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ABSTRACT

Background:Exercise elicits a range of adaptive responses in skeletal muscle, which
include changes in MRNA expression. To better understand the healthtbene
exercise training, it is important to investigate the underlying molecular mechanisms
of skeletal muscle adaptation to exercise. However, most studies have assessed the
molecular events at only a few time-points within a short time frame post-exercise,
and the variations of gene expression kinetics have not been addressed systematically.
Methods:We assessed the mRNA expression of 23 gene isoforms implicated in the
adaptive response to exercise at six time-points (0, 3, 9, 24, 48, and 72 h post exercise)
over a 3-day period following a single session of high-intensity interval exercise.
ResultsiThe temporal patterns of target gene expression were highly variable and the
expression of MRNA transcripts detected was largely dependent on the timing of
muscle sampling. The largest fold change in mMRNA expression of each tested target
gene was observed between 3 and 72 h post-exercise.

Discussion and Conclusion®ur ndings highlight an important gap in knowledge
regarding the molecular response to exercise, where the use of limited time-points
within a short period post-exercise has led to an incomplete understanding of the
molecular response to exercise. Muscle sampling timing for individual studies needs
to be carefully chosen based on existing literature and preliminary analysis of the
molecular targets of interest. We propose that a comprehensive time-course analysis
on the exercise-induced transcriptional response in humans will semiy benet

the eld of exercise molecular biology.

Subjects Biochemistry, Molecular Biology, Sports Medicine
Keywords Exercise, Exercise-induced adaptation, Gene expression, Skeletal muscle, Time-cours

INTRODUCTION

Exercise is a powerful stimulus affecting skeletal muscle, leading to improvements in
cardiovascular function, mitochondrial content and function, and whole-body metabolism
(Bishop et al., 20i€ornelissen & Smart, 2Q3ranata et al., 2021 avie et al., 2015
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Philippou et al., 20)9The molecular basis of skeletal muscle adaptations to exercise
fundamentally involve moded protein content and enzyme activity, mediated by an array
of pre- and post-transcriptional processes, as well as translational and post-translationa
control (Egan, Hawley & Zierath, 20Bgan & Zierath, 20)3From the onset of exercise,
muscle contraction can induce disruptions to muscle homeostasis, including mechanica
stress, calcium release, ATP turnover, changes to mitochondrial redox state, and reacti
oxygen species (ROS) production. These cellular perturbations lead to the activation of
signaling molecules that activate a range of transcription factors and coactivators, such :
peroxisome proliferator-activated receptor gamma coactivatgPGC-1a) and p53

(Egan & Zierath, 20)3In turn, changes in these and other proteins help to coordinate the
transcription of genes associated with mitochondrial biogenesis, fat metabolism, and
glucose metabolisntgan & Zierath, 2093

It has been proposed that training-induced adaptions are due to the cumulative effect o
each single exercise session, and that investigating exercise-induced changes in mRN/
after a single exercise session can provide important information about the likely
adaptations to repeated exercise sessiansexercise training)sgan et al., 201 Perry
et al., 201)) Using both quantitative real-time PCR (qPCR) and whole-transcriptome
analysis, many studies have provided a better understanding of the transcriptional
response to exercise. However, relatively few studies have sampled muscle at multiple
times post exercise or taken biopsies beyond the24 h @Andrade-Souza et al., 2G20
Catoire et al., 2014idlund et al., 201%5ranata et al., 202®yldahl et al., 201%ensen
et al., 2015Lindholm et al., 20%4.iu et al., 2010Mahoney et al., 200®IcLean et al.,
201%Murton et al., 201ANeubauer et al., 201@gborn et al., 201Billon et al., 202®Raue
et al., 2012Rowlands et al., 201 Thalacker-Mercer et al., 2Q38ssing & Schjerling,

2019. A recent study has employed a meta-analysis tolprihe skeletal muscle
transcriptome using 66 published datasets, providing a useful resource to check the
expression of genes of interest in response to a single session of exercise, exercise train
or inactivity (Pillon et al., 2020 However, many of thesendings strongly rely on the

timing of the post-exercise biopsy used in individual studies, and some of these studies
provide limited information about the transient nature of exercise-induced changes in
gene expression due to few sampling time-points post-exercise. Thus, while there is a
general understanding that exercise-induced changes in mMRNA expression are time-
dependent, more studies are required that extend these analyses to multiple time-point:
sampled over a prolonged post-exercise period.

The absence of a strong justation for the choice of post-exercise biopsy time-point
has important implications for our understanding of molecular adaptations to exercise.
For example, whil&cribbans et al. (201réported there was not a systematic upregulation
of nuclear and mitochondrial genes 3 h post-exercise, they also noted that their chosen
biopsy time-point might have failed to capture any changes that occurred later in the
post-exercise period. Similarly, the lack of increagbBmRNA after exercise has
been interpreted as evidence that post-translational neation is more important in
regulating protein levels of p53dleem & Hood, 20);dut, it is possible exercise-induced
changes ip53mRNA have been missed by the biopsy time-points chosen to date. Thus, it
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is clear that the choice of post-exercise biopsy time-point careimce the interpretation
of the transcriptional response to exerciSeGinley & Bishop, 2016#ang et al., 2005

The purpose of this research was to investigate the temporal expression of commonl
assessed, exercise-responsive genes after a single session of endurance-based exerci
We assessed the mRNA expression of key transcription factors associated with
exercise-induced mitochondrial biogenesis (P@Gwid p53), as well as other genes
that have potential roles in mitochondrial and metabolic adaptions to exercise.
We hypothesized that different genes would elicit different temporal patterns of
expression. The results have helped to highlight the importance of appropriate muscle
sample timing and to provide recommendations for designing future studies examining
molecular responses to exercise.

MATERIALS AND METHODS

Participants

As part of a larger project(cGinley & Bishop, 2016&lcGinley & Bishop, 2018b

16 recreationally-active men were fully briefed on the procedures, risks, andsbene
associated with participating, before providing written informed consent to participate and
for their data to be used in the present study. However, due to the availability of muscle
samples, data from only nine participants were available for the present study (mean (SD
age: 22 (4) y; height: 179.5 (7.9) cm; mass: 81.4 (14 X8Dkgsa« 3.9 (0.3) kmin Lat
baseline). All procedures were approved by the Victoria University Human Research
Ethics Committee, and the ethics number is HRETH 11/289.

Experimental design

Following a familiarisation trial (performed on a separate day; mean (SD), 3 (8) days
prior to resting muscle biopsy at baseline), participants completed a graded-incrementa
exercise test (GXT) to determine baseline levels of peak aerobic Mdygd @nd the

power at the rst lactate thresholdy/, ). This information was used to individualize

the intensity of a single session of high-intensity interval exercise (HIIE). The resting
muscle biopsy at baseline was taken on a day before the GXT except for one participan
As part of another studyMcGinley & Bishop, 2015khe participants completed a

4 week high-intensity interval training (HIIT) intervention, training 3 days a week

(12 sessions in total). The HIIE session in the present study wasdhéllIE session of

the HIIT intervention, which was 2 to 4 days after the penultimate HIIE session.

To minimise the number of muscle biopsies for each participant, a resting muscle biops)
was taken before starting the 4-week training period (Week 0) and used as the baseline
value, as done in previous researigtaljoney et al., 2005leubauer et al., 20).4

Previously published evidence has reported that the expression of the majority of genes
(24,686 out of 24,838 genes assessed) is not changed at rest before and after 6 weeks
exercise training\{liyamoto-Mikami et al., 20)8Therefore, it is unlikely the fold change

in gene expression changes measured in the present study are due to a training effect.
Six more biopsies were sampled following the single HIIE session immediately (0 h), and &
3,9, 24, 48, and 72 h post-exercisg ().
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Figure 1 Experimental Design.Abbreviations: BM, body mass; CHO, carbohydrate; PRO, protein;
GXT, graded exercise test; HIIE, high-intensity interval exercise; HIIT, high-intensity interval training;
W, 1, power at the rst lactate threshold; and/,.., peak aerobic power.

Full-size DOI: 10.7717/peer].1285@-1

Graded exercise test
The GXT was conducted pre-training to determine Wer and \W e All trials were
conducted in the morning (6.3@1.30). To determine thé/, +, a 20-gauge intravenous
cannula was inserted into an antecubital vein; venous blood was sampled at rest and at tt
end of every stage of the GXT, as previously descrideGifley & Bishop, 2016b
The mean coetient of variation (CV) for duplicate blood lactate measurements was 4.6%.
The\W, + was identi ed as the power at which venous blood lactate increased 1 mM above
baseline, and was calculated using Lactate-E softivare=(| et al., 200.7

The GXT was performed on an electromagnetically-braked cycle ergometer (Excalibu
Sport, Lode, Groningen, The Netherlands), using an intermittent protocol consisting of
4-min exercise stages separated by 30-s of Jestr(ick et al., 20).8The initial load
(90 to 150 W) was ascertained during the familiarisation GXT, and subsequently increase
by 30 W every 4.5 min, with the aim of minimizing the total number of stages to a
maximum of 10. Participants were required to maintain a cadence of 70 rpm, and
consistent verbal encouragement was provided during the latter stages. The test was
terminated either volitionally by the participant, or by the assessors if the participant could
no longer maintain the required cadence (x10 rpm) despite strong verbal encouragemen
W,eakWas calculated as previously reportegdifers et al., 1985

t
Wpeakl/‘lwfinalb m 30

where\WW ,,, was the power output of the last completed stagetamals the time in
seconds of anynal incomplete stage.

High-intensity interval exercise

Following an overnight fast, the participants performed a single session of high-intensity
interval exercise (HIIE), between 6.30 and 8.00. The exercise consisted of 7 2-min interva
performed on an electromagnetically-braked cycle ergometer (Velotron, Racer-Mate,
Seattle, WA, USA), separated by 1 min of passive recovery (2:1 work:rest). A standardize
5-min steady-state warm-up at 75 W was completed beforehand. The exercise intensity
was set to, 1 plus 40% of the difference betwédh+ andWpeqi i€, (M 1) + (40 %)
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(Wpeak W, 7). Power at the LT was 65 (6)%\0f,c. resulting in the HIIE session being
undertaken at 79 (4)% &M yeak(mean (SD)).

Dietary control

Participants performed the HIIE session following an overnight fast. Participants were
requested to refrain from caffeine consumption on the day of the HIIE, to not ingest any
dietary supplements, and to abstain from both alcohol consumption and exercise in the
preceding 24-h period. Following theal HIIE session, participants were provided

with two meals, totaling one-third of their daily energy requirement, based on their
predicted basal metabolisrildrris & Benedict, 19)8and allowing for a 1.4 activity
correction factor Durnin, 1996.

Following the 0 h biopsyi.e, immediately post-HIIE), participants received a
standardized breakfast (1,416 (230) kJ; mean (SD)), with a target macronutrient conten
(expressed in g per kg BM) of: 0.6 g/kg carbohydrate, 0.2 g/kg protein, and 0.1 g/kg fat.
Following the 3 h biopsy, participants received a standardized meal (2,456 (399) kJ),
consisting of: 1.1 g/kg carbohydrate, 0.3 g/kg protein and 0.1 g/kg fat. The total relative
macronutrient intake was therefore 64% carbohydrate, 16% protein, and 20% fat.
Excluding the standardized meals provided, participants were instructed to ingest only
waterad libitum until after the 9-h biopsy. Light activities.{}, walking) were permitted
between the 0- and 9-h biopsies. All other biopsies (week 0, plus 24, 48, and 72 h) wer:
sampled in the morning following an overnight fast, with participants refraining from
additional exercise or alcohol consumption until after thal muscle biopsy.

Muscle sampling

Muscle biopsies were performed by a queadi medical doctor and taken from the
non-dominant leg at rest pre-HIIT (Week 0) and 4 weeks later after tia HIIE
sessionimmediately (0 h), 3, 9, 24, 48, and 72 h post-exercise. Muscle samples were take
from the vastus lateralis approximately one third of the distance between knee and hip.
Subsequent samples were taken approximately 1 cm proximal to the previous biopsy sit
Local anesthesia (Lidocaine, 1%) was injected into biopsy site and a 5-mm incision was
made once numb, and muscle was sampled using a suction-atoBergstrom needle
(Bergstrom, 19¢2Samples were cleaned of excess blood, fat, and connective tissue befo
being immediately snap-frozen in liquid nitrogen, and then storedat C for

subsequent analyses.

RNA extraction

gPCR was performed an= 9 at all time-points, except for at 72 h£ 6), using methods
established by our groupgl(ang et al., 20)8An RNeasy Plus Universal Mini Kit was used

to extract total RNA from approximately 20 mg of frozen muscle. Samples were
homogenized using a QIAzol lysis reagent and a TissueLyser Il (Qiagen, Valencia, USA
The instructions for the kit were moded slightly to increase RNA yield by replacing
ethanol with 2-propanol and storing samples @0 C for 2 h Kuang et al., 20)8

Puri cation of RNA samples was performed according to kit instructions using a genomic
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DNA (gDNA) eliminator solution containing cetrimonium bromide. A BioPhotometer
(Eppendorf AG, Hamburg, Germany), was used to determine both the concentration and
purity of the RNA samples (based on thgs@Agoratio). RNA integrity of all samples was
measured using a Bio-Rad Experion miaralic gel electrophoresis system (Experion
RNA StdSens Analysis kit) and determined from the RNA quality indicator (RQI: 8.8
(0.5)). RNA was stored at80 C until reverse-transcription was performed.

Reverse transcription

One ug of RNA, in a total reaction volume of 20 L, was reverse-transcribed to cDNA
using a Thermocycler (Bio-Rad, Hercules, CA, USA) and iScript RT Supermix (Bio-Rad
Hercules, CA, USA) as per the manufactigr@mstructions. Priming was performed at

25 C for 5 min and reverse transcription for 30 min at 42. All samples, including 1
RT-negative control, were run on the same plate. cDNA was store2DatC until
subsequent analysis.

gPCR

Relative mRNA expression was measured by gPCR (QuantStudio 7 Flex; Applied
Biosystems, Foster City, USA). Primers were designed using Primer-BLAST 4.,

2012 and purchased from Sigma-Aldrich (seeble 1for primer details). All reactions

were performed in duplicate on 384-well MicroAmp optical plates (Applied Biosystems,
Foster City, USA) using an epMotion M5073 automated pipetting system (Eppendorf
AG, Hamburg, Germany). A total reaction volume of 5 uL contained 2 pL of diluted cDNA
template (10- to 160-fold dilution), 2.5 yL of mastermix (SsoAdvanced Universal SYBR
Green Supermix, Bio-Rad, Hercules, CA, USA), and 0.3 pL of primers (5 uM or 15 pM).
All gPCR assays were run for 10 min at @5 followed by 40 cycles of 15 s at @5

and 60 s at 60C. The expression of each target gene was normalized to the geometric
mean of expression of the three most stably expressed reference genes out of 6 potent
ones being tested (TBP, PPIA, and B2Miifdesompele et al., 2)\Gthd using the 2 €A
method Gchmittgen & Livak, 2018

Statistics

RefFinder was utilized for the statistical analysis of reference géned @l., 201)2

For change in mRNA expression, statistical analyses were performed ontheaa, but

the relative expression is reported (F%. Geometric means and geometric standard
deviations (geometric mean (GSD)) are reported. A Mann-Whitney U test was used to
compare the difference between post-exercise time-points and baseline values as the
normality of the distribution calculated with the Shapiro-Wilk test was rejected, which was
con rmed by normal probability plot (Q-Q plot). Differentially expressed gene targets
post-exercise wergst determined usin@ posteriorinformation fusion scheme that
combines the biological relevance (fold change) and the statisticalcsigoe §§ value);

signi cance was deed as Xiao value <0.06¢shmukh et al., 202%iao et al., 2014

A Benjamini-Hochberg false discovery rate (FDR, Q) of <56% was then used to analyze &
the p values (GraphPad Prism 8; GraphPad Software, Inc., San Diego, CA, USA)
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Table 1 Primer sequences and amplicon details.

Gene Accession no. Primers (Forward and reverse) Amplicon Ef ciency
size (bp) (%)
TBP (TATA-box binding protein) NM_003194.4 F: CAGTGACCCAGCAGCATCACT 205 99
R: AGGCCAAGCCCTGAGCGTAA
Cyclophilin (PPIA, peptidyl-prolyl cis-trans NM_021130.4 F: GTCAACCCCACCGTGTTCTTC 100 100
isomerase A) R: TTTCTGCTGTCTTTGGGACCTTG
B2M ( -2-microglobulin) NM_004048.2 F: TGCTGTCTCCATGTTTGATGTATCT 86 98
R: TCTCTGCTCCCCACCTCTAAGT
ACTB (actin beta) NM_001101.3 F: GAGCACAGAGCCTCGCCTTT 70 107
R: TCATCATCCATGGTGAGCTGGC
18S rRNA (RNA, 18S ribosomal 5) NR_003286.2 F: CTTAGAGGGACAAGTGGCG 71 99
R: GGACATCTAAGGGCATCACA
GAPDH (glyceraldehyde-3-phosphate NM_001289746.1 F: AATCCCATCACCATCTTCCA 82 106
dehydrogenase) R: TGGACTCCACGACGTACTCA
PGC-A& (peroxisome proliferator-activated NM_013261.3 F: CAGCCTCTTTGCCCAGATCTT 101 104
receptor gamma coactivatoal R: TCACTGCACCACTTGAGTCCAC
PPARGC1A)
PGC-A, isoform 4 Adapted from Ruas F: TCACACCAAACCCACAGAGA n/a 114
et al. 201p R: CTGGAAGATATGGCACAT
PPARx (peroxisome proliferator activated NM_001330751.1 F: GGCAGAAGAGCCGTCTCTACTTA 102 93
receptor) R: TTTGCATGGTTCTGGGTACTGA
HSPA1A (heat shock protein family A membbé&yl_005345.5 F: GGGCCTTTCCAAGATTGCTG 95 99
1A) R: TGCAAACACAGGAAATTGAGAACT
SDHB (succinate dehydrogenase complex om 003000.2 F: AAATGTGGCCCCATGGTATTG 102 104
sulfur subunit B) R: AGAGCCACAGATGCCTTCTCTG
COX4-1 (cytochrome c oxidase subunit 41INM_001861.6 F: GAGCAATTTCCACCTCTGC 172 104
R: CAGGAGGCCTTCTCCTTCTC
TFAM (transcription factor A, mitochondrialNM_003201.2 F: CCGAGGTGGTTTTCATCTGT 110 109
R: GCATCTGGGTTCTGAGCTTT
CS (citrate synthase) NM_004077.3 F: TGGGGTGCTGCTCCAGTATT 86 111
R: CCAGTACACCCAATGCTCGT
p53 (tumor protein p53, TP53) NM_000546.5 F: GTTCCGAGAGCTGAATGAGG 123 102
R: TTATGGCGGGAGGTAGACTG
GLUT4 (solute carrier family 2 member 4, NM_001042.2 F: CTTCATCATTGGCATGGGTTT 75 104
SLC2A4) R: AGGACCGCAAATAGAAGGAAGA
CPT1A (carnitine palmitoyltransferase 1A) NM_001876.3 F: ACAGTCGGTGAGGCCTCTTA 148 111
R: CCACCAGTCGCTCACGTAAT
NDUFB3 (NADH:ubiquinone oxidoreductaselM_002491.3 F: TCAGATTGCTGTCAGACATGG 101 109
subunit B3) R: TGGTGTCCCTTCTATCTTCCA
PDK4 (pyruvate dehydrogenase kinase 4) NM_002612.3 F: GCAGCTACTGGACTTTGGTT 84 100
R: GCGAGTCTCACAGGCAATTC
VEGFA (vascular endothelial growth factor lA)/_001025366.3 F: ACAACAAATGTGAATGCAGACCAA 85 144
R: CGTTTTTGCCCCTTTCCCTT
PGC-1 (peroxisome proliferator-activated NM_001172698.2 F: TCTCGCTGACACGCAGGGT 130 92
receptor gamma coactivator, IPPARGC1B) R: GCACCACTGCAGCTCCCC
NRF1 (nuclear respiratory factor 1) NM_001293163.2 F: CTACTCGTGTGGGACAGCAA 143 93
R: AGCAGACTCCAGGTCTTCCA
(Continued)
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Table 1 (continued)

Gene Accession no. Primers (Forward and reverse) Amplicon Ef ciency
size (bp) (%)
CD36 (CD36 molecule) NM_001371075.1 F: ACAGATGCAGCCTCATTTCCA 90 119
R: TACAGCATAGATTGACCTGCAA
TFEB (transcription factor EB) NM_007162.2 F: CAGATGCCCAACACGCTACC 140 102
R:GCATCTGTGAGCTCTCGCTT
UCP3 (uncoupling protein 3) NM_003356.4 F: CCACAGCCTTCTACAAGGGATTTA 70 90
R: ACGAACATCACCACGTTCCA
UQCRC2 (ubiquinol-cytochrome c reductaseM_003366.4 F: GCAGTGACCGTGTGTCAGAA 79 100
core protein 2) R: AGGGAATAAAATCTCGAGAAAGAGC
PPAR/ (peroxisome proliferator activated NM_006238.4 F: CATCATTCTGTGTGGAGACCG 125 109
receptor / ) R: AGAGGTACTGGGCATCAGGG
PPAR (peroxisome proliferator activated NM_138712.3 F: CTTGTGAAGGATGCAAGGGTT 150 104
receptor) R: GAGACATCCCCACTGCAAGG
MFN2 (mitofusin 2) NM_014874.4 F: CCCCCTTGTCTTTATGCTGATGTT 168 134
R: TTTTGGGAGAGGTGTTGCTTATTTC

(Benjamini & Hochberg, 19p9 astly, one-way ANOVA with Dunnett test was used to
determine the differentially expressed gene targets post-exercise, anchsiggiwas

de ned as adjustepvalue <0.05 (GraphPad Prism 8; GraphPad Software, Inc., San Diego
CA, USA). For modelling of the exercise-induced expression pattern of the target genes
the least-squares Gaussian nonlinear regression analysis (tungewas used to model

the peak of MRNA expression using GraphPad Prism 8 (GraphPad Software, Inc.,

San Diego, CA, USA). When examining the relationship between biopsy time associate
with peak mRNA expression and the mRNA expression at baseline, basal mMRNA
expression was calculated from the absolute expression of the target gene at baseline
(pre-HIIT at Week 0), determined from 2% multiplied by the dilution of cDNA used in

the gPCR reactions. Pearsnorrelation coetient was used to assess the relationship
between the basal MRNA expression and the biopsy time with the peak mMRNA expressio
(GraphPad Prism 8; GraphPad Software, Inc., San Diego, CA, USA).

RESULTS

Dynamic gene expression response to exercise in human skeletal

muscle

The in uence of biopsy timing on post-exercise mMRNA expression was examined
following a single session of HIIE. We measured the mRNA expression of 22 genes
(23 isoforms) that have been implicated in the adaptive response to exéetite {

and Table S). Twelve genes showed sigrant changes (passed at least one of the
statistical tests we applied) at the time that elicited the largest fold-change in mMRNA
expression, and these times varied from 3 to 72 h. To illustrate the distinct time-course o
MRNA expression in response to exercise, and based on the research interest of our gro
(i.e, mitochondrial and metabolic adaptive responses to exercise), we chose to focus ol
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Table 2 Summary of changes in mRNA content following a single session of high-intensity interval exercise (HIIE), measured in nine

participants.

Gene name Time-point with highest Maximal fold change relative 95% Cl for pvalue Xiao value qvalue Adjp value
or lowest fold change to baseline; Geometric mean (GSD) fold change
PGC-h 3h 3.2 (1.8) [2:65.0] 0.0005 3.04x1® 0.0110 0.0052
PGC-n4 3h 4.5 (2.3) [2-38.5] 0.0005 735x 1% 00110 0.0312
PPARL 3h 4.1 (1.5) [3:465.6] 0.0003 3.88x10 0.0110 0.0251
CPT1A 3h 2.9 (2.8) [1-36.3] 0.0503  0.0108 0.1614  0.0159
PDK4 9h 7.4 (14) [1.656.2] 0.0315  0.0002 0.1242  0.1944
NRF1 24 h 2.5(1.5) [1-8.3] <0.0001 5.66 x 1D 0.0069 0.0072
CD36 24 h 0.1(2.4) [0:0.4] 0.0106  0.0001 0.0563 0.1223
TFEB 24 h 0.6 (1.5) [0-4.8] 0.0167  0.0500 0.0768  0.0222
UCP3 24 h 2.4 (4.4) [0:87.4] 0.0400 0.0179 0.1380  0.3903
p53 48 h 2.3(1.5) [143.8] 0.0078  0.0394 0.0454  0.1058
PPAR 48 h 1.8 (2.6) [0/A.7] 0.0147  0.0409 0.0700 0.5395
GLUT4 72 h 0.3 (3.7) [041.0] 0.0004 3.15x10 0.0110 0.0072
Note:

The time-point with maximal fold changes, the geometric mean for maximal fold change with geometric standard deviation (GSD), thed@sfzeQuaterval (Cl), the

p value determined by the Mann-Whitney test, the Xiao value determined by a novel posteriori information fusion Betsemmeikh et al., 2024iao et al., 2014 theq
value determined by a Benjamini-Hochberg false discovery rate (FDR) of <5%, and the adjakte@\dj p value) determined by one-way ANOVA with Dunnett test,
are reported for each target gene.

seven genes (eightisoforms) that are related to mitochondrial and metabolic adaptations t
training, and which elicited peak expression at different tirk@s ¢ presented in the
order of the time-point with the largest fold-change in mRNA expression).

The mean of the mMRNA expressionREC- &, exercise-induced isoforRGCHh4, and
PPARy, increased signtantly 3 h post-exercise and was not sigantly different
from baseline at 9 h post-exercisegs. 2Ato 2C). All 9 participants had the highest
expression level #GCh, PGCh4, andPPAR. mRNA at 3 h post-exercise (except 1
participant who had the highe®@GCh4 mRNA expression at 0 h). A similar result was
observed foCPT1A the highest mMRNA expression for the group mean, and the highest
value for seven out of nine individuals, occurred 3 h post-exercise with values not
signi cantly different from baseline at 9 h post-exercise(e 2 individual data shown in
Tables Sand S3.

The highest mean for the mRNA expressiorP@fK4occurred at 9 h post-exercise
(Fig. 2D. HSP1A1SDHB, COX4-1, NDUFB3, VEGRRdAPGC1 showed the greatest,
but not signi cant, induction of MRNA expression at 9 h post-exercis®le S).

The mean mRNA expression BRF1was highest at 24 h post-exercisey( 25, and
the mean mMRNA expression of CD36 had the greatest decrease at 24 h post-exercise
(Fig. 2B. Most participants showed the highest or lowest MRNA expression between 3 anc
24 h post-exercise (seven out of nine participantd\fieF1 and eight out of nine
participants foilCD36 respectivelyIFEB UCP3CS TAFM, UQCRC2andPPAR/ also
showed the highest or lowest expression level at 24 h; however, only changeBamd
UCP3reached signicance (able 2and Table S).
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Figure 2 Relative fold changes compared to baseline for the mRNA contenP@C-h (A), PGC-h4

(B), PPARa (C), PDK4 (D), NRF1(E), CD36(F), p53(G), andGLUT4(H), following a single session

of HIIE. Muscle biopsies were obtained at rest (baseline) before 4 weeks of high-intensity interval
training (HIIT), immediately after thenal session of HIIE (0 h), and 3, 9, 24, 48, and 72 h after exercise
from nine participants (except for only six participants at 72 h). Symbols (open circles and squares) of the
same color indicate mRNA data from one participant; the geometric mean (horizontal bars) + the 95%
con dence interval (Cl) are plotted for each graph. The squares indicate the data point with highest or
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Figure 2 (continued)

lowest MRNA content for each participant. A dotted line was used to indicate Y Sighi cantly
different from baseline, determined hyposteriorinformation fusion scheme and a Benjamini-Hoch-
berg false discovery rate (FDR) of <B%4gni cantly different from baseline, determinedagosteriori
information fusion scheme only. Full-size DOI: 10.7717/peerj.1285&-2

The mearp53mRNA expression was sigieantly greater than baseline from 9to 72 h
post-exercise, with the highest expression 48 h post-exergise (. PPAR showed
signi cant induction of MRNA expression at 48 h post-exercis®le J.

Participants showed a small decreas€&loff TAMRNA expression compared to
baseline, and the lowest mMRNA expression was found at 72 h after exeigisg.

The decrease of the mean mMRNA expression was sagttiat all time-points except 3 h
and 9 h post-exercis®FN2 had the highest mMRNA expression at 72 h post-exercise;
however, this change was not sigrant (Table S).

Modeling the gene expression response to exercise

We used a least-squares Gaussian nonlinear regression analysis to model the
exercise-induced expression pattern of the target géngsy; Using the mRNA
expression from 0 to 48 h after exercise (the time span in which most of the transcriptional
responses were observed), the best curweas generated based on the group mean
MRNA expression. The predicted peak mRNA expression time was iel@hi@sed on the
regression curve. The modelled peak mRNA expression time ranged fromPRP& R

to 34.8 h p53 post-exerciseHig. 4. CD3§ GLUT4, TFEB, and PPARvere not used

in this analysis as there was no peak in gene expression detected usingtmngyve

We then established the time window within which each targetgemnpression level was
within 90% of its most changed mRNA expression. The genes that responded earlier
tended to have a shorter time window within 10% of most changed mRNA expression,
whereas the genes that responded later had a larger time window.

Gene expression timing plotted against basal expression level

To determine if the diverse gene expression timing after exercise depends on its basal
expression level in skeletal muscle, we then plotted basal MRNA expression levels of the
gene targets with sigréant changes against the biopsy time that elicited the peak
MRNA expression after exercise. There was no clear relationship between the mRNA
expression level at baseline and the biopsy time-point that corresponded with the larges
change in gene expressian= 0.042p = 0.898Fig. 9.

DISCUSSION

The present study examined changes in the mRNA expression of 23 targets at six time:
points, over a period of 72 h, after a single session of high-intensity interval exercise in nini
healthy participants. We found that changes in gene expression were highly dependent o
the biopsy timing, and that the greatest changes in mMRNA expression were observed
between 3 and 72 h post-exercise. For many genes, there was considerable individual
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Figure 3 Curve tting applied to mRNA changes following a single session of high-intensity interval
exercise (HIIE).Least-squares Gaussian nonlinear regression analysis (dash lines) has been applied to
gene expression data G C-h (A), PGC-h4 (B),PPARx (C), PDK4(D), NRF1(E),CD36(F), p53(G),

and GLUT4(H) at ve time-points (0, 3, 9, 24 and 48 h following a single session of HIIE) in nine
participants. The geometric mean of gene expression is indicated by black dots, error bars are geometric
standard deviations. Full-size DOI: 10.7717/peerj.1285@-3
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Figure 4 Modelled time of mRNA expression peak following a single session of high-intensity
interval exercise in relation to biopsy timing in nine participantsThe peak expression time (black

dots) and the time window for the top 10% of mMRNA content (vertical lines) were calculated based on
regression analysis and is shown for the seven genes (eight isoforms) for which a peak of gene expression
was detected using curvéing. Full-size DOI: 10.7717/peerj.1285@-4

Figure 5 The biopsy time associated with peak mRNA expression in nine participants plotted against
the mRNA content at baseline for 12 gene isoformBearsofs correlation coetient andp value are
shown. Full-size DOI: 10.7717/peer].1285&-5

variability for the time at which the most changed mRNA expression was observed,
especially for genes that responded at later time-points.

We observed distinct temporal patterns of gene expression after exercise, which is
consistent with previous research. For exampteng et al. (200%examined the mRNA
expression of several genes at seven time-points from O to 24 h after resistance exercise ¢
found that the timing of MRNA induction of their target genes was also variable. They
reported that the mRNA expression miiscle regulatory factonMRF4 and PDK4
reached their highest levels 4 h post-exercise, whergagenirand hexokinase I(HKII)
reached their highest levels 8 h post-exercise. Another study assessed exercise-induce
gene expression at 3, 48, and 96 h after an endurance exercise session comprised of 60 |
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of intense cycling followed immediately by 60 min of intense runnigupauer et al.,
2019. Their results showed that the highest mMRNA expression of some targets, such as
hemeoxygenas HMOX1) andintegrin beta ZITGB2, occurred 96 h post-exercise,
whereas other targets, suchPA3C- A, had the highest observed mRNA expression at 3 h
post-exercise. Thesadings clearly highlight how biopsy timing has the potential to
in uence the interpretation of exercise-induced transcriptional responses. For example,
we had only taken a biopsy 3 h post-exercise in the current study (which is common
practice), we would have incorrectly concluded that genes siRIDK$NRF1 CD36 and
p53were not affected by our exercise stimulus.

The literature is consistent with our observation that the average mRNA expression of
PGC-Ah, as well as the exercise-induced isof®@&C-Hh4, increased signcantly 3 h
after a single session of HIIE, and then returned to baseline at 9 h post-exercise. Previot
studies have reported thRIGCH mRNA increases 2- to 15-fold, 2 to 5 h after a single
session of exercise in humans (summarisedsirafata, Jamnick & Bishop, 20).8
In another review articldslam, Edgett & Gurd (2018pmpared 19 human studies with
diverse exercise protocols and muscle sampling time-points; all studies reported an
increase irPGC-h mRNA expression, except one study that performed a biopsy 24 h
post-exercise. A recent meta-analysis, which integrated 66 published dataset using gen
ontology and pathway analyses, caned thatPGC-h mRNA increases 2.3-fold after a
single session of aerobic exerciBédn et al., 2020

When we investigated downstream targets of P&Arbtein (a transcriptional
coactivator Handschin & Spiegelman, 2))Q@ve observed that the mRNA expression of
PDK4was signicantly higher at 9 h post-exercise, and the mRNA expressibiRéfl
MRNA reached its highest level at 24 h post-exercise. Our results suggest the downstree
targets of the master regulator PGCdre induced by a single session of exercise but
follow a delayed time-course. Oundings support the proposal by Scribbans and
colleagues that the absence of a systematic upregulation of @@@géts could be
because changes in some targets were not captured by their chosen biopsy time (3 h
post-exercise)Jcribbans et al., 201 However, we observed no sigrant changes in
MRNA expression of some downstream targets of P&&Gudch agFAM, COX4-1 and
CS A review article byslam, Edgett & Gurd (2018@ported contrasting observations
when the expression of those genes targets were examined. For 18 studies that observec
increase irPGC-h mRNA expression, 12 studies reported an increased expression of
mitochondrial transcriptional factof FAM with at least one exercise protocol or
time-point (biopsy times ranging from 0 to 24 h, but mostly within 6 h post-exercise),
and 6 studies reported no change (biopsy times ranging from 0 to 6 h post-exercise). Islar
et al. also reported different results for gene expressi@QONIV (induced at 3 h
post-exercise or no change), a@&(induced at 5 h post-exercise or no change) from
separate studies. There is no clear explanation for the contrasting results; however, the
authors suggested this lack of coordination could be due to the divergent temporal
expression pattern of different genes and recommended a more thorough investigation c
the exercise-induced gene expression time-course in future human studies. The lack of
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signi cant changes in some PG@-downstream targets from this present study could be
due to the study being underpowered to detect a clear change.

The tumor suppressor p53 is another important regulator of mitochondrial biogenesis
and known to be induced by exercisafnata et al., 203 &aleem et al., 20l We report a
2- to 2.5-fold increase of p53 mMRNA from 24 to 48 h post-exercise, with the highest
MRNA expression (2.3-fold) observed at 48 h post-exercise. URBK2 &, the
exercise-induced changepB3mRNA expression are not consistent across the literature.
For exampleEdgett et al. (2013&ported a small induction of p53 mMRNA expression
(less than 1.5-fold) after high-intensity interval cycling of varying intensities (73 to 133%
Wea. Converselysiammond et al. (2016gported a 2- to 3-fold increase in p53 mMRNA
expression between 4.5 and 19.5 h after a high-intensity interval running session (8 x 5
min at 85%\VOy,e4y; their participants also performed a 60-min steady-state run (70%
VO,peay between the running session and post-exercise biopsies. Differences in the
prescribed exercise intensities and volumes may therefore contribute to the inconsisten

ndings between studies. However, in two of our previous human studies, we observed
no signi cant changes in p53 mMRNA expression immediately and 3 h after either
moderate-intensity continuous (63®6,c4) or “all-out’ sprint interval cycling sessions
(Granata et al., 20)7nor after high-intensity interval cycling (~79#8,c.) Whether
preceded by a prior exercise session or Aotlfade-Souza et al., 2020

The half-life of MRNA is important for the kinetics of gene expression, as mRNA
expression is determined by the rates of both RNA synthesis and degradation. It has bee
reported that many transcription factors and regulatory proteins have short half-lives
(Uhlitz et al., 201;7Yang et al., 2003In a study that analyzed mRNA half-lives in human
B-cells, the authors reported that genes involved in transcription factor activity,
transcription, and transcription factor binding, are short-lived, with median half-lives
ranging between 3.6 to 4.3 h, whereas genes involved in glucose and fatty acid metabo
process have longer median half-lives of 7.5 to 10Fkikdel et al., 2009This matches
our observation that transcription factors and coactivators, suetG&sh and
PPAR, are fast-responding genes following exercise. In contrast, genes with functions i
glucose metabolisnPDK4 and fatty-acid metabolismOD-36and UCP3J took longer to
be induced after our exercise stimulus. It has also been suggested that the kinetics of
MRNA induction are inuenced by basal expression levels, in addition to the activation
of transcription and mRNA turnoverB(ooth & Neufer, 20)2However, our results
indicate that the diverse expression timing of different genes after a single session of
exercise stimuli depends more on the function/role of the target gene in the process of th
adaptative response than its basal expression level in skeletal masd¢imé to peak
expression did not seem to be related to mMRNA expression level at baselirig;

Due to limitations regarding the number of muscle biopsies that can be obtained in a
single experiment, it was not possible to determine the precise peak expression time of
each target gene in the present study. Thus, we decided to model the peak expression
timing of target genes based on the observed mRNA changes in all participants. Previol
time-course studies in human subjedt&(hai et al., 2008VicGinley & Bishop, 2016a
Pilegaard, Saltin & Neufer, 2G08ang et al., 20Qpas well as our present experiment,
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observed that the majority of the exercise responsive genes followed a similar pattern: &
initial upregulation to an observed peak level followed by a return to baseline levels.
Based on these observations, we chose least-squares Gaussian nonlinear regression
modelling to analyze the expression pattern using the gene expression data from 0 to 48
post-exercise. The reasons for only including the time-points within tste48 h
post-exercise include: (1) the largest changes in mMRNA expression for the majority of
genes occurred within therst 2 days after exercise; (2) the low number of participants
available for the 72-h post-exercise biopsy. Based on this model, we mapped out the tirr
window eliciting the highest or lowest 10% of gene expression after exergisé. (

One limitation of our modelling method, however, is that this parametric regression is
strongly based on the assumption that the genes followed the modelled pattern.
Furthermore, the large individual variation between participants, the relatively low
number of participants, and the limited number of muscle biopsies taken, undoubtedly
affected the accuracy of our regression analysis. An even more comprehensive study, wi
more participants, more biopsy time-points, and a greater number of genes (assessed wi
RNAseq) is necessary to construct a more accurate picture of the kinetics of mMRNA
expression in response to exercise.

To standardize the exercise dose, we prescribed the same relative intensity and duratic
of HIIE for all participants. Nevertheless, we still observed large variability in both the
timing and the magnitude of the transcriptional response between individuals. This is
consistent with previous research showing that not all individuals respond the same way t
a standardized exercise doBe(chard & Rankinen, 200Jamnick et al., 202Ross, de
Lannoy & Stotz, 20)5This individual response could be due to genetic background,
non-genetic biological and behavioral factors, circadiatuations, and technical or
biological variability associated with the sampling of human skeletal muscle and the
analysis of exercise-induced mRNAl{m et al., 203 %Ross et al., 201.We add that the
timing of the observed peak for exercise-induced expression of different genes also differe
between individuals. This further highlights that it is probably not possible to choose a
single post-exercise biopsy time-point that will capture changes in the expression of
specic genes for all individuals.

In the present study, participants underwent 4-weeks of HIIT before the single sessior
of HIIE and post-exercise muscle sampling. This prior training period may have
in uenced our interpretation of results when compared to the pre-training baseline
values. Howeveljliyamoto-Mikami et al. (201&eported that of 24,838 genes assessed,
there were only 152 differentially expressed genes after 6 weeks of exercise training:
79 genes signtantly up-regulated (fold change between 1.2 to 2) and 73 genes
signi cantly down-regulated (fold change between 0.5 to 0.8). Only 1 of our target gene:
(PGC-h) overlapped with their 152 differently expressed genes. This suggests the fold
change in gene expression changes detected in this present study are likely to be
representative of the adaptive response to the single session of exercise, rather than th
training. Another study has also shown there was no difference in the mRNA expression o
PGC-h, PGC-1, TFAM, CSand COXIV after 10 days of intensive cycling training
(Stepto et al., 20).4t is still possible that the magnitude or lack of fold change in the
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expression of some gene targets could be due to the training period in our study.

For example, it has been shown that training was able to inc€adg4mRNA
expressiongtuart et al., 20)0which could explain the lack of induction GLUT4

MRNA expression following exercise that we observed in trained individuals. Despite thi:
limitation in our study design, it is important to note that our primary interest was to
investigate temporal changes in gene expression and not the fold changes from baseline
the expression of every individual gene target.

Another limitation of the present study is the possibleuance on mRNA expression
from non-exercise factors, such as repeated muscle biopsies, the post-exercise nutritiot
control, and circadian rhythms. It has previously been demonstrated that the expression o
some gene targets was induced by stimuli other than exercise, such as feeding and the str
from repeated muscle biopsies. However, this observation could be due to the
high-glycemic meal that was provided to the participants after thebiopsy {/issing,
Andersen & Schjerling, 2000ther studies have clearly demonstrated that prior muscle
biopsies had no effect on mMRNA expression of sgegénes, includinGC-h, PDK4
and GLUT4(Lundby et al., 20¢®silander, Damsgaard & Pilegaard, 2068rthermore,
other studies have shown that some mRNA transcripts follow a circadian pattern of
expressioniemler, Wolff & Esser, 20Z8aner et al., 20¥0however, considering that
participants all performed the exercise session and ate meals at the same time of the d
this is unlikely to have confounded the results of this study.

Another critical factor to interpret the gene expression data obtained from human
exercise studies is the use of the most appropriate statistical analyses. The common issi
with human exercise studies include relatively small sample sizes, large individual
variability, and not correctly controlling for multiple comparisons. Future research
investigating a time-course analysis of exercise-induced transcriptional responses in
humans should employ larger sample sizes and ensure that statistical analyses adequat
control for multiple comparisons.

It is important to note that our results are likely to be spedb the participants
recruited and the exercise employed. It has previously been reported that both training an

tness level can affect exercise-induced gene expreBsionv(et al., 201Bopov et al.,
2017. Thus, the time courses we have reported cannot be assumed for other population
(e.g, sedentary and untrained participants, or elite athletes). Many studies have also
reported intensity-dependent changes in gene expredsitme(t et al., 201Bgan et al.,
2010 Sriwijitkamol et al., 20071t remains to be determined if the time courses we have
reported are also iruenced by exercise intensity.

It is also worth mentioning that adaptive responses to exercise training consist of
changes in steady-state protein abundance, along with subsequent functional adjustmer
(e.qg, changes in enzyme activitieBe(ry et al., 20)0These adaptations are collectively
determined by rates of mMRNA transcription, mMRNA degradation, translation, and
protein degradation. Nonetheless, it has been reported, Bickel & Biggin (2014hat
variance in mMRNA expression explains more than 80% of the variance in protein levels.
This suggests that better characterizing transcriptional responses to exercise does
contribute to understanding the adaptive response to exercise training.
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CONCLUSIONS

In summary, this study monitored the temporal expression of mMRNA with multiple
time-points over 72 h after a single exercise session. We observed distinct temporal
patterns for the expression of different genes, with the time for the highest observed gen
expression varying from 3 to 48 h post-exercise. Thedags highlight an important
limitation when studying the molecular responses to exercise, where few (2 to 3) biopsie
are commonly sampled in a short time franie.( less than 24 h post exercise) to examine
transcriptional responses to exercise. These results further emphasize the importance c
carefully planning biopsy time-points to best capture, and interpret, exercise-induced
changes in genes of interest.
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