment
Gene Ontology of the top 80 DEGs was categorized in three categories: biological process
(BP), cellular component (CC), and molecular function (MF). The DEGs were classified
into 38 categories of the R. norvegicus genome. About 21 GO terms were related to
down-regulated genes and 17 to up-regulated genes (Fig. 2A). The up-regulated DEGs
revealed the terms: cell surface (eight genes), cell junction (six), ionotropic glutamatergic
receptor complex (two), and others, totaling six terms for 16 non-redundant genes. In the
category of biological process, the most enriched terms were: protein ubiquitination (five),
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Figure 1 Heatmap of 80 DEGs expression patterns in acute strenuous exercise from rat soleus muscle.
Comparison of gene expression profiles between control (C1–C6) and trained (T1–T6) groups. For each
gene, the relative values of gene expression are represented by the blue and red tones, where blue indicates
less expression (down regulated—61 genes) and red greater expression (up regulated—19 genes).

Full-size DOI: 10.7717/peerj.10500/fig-1

peptidyl-tyrosine phosphorylation (three), germ cell migration (two), positive regulation
of cell proliferation (two), and positive regulation of cytosolic calcium ion concentration
involved in phospholipase C-activating G-protein coupled signaling pathway (two), 8 terms
were identified for 14 non-redundant genes. Themolecular function was represented by the
following terms: lysophosphatidic acid receptor activity (two genes), protein tyrosine kinase
activity (three), PDZ domain binding (three), ubiquitin-protein transferase activity (four),
WW domain binding (two), and ATPase activity (two), with a total of seven terms for
17 non-redundant genes. (Supplemental Material Table S2_Complete Gene Ontology for
functional classification of DEGs: https://doi.org/10.6084/m9.figshare.9738290.v3).

Metabolic pathways identification
The main pathways enriched for the down-regulated gene pool, according to the Reactome
Database were: PIP3 activated AKT signaling (three genes), FGFR3b ligand binding and
activation (two), P2Y receptors (two), Phospholipase C-mediated cascade FGFR3 (two),
FGFR3c ligand binding and activation (two), RAF/MAP kinase cascade (three), SHC-
mediated cascade FGFR3 (two), Negative regulation of FGFR3 signaling (two), PI-3K
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Table 1 Top 20 differentially expressed genes after strenuous acute exercise in soleus muscle in rats. The genes with the highest fold change val-
ues (≥1.4) expressed after strenuous acute exercise in soleus muscle in rats, presented by log2FC, 10 up regulated and 10 down regulated.

Symbol Ensembl Gene log2fc

Up-regulated genes
Chac1 ENSRNOG00000014387 ChaC glutathione-specific gamma-glutamyl cyclo

transferase 1
1.38

Asic2 ENSRNOG00000058308 Acid sensingion channel subunit 2 1.37
Hes2 ENSRNOG00000010490 Hes family b HLH transcription factor 2 1.11
Deep1 ENSRNOG00000023465 DEPP1, autophagy regulator 1.05
Ky ENSRNOG00000008210 Kyphoscoliosis peptidase 0.90
Kcna5 ENSRNOG00000019719 Potassium voltage-gated channel subfamily A member 5 0.89
Cacng7 ENSRNOG00000056257 Calcium voltage-gated channel auxiliary subunit gamma 7 0.71
Adra2b ENSRNOG00000013887 Adrenoceptor alpha 2B 0.64
Klf16 ENSRNOG00000033694 Kruppel-likefactor 16 0.61
Dnase1l3 ENSRNOG00000009291 Deoxyribonuclease 1-like 3 0.59

Down-regulated genes
Lhx9 ENSRNOG00000010357 LIM homeobox 9 −2.79
Wdr72 ENSRNOG00000054889 WD repeat domain 72 −2.40
LOC500035 ENSRNOG00000031207 Hypothetical protein LOC500035 −2.04
Gsc2 ENSRNOG00000000282 Goose coid homeobox 2 −1.85
Dlg2 ENSRNOG00000022635 Discs large MAGUK scaffold protein 2 −1.68
LOC500350 ENSRNOG00000030158 LRRGT00139 −1.65
Cdkn3 ENSRNOG00000009785 Cyclin-dependent kinase inhibitor 3 −1.54
Sdsl ENSRNOG00000001391 Serine dehydratase-like −1.48
Mettl21c ENSRNOG00000011591 Methyltransferaselike 21C −1.45
Tex12 ENSRNOG00000049470 Testis expressed 12 −1.36

cascade FGFR3 (two), Signaling by ERBB2 (two), FRS-mediated FGFR3 signaling (two),
and PI3K Cascade (two), in a total of 12 pathways and six non-redundant genes.

The most significant pathways in the KEGG database for the down-regulated gene
set (Fig. 2B), were: PI3K-Akt signaling pathway (number of genes: six), pathways in
cancer (six), Neuroactive ligand–receptor interaction (four), and estrogen signaling
pathway (three), in a total of 4 pathways and 10 non-redundant genes.

The most significant metabolic pathway for the down-regulated gene pool was the
PI3K-Akt signaling pathway, inferred by the KEGG and also by the Reactome databases,
with a total of seven non-redundant genes (Lpar4, Fgfr3, Fgf1, Lpar6, Hsp90aa1, Creb5,
and Hbegf).

(Supplemental Material Table S3_Metabolic pathways obtained by Reactome and KEGG
databases for DEGs https://doi.org/10.6084/m9.figshare.9738422.v1). This results shows
that 23.33% of the enriched DEGs were related to this specific metabolic pathway, with the
−log10 (pvalue) value of 2.5 (Fig. 2B).

Metabolic pathway interactome
The resulting metabolic interactome pathway interconnected by the Reactome database
were: PIP3 activates AKT signaling, FGFR3b ligand binding and activation, FGFR3c
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Figure 2 (A) GO Term. Functional classification of DEGs for the Gene Ontology categories. (B) Path-
ways. The most significant metabolic pathways identified by KEGG and Reactome. (A) GO Term The
80 DEGs, divided into up and down regulated, were evaluated according to the 3 GO categories: Biology
process, Cellular component and Molecular function. (B) Pathways. The most significant metabolic path-
ways, for the 80 DEGs, were identified by KEGG and Reactome, through DAVID, with the parameters:
count ≥2, EASE: 0.1, p≤ 0.05, presented by−log 10 (p value).

Full-size DOI: 10.7717/peerj.10500/fig-2

ligand binding and activation, PI3K Cascade, PI-3K cascade, FGFR3, Phospholipase
C-mediated cascade - FGFR3, SHC-mediated cascade, FGFR3, Negative regulation of
FGFR3 signaling, FRS-mediated FGFR3 signaling (Fig. 3). This set of pathways triggers the
activation/inactivation of the Phosphatidylinositol 3-kinase (PI3K)/Akt super-path.

Signal transduction pathway for the down-regulated set was found to be the most
enriched super-path, represented by the following paths: PI3K-Akt signaling pathway,
RAF/MAP kinase cascade, P2Y receptors and signaling by ERBB2. Enrichment analysis
revealed that signal transduction pathways were the most affected by exercise.

DISCUSSION
The molecular mechanisms involved in the physiological adaptations of the skeletal
muscle as a response to exercise are being considerably investigated in the last years.
Many studies have evaluated the levels of gene expression in the skeletal muscle under
different types of training and intensities of exercise (Egan & Zierath, 2013; Pacheco et al.,
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Figure 3 Interaction of metabolic pathways. The most significant metabolic pathways interconnected
by the Reactome. (A) The most significant metabolic pathways, and linked by the Reactome, had genes in
common indicating a possible inactivation of the PI3K/Akt pathway. The points represent the number of
genes involved in the pathway, the color of the point indicates the p adjust value and the edges indicate the
interaction between the pathways. (B) The most significant metabolic pathways with p adjust value.

Full-size DOI: 10.7717/peerj.10500/fig-3

2018; Vissing & Schjerling, 2014). Levels of gene expression after acute exercise session
regulate the respective content of proteins in the skeletal muscle (Egan et al., 2013; Perry
et al., 2010) and that gene and protein expression varies with time, from hours to days.
Acute exercise sessions activate signaling cascades and a transitory gene expression in the
following hours after the exercise (Alves et al., 2020;Hoppeler, Klossner & Flück, 2007; Louis
et al., 2007). Such transitory transcriptional response may activate mechanisms of cellular
stress (Perry et al., 2010; Yu et al., 2003; Pawlikowski et al., 2017) and cause events similar
to inflammation in the muscle, few hours after exercise (Paulsen et al., 2012; Neubauer
et al., 2014; Tidball & Villalta, 2010). However, the studies mentioned evaluated the gene
expression in themuscle, after acute exercise, via genomicmicroarrays or RT-PCR, limiting
the quantity and specificity of evaluated genes and does not show an ample transcriptional
response. As far as we know, a complete transcriptome (RNA-seq) of the soleous muscle
in rats 24 h after strenuous exercise session in treadmill has not been evaluated yet. The
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molecular aspects involved in the stress responses caused by an acute exercise session are
not yet completely resolved. In the present work, we evaluate the complete transcriptional
response of the skeletal muscle from rat 24 h after a session of strenuous exercise.

Cell response occurred mainly through signal transduction pathways: PI3K–AKT
signaling pathway, Sinaling by Erbb2, RAF-MAP kinase and P2Y receptors. In addition,
the Top20 DEGs comprehended genes associated with cellular stress induced by strenuous
exercise.

PI3K-AKT signaling pathway
A Gene Set Enrichment Analysis revealed the super pathway of PI3K–AKT signaling
pathway as the most significant, with 5 interconnected pathways (Fig. 3) and 3 genes in
common, Fgf1 (log2fc −0.81), Fgr3 (−0.55) and Hbegf (−0.97), both down regulated.
These genes codify growth factors activating PI3k-Akt, Erbb2 and RAF-MAP kinase
pathways. The skeletal muscle, as well as pancreas and adipose tissue, are involved in
signaling of Fgfs genes. Different from the linking properties of the majority of Fgfs, the
Fgf1 is able to link to isoforms ’b’ and ’c’ of proteins Fgfr1, Fgfr2, Fgfr3 and Fgfr4 (Goetz &
Mohammadi, 2013; Yablonka-Reuveni et al., 2015). In our study, isoforms of genes Fgfr3b
and Fgfr3c were detected, this seems to be a rare transcriptional profile of intracellular
signaling in the muscle, once previous studies (Pawlikowski et al., 2017) showed the adult
skeletal muscle tissue expresses only moderated levels of gene Fgfr1 in very low levels or
even undetectable form the other subunits of Fgfrs. Inhibition of expression of genes Fgf1
and Fgr3 was followed by the low expression of genes PI3k (log2fc:−0.39) and Akt (−0.2).
Consequently the inactivation of the PI3k-Akt way increases the levels of expression of
apoptotic genes, such as Bcl2 (log2fc: 0.15) and Casp 9 (0.22), both also detected in our
study. These findings suggest the inactivation of the PI3K-AKT way, regulated by the low
expression of genes Fgf1 and the receptor Fgr3, which may contribute to inhibit cellular
proliferation and increase apoptosis in response to the stress caused by the strenuous
exercise session.

Sinaling by Errb2
Another gene codifying a growth factor inhibited by the exhausting exercise was Hbegf
(Heparin-biding EGF-like growth factor). Pathways related with this gene are PIP3 activates
AKT signaling (R-RNO-1257604), RAF/MAP kinase cascade (R-RNO-5673001) and
Signaling by Erbb2 (R-RNO-1227986). The skeletalmuscle from rodents and adult humans,
expresses the receptors ErbB2, ErbB3 and ErbB4 for member of the family EGF. Hbegf links
to the receptor ErbB4 and induces its phosphorylation, activating the Phosphoinosithide
3-kinase, a component of the Akt signaling pathway. In addition, muscular contraction
activates gene ErbB4, as well as the protein Akt (Jin et al., 2005; Citri, Kochupurakkal &
Yarden, 2004).

These observations suggest Hbegf links to ErbBs in the cellular surface, therefore,
activates the Phosphoinosithide 3-kinase-Akt signaling pathway. The study of Fukatsu
et al. (2009), has demonstrated that moderated aerobic exercise increases expression
levels of gene Hbegf in the soleous muscle of trained rats. However, our results show
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that, after an strenuous exercise session, the levels of Hbegf expression significantly
reduced (log2fc −0.97), implying in more than one cell growth factor inhibited, which
consequently generated a response of inactivation of PI3K-Akt and RAF-MAP kinase
pathways. Nevertheless, is not yet totally clarified how the protein HBEGF contributes in
muscular metabolism (Fukatsu et al., 2009).

RAF-MAP kinase cascade
Physical exercise activates the pathway of RAF-MAP kinase in the muscle, culminating in
cellular proliferation and muscular regeneration (Rothfels, 2015). However, the reaction
cascade, until phosphorylation of proteins ERKs and MEKs, increases in a dependent
manner with the intensity of exercise (Widegren et al., 2000). Long-term resistance exercise
may increase phosphorylation of MAPK3 and MAPK1 (ERK 1 and 2) of the skeletal
muscle (Lim & Kim, 2020) and acute exercise activates main MAPK subfamilies in human
muscle (Egan et al., 2013). In our model of strenuous exercise this pathway seems to be
also inhibited by the low expression of genes Fgf1, Fgfr3 and Hbegf.

Purinergic signaling
The strenuous exercise session also reduces the expression levels of genes Lpar4 and Lpar6.
Purinergic receptors in the skeletal muscular system, expressed by satellite cells, may act in
muscular excitability during intense exercises, as well as in the differentiation and repair of
muscular cells (Burnstock, Arnett & Orriss, 2013). Positive regulation of Na+/K+/ATPase
activity during muscular action seems to be associated with the stimulating effect of the
adenosine 5′-diphosphate (ADP), acting through receptors P2Y (Walas & Juel, 2012).
Signaling via P2Y1 receptors to increase the activity of the Na+/K+ pump, improves force
and excitability of the depolarized skeletal muscle, which may be important to maintain
excitability during intense exercises (Broch-Lips, Pedersen & Nielsen, 2010). Extensive
research is under development to find modulator of P2Y receptors and to discover their
physiological roles (Le Duc et al., 2017). The results showed in the present study suggest a
negative regulation of the purineric signaling, showing that even 24 h after the exhausting
exercise session, the metabolism activates pathways associated to cellular stress.

Autophagy and apoptosis regulation genes
Gene Chac1 (Chac glutathione-specific gamma-glutamylcyclotransferase 1, RGD ID
1307153, log2fc 1.37), showed the highest value of fold change and is associated to the
apoptosis process induced by stress. Genes Depp1 (autophagy regulator, RGD ID 1565700,
log2fc 1.04) and Dnase1l3 (deoxyrribonuclease 1-like 3, RGD ID 620669, log2fc 0.59)
are associated to autophagy regulation factors and linkage to damaged DNA, inducing
apoptosis. Salcher et al. (2017) showed the protein coded by the gene Depp1 is located in
the peroxisomes andmitochondria in the cells and interferes in the detoxification by reactive
oxygen species (ROS), acting as a regulator of autophagy.Under conditions of cellular stress,
high levels of cellular ROS contribute to induce autophagy. However, the detailedmolecular
mechanisms inducing autophagy via ROS are yet not fully comprehended (Filomeni, De
Zio & Cecconi, 2015). In view of these findings and our results in the present study, gene
Depp1 may be a candidate to response to cellular stress induced by strenuous exercises.
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Figure 4 Transcriptional metabolic characterization model of PI3K-Akt/Erbb2/RAF-MAP kinase
pathways. Signaling of the PI3K-Akt/Erbb2/RAF-MAP kinase pathways. The expression levels of the Fgf1,
Hbegf, Fgr3, Lpar4, Lpar6 (blue-down regulated) and Dnase1 | 3, Depp 1 (back-up regulated) genes sug-
gest an inhibition of cell proliferation and activation of apoptotic factors generated by stress caused by ex-
ercise. The other genes shown in the figure were detected in the sequencing, but did not show significant
fold change values.

Full-size DOI: 10.7717/peerj.10500/fig-4

The gene Dnase1l3 encodes one endonuclese Ca2+/Mg2+ dependent, which catalyzes
the cleavage of the single or double strand DNA andmay have a role in DNA fragmentation
in the apoptotic process. Some studies show that, immediately after exercise, the damage
level to the DNA is not changed; this damage may appear hours or days after exercise (Niess
et al., 1998).

The transcriptome of the soleous muscle, in general, revealed a moment of cellular
response induced by the acute exhausting exercise. Results suggest some metabolic
pathways signaling cellular stress induced by exercise and the simultaneous activation
of genes which code apoptotic and autophagy factors, in addition to the inactivation of
metabolic pathways which inhibit apoptosis and regulate cellular proliferation, as can be
observed in Fig. 4. Such findings reveal a transitory and dynamic response in the cellular
signaling transduction networks of the skeletal muscle after acute strenuous exercise.

Model of metabolic transcriptional characterization of the pathways
PI3K-Akt/Erbb2/RAF-MAP/P2Y receptors
Summarizing the features of discussion, the transcriptional pattern of the main DEGs and
metabolic pathways affected by the exhausting exercise, are represented in Fig. 4.

Limitations of the study
Our study evaluated a specific period of the transcriptional response in the skeletal muscle
of rats, 24 h after the strenuous exercise session in the treadmill. Other time periods were
not considered; therefore this study does not reflect adequately all important alterations
in the muscle transcriptome after acute exercise. Therefore, complementary analyses, with
different time intervals need to be investigated in the future.
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Despite the limited number of samples analyzed, the selected tool for gene expression
analysis EBseq (Leng et al., 2013) is one of the five best performing tools, among 11 software
analyzed (Schurch et al., 2016), preserving the false positive rate (FPR) near or lower that
5%, independently form the limit of fold change or the number of biological replicates,
therefore being reliable for experiments with less than 12 samples.

To validate RNA-Seq results, some genes were selected for gene expression analysis
via qRT-PCR. Results show RNA-Seq data are reliable and accurate. Still, using the same
samples for RNA-Seq and qRT-PCR studies may have reduced the robustness of the results.
Consequently, a new set of samples is required to replicate the genic expression data in
future studies.

CONCLUSIONS
Our findings aimed to elucidate the transcriptome of strenuous acute exercise in rat soleus
muscle, implicating in a variety of dynamic cell processes. Networks obtained in gene
set enrichment analyses predict strong links to cell transduction and signaling pathways,
with negative regulation of cellular proliferation and cell degeneration. Apoptosis, DNA
degradation and autophagy were the most notable predicted effects after strenuous acute
exercise. These findings suggest a new point of view about strenuous acute exercise
implications, allowing a physiological comprehension from molecular results.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was funded by CAPES (Coordination for the Improvement of Higher Education
Personnel), CNPq (National Council for Scientific and Technological Development) and
FUNCAP (Cearense Foundation for Scientific and Technological Development Support).
The funders had no role in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
CAPES (Coordination for the Improvement of Higher Education Personnel).
CNPq (National Council for Scientific and Technological Development).
FUNCAP (Cearense Foundation for Scientific and Technological Development Support).

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Stela Mirla da Silva Felipe and Emanuel Diego dos Santos Penha conceived and designed
the experiments, performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the paper, and approved the final draft.

Felipe et al. (2021), PeerJ, DOI 10.7717/peerj.10500 13/18

https://peerj.com
http://dx.doi.org/10.7717/peerj.10500


• Raquel Martins de Freitas conceived and designed the experiments, performed the
experiments, analyzed the data, authored or reviewed drafts of the paper, and approved
the final draft.
• Christina Pacheco and Denise P. Carvalho conceived and designed the experiments,
authored or reviewed drafts of the paper, and approved the final draft.
• Danilo Lopes Martins analyzed the data, prepared figures and/or tables, authored or
reviewed drafts of the paper, and approved the final draft.
• Juliana Osório Alves, Paula Matias Soares, Adriano César Carneiro Loureiro and Alex
Soares Marreiros Ferraz performed the experiments, authored or reviewed drafts of the
paper, and approved the final draft.
• Tanes Lima and Leonardo R. Silveira performed the experiments, analyzed the data,
authored or reviewed drafts of the paper, and approved the final draft.
• Jorge Estefano Santana de Souza conceived and designed the experiments, analyzed
the data, prepared figures and/or tables, authored or reviewed drafts of the paper, and
approved the final draft.
• Jose Henrique Leal-Cardoso analyzed the data, authored or reviewed drafts of the paper,
and approved the final draft.
• Vania Marilande Ceccatto conceived and designed the experiments, performed the
experiments, prepared figures and/or tables, authored or reviewed drafts of the paper,
and approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

The study was approved by the Ethics for Animal Use Committee of the State University
of Ceará–UECE, with protocol number: 1592060/2014.

Data Availability
The following information was supplied regarding data availability:

The sequencing data is available at SRA: PRJNA557195.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.10500#supplemental-information.

REFERENCES
Alves JO, Pereira LM,Monteiro ICCDR, Dos Santos LHP, Ferraz ASM, Loureiro ACC,

Lima CC, Leal-Cardoso JH, Carvalho DP, Fortunato RS, Ceccatto VM. 2020.
Strenuous acute exercise induces slow and fast twitch-dependent NADPH oxidase
expression in rat skeletal muscle. Antioxidants 9(1):57 DOI 10.3390/antiox9010057.

Anders S, Pyl PT, HuberW. 2015.HTSeq-A python framework to work with high-
throughput sequencing data. Bioinformatics 31:166–169
DOI 10.1093/bioinformatics/btu638.

Felipe et al. (2021), PeerJ, DOI 10.7717/peerj.10500 14/18

https://peerj.com
http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA557195
http://dx.doi.org/10.7717/peerj.10500#supplemental-information
http://dx.doi.org/10.7717/peerj.10500#supplemental-information
http://dx.doi.org/10.3390/antiox9010057
http://dx.doi.org/10.1093/bioinformatics/btu638
http://dx.doi.org/10.7717/peerj.10500


Andrews S. 2010. FastQC a quality control tool for high throughput sequence data.
Available at https://www.bioinformatics.babraham.ac.uk/projects/ fastqc/ (accessed
on 06 January 2018).

Baumert P, LakeMJ, Stewart CE, Drust B, Erskine RM. 2016.Genetic variation and
exercise-induced muscle damage: implications for athletic performance, injury and
ageing. Berlin Heidelberg: Springer.

Broch-Lips M, Pedersen TH, Nielsen OB. 2010. Effect of purinergic receptor activation
on Na+-K+ pump activity, excitability, and function in depolarized skeletal muscle.
American Journal of Physiology 298:1438–1444 DOI 10.1152/ajpcell.00361.2009.

Burnstock G, Arnett TR, Orriss IR. 2013. Purinergic signalling in the musculoskeletal
system. Purinergic Signalling 9:541–572 DOI 10.1007/s11302-013-9381-4.

Citri A, Kochupurakkal BS, Yarden Y. 2004. The Achilles heel of ErbB-2/HER2:
regulation by the Hsp90 chaperone machine and potential for pharmacological
intervention. Cell Cycle 3:50–59 DOI 10.4161/cc.3.1.607.

Dinoff A, Herrmann N, SwardfagerW, Lanctôt KL. 2017. The effect of acute exercise on
blood concentrations of brain-derived neurotrophic factor in healthy adults: a meta-
analysis. European Journal of Neuroscience 46:1635–1646 DOI 10.1111/ejn.13603.

Egan B, O’Connor PL, Zierath JR, O’Gorman DJ. 2013. Time course analysis re-
veals gene-specific transcript and protein kinetics of adaptation to short-term
aerobic exercise training in human skeletal muscle. PLOS ONE 8(9):e74098
DOI 10.1371/journal.pone.0074098.

Egan B, Zierath JR. 2013. Exercise metabolism and the molecular regulation of skeletal
muscle adaptation. Cell Metabolism 17:162–184 DOI 10.1016/j.cmet.2012.12.012.

Fabregat A, Jupe S, Matthews L, Sidiropoulos K, Gillespie M, Garapati P, Haw R, Jassal
B, Korninger F, May B, Milacic M, Roca CD, Rothfels K, Sevilla C, Shamovsky
V, Shorser S, Varusai T, Viteri G,Weiser J, Wu G, Stein L, Hermjakob H,
D’Eustachio P. 2018. The reactome pathway knowledgebase. Nucleic Acids Research
46:D649–D655 DOI 10.1093/nar/gkx1132.

Filomeni G, De Zio D, Cecconi F. 2015. Oxidative stress and autophagy: the clash
between damage and metabolic needs. Cell Death and Differentiation 22:377–388
DOI 10.1038/cdd.2014.150.

Fu S, Meng Y, Lin S, ZhangW, He Y, Huang L, Du H. 2019. Transcriptomic responses of
hypothalamus to acute exercise in type 2 diabetic Goto-Kakizaki rats. PeerJ 7:e7743
DOI 10.7717/peerj.7743.

Fukatsu Y, Noguchi T, Hosooka T, Ogura T, Kotani K, Abe T, Shibakusa T, Inoue
K, Sakai M, Tobimatsu K, Inagaki K, Yoshioka T, MatsuoM, Nakae J, Matsuki
Y, Hiramatsu R, Kaku K, Okamura H, Fushiki T, KasugaM. 2009.Muscle-
specific overexpression of heparin-binding epidermal growth factor-like growth
factor increases peripheral glucose disposal and insulin sensitivity. Endocrinology
150:2683–2691 DOI 10.1210/en.2008-1647.

Gjevestad GO, Holven KB, Ulven SM. 2015. Effects of exercise on gene expression of
inflammatory markers in human peripheral blood cells: a systematic review. Current
Cardiovascular Risk Reports 9(7):1–17 DOI 10.1007/s12170-015-0463-4.

Felipe et al. (2021), PeerJ, DOI 10.7717/peerj.10500 15/18

https://peerj.com
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://dx.doi.org/10.1152/ajpcell.00361.2009
http://dx.doi.org/10.1007/s11302-013-9381-4
http://dx.doi.org/10.4161/cc.3.1.607
http://dx.doi.org/10.1111/ejn.13603
http://dx.doi.org/10.1371/journal.pone.0074098
http://dx.doi.org/10.1016/j.cmet.2012.12.012
http://dx.doi.org/10.1093/nar/gkx1132
http://dx.doi.org/10.1038/cdd.2014.150
http://dx.doi.org/10.7717/peerj.7743
http://dx.doi.org/10.1210/en.2008-1647
http://dx.doi.org/10.1007/s12170-015-0463-4
http://dx.doi.org/10.7717/peerj.10500


Goetz R, Mohammadi M. 2013. Exploring mechanisms of FGF signalling through
the lens of structural biology. Nature Reviews Molecular Cell Biology 14:166–180
DOI 10.1038/nrm3528.

Hoppeler H, Klossner S, FlückM. 2007. Chapter 19 Gene expression in working skeletal
muscle Phenotypic Plasticity of Muscle Structure and. 245–254.

Huang DW, Sherman BT, Lempicki RA. 2009. Systematic and integrative analysis of
large gene lists using DAVID bioinformatics resources. Nature Protocols 4:44–57
DOI 10.1038/nprot.2008.211.

Jin K, Mao XO, Del Rio Guerra G, Jin L, Greenberg DA. 2005.Heparin-binding
epidermal growth factor-like growth factor stimulates cell proliferation in cerebral
cortical cultures through phosphatidylinositol 3′-kinase and mitogen-activated
protein kinase. Journal of Neuroscience Research 81:497–505
DOI 10.1002/jnr.20510.

Kanehisa M, Goto S, Sato Y, Furumichi M, TanabeM. 2012. KEGG for integration and
interpretation of large-scale molecular data sets. Nucleic Acids Research 40:109–114
DOI 10.1093/nar/gkr988.

Keller P, Vollaard NBJ, Gustafsson T, Gallagher IJ, Sundberg CJ, Rankinen T, Britton
SL, Bouchard C, Koch LG, Timmons JA. 2011. A transcriptional map of the impact
of endurance exercise training on skeletal muscle phenotype. Journal of Applied
Physiology 110:46–59 DOI 10.1152/japplphysiol.00634.2010.

Kregel KC, Allen DL, Booth FW, Fleshner MR, Henriksen EJ, Musch TI, O’Leary DS,
Parks CM, Poole DC, Ra’anan AW, Sheriff DD, Tooth LA. 2006. Resource book for
the design of animal exercise protocols.

Krueger FG. 2015. A wrapper tool around Cutadapt and FastQC to consistently apply
quality and adapter trimming to FastQ files. Available at https://www.bioinformatics.
babraham.ac.uk/projects/ trim_galore/ (accessed on 07 January 2019).

Le Duc D, Schulz A, Lede V, Schulze A, Thor D, Brüser A, Schöneberg T. 2017.
P2Y receptors in immune response and inflammation. Advances in Immunology
136:85–121 DOI 10.1016/bs.ai.2017.05.006.

Leng N, Dawson JA, Thomson JA, Ruotti V, Rissman AI, Smits BMG, Haag JD, Gould
MN, Stewart RM, Kendziorski C. 2013. EBSeq: An empirical Bayes hierarchical
model for inference in RNA-seq experiments. Bioinformatics 29:1035–1043
DOI 10.1093/bioinformatics/btt087.

Li H, Handsaker B,Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G,
Durbin R. 2009. The sequence alignment/map format and SAMtools.

Lim C-H, Kim C-K. 2020. Effect of acute low-load high-repetition resistance exercise on
protein synthetic signaling pathway and satellite cell activation in skeletal muscle of
rats. Exercise Science 29:77–85 DOI 10.15857/ksep.2020.29.1.77.

Louis E, Raue U, Yang Y, Jemiolo B, Trappe S. 2007. Time course of proteolytic,
cytokine, and myostatin gene expression after acute exercise in human skeletal
muscle. Journal of Applied Physiology 103:1744–1751
DOI 10.1152/japplphysiol.00679.2007.

Felipe et al. (2021), PeerJ, DOI 10.7717/peerj.10500 16/18

https://peerj.com
http://dx.doi.org/10.1038/nrm3528
http://dx.doi.org/10.1038/nprot.2008.211
http://dx.doi.org/10.1002/jnr.20510
http://dx.doi.org/10.1093/nar/gkr988
http://dx.doi.org/10.1152/japplphysiol.00634.2010
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://dx.doi.org/10.1016/bs.ai.2017.05.006
http://dx.doi.org/10.1093/bioinformatics/btt087
http://dx.doi.org/10.15857/ksep.2020.29.1.77
http://dx.doi.org/10.1152/japplphysiol.00679.2007
http://dx.doi.org/10.7717/peerj.10500


MacNeil LG, Melov S, Hubbard AE, Baker SK, TarnopolskyMA. 2010. Eccen-
tric exercise activates novel transcriptional regulation of hypertrophic sig-
naling pathways not affected by hormone changes. PLOS ONE 5(5):e10695
DOI 10.1371/journal.pone.0010695.

Martin JA,Wang Z. 2011. Next-generation transcriptome assembly. Nature Reviews
Genetics 12:671–682 DOI 10.1038/nrg3068.

McGee SL,Walder KR. 2017. Exercise and the skeletal muscle epigenome. Cold Spring
Harbor Perspectives in Medicine 7:1–14 DOI 10.1101/cshperspect.a029876.

MiH, Huang X, Muruganujan A, Tang H, Mills C, Kang D, Thomas PD. 2017. PAN-
THER version 11: expanded annotation data from gene ontology and reactome path-
ways, and data analysis tool enhancements. Nucleic Acids Research 45:D183–D189
DOI 10.1093/nar/gkw1138.

Mohamed S, Lamya N, HamdaM. 2016. Effect of maximal versus supra-maximal
exhausting race on lipid peroxidation, antioxidant activity and muscle-damage
biomarkers in long-distance and middle-distance runners. Asian Journal of Sports
Medicine 7:1–8 DOI 10.5812/asjsm.27902.

Neubauer O, Sabapathy S, Ashton KJ, Desbrow B, Peake JM, Lazarus R,Wessner
B, Cameron-Smith D,Wagner KH, Haseler LJ, Bulmer AC. 2014. Time course-
dependent changes in the transcriptome of human skeletal muscle during recovery
from endurance exercise: From inflammation to adaptive remodeling. Journal of
Applied Physiology 116:274–287 DOI 10.1152/japplphysiol.00909.2013.

Niess AM, BaumannM, Roecker K, Horstmann T, Mayer F, Dickhuth HH. 1998. Effects
of intensive endurance exercise on DNA damage in leucocytes. The Journal of Sports
Medicine and Physical Fitness 38:111–115.

Pacheco C, Felipe SMDS, Soares MMDDC, Alves JO, Soares PM, Leal-Cardoso JH,
Loureiro ACC, Ferraz ASM, De Carvalho DP, Ceccatto VM. 2018. A compendium
of physical exercise-related human genes: an ’omic scale analysis. Biology of Sport
35:3–11 DOI 10.5114/biolsport.2018.70746.

Paulsen G, Mikkelsen UR, Raastad T, Peake JM. 2012. Leucocytes, cytokines and satellite
cells: what role do they play in muscle damage and regeneration following eccentric
exercise? Exercise Immunology Review 18:42–97.

Pawlikowski B, Vogler TO, Gadek K, Olwin BB. 2017. Regulation of skeletal muscle
stem cells by fibroblast growth factors. Developmental Dynamics 246:359–367
DOI 10.1002/dvdy.24495.

Peake J, Nosaka K, Suzuki K. 2005. Characterization of inflammatory responses to
eccentric exercise in humans. Exercise Immunology Review 11:64–85.

Perry CGR, Lally J, Holloway GP, Heigenhauser GJF, Bonen A, Spriet LL. 2010.
Repeated transient mRNA bursts precede increases in transcriptional and mito-
chondrial proteins during training in human skeletal muscle. Journal of Physiology
588:4795–4810 DOI 10.1113/jphysiol.2010.199448.

Rothfels K. 2015. RAF/MAP kinase cascade: reactome. Available at https:// reactome.org/
content/detail/R-HSA-5673001 (accessed on 21 April 2020).

Felipe et al. (2021), PeerJ, DOI 10.7717/peerj.10500 17/18

https://peerj.com
http://dx.doi.org/10.1371/journal.pone.0010695
http://dx.doi.org/10.1038/nrg3068
http://dx.doi.org/10.1101/cshperspect.a029876
http://dx.doi.org/10.1093/nar/gkw1138
http://dx.doi.org/10.5812/asjsm.27902
http://dx.doi.org/10.1152/japplphysiol.00909.2013
http://dx.doi.org/10.5114/biolsport.2018.70746
http://dx.doi.org/10.1002/dvdy.24495
http://dx.doi.org/10.1113/jphysiol.2010.199448
https://reactome.org/content/detail/R-HSA-5673001
https://reactome.org/content/detail/R-HSA-5673001
http://dx.doi.org/10.7717/peerj.10500


Salcher S, HermannM, Kiechl-Kohlendorfer U, Ausserlechner MJ, Obexer P. 2017.
C10ORF10/DEPP-mediated ROS accumulation is a critical modulator of FOXO3-
induced autophagy.Molecular Cancer 16:1–17 DOI 10.1186/s12943-017-0661-4.

Sapp RM, Shill DD, Roth SM, Hagberg JM. 2017. Circulating microRNAs in acute
and chronic exercise: more than mere biomarkers. Journal of Applied Physiology
122:702–717 DOI 10.1152/japplphysiol.00982.2016.

Schurch NJ, Schofield P, Gierliński M, Cole C, Sherstnev A, Singh V,Wrobel N,
Gharbi K, Simpson GG, Owen-Hughes T, Blaxter M, Barton GJ. 2016.How many
biological replicates are needed in an RNA-seq experiment and which differential
expression tool should you use? RNA 22:839–851 DOI 10.1261/rna.053959.115.

Teixeira PSA, Do RegoMonteiro ICC, Lima TI, Dos Santos ACC, Ceccatto VM. 2012.
Prescription of aerobic exercise training based on the incremental load test: a model
of anaerobic threshold for rats. Journal of Exercise Physiology Online 15:45–52.

Tidball JG, Villalta SA. 2010. Regulatory interactions between muscle and the
immune system during muscle regeneration. American Journal of Physiology
298(5):R1173–R1187 DOI 10.1152/ajpregu.00735.2009.

Trapnell C, Pachter L, Salzberg SL. 2009. TopHat: discovering splice junctions with
RNA-Seq. Bioinformatics 25:1105–1111 DOI 10.1093/bioinformatics/btp120.

Vissing K, Schjerling P. 2014. Simplified data access on human skeletal mus-
cle transcriptome responses to differentiated exercise. Scientific Data 1:1–9
DOI 10.1038/sdata.2014.41.

Walas H, Juel C. 2012. Purinergic activation of rat skeletal muscle membranes increases
v max and Na+ affinity of the Na, K-ATPase and phosphorylates phospholemman
and α1 subunits. Pflugers Archiv European Journal of Physiology 463:319–326
DOI 10.1007/s00424-011-1050-2.

Widegren U,Wretman C, Lionikas A, Hedin G, Henriksson J. 2000. Influence of
exercise intensity on ERK/MAP kinase signalling in human skeletal muscle. Pflugers
Archiv European Journal of Physiology 441:317–322 DOI 10.1007/s004240000417.

Yablonka-Reuveni Z, Danoviz ME, Phelps M, Stuelsatz P. 2015.Myogenic-specific
ablation of Fgfr1 impairs FGF2-mediated proliferation of satellite cells at the
myofiber niche but does not abolish the capacity for muscle regeneration. Frontiers
in Aging Neuroscience 7:1–16 DOI 10.3389/fnagi.2015.00085.

YuM, Stepto NK, Chibalin AV, Fryer LGD, Carling D, Krook A, Hawley JA,
Zierath JR. 2003.Metabolic and mitogenic signal transduction in human skele-
tal muscle after intense cycling exercise. Journal of Physiology 546:327–335
DOI 10.1113/jphysiol.2002.034223.

ZychowskaM, Kochanowicz A, Kochanowicz K, Mieszkowski J, Niespodziński B,
Sawczyn S. 2017. Effect of lower and upper body high intensity training on genes
associated with cellular stress response. BioMed Research International 2017:2768546
DOI 10.1155/2017/2768546.

Felipe et al. (2021), PeerJ, DOI 10.7717/peerj.10500 18/18

https://peerj.com
http://dx.doi.org/10.1186/s12943-017-0661-4
http://dx.doi.org/10.1152/japplphysiol.00982.2016
http://dx.doi.org/10.1261/rna.053959.115
http://dx.doi.org/10.1152/ajpregu.00735.2009
http://dx.doi.org/10.1093/bioinformatics/btp120
http://dx.doi.org/10.1038/sdata.2014.41
http://dx.doi.org/10.1007/s00424-011-1050-2
http://dx.doi.org/10.1007/s004240000417
http://dx.doi.org/10.3389/fnagi.2015.00085
http://dx.doi.org/10.1113/jphysiol.2002.034223
http://dx.doi.org/10.1155/2017/2768546
http://dx.doi.org/10.7717/peerj.10500

