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Abstract
Background  Gene expression is an important process underpinning the acute and chronic adaptive response to resistance 
exercise (RE) training.
Purpose  To investigate the effect of training status on vastus lateralis muscle global transcriptome at rest and following 
acute RE.
Methods  Muscle biopsies of nine young men (age: 26(2) years; body mass: 69(9) kg; height 172(6) cm) who undertook 
RE training for 10 weeks were collected pre and 24 h post-RE in the untrained (W1) and trained (W10) states and analysed 
using microarray. Tests of differential expression were conducted for rested and after RE contrasts in both training states. To 
control for false discovery rate (FDR), multiple testing correction was performed at a cut-off of FDR < 0.05.
Results  Unaccustomed RE (at W1) upregulated muscle gene transcripts related to stress (e.g., heat shock proteins), damage 
and inflammation, structural remodelling, protein turnover and increased translational capacity. Trained muscles (at W10) 
showed changes in the transcriptome signature regarding the regulation of energy metabolism, favouring a more oxidative 
one, upregulated antioxidant- and immune-related genes/terms, and gene transcripts related to the cytoskeleton and extracel-
lular matrix, muscle contraction, development and growth.
Conclusions  These results highlight that chronic repetition of RE changes muscle transcriptome response towards a more 
refined response to RE-induced stress.

Keywords  Gene expression · Muscle damage · Muscle protein synthesis · Muscle hypertrophy · Heat shock proteins.

Abbreviations
FDR	� False discovery rate
GO	� Gene ontology
HSP	� Heat shock proteins
mTOR	� Mechanistic target of rapamycin
p70S6K	� p70 Ribosomal S6 kinase
RE	� Resistance exercise
KEGG	� Kyoto Encyclopedia of Genes and Genomes
W1	� Untrained state
W10	� Trained state

Introduction

The transcriptional changes that occur acutely and chroni-
cally with resistance exercise (RE) training have a substantial 
bearing on skeletal muscle adaptations (Gordon et al. 2012; 
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Mackey et al. 2011; Mahoney et al. 2008). Specifically, muscle 
transcriptome affects some of the physiological processes, as 
increases in myofibrillar protein synthesis and muscle com-
ponents remodelling, which may affect RE training-induced 
phenotypic adaptations (Drummond et al. 2009; Gordon et al. 
2012; Lamas et al. 2010; Phillips et al. 2013; Thalacker-Mer-
cer et al. 2013).

Recently, we evaluated RE-induced changes in muscle 
damage, repair, myofibrillar protein synthesis, and muscle 
hypertrophy throughout 10 weeks of RE training (Damas 
et al. 2016b). We demonstrated that the RE-induced increase 
in myofibrillar protein synthesis was attenuated as training 
progressed (Damas et al. 2016b). Further, we detected sig-
nificant strong correlations between the protein synthetic 
response and muscle hypertrophy but only after muscle dam-
age progressively subsided suggesting that the protein syn-
thetic response can be directed towards muscle damage repair 
or muscle hypertrophy, depending on training status (Damas 
et al. 2016b). As the aforementioned intrinsic muscle processes 
respond differently according to training status (Damas et al. 
2016b), assessing baseline and acute changes in global muscle 
transcriptional signature would provide information on clusters 
of genes responsible for muscle tissue adaptation when chroni-
cally exposed to RE loads. Global gene expression in response 
to 8–12 weeks RE training had been previously investigated 
(Gordon et al. 2012; Liu et al. 2010; Raue et al. 2012; Salanova 
et al. 2015). However, there is paucity of data regarding time 
points longer than 4 h into post-RE recovery that are impor-
tant periods for muscle adaptation processes (e.g., repair due 
to damage, inflammation, remodelling). Additionally, to the 
best of our knowledge, no study has conducted a longitudinal 
investigation into global gene expression at rest and after acute 
RE in different training states (untrained and trained states) 
using a uniform population of young men only under normal 
living conditions [i.e., not using disuse models such as ‘bed 
rest’ applied in Salanova et al. (2015)]. A longitudinal study 
of this nature is important as sex and tissue heterogeneity are 
sources of muscle transcriptome variability both at rest and 
following an acute RE (Liu et al. 2010; Raue et al. 2012; Roth 
et al. 2002; Welle et al. 2008).

In the present study, we analysed the global transcriptome 
signature in different training states (i.e., untrained; and at the 
end of a 10-week lower limb RE training: trained) at a rested 
condition and a later time point into recovery, i.e., 24 h after 
RE completion in vastus lateralis muscle biopsies of young 
men.

Methods

Participants

Ten subjects performed all protocols; however, due to poor 
sample quality one subject was removed from the analysis. 
Thus, a total of nine healthy men, with at least 6 months 
without partaking on regular RE but with previous experi-
ence in RE training, were included in the present investiga-
tion ([mean (SD)] age: 26(2) years; body mass: 69(9) kg; 
height 172(6) cm). As inclusionary criteria, participants 
could not use supplements or anti-inflammatory drugs. 
All participants were instructed to refrain from exercis-
ing (such as RE and/or endurance exercise) outside of the 
study for 72 h before the beginning and throughout the 
study and to maintain their normal daily activities and 
nutritional habits. The present study was approved by the 
local Ethic Committee and all participants provided writ-
ten, informed consent prior to participation. All proce-
dures in the present study were conducted in accordance 
with the latest version of the Declaration of Helsinki.

Experimental design

The present study is a part of a larger study previously 
published (Damas et al. 2016b). In short, RE was per-
formed twice-weekly through 10 weeks and involved lower 
limb exercises [six sets (three of 45° leg-press and three of 
leg extension exercises) of 9–12 maximum (to concentric 
failure) repetitions with 90 s rest intervals] (Damas et al. 
2016b). Thus, at evaluation weeks (first and last weeks) 
the RE was performed at the same relative load. Imme-
diately after every RE session, participants ingested 25 g 
of isolated whey-protein to maximally stimulate muscle 
protein synthesis response post-RE (Witard et al. 2014). 
This procedure was adopted to standardize (i.e., maximize) 
muscle protein synthesis response after each RE session. 
A standardized diet (22% protein, 41% carbohydrates and 
37% fat) was provided to the subjects on the days mus-
cle biopsies were obtained. Vastus lateralis percutaneous 
muscle biopsy were performed using Bergstrom needles 
and manual suction. Biopsies were obtained at rest (Pre) 
and 24 h-post (24 h) RE in the first (untrained state—
W1) and 10th weeks (trained state—W10) of RE training. 
All biopsies were performed under 1% xylocaine local 
anaesthesia, and approximately 20–30 mg of muscle was 
collected, cleared from blood and visible connective tis-
sue, immediately frozen in liquid nitrogen, and stored at 
− 80 °C. Pre-RE biopsies at W1 and W10 were obtained 
from the same leg, while 24 h post-RE biopsies were taken 
from the contralateral leg, to reduce variability between 
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evaluation weeks. Legs were assigned to biopsy at a ran-
dom fashion to dilute any effect of leg dominance.

RNA isolation, microarray procedure, data 
processing and statistical analyses

RNA was extracted from the muscle biopsy samples using 
the TRIzol/RNeasy (Qiagen Sciences, Valencia, CA, USA) 
method. Tissues were homogenized with 1 mL TRIzol (Life 
Technologies, Burlington, ON, Canada) using Lysing Matrix 
D tubes (MP Biomedicals, Solon, OH, USA), with Fast-
Prep-24 Tissue and Cell Homogenizer (MP Biomedicals) for 
40 s at 6 m/s. 200 µL of chloroform (Sigma–Aldrich) was 
added to the homogenate, the tubes vigorously agitated for 
15 s and rested for 5 min at room temperature. Samples were 
then centrifuged at 12,000g, 4 °C for 10 min and the aque-
ous phase containing RNA was collected and transferred to 
a RNeasy minispin column. The RNA was purified accord-
ing to the Total RNA Kit 1 (Omega Bio-Tek, Norcross, GA, 
USA) manufacturer instructions. Concentration and purity 
of RNA was quantified using the Nano-Drop 1000 spec-
trophotometer (Thermo Fisher Scientific, Rockville, MD, 
USA). Total RNA per muscle sample at Pre W1 vs Pre W10 
was compared using a t test. P < 0.05 was set as significance 
level.

The microarray procedure was conducted by the Genetic 
and Molecular Epidemiology Laboratory (Hamilton, ON, 
Canada). Briefly, the amount of (normalized) RNA was 
determined by RiboGreen quantitation (Quant-iT RiboGreen 
RNA Assay Kit, Thermo Fisher Scientific, Rockville, MD, 
USA) before input into the Ambion Illumina Total Prep Kit 
(Thermo Fisher Scientific, Rockville, MD, USA) for ampli-
fication, cRNA synthesis and biotinylation. The cRNA 
generated was quantified and normalized by the RiboGreen 
fluorescence method before proceeding with the direct 
hybridization assay for whole genome expression (Human 
HT-12 v4 Expression BeadChip, Illumina, CA, USA). Sam-
ples were processed randomly to avoid systematic bias.

The Human HT-12 v4 Expression BeadChip arrays were 
scanned on an iScan System (Illumina, Inc., San Diego, 
CA, USA) with iScan Control Software 3.3.29 and saved as 
IDAT files, an encrypted Illumina proprietary format. The 
arrays raw intensity values and their corresponding mani-
fest file were imported into R/Bioconductor (Huber et al. 
2015) using the read.idat function from the limma package 
version 3.30.6 (Ritchie et al. 2015), which in turn uses the 
illuminaio package version 0.16.0 (Smith et al. 2013) to read 
the files. The Illumina BeadChip arrays used in this study 
include 770 negative probes. These negative probes were 
used to estimate the intensity distribution of background 
noise, and then background correct probe intensities with 
the normexp method. Following background correction, 
arrays were quantile normalized to ensure that the signal 

intensities have the same distribution across arrays. Finally, 
probes were filtered out if less than half of the arrays did not 
significantly differ in intensity from the background noise at 
a P < 0.05 cut-off, which increases the precision of the dif-
ferential expression analysis (Shi et al. 2010a, b). All these 
steps were performed with the function neqc from the limma 
package.

Differential gene expression was assessed by adjusting 
linear models on normalized expression intensities using 
limma (Ritchie et al. 2015). To account for the repeated 
measurements on the same individuals, the correlation 
between same subject measurements was estimated with 
the function duplicateCorrelation, and this correlation was 
input into the linear model. Tests of differential expression 
were conducted for the following contrasts:

1.	 Pre W10 − Pre W1;
2.	 24 h − Pre at W1 and W10;
3.	 [(24 h W10 – Pre W10) − (24 h W1 − Pre W1)].

To control for false discovery rate (FDR), multiple testing 
correction was performed (Benjamini and Hochberg 1995), 
at a cut-off of FDR < 0.05.

The Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathways (Ogata et al. 1999) and Gene Ontology (GO) terms 
(Ashburner et al., 2000) were tested for enrichment using 
the CAMERA method (Wu and Smyth 2012) implemented 
in limma, which performs competitive tests that take into 
account dependence between genes in the linear model 
and uses a directional test to distinguish between up and 
downregulated gene groups. Enriched terms were defined 
as those having a FDR < 0.05. Significantly enriched KEGG 
pathways were visualized with the package pathview ver-
sion 1.14.0 (Luo et al. 2009). Microarray data were sub-
mitted to GEO (http://www.ncbi.nlm.nih.gov/geo/) number 
GSE106865.

Results

Global gene expression and total RNA at rest 
in different training states

Figure 1 depicts a volcano plot and KEGG pathways for 
the comparison between different training states at rest (for 
full gene tables and GO terms please refer to Supplemen-
tary Material, Table S1). There were a number of enriched 
pathways when comparing trained vs untrained states at rest: 
(1) oxidative-related metabolic pathways; (2) immune and 
pathogenic responses; (3) antioxidant response; (4) extracel-
lular matrix and cytoskeleton organization; and (5) protein 
metabolism and growth.

http://www.ncbi.nlm.nih.gov/geo/
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It should also be noted that basal total RNA increased 
with training (P = 0.046, Fig. 2), i.e., after 10 weeks of RE 
training, subjects presented greater muscle total RNA com-
pared to before training, possibly indicating heightened ribo-
somal density after RE training.

Changes in global gene expression Pre to 24 h 
after an acute RE in different training states

Figure 3 depicts volcano plots (Fig. 3a, b), a Venn dia-
gram (Fig. 3c) and main enriched pathways (Fig. 3d) for 

the acute transcriptome response to RE in untrained and 
trained states separately. To perform a more thorough com-
parison on the impact of RE on muscle transcriptome in the 
untrained and trained states we contrasted the acute changes 
in muscle transcriptome following RE [i.e., (24 h W10 − Pre 
W10) − (24 h W1 − Pre W1)]. Figure 4 shows a volcano plot 
and the main enriched pathways regarding this comparison 
(for full gene tables and GO terms please refer to Supple-
mentary Material, Table S1).

The analyses showed that overall impact on muscle 
transcriptome is higher in the untrained compared with 
the trained state (Fig. 3a, b), with 1414 co-regulated and 
5 contra-regulated genes (Fig. 3c). Results showed that 
RE downregulates gene transcripts related to the oxidative 
metabolism, but in a greater extent in the untrained vs the 
trained state. In addition, RE stimulates genes and terms 
related to ribosome biogenesis in both training states, how-
ever, to a greater extent in the untrained state. Conversely, 
RE performed in the trained state showed larger changes 
in the transcriptome signature regarding muscle structure, 
immune responses and protein metabolism compared to the 
untrained state (Fig. 3d). Specifically, RE in the untrained 
state promoted enriched genes/pathways in comparison to 
the trained state relating to: (1) glycolysis; (2) stress, dam-
age, inflammatory response and structures remodelling; (3) 
protein breakdown; (4) protein processing and synthesis; 
and (5) cell cycle. In contrast, the RE in the trained state 
showed enriched pathways in comparison to the untrained 
state relating to: (1) oxidative metabolism; (2) muscle 
structural changes involving the extracellular matrix and 
cytoskeleton, and extra-intracellular communication; (3) 

Fig. 1   a Volcano plot of gene expression [highlighted dots represent 
genes with FDR < 0.05 (black horizontal dashed line) in the rested 
(Pre) trained (W10)—positive log2  fold change—and untrained 
(W1)—negative log2 fold change—states];  and b Kyoto Encyclope-
dia of Genes and Genomes (KEGG) enriched [false discovery rate 

(FDR) < 0.05, black vertical dashed line] pathways for the compari-
son between different training states at rest. For full gene tables and 
gene ontology (GO) terms please refer to Supplementary Material 
(Table S1)

Fig. 2   Total RNA per muscle sample (ng/mg) at a rested condition 
(Pre) measured in the untrained (W1) and trained (W10) states. Data 
are presented as mean and individual (circles) changes. *Significant 
difference (P = 0.046) from Pre W1
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muscle contraction; (4) increased antioxidant and immune 
response to stress; and (5) protein synthesis, muscle growth, 
and development.

Inter‑subject muscle transcriptome dispersion 
with and without RE in distinct training states

We constructed a multidimensional scaling graph (Fig. 5) 
that takes into account the 500 genes with the greatest 
change in their expressions per subject and time point. The 
multidimensional scaling graph reduces and reorders the dis-
tances to provide insight into the relationships between the 
samples in a smaller number of dimensions. As depicted in 
Fig. 5, the analyses showed that in the rested condition (Pre 
W1 and Pre W10) the 500 most expressed genes have less 
inter-subject dispersion. With acute RE stimulation (24 h 
W1 and 24 h W10), the dispersion between subjects is con-
siderably increased.

Discussion

Understanding how RE training modulates skeletal mus-
cle global gene expression can increase our knowledge on 
the mechanisms regulating muscle adaptation (Zierath and 
Wallberg-Henriksson 2015). In the current study, we showed 
that the RE training status influenced both rested (Pre) and 
after acute-RE (24 h) changes in the muscle transcriptome 
signature regarding metabolic and contractile adaptations, 
antioxidant and immune responses, cytoskeleton and extra-
cellular matrix organization, and cell growth/development 
associated with myofibrillar hypertrophy in young men.

Previous reports have demonstrated that the first RE 
session provokes a large disturbance in muscle homeo-
stasis, resulting in muscle damage, inflammation, potent 
overall increase in protein synthesis and muscle remod-
elling (Damas et al. 2016b; Hyldahl et al. 2015; Mitchell 
et al. 2014; Peake et al. 2005). As such, we report robust 

Fig. 3   Volcano plots of gene 
expression [a untrained—W1; 
b trained—W10, highlighted 
dots represent genes that were 
up or downregulated (FDR < 
0.05, black horizontal dashed 
line) with acute resistance 
exercise (RE)], c Venn diagram, 
and d Kyoto Encyclopedia of 
Genes and Genomes (KEGG) 
enriched [false discovery rate 
(FDR) < 0.05, black vertical 
dashed line] pathways post-RE 
at different training states ana-
lysed separately. For full gene 
tables and gene ontology (GO) 
terms please refer to Supple-
mentary Material (Table S1)
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changes in the global muscle transcriptome after the first 
RE (Fig. 3). In fact, the high stress imposed by the first RE 
upregulated gene expression of heat shock proteins (HSP) 
and inflammatory response after RE (Fig. 4). Consistently, 
previous investigations have shown that a damaging bout 
of RE promotes an increase in HSP gene expression and 
protein content and inflammatory transcripts 1–48 h post-
RE (Dickinson et al. 2018; Gordon et al. 2012; Mackey et al. 
2011; Thalacker-Mercer et al. 2010; Thompson et al. 2003). 

Thus, increased gene expression of HSPs and inflammation 
24 h post the first RE compared to the session in the trained 
state is in accordance with the greater stress/muscle damage 
observed initially in a RE training program (Damas et al. 
2016b). Unaccustomed RE triggers a remodelling process, 
which we show resulted in an up-regulation of transcripts 
related to structural proteins reorganization/remodelling 
in the untrained vs trained state (Fig. 4). Protein remod-
elling involves breakdown and synthesis processes, which 

Fig. 4   a Volcano plot of gene expression [highlighted dots represent 
genes with FDR < 0.05 (black horizontal dashed line) for  the delta 
in  the trained (W10)—positive log2 fold change—and untrained 
(W1)—negative log2 fold change—states]; and b Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) enriched [false discovery 

rate (FDR) < 0.05, black vertical dashed line] pathways for the con-
trast between acute exercise deltas (i.e., 24  h post-resistance exer-
cise − Pre) in different training states. For full gene tables and 
gene ontology (GO) terms please refer to Supplementary Material 
(Table S1)

Fig. 5   Multidimensional scaling 
graph. Each circle and respec-
tive number represents a distinct 
subject. Pre: rested condition; 
24h: 24 h post-resistance exer-
cise; W1: untrained state; W10: 
trained state
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are both more intensely stimulated post-RE in an untrained 
state (Damas et al. 2015; Phillips et al. 1999; Tang et al. 
2008). The up-regulation of genes related to proteolytic 
processes suggests a higher protein catabolism activity. 
Indeed, we observed enriched genes and pathways related 
to the remodelling process, specifically the ubiquitin–pro-
teasome and calpain systems (Fig. 4). In accordance with 
our previously reported increase in protein synthesis 24 h 
post-RE in W1 vs W10 (Damas et al. 2016b), we observed 
increased gene expression related to protein processing in 
the endoplasmic reticulum, RNA synthesis and processing, 
and several ribosome biogenesis pathways (Fig. 4). Past 
studies have shown that an unaccustomed RE promotes a 
potent increase in muscle protein synthesis, which is higher 
in overall magnitude than the one promoted in a trained 
state (Damas et al. 2015, 2016b; Tang et al. 2008). How-
ever, recently ourselves (Damas et al. 2016b; Mitchell et al. 
2014) and others (Mayhew et al. 2009) showed that even 
though the increase in muscle protein synthesis is potent in 
an untrained state, it does not correlate with eventual mus-
cle hypertrophy. Interestingly, although lower in magnitude 
compared to the untrained state, the increase in muscle pro-
tein synthesis after RE in a more ‘trained’ state was shown to 
be correlated with muscle hypertrophy (Damas et al. 2016b). 
These past results indicate that the potent initial increase in 
muscle protein synthesis is somewhat non-specific to RE 
training-induced hypertrophy, but chronic RE results in a 
progressive adaptation with the increase in protein synthe-
sis contributing more specifically to muscle hypertrophy 
(Damas et al. 2018a). Our current results appear congruent 
with a greater overall increase in muscle protein synthesis 
observed in an untrained state and a more refined response in 
the trained state (see discussion below regarding the trained 
state). In addition, our data indicate that protein translation 
capacity is acutely increased after RE at a gene level in the 
untrained and trained states, but more potently in the former. 
Specifically, gene/pathways of total RNA content and pro-
cessing, as well as transcripts related to ribosome biogenesis 
were higher in the untrained compared with the trained state 
(Figs. 1, 3). Increased expression of the 45S pre-rRNA and 
the 40S ribosomal subunits protein components in young 
subjects was previously shown 24 h after a single RE session 
(Stec et al. 2015), and we expand these findings indicating 
that even after 10 weeks of RE training, RE still upregulated 
ribosomal biogenesis gene expression though in a lower 
magnitude. In addition, we report here that the trained state 
showed higher total RNA content than the untrained state 
(Fig. 2). The largest part of total RNA is composed by rRNA, 
thus an increase in total RNA in the trained state might indi-
cate an increase in rRNA and, consequently, translational 
capacity due to increased ribosome density (Chaillou et al. 
2014). Accordingly, it was shown that an 8-week RE training 
resulted in a basal increase of ribosomal subunits (18S, 5.8S, 

and 28S rRNA, and 45S pre-rRNA) (Figueiredo et al. 2015). 
Altogether, an increase in ribosome density (indicated by 
greater muscle total RNA levels), but reduced ribosomal 
biogenesis transcripts with training are in line with a recent 
study showing increased muscle total RNA, but a down-
regulation of the 45S pre-rRNA expression levels with RE 
training (Mobley et al. 2018). Thus, we propose an increased 
transcriptional capacity due to enhanced ribosome density 
in the rested trained state, but a reduced up-regulation of 
ribosomal biogenesis after RE compared with the untrained 
state. Unfortunately, we could not directly assess specific 
ribosomal subunits expression and protein levels, such as 
18S, 5.8S and 28S rRNA or even the 45S pre-rRNA, which 
would allow inferring, for example, if a downregulation of 
rDNA transcription could be responsible for the difference 
between training states as proposed by Mobley et al. (2018). 
These suggestions require further scrutinizing. Finally, the 
RE at W1 vs W10 has also upregulated genes associated 
with cell cycle (Fig. 4), which is in line with the increased 
satellite cell activity and commitment in an untrained state in 
response to a novel RE-induced stress (Bellamy et al. 2014; 
Damas et al. 2018b; Hyldahl et al. 2015).

Chronic repetition of RE stimuli results in positive mus-
cle adaptations to stress, including reducing the magnitude 
of muscle damage, successfully remodelling/strengthening 
tissues, and attenuating and specializing muscle protein 
synthetic response towards muscle hypertrophy (Chen et al. 
2009; Damas et al. 2016b; Tang et al. 2008). Changes in the 
muscle transcriptome at both rested and post-RE seem to 
reflect those stress adaptations (Figs. 1, 3, 4). Indeed, the 
analyses of muscle transcriptome at rest showed that the 
sole increased gene expression (Log2FoldChange > |1|) in 
the untrained vs trained muscles was MYH1 (Fig. 1), which 
transcribes the myosin heavy chain IIx. Similar results were 
found by Gordon et al. (2012). This result is in line with a 
change from myosin heavy chain IIx to IIa with RE training, 
a more oxidative form of type II fibres (Adams et al. 1993). 
Accordingly, the resting transcriptome of trained muscles 
suggests: (1) regulation of energy metabolism, favouring a 
more oxidative metabolism (with several genes and enriched 
terms involving oxidation pathways and mitochondria); (2) 
antioxidant and immune responses; and (3) cytoskeleton 
and extracellular matrix organization (Fig. 1 and Table S1). 
All of the above are in line with the trained muscle being 
less susceptible to stress and damage (Damas et al. 2016b). 
Finally, we found enriched terms related to protein metabo-
lism and growth for the comparison between rested trained 
and untrained states. Specifically, enriched PI3K-Akt signal-
ling pathway, which involves the mechanistic target of rapa-
mycin (mTOR)–p70 ribosomal S6 kinase (p70S6K) down-
stream [one of the main regulators of muscle growth (Bodine 
2006)], suggest that the trained muscle is more prepared to 
increase muscle proteins translation to contribute to muscle 
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hypertrophy. This finding is in line with data from Wilkinson 
et al. (2008), which demonstrated that proteins in PI3K-Akt 
pathway (e.g., Akt and the eukaryotic translation initiation 
factor 4E, eIF4E) showed greater phosphorylation at rest 
for the resistance-trained compared with the untrained state.

Similarly to rest, muscle transcriptome after RE in dif-
ferent training states indicates changes in the regulation of 
energy metabolism with RE training development. Specifi-
cally, the untrained vs the trained state showed enriched 
genes/terms related to glycolysis (Fig.  4). In addition, 
regardless of training state, oxidative metabolism pathway is 
downregulated after RE (Fig. 3), although it is worth noting 
that this acute down-regulation seems to be attenuated in the 
trained state, probably due to the basal improvement after 
prolonged period of RE training. Previously, it was found 
that RE could counteract the disuse-induced (i.e., 60 days 
of bed rest) downregulation of genes associated with the 
oxidative metabolism (e.g., tricarboxylic acid cycle-, key 
enzymes of fatty acid oxidation- and mitochondria-related 
genes) (Salanova et al. 2015). Together, these results indicate 
that trained muscles show transcriptome changes towards 
greater energetic efficiency also in response to acute RE. 
Additionally, the RE session upregulated genes and enriched 
pathways/terms in the trained vs untrained state related to 
structural changes of the extracellular matrix and muscle 
cytoskeleton, extra-intra cellular signalling transmission 
and muscle contraction (Fig. 4). Accordingly, Hyldahl et al. 
(2015) showed increased transcripts of integrin [a transmem-
brane protein that transmits mechanical forces among mus-
cle fibres, extracellular matrix and tendon (Grounds et al. 
2005)] 48 h into recovery after a RE session, and expression 
of extracellular matrix collagens later on (27 days) recov-
ery after the same RE session. In addition, Gordon et al. 
(2012) demonstrated that RE training practice resulted in 
up-regulation of several transcripts related to extracellular 
matrix, muscle cytoskeleton and contractile machinery post-
RE. These studies corroborate with our results suggesting 
a continuous adaptation on muscle mechanical structures/
properties throughout RE training.

Our results also showed that in response to RE, trained 
muscles have greater up-regulation of genes related to anti-
oxidant and immune response to stress (Fig. 4). Accordingly, 
Gordon et al. (2012) showed that RE training downregulated 
the expression of genes related to unfolded proteins, HSP, 
inflammation and apoptosis 4 h following RE. The analysis 
in a time-point further into recovery (i.e., 24 h) post-RE 
allowed discovering other muscle physiological processes 
occurring at the transcriptome level, showing that the trained 
vs untrained state upregulated genes related to: (1) cellular 
growth and muscle development; (2) WNT pathway (e.g., 
gene: SFRP4), suggested to be involved in mechanical 
overload, muscle hypertrophy and satellite cell prolifera-
tion (Leal et al. 2011; Steelman et al. 2006); (3) aminoacids 

biosynthesis and protein absorption; and (4) increased 
myofibrillar protein synthesis (Fig. 4 and Table S1), which 
we previously showed to be directed to promote muscle 
hypertrophy in a more-trained phase (Damas et al. 2016b). 
Finally, it is interesting to note that the between-subject vari-
ability in the transcriptome response is increased with RE 
compared to rest regardless of training state (Fig. 5). This 
is in line with a large inter-subject variability in response 
to the stress induced by an unaccustomed RE as well as 
the hypertrophic adaptations resulted from repeated RE 
sessions. Specifically, we (Damas et al. 2016a) and others 
(Chen 2006; Gulbin and Gaffney 2002; Paulsen et al. 2010) 
have previously shown a large inter-subject variability to 
muscle damage and inflammation in response to RE in an 
untrained state. In addition, other research have shown a 
high variability between subjects in muscle hypertrophic 
response after RE training period (Ahtiainen et al. 2016; 
Churchward-Venne et al. 2015).

The analysis and results presented herein on the regula-
tion of specific genes and enriched terms provide informa-
tion on the changes in global muscle transcriptional with 
acute and chronic RE training practice, thus does not neces-
sarily result in changes in the respective physiological func-
tions. However, a strength of our manuscript is the ability to 
relate the transcriptional changes to previous research evalu-
ating the adaptations in physiological function. Therefore, 
our data of rested and 24 h post-RE global muscle transcrip-
tome analyses in different training states contribute to our 
understanding of skeletal muscle adaptation throughout RE 
training.

Conclusion

The modulation of gene transcripts reflected the high stress 
that was promoted by an unaccustomed RE, relating to 
muscle damage and inflammation, muscle scaffold struc-
ture (extracellular matrix and cytoskeleton) remodelling, 
high protein processing and turnover and increased transla-
tional capacity. As RE training progresses, our results show 
changes in the metabolic response, a refined response to 
stress (increasing antioxidant- and immune-related genes/
terms), and upregulation of gene transcripts related to mus-
cle structure and contractile function. In addition, changes in 
the transcriptome of trained muscles relate to muscle growth 
and development that contribute to muscle hypertrophy.
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