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1  |  INTRODUC TION

The United Nations has declared 2021– 2030 the “Decade of 
Healthy	Ageing”	to	assist	the	aging	population	in	living	healthier	for	
longer. Identifying reliable aging biomarkers that can be targeted 
by	 longevity-	promoting	 interventions	 is	a	global	priority,	however,	
requires	 sizable	 human	 cohorts	 across	 a	 broad	 range	 of	 ages	 and	
relevant	tissues,	which	is	both	costly	and	time-	consuming.	The	last	
two decades have seen an open science revolution with the creation 
of	free-	access	repositories	overflowing	with	molecular	data	from	all	
levels of gene regulation (e.g., epigenomics, transcriptomics). These 
rich repositories allow for the exploration of aging mechanisms and 
their susceptibility to environmental stressors, even in healthy and/
or	young	 individuals,	 since	age-	related	changes	gradually	 accumu-
late from early life and affect organ systems years before disease 
manifestation (Belsky et al., 2015).

Aging	is	associated	with	a	loss	of	muscle	mass	and	function	that	
leads to increased adverse outcomes including falling injury, func-
tional	decline,	frailty,	earlier	morbidity,	and	mortality	 (Cruz-	Jentoft	
&	Sayer,	2019).	Exercise	training	is	one	of	the	most	affordable	and	
effective ways to promote healthy aging (Cartee et al., 2016), as 
being physically active reduces mortality from all causes, indepen-
dent of levels and changes in several established risk factors (over-
all diet quality, body mass index, medical history, blood pressure, 
triglycerides, and cholesterol; Mok et al., 2019). Cardiorespiratory 

fitness, as estimated by maximal oxygen uptake (VO2max) during an 
exercise test, shows a strong, graded, and inverse association with 
overall	mortality	(Laukkanen	et	al.,	2001). However, we have an in-
complete understanding of the fundamental mechanisms by which 
physical	 activity	 delays	 the	 age-	related	 decline	 in	 skeletal	 muscle	
function.

At	 the	molecular	 level,	 aging	arises	 from	a	 tip	 in	 the	balance	
between	cellular	damage	and	compensatory	mechanisms	(López-	
Otín et al., 2023; Thuault, 2021). Cells undergo constant dam-
age, such as genomic instability, telomere attrition, epigenetic 
alteration, loss of proteostasis, and disabled macroautophagy 
(López-	Otín	et	al.,	2023). This leads to impaired nutrient sensing, 
mitochondrial dysfunction, and cellular senescence, which play 
more nuanced roles in the aging process, as they can be beneficial 
at	a	young	age	(e.g.,	 the	nutrient-	sensing	network	contributes	to	
organ development until young adulthood but can have a detri-
mental	 role	beyond	 this	 stage).	 Low	doses	 such	as	occurs	 in	mi-
tochondrial dysfunction can stimulate beneficial counterreactions 
via mitohormesis, or if spatially confined (e.g., cellular senescence 
suppression	of	oncogenesis	and	improved	wound	healing;	López-	
Otín et al., 2023).	 Eventually,	 the	 accumulated	 damage	 inflicted	
by these primary and antagonistic hallmarks can no longer be 
compensated, leading to stem cell exhaustion, altered intercel-
lular communication, chronic inflammation, and dysbiosis, which 
are ultimately responsible for the physiological decline associated 
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Abstract
Exercise	 training	 prevents	 age-	related	 decline	 in	muscle	 function.	 Targeting	 epige-
netic	aging	is	a	promising	actionable	mechanism	and	late-	life	exercise	mitigates	epi-
genetic aging in rodent muscle. Whether exercise training can decelerate, or reverse 
epigenetic	aging	in	humans	is	unknown.	Here,	we	performed	a	powerful	meta-	analysis	
of the methylome and transcriptome of an unprecedented number of human skeletal 
muscle samples (n = 3176).	We	show	that:	 (1)	 individuals	with	higher	baseline	aero-
bic fitness have younger epigenetic and transcriptomic profiles, (2) exercise training 
leads to significant shifts of epigenetic and transcriptomic patterns toward a younger 
profile,	 and	 (3)	muscle	 disuse	 “ages”	 the	 transcriptome.	Higher	 fitness	 levels	were	
associated with attenuated differential methylation and transcription during aging. 
Furthermore, both epigenetic and transcriptomic profiles shifted toward a younger 
state after exercise training interventions, while the transcriptome shifted toward an 
older state after forced muscle disuse. We demonstrate that exercise training targets 
many	of	 the	age-	related	transcripts	and	DNA	methylation	 loci	 to	maintain	younger	
methylome and transcriptome profiles, specifically in genes related to muscle struc-
ture, metabolism, and mitochondrial function. Our comprehensive analysis will inform 
future studies aiming to identify the best combination of therapeutics and exercise 
regimes	to	optimize	longevity.

K E Y W O R D S
aging,	cardiorespiratory	fitness,	DNA	methylation,	exercise	training,	human	skeletal	muscle,	
meta-	analysis,	mRNA	expression
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with	aging	(López-	Otín	et	al.,	2023).	The	effect	of	aging	on	DNA	
methylation	(DNAm)	patterns	is	so	profound	that	machine	learn-
ing has spawned highly accurate predictors of both chronological 
and	biological	 age	 (termed	 “epigenetic	 clocks”;	Bell	 et	 al.,	2019). 
We developed an epigenetic clock for human skeletal muscle 
(Voisin et al., 2020) and reported widespread changes in the mus-
cle methylome at genes involved in muscle structure and function 
(Voisin et al., 2021). Downstream of epigenetic processes, changes 
in transcriptional patterns at genes involved in central metabolic 
pathways, and mitochondrial function have also been reported 
in muscle during aging (Su et al., 2015). Regular exercise miti-
gates	the	age-	related	 loss	of	proteostasis	 (Fernando	et	al.,	2019; 
Ubaida-	Mohien	 et	 al.,	 2019), mitochondrial dysfunction (Cartee 
et al., 2016; Short et al., 2005), and stem cell exhaustion (Cartee 
et al., 2016;	Sousa-	Victor	et	al.,	2015) in muscle, but there is cur-
rently	limited	evidence	for	its	effect	on	age-	related	epigenetic	and	
transcriptomic changes.

Several	cross-	sectional	analyses	 found	only	weak	associations	
between	 self-	reported	 physical	 activity	 levels	 and	 epigenetic	 age	
in blood (Quach et al., 2017; Sillanpää et al., 2019, 2021) or skeletal 
muscle (Sillanpää et al., 2019), after adjusting for confounders such 
as	diet.	However,	self-	reported	measures	of	physical	activity	poorly	
reflect actual physical activity levels, particularly in individuals with 
higher body fat and females who typically overestimate energy ex-
penditure (Prince et al., 2008). Furthermore, these studies relied 
solely	on	DNAm	clocks	to	quantify	age-	related	changes	in	epigene-
tic patterns. While aging is associated with widespread changes at 
a plethora of CpG sites, epigenetic age, as measured by epigenetic 
clocks, is a single value that encompasses a very small portion of 
the	aging	methylome	 (typically	a	 few	hundred	age-	related	DNAm	
loci, also called CpGs). Therefore, it offers a very narrow and in-
complete view of the aging methylome, and exercise training may 
affect aging regions that are not captured by epigenetic clocks. 
Interestingly,	a	recent	study	found	evidence	that	late-	life	exercise	
mitigates	age-	related	epigenetic	changes	 in	mouse	gastrocnemius	
muscle (Murach et al., 2022). In this study, the authors did not 
use	clocks	but	investigated	all	DNAm	loci	that	change	with	age	in	
mouse muscle and applied a direct exercise training intervention. 
A	couple	of	human	studies	are	in	line	with	these	results:	resistance	
training	was	shown	to	offset	age-	related	changes	both	 in	 the	nu-
clear (Blocquiaux et al., 2022; Gorski et al., 2023) and mitochon-
drial (Ruple et al., 2021) epigenome. Unfortunately, these studies 
had	 small	 sample	 sizes	 and	 have	 not	 been	 replicated	 to	 date,	 so	
they should be regarded as preliminary (Fanelli et al., 2017). They 
were also restricted to resistance training in males, which does 
not speak for the effect of exercise training in general in males or 
females	 across	 the	 lifespan.	 In	 another,	 large-	scale	meta-	analysis,	
age-	related	 changes	 in	 the	 transcriptome	 showed	 an	 inverse	 cor-
relation with higher cardiorespiratory fitness (CRF; Su et al., 2015). 
However,	these	associations	were	cross-	sectional	and	could	be	con-
founded	by	other	environmental	and	lifestyle	factors	that	co-	occur	
with higher CRF levels (e.g., a better diet). Therefore, there is a great 
need for a comprehensive, integrative, and robust assessment of 

the	effects	of	CRF,	exercise	training,	and	inactivity	on	age-	related	
molecular changes in human muscle.

To address these limitations, we identified relevant published 
datasets from online databases that we combined with our own 
original	 data	 to	 characterize	 the	effect	of	 cardiorespiratory	 (CRF),	
exercise training, and inactivity on human skeletal muscle aging 
across the methylome and transcriptome. We first compiled a list 
of	age-	related	changes	in	1251	samples	across	16	cohorts	(DNAm)	
and	1925	samples	across	21	cohorts	 (mRNA	expression).	We	then	
tested	cross-	sectional	associations	between	aging	molecular	profiles	
and	CRF;	we	hypothesized	that	 individuals	with	higher	CRF	would	
display	 “younger”	 profiles	 than	 expected	 at	 age-	related	CpGs	 and	
mRNAs.	 Then,	 we	 investigated	 directly	 whether	 exercise	 training	
could shift molecular profiles in human skeletal muscle toward a 
younger	 profile,	 using	 high-	resolution	 longitudinal	 data	 collected	
from exercise training studies of various types and durations. Finally, 
we	tested	whether	 inactivity	could	“age”	transcriptomic	profiles	 in	
human skeletal muscle, using longitudinal data from forced immobili-
zation	interventions	in	humans.	This	work	provides	a	comprehensive	
and	integrative	map	of	the	effect	of	physical	activity	on	age-	related	
changes in fundamental processes controlling gene expression in 
human muscle.

2  |  RESULTS

2.1  |  Methodology overview

We describe our study design in Figure 1.
First,	we	 identified	the	DNAm	loci	and	transcripts	that	change	

with age in human skeletal muscle, by systematically mining and 
analyzing	DNAm	and	mRNA	microarray	 data	 from	our	 laboratory,	
online databases, and our collaborators' laboratories. We conducted 
a	random-	effects	epigenome-	wide	association	study	(EWAS)	meta-	
analysis of age across 1251 samples from 16 independent cohorts 
(Table S1),	 and	 a	 random-	effects	 transcriptome-	wide	 association	
study	(TWAS)	meta-	analysis	of	age	across	1925	human	muscle	sam-
ples from 21 independent cohorts (Table S2). To uncover the effect 
of aerobic fitness and exercise training on the aging methylome and 
transcriptome of skeletal muscle, we then restricted our analysis 
to	 the	 identified	 age-	related	 Differentially	 Methylated	 Positions	
(DMPs)	and	Differentially	Expressed	Genes	(DEGs).

We	first	assessed	whether	an	objective	gold-	standard	measure	
of aerobic fitness (VO2max) was associated with younger methy-
lome and transcriptome profiles in skeletal muscle (Figure 1).	At	the	
epigenetic	 level,	we	 conducted	a	 random-	effects	meta-	analysis	 of	
VO2max across 439 samples from five independent cohorts; at the 
transcriptomic	level,	we	conducted	a	random-	effects	meta-	analysis	
of VO2max across 354 samples from five independent cohorts 
(Table 1). There was a reasonably large range of VO2max in each of 
these	cohorts	(SD >5 mL/min/kg,	Table 1), which is essential to de-
tect differences in OMIC aging between individuals with varying 
fitness levels.
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As	cross-	sectional	analyses	can	be	confounded	by	unmeasured	
factors (e.g., lifelong dietary patterns, socioeconomic status), we 
tested directly whether an exercise training program could shift 

OMIC profiles toward a younger state, in an interventional, longitudi-
nal	setting.	We	conducted	a	random-	effects	meta-	analysis	of	DNAm	
changes	 following	 aerobic,	 high-	intensity	 interval,	 or	 resistance	

F I G U R E  1 Study	overview.	First,	we	performed	a	large-	scale	data	mining	exercise	to	gather	all	existing	DNA	methylation	(DNAm)	
and	mRNA	expression	microarray	datasets	from	our	own	lab,	our	network	of	collaborators,	and	open-	access	repositories	(GEO,	dbGAP,	
ArrayExpress).	See	Methods	for	inclusion	criteria	of	datasets.	Step	1:	We	identified	age-	related	changes	in	DNAm	and	mRNA	expression	
in	human	skeletal	muscle	by	meta-	analyzing	1251	samples	across	16	cohorts	(DNAm)	and	1925	samples	across	21	cohorts	(mRNA).	Step	
2:	First,	we	performed	a	cross-	sectional	association	between	DNAm	levels	at	age-	related	CpGs	or	expression	levels	at	age-	related	mRNAs	
and VO2max.	Then,	we	determined	whether	DNAm	levels	at	age-	related	CpGs,	and	expression	levels	at	age-	related	mRNAs	changed	after	
exercise	training,	and	we	assessed	whether	expression	levels	at	age-	related	mRNAs	changed	after	muscle	disuse.	Finally,	we	performed	a	
series of OMIC integrations and pathway analyses to identify the molecular pathways affected by age, VO2max, exercise training, and/or 
muscle disuse across both OMIC layers. Note: we only had OMIC data available at the transcriptomic level following muscle disuse. Note 
2:	summary	statistics	for	the	exercise-		and	disuse-	induced	mRNA	changes	came	from	two	recent	meta-	analyses	(Fanelli	et	al.,	2017; Garcia 
et al., 2022).

TA B L E  1 Characteristics	of	the	cohorts	used	in	the	cross-	sectional	analysis	(association	between	age-	related	CpGs	or	mRNAs	and	
maximal oxygen uptake (VO2max).

Cohort
Number of 
samples

Number of unique 
individuals Age (years) Sex (% male)

VO2max 
(mL/min/kg) Data availability

DNA methylation

Gene	SMART	(Voisin	
et al., 2020, 2021)

234 66 32 ± 8.1 80% 48 ± 9.0 GSE151407,	
GSE171140

Finnish Twin Cohort (Sillanpää 
et al., 2021)

73 73 43 ± 16 38% 36 ± 8.5 Per request

E-	MTAB-	11282	(Garcia	
et al., 2022)

52 13 45 ± 11 38% 23 ± 5.0 E-	MTAB-	11282

EXACT 48 16 33 ± 10 100% 42 ± 7.8 Per request

CAUSE	(Gorski	et	al.,	2023) 32 16 60 ± 5.3 0% 30 ± 6.1 GSE213029

mRNA expression

GSE18732	(Gallagher	
et al., 2010)

117 117 54 ± 11 69% 28 ± 9.6 GSE18732

HERITAGE	(Clarke	et	al.,	2017; 
Takeshita et al., 2021)

82 42 34 ± 14 58% 36 ± 9.0 GSE117070

GSE44818	(Rowlands	
et al., 2015)

72 12 30 ± 7.2 100% 60 ± 6.0 GSE44818

The Malmö Prevention Study 
(De et al., 2010)

43 43 66 ± 1.5 100% 28 ± 6.4 E-	CBIL-	30

MSAT	(Oskolkov	et	al.,	2022) 39 39 36 ± 8.3 100% 52 ± 8.1 Per request
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    |  5 of 15VOISIN et al.

training across 401 samples from six independent exercise training 
interventions (Figure 1 and Table 2); we also extracted summary sta-
tistics	at	age-	related	DEGs	from	a	published	meta-	analysis	of	tran-
scriptomic	changes	induced	by	exercise	training	(Amar	et	al.,	2021). 
Finally, and to further support the causal effect of exercise training 
in the shift of muscle OMIC patterns toward younger profiles, we 
tested	whether	age-	related	transcriptomic	profiles	were	altered	fol-
lowing a decrease in physical activity; we extracted summary statis-
tics	at	 age-	related	DEGs	 from	a	published	meta-	analysis	 following	
forced	immobilization	protocols	(Pillon	et	al.,	2020).

2.2  |  Skeletal muscle aging alters DNA 
methylation and expression of genes involved in 
muscle structure and metabolism

Age-	related	 changes	 to	 the	 methylome	 are	 widespread	 yet	 small	
(typically ~1% change in methylation per decade of age); out of 
the 595,541 tested CpG sites, we identified 3168 differentially 
methylated	 positions	 (DMPs)	 associated	 with	 age	 at	 FDR <0.005 
(Benjamin et al., 2017; Table S3), 73% of which were hypomethyl-
ated (Figure S1A). This is in concordance with our previous findings 

(Voisin et al., 2021),	 and	 in	 line	with	 recent	 findings	at	 the	 single-	
cell level (Tarkhov et al., 2022). While DMPs were not enriched in 
any particular canonical pathway or expression signatures of genetic 
and chemical perturbations, they were overrepresented in two gene 
ontology terms related to muscle structure (contractile fiber, I band; 
Figure S1B), and in two human phenotype ontologies entirely con-
sistent	with	musculoskeletal	 aging	 (“difficulty	 climbing	 stairs,”	 and	
“muscle	weakness;”	Figure S1B).

Out of the 16,657 tested transcripts, we identified 330 differ-
entially	expressed	genes	 (DEGs)	at	FDR <0.005 (Table S4), 68% of 
which were downregulated with older age (Figure S2A).	While	DEGs	
were not enriched in any particular canonical pathway, they were 
overrepresented in several gene ontology terms related to mito-
chondrial	function	and	energy	production	(ADP	and	ATP	metabolic	
processes, generation of precursor metabolites and energy, en-
ergy derivation by oxidation of organic compounds, mitochondrial 
protein-	containing	complex,	organelle	inner	membrane;	Figure S2B). 
Furthermore, they were also overrepresented in expression signa-
tures of genetic and chemical perturbations	(incl.	genes	up-	regulated	
in differentiating myoblasts upon expression of PPARGC1A; Mootha 
et al., 2003), genes differentially regulated in myoblasts with IGF2BP2 
knockdown (Boudoukha et al., 2010), and genes that comprise the 

TA B L E  2 Participant	characteristics	from	the	cohorts	in	the	interventional	analysis	(changes	in	levels	of	age-	related	CpGs	or	mRNA	after	
exercise training or muscle disuse).

Cohort
Number of 
samples

Number 
of unique 
individuals Age (years)

Sex (% 
male) Intervention Dataset access

DNA methylation

Gene	SMART	(Voisin	
et al., 2020, 2021)

196 66 32 ± 8.1 80% 4 weeks	of	HIIT	repeated	twice	
after	a > 1-	year	washout,	and	
an	additional	8 weeks	of	HIIT

GSE151407,	
GSE171140

E-	MTAB-	11282	(Garcia	
et al., 2022)

52 13 45 ± 11 38% 8 weeks	of	aerobic	training E-	MTAB-	11282

EPIK	(Blocquiaux	
et al., 2022)

48 14 45 ± 22 100% 12 weeks	of	resistance	training	
repeated twice after a 
12-	week	washout	(older	
individuals)	or	2-	week	
immobilization	(younger	
individuals)

Per request

GSE114763	(Seaborne	
et al., 2018)

39 8 29 ± 6 100% 7 weeks	of	resistance	training	
repeated	twice	after	a	7-	week	
washout

GSE114763

EpiTrain	(Lindholm	
et al., 2014)

34 17 27 ± 4 44% 3 months	of	aerobic	training GSE60655

CAUSE	(Gorski	
et al., 2023)

32 16 60 ± 5.3 0% 5 months	of	aerobic	training GSE213029

mRNA expression

ExTraMeta	(Amar	
et al., 2021)

952 476 Meta-	analysis	of	28	
datasets

Exercise	training	of	various	types	
and duration

https://www.
extra meta.
org

MetaMEx	(Pillon	
et al., 2020)

250 125 Meta-	analysis	of	7	datasets Forced	immobilization	of	various	
durations

https://metam 
ex.serve.
scili felab.
se/
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mitochondria gene module (Wong et al., 2008).	DEGs	were	also	en-
riched in two human phenotype ontologies related to muscle func-
tion	(“exercise	intolerance”,	and	“myoglobinuria”;	Figure S1B).

Finally,	we	estimated	whether	the	age-	related	DNAm	and	mRNA	
changes were possibly driven by changes in cell type composition. 
We	tested	whether	 the	DMPs	and	DEGs	were	overrepresented	 in	
twelve gene sets containing curated cluster markers for cell types 
identified	in	a	single-	cell	sequencing	study	of	human	skeletal	mus-
cle (Rubenstein et al., 2020). We found no significant enrichment of 
DMPs in any of the cell type marker genes (Figure S1C), suggesting 
that	the	age-	related	DNAm	changes	are	not	confounded	by	changes	
in	 cell	 type	 proportions.	 In	 contrast,	 DEGs	 were	 enriched	 for	
genes whose expression differs between type I and type IIa fibers 
(Figure S2C),	with	 a	 change	 in	mRNA	expression	 suggestive	of	 an	
increase in type I fiber % with older age; TPM3, PDLIM1, and MYOZ2 
are all markers of type I fibers and increased in expression with age, 
while PKM, ENO3, and PFKM are all markers of type IIa fibers and 
decreased	 in	 expression	with	 age.	 DEGs	 also	 showed	 a	 trend	 for	
enrichment in marker genes of smooth muscle cells that make up 
the walls of blood vessels (Figure S2C), but it is unclear whether it 
reflected an increase or a decrease in the proportion of smooth mus-
cle cells, as the signal was inconsistent: 17/28 of the marker genes 
increased in expression, and 11/28 decreased in expression.

As	the	DMPs	and	DEGs	were	associated	with	related	yet	distinct	
ontologies, we further examined the overlap between differentially 
methylated	genes	 (DMGs)	and	DEGs.	We	 identified	63	genes	 that	
were altered both at the epigenetic and transcriptional levels during 
aging (Figure S3A and Table S5).	This	overlap	between	age-	related	
changes at the epigenetic and transcriptomic levels was greater than 
expected by chance alone, as DMGs were more likely to also be 

DEGs	 than	non-	DMGs	 (p-	value	 for	over-	representation = 0.00011,	
Figure S3B);	 conversely,	DEGs	were	more	 likely	 to	be	DMGs	 than	
non-	DEGs	(p-	value	for	over-	representation	= 1.7 × 10

−5, Figure S3B).

2.3  |  CRF and exercise training are associated with 
younger epigenetic and transcriptomic profiles in 
human skeletal muscle, in contrast to muscle disuse

We	identified	25	age-	related	DMPs	and	one	age-	related	DEGs	that	
showed a significant association with VO2max	(FDR <0.005, Tables S3 
and S4), but it is likely that we were underpowered to detect more 
associations	at	a	high	level	of	confidence.	A	quantile-	quantile	plot	of	
p-	values	for	the	association	between	VO2max	and	DNAm	or	mRNA	
levels	at	age-	related	DMPs	or	DEGs	showed	a	clear	increase	(infla-
tion) above the diagonal line (Figure S4A,B). This diagonal line indi-
cates the expected p-	value	distribution	under	the	assumption	(null	
hypothesis) that the p-	values	follow	a	uniform	[0,1]	distribution	(i.e.	
that there are no true associations between VO2max	and	DNAm	or	
mRNA	 levels	 at	 age-	related	DMPs	 and	DEGs).	 The	 amount	 of	 de-
parture from this diagonal line correlates with the expected number 
of true associations (van Iterson et al., 2017). We did not identify 
age-	related	DMPs	that	were	significantly	altered	following	exercise	
training	at	FDR <0.005, but with substantially more samples (n = 952	
from 28 datasets) and therefore statistical power at the transcrip-
tional	 level,	we	 found	40	 age-	related	DEGs	 that	were	 altered	 fol-
lowing exercise training (Table S3).	Importantly,	at	age-	related	DMPs	
and	DEGs	most	significantly	associated	with	VO2max or altered fol-
lowing exercise training (the points on the far right of the Q– Q plots), 
VO2max and training were associated with changes that directly 

F I G U R E  2 Aerobic	fitness	and	exercise	training	have	similar	associations	with	muscle	epigenetic	profiles,	which	contrast	with	those	
seen	with	age.	(a)	Pairwise	correlation	(Spearman)	between	the	effect	sizes	of	age,	aerobic	fitness	(VO2max),	and	exercise	training	at	age-	
related	DMPs.	Each	dot	corresponds	to	one	of	the	3168	age-	related	DMPs,	and	the	axes	represent	the	magnitude	of	effect	for	age,	VO2max, 
and	exercise	training.	(b)	Unsupervised	hierarchical	clustering	of	the	effect	sizes	of	age,	VO2max,	and	exercise	training	at	age-	related	DMPs	
(ordered	from	the	most	hypomethylated	to	most	hypermethylated	with	age).	Note	that	the	legend	is	arbitrary	as	effect	sizes	were	scaled	to	
an SD of 1 for age, VO2max, and exercise training to be comparable.

 14749726, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/acel.13859 by T

est, W
iley O

nline L
ibrary on [04/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.gsea-msigdb.org/gsea/msigdb/human/genesets.jsp?collection=HPO
http://www.gsea-msigdb.org/gsea/msigdb/human/genesets.jsp?collection=C8
http://www.gsea-msigdb.org/gsea/msigdb/human/genesets.jsp?collection=C8
http://www.gsea-msigdb.org/gsea/msigdb/human/genesets.jsp?collection=C8


    |  7 of 15VOISIN et al.

F I G U R E  3 Aerobic	fitness	and	exercise	training	show	similar	associations	with	muscle	transcriptomic	profiles	and	contrast	with	those	
seen	with	age	and	muscle	disuse.	(a)	Pairwise	correlation	(Spearman)	between	the	effect	sizes	of	age,	aerobic	fitness	(VO2max), exercise 
training,	and	muscle	disuse	at	age-	related	DEGs.	Each	dot	corresponds	to	one	of	the	330	age-	related	DEGs,	and	the	axes	represent	the	
magnitude of effect for age, VO2max,	exercise	training,	and	disuse.	(b)	Unsupervised	hierarchical	clustering	of	the	effect	sizes	of	age,	VO2max, 
exercise	training,	and	disuse	at	age-	related	DEGs	(ordered	from	the	most	downregulated	to	most	upregulated	with	age).	Note	that	the	legend	
is	arbitrary	as	effect	sizes	were	scaled	to	an	SD	of	1	for	age,	VO2max, exercise training, and disuse to be comparable. (c) Comparison of the 
magnitude	of	exercise-	induced	changes	in	gene	expression	between	a	hypothetical	20-		and	70-	year-	old.	The	genes	displayed	are	those	
for	which	“age”	was	a	significant	moderator	according	to	the	meta-	regression	conducted	by	Amar	et	al.	(2021)	“Down	DEG” = gene	whose	
expression	decreases	during	normal	aging;	“Up	DEG” = gene	whose	expression	increases	during	normal	aging.	(d)	Multi-	contrast	enrichment	
comparing the effects of age, VO2max,	exercise	training,	and	muscle	disuse	at	age-	related	DEGs.	Genes	related	to	mitochondrial	function	
showed clear indications of downregulation during aging and following muscle disuse while being simultaneously upregulated with higher 
VO2max	and	following	exercise	training.	This	was	visible	across	the	Gene	Ontology,	Canonical	Pathways,	and	Expression	Signature	of	Genetic	
and Chemical Perturbations gene sets.
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countered the effect of age (Figure S4C,D). In other words, DMPs 
or	 DEGs	 whose	 methylation	 or	 expression	 levels	 decreased	 with	
age overwhelmingly increased in methylation or expression with 
higher VO2max	and	following	exercise	training;	DMPs	or	DEGs	whose	
methylation or expression levels increased with age overwhelmingly 
decreased in methylation or expression with higher VO2max and fol-
lowing exercise training. Finally, we observed a very pronounced 
effect of muscle disuse on the aging transcriptome, despite a sub-
stantially	 lower	 sample	 size	 (n = 250	 from	7	 datasets,	Table 2): 68 
age-	related	DEGs	were	significantly	altered	following	forced	immo-
bilization	at	FDR <0.005 (Table S4 and Figure S4E).	DEGs	that	were	
downregulated with age tended to decrease in expression following 
muscle disuse, and vice versa.

The	 contrast	 between	 age-	related	 and	 VO2max-		 and	 exercise-	
related	 changes	 are	 visible	when	 all	 age-	related	DMPs	 and	DEGs	
were taken into account; we noted strong negative correlations 
between the effects of age and VO2max	 across	 all	 age-	related	
DMPs (Figure 2a, Spearman correlation ρ = −0.39,	 p < 2.2 × 10

−16 ,	
Figure 2b),	 and	 across	 all	 age-	related	DEGs	 (Figure 3a, Spearman 
correlation ρ = −0.18,	p = 0.0013, Figure 3b), as well as strong neg-
ative correlations between the effects of age and exercise training 
overall	age-	related	DMPs	(Figure 2a, Spearman correlation ρ = −0.37,	
p < 2.2 × 10

−16)	and	across	all	age-	related	DEGs	(Figure 3a, Spearman 
correlation ρ = −0.38,	p = 6.7 × 10

−12).	The	“pro-	aging”	effect	of	mus-
cle disuse was visible at the scale of the whole aging transcriptome; 
we found a strong positive correlation between the effects of age 
and	 immobilization	overall	age-	related	DEGs	 (Figure 3a, Spearman 
correlation ρ = 0.43,	p < 2.2 × 10

−16).
To further highlight the association between VO2max and muscle 

OMIC	 aging,	we	 performed	 principal	 component	 analysis	 (PCA)	 for	
DMPs	in	the	Gene	SMART	cohort,	and	for	DEGs	in	the	GSE18732	co-
hort.	These	two	cohorts	have	the	largest	sample	size	and	VO2max range 
in our study (Table 2).	 In	 the	Gene	SMART	cohort,	 individuals	 clus-
tered by VO2max levels both on Dimension 1 and Dimension 3 (Pearson 

correlation p = 0.0011 for PC1 and p = 0.0047 for PC3), indicating 
that	individuals	of	similar	fitness	levels	show	similar	patterns	of	DNAm	
at	age-	related	DMPs	 (Figure 4a).	Similarly,	 in	 the	GSE18732	cohort,	
individuals tended to cluster by VO2max levels both on Dimension 1 
and Dimension 3 (Pearson correlation p = 0.05 for PC1 and p = 0.0019 
for PC3), indicating that individuals of similar fitness levels have similar 
mRNA	levels	at	age-	related	DEGs	(Figure 4b).

2.4  |  Older individuals have a blunted response to 
exercise at a small fraction of age- related DEGs

We then explored whether the effects described above were applica-
ble to the entire lifespan (i.e. whether older individuals were as able as 
young	individuals	to	reap	the	“anti-	aging”	benefits	of	exercise	training).	
We	could	not	test	this	hypothesis	at	the	DNAm	level	due	to	the	more	
limited	number	of	 older	 individuals	with	DNAm	data	 in	 the	 studied	
cohorts (Tables 1 and 2), but we investigated this in the transcriptional 
response	to	exercise	 training	as	effect	sizes	came	from	28	different	
cohorts with a wide variability in age range (Table 2). We extracted 
summary	statistics	from	the	original	paper	from	Amar	et	al.	(2021) and 
identified	12	DEGs	(3%	of	all	DEGs)	whose	exercise-	induced	change	
in	expression	levels	depends	on	age.	For	all	12	DEGs,	older	individuals	
showed a blunted response to exercise training (Figure 3c).

2.5  |  Mitochondrial and metabolic 
pathways are simultaneously inhibited by age and 
muscle disuse, and enhanced with greater CRF and by 
exercise training

We compared the associations between age, aerobic fitness, ex-
ercise	 training,	 and	muscle	 disuse	 in	 an	 integrated,	multi-	contrast	
enrichment	 analysis	 that	 uses	 a	 rank-	MANOVA-	based	 statistical	

F I G U R E  4 Principal	component	analysis	of	individuals	from	the	Gene	SMART	cohort	at	age-	related	DMPs,	and	individuals	from	the	
GSE18732	cohort	at	age-	related	DEGs.	We	used	principal	component	analysis	(PCA)	to	reduce	dimensionality	and	show	each	individual	on	
a	two-	dimensional	graph.	Individuals	from	the	Gene	SMART	cohort	(a)	and	from	the	GSE18732	cohort	(b)	are	colored	according	to	their	
baseline VO2max	levels.	Lower	levels	of	VO2max are indicated by smaller circles in lighter colors, while higher levels are indicated by larger 
circles in darker reds. To objectively test the clustering of individuals according to VO2max, we ran Pearson correlations between individual 
coordinates on Dimension 1, Dimension 2, or Dimension 3 and VO2max.
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    |  9 of 15VOISIN et al.

approach	 (Kaspi	 &	 Ziemann,	 2020). We could only perform this 
multi-	contrast	analysis	at	the	transcriptional	level,	as	this	statistical	
approach	has	not	been	adapted	for	DNAm	data	(i.e.,	it	has	not	been	
optimized	to	take	into	account	the	severe	bias	in	gene-	set	analysis	
applied	to	genome-	wide	methylation	data;	Maksimovic	et	al.,	2021; 
Phipson et al., 2016).	 This	multi-	contrast	 analysis	 identified	mito-
chondrial and metabolic pathways as simultaneously inhibited by 
age and muscle disuse, while enhanced by aerobic fitness and ex-
ercise training (Figure 3d). The effects of VO2max and exercise train-
ing were highly consistent both at the epigenetic and transcriptomic 
levels (Figures 2 and 3). Conversely, the effect of muscle disuse con-
trasted with both VO2max and exercise training (Figures 2 and 3).

3  |  DISCUSSION

We showed, in a large sample (>3200) of human muscles, that higher 
aerobic fitness is associated with younger epigenetic and transcrip-
tomic profiles. In line with this, exercise training shifts the aging 
muscle epigenome and transcriptome toward a younger profile, 
while muscle disuse significantly accelerates transcriptomic aging. 
The	magnitude	of	“anti-	aging”	or	“aging”	effects	was	highly	site-		and	
gene-	dependent,	suggesting	that	exercise	training	can	reverse	spe-
cific OMIC changes occurring during normal aging in human skeletal 
muscle. Transcriptomic integration revealed a pronounced dete-
rioration of mitochondrial function and energy production during 
aging,	which	is	accelerated	by	forced	immobilization	but	restored	by	
exercise training.

Although	there	were	few	age-	related	DMPs	and	DMGs	signifi-
cantly associated with CRF or exercise training, a close inspection of 
all statistical tests performed suggested that this was more likely due 
to a lack of statistical power than an absence of true associations. In 
support of this, we observed a striking similarity between the effect 
sizes	 of	 aerobic	 fitness	 and	 exercise	 training	 on	 the	 aging	muscle	
methylome and transcriptome, which directly contrasted with the ef-
fects	of	age	and	forced	immobilization.	Adults	lose	about	~2.5–	3 mL/
min/kg of VO2max per decade of age (Rapp et al., 2018), partly be-
cause of primary aging (i.e. the inevitable deterioration of cellular 
structure and biological function, independent of disease or harmful 
lifestyle	or	environmental	factors;	Holloszy,	2000), but also due to 
a decline in physical activity levels as we age (Hallal et al., 2012). 
Therefore,	the	anti-	aging	effect	of	exercise	and	the	aging	effect	of	
disuse	are	perhaps	unsurprising,	given	that	some	of	the	age-	related	
signals	captured	in	the	EWAS	and	TWAS	meta-	analysis	of	age	reflect	
a decline in physical activity levels, rather than primary aging per se. 
This exemplifies the complex nature of aging biology and highlights 
the challenge of assessing which factors mutually affect each other 
when causality becomes circular (Cohen et al., 2022; e.g., aging 
leads to a decline in physical activity/fitness levels, and a decline in 
physical activity/fitness levels leads to aging; Booth et al., 2011). In a 
small study of older men, master athletes showed hypomethylation 
in the promoter of genes involved in energy metabolism and mus-
cle structure, compared with men who reported lifelong sedentary 

behaviour (Sailani et al., 2019). However, without a young control 
group,	this	study	could	not	distinguish	the	age-	related	changes	that	
can be counteracted by exercise, from those that remain unaffected 
by even the most extreme exercise regimes. Without adjusting for 
other environmental confounders, it is also unclear whether these 
effects come from the exercise regime or rather from the effects of 
other lifestyle factors that correlate strongly with high physical ac-
tivity levels (e.g., a healthy diet). In our study, the interventional data 
(i.e.	exercise	training	&	muscle	disuse	protocols)	entirely	supported	
the	cross-	sectional	findings	(i.e.	associations	with	CRF),	suggesting	
that the association between CRF and OMIC aging is due to exercise 
training rather than other unmeasured confounding factors.

We	used	a	large-	scale	data	mining	approach	to	achieve	an	un-
precedented	 sample	 size	 (>1200	 epigenetic	 profiles	 and >1900 
transcriptomic	 profiles	 across	 37	 cohorts).	We	 applied	 random-	
effects	meta-	analyses	allowing	the	effects	of	age,	fitness,	exercise,	
and disuse to vary between cohorts while maintaining the speci-
ficity	of	each	dataset	(i.e.,	we	did	not	force	a	normalization	across	
datasets). Our results may therefore be applicable to a broad range 
of individuals (sex, health/training status) and exercise regimes 
(training	type/duration).	However,	the	cohorts	profiled	for	DNAm	
included	a	majority	of	healthy,	young/middle-	aged,	male	individu-
als,	so	we	cannot	confidently	extrapolate	the	DNAm	results	to	all	
populations. It is possible that older, or diseased individuals show 
blunted responses to exercise training, or that specific training 
regimes	(e.g.,	endurance	vs	resistance	training)	lead	to	anti-	aging	
effects that are entirely specific to that training regime. We could 
only test this at the transcriptional level, and we found that a few 
age-	related	DEGs	showed	a	blunted	response	to	exercise	training	
in older individuals.

While	we	observed	the	anti-	aging	effect	of	exercise	training	at	
both the epigenetic and transcriptomic levels, and despite a signif-
icant	overlap	between	DMPs	and	DEGs,	the	molecular	pathways	
affected by age were distinct between the two OMIC layers. It 
may	be	due	to	differences	in	gene	coverage	between	the	DNAm	
and	mRNA	arrays,	or	 it	could	reflect	differences	in	aging	mecha-
nisms at the epigenetic and transcriptomic levels. Nevertheless, 
the integration of all effects at the transcriptomic level clearly 
showed a downregulation of mitochondrial and energy metabo-
lism pathways during aging and following muscle disuse, which 
was restored by aerobic fitness and exercise training. This is in 
line with the known beneficial effect of exercise on mitochondrial 
function (Goh et al., 2021). The integration was not feasible at the 
DNAm	 level	 because	 a	 given	CpG	 can	 be	 annotated	 to	multiple	
genes, and a given gene can harbor multiple CpGs, severely bi-
asing the statistical test for enrichment (Maksimovic et al., 2021; 
Phipson et al., 2016).

A	 major	 challenge	 in	 OMIC	 analysis	 is	 determining	 whether	
changes are due to a modification of the intrinsic profiles of the 
cells, or to a change in the relative proportions of different cell 
types in the sample. We could not directly estimate the propor-
tions of different cell types in our samples, as deconvolution al-
gorithms have currently not been developed for human skeletal 
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muscle,	whether	at	the	methylation	(Zhu	et	al.,	2022) or transcrip-
tional level. We, therefore, tested for an enrichment of DMGs 
and	DEGs	in	genes	whose	expression	differs	between	muscle	cell	
types (Rubenstein et al., 2020). While we found no evidence of 
confounding by cell type in the epigenetic analysis, some of the 
age-	related	 changes	 in	 mRNA	 were	 indicative	 of	 an	 increase	 in	
the proportion of type I fibers (vs type II fibers). This is surprising 
given that age does not affect the relative proportion of different 
fiber	types,	but	rather	the	size	and	distribution	of	fibers	within	the	
muscle (Deschenes, 2004). Furthermore, we observed younger 
OMIC patterns in individuals of higher aerobic fitness levels, yet 
fitter individuals typically harbor greater proportions of type I fi-
bers (Stuart et al., 2013).	Therefore,	it	is	likely	that	the	DNAm	and	
mRNA	 expression	 changes	were	 intrinsic	 to	muscle	 cells,	 rather	
than reflecting a shift in the proportions of different cell types 
within the muscle. To answer this question, future studies should 
investigate the effects of age, aerobic fitness, exercise training, 
and muscle disuse on OMIC profiles within individual cell types 
using	cell	sorting,	or	single-	cell	methods.

We avoided using epigenetic clocks in this analysis for multiple 
reasons. There are only two clocks currently available that could 
be	applied	to	muscle	DNAm	data,	namely	the	Horvath	pan-	tissue	
clock (Horvath, 2013)	and	the	MEAT	clock	we	recently	developed	
for human muscle (Voisin et al., 2020; all other clocks were devel-
oped	for	non-	muscle	tissue).	First,	both	the	pan-	tissue	and	MEAT	
clocks were trained to predict chronological age, which is a poor 
proxy for clinically relevant measures of biological age (this has 
been highlighted by others; Bell et al., 2019; Field et al., 2018; 
Zhang	 et	 al.,	 2019) and is the reason for the development of 
second-	generation	clocks,	such	as	PhenoAge	(Levine	et	al.,	2018) 
and	 GrimAge	 (Lu	 et	 al.,	 2019, 2022), clocks better adapted to 
longitudinal	data	such	as	DunedinPoAm	(Belsky	et	al.,	2020) and 
DunedinPACE	(Belsky	et	al.,	2022), and clocks able to disentangle 
damaging and adaptive changes during aging (Ying et al., 2022). 
There	are	currently	 too	 few	DNAm	datasets	with	corresponding	
measurements of muscle function (e.g., mitochondrial function, 
contractile properties, etc.) to develop an epigenetic clock that 
would	capture	muscle	biological	age.	Second,	the	pan-	tissue	clock	
is poorly calibrated in skeletal muscle, and most of the muscle 
datasets	from	the	present	study	were	used	to	generate	the	MEAT	
clock (Voisin et al., 2020). This means that epigenetic age estima-
tions	using	the	MEAT	clock	would	be	severely	biased	and	unsuit-
able to assess the effects of fitness and exercise on epigenetic 
aging.	Finally,	until	recently	(Higgins-	Chen	et	al.,	2022), epigenetic 
clocks	only	 selected	a	 limited	number	of	CpGs	 to	maximize	pre-
diction accuracy, which means they would discard information at 
many potentially relevant CpGs associated with age. We adopted a 
broader perspective to look at the entire aging methylome and ex-
amine the effect of exercise training on this aging trend. We were 
unable	 to	assess	 the	 functional	effects	of	 the	age-	related	OMIC	
changes on muscle structure, function, and metabolism, so we 
cannot firmly conclude that the effect of exercise training led to 
gains in muscle function or quality. Future studies combining OMIC 

profiles	with	genetic	data	to	implement	Mendelian	Randomization	
analyses (Ying et al., 2022) that would determine whether OMIC 
aging leads to a decline in muscle function and whether the ben-
eficial effects of fitness and exercise training on muscle function 
are mediated by a reversal of OMIC aging.

In conclusion, using an unprecedented number of epigenetic and 
transcriptomic	human	muscle	profiles,	meta-	analyses,	and	OMIC	in-
tegration, we demonstrated the power of exercise training in shifting 
the epigenome and transcriptome toward a younger state. We hope 
that this work will inspire future studies to look deeper at the mech-
anisms underlying this shift of muscle epigenetic and transcriptomic 
patterns toward younger profiles.

4  |  METHODS

This	 study	 was	 a	 large-	scale	 investigation	 of	 the	 effect	 of	 exer-
cise training on the aging muscle methylome and transcriptome 
in humans. We used a wide range of bioinformatics and compu-
tational	 techniques	 (data	 mining,	 epigenome-	wide	 association	
studies,	 transcriptome-	wide	 association	 studies,	 random	 effects	
meta-	analysis,	 overrepresentation	 analysis,	 and	multi-	contrast	 en-
richment	analysis)	to	analyze	and	interpret	large	amounts	of	OMIC	
data	 in	 human	muscle.	 By	 exploiting	 the	 power	 of	 meta-	analysis,	
we	 overcome	 many	 limitations	 of	 “omics”	 research	 in	 humans.	
Specifically,	large	sample	sizes	are	required	to	detect	changes	with	
small	effect	 sizes,	which	 is	 the	case	of	age	 (Su	et	al.,	2015; Voisin 
et al., 2021)	 and	exercise	 (Amar	et	 al.,	2021; Jacques et al., 2019; 
Pillon et al., 2020; Voisin et al., 2015)-	related	 changes	 in	 muscle	
OMIC	profiles.	All	bioinformatics	and	statistical	analyses	were	per-
formed using the R statistical software.

4.1  |  Data mining

4.1.1  |  Description	of	muscle	DNA	methylation	and	
mRNA	expression	datasets

First,	we	gathered	all	 existing	DNAm	and	mRNA	expression	data-
sets from our laboratory and our collaborators’, in conjunction with 
public	 repositories,	 to	assemble	an	exhaustive	database	of	DNAm	
and	mRNA	 expression	 profiles	 in	 muscle	 (Figure 1 and Tables S1 
and S2). We focused exclusively on microarray experiments, as they 
are widely used, scalable (so individual datasets have larger sam-
ple	 sizes),	 and	 they	measure	 the	 same	CpGs	 or	 transcripts	 across	
datasets	 (so	 they	 are	 straightforward	 to	 meta-	analyze).	 We	 col-
lected the methylomes of 1251 human samples from 16 datasets, 
profiled	 on	 the	 Illumina	HumanMethylation	 platform	 (27 K,	 450 K,	
and	EPIC;	Table S1), as well as the transcriptomes of 1926 samples 
from	21	datasets,	profiled	on	Affimetrix,	Illumina,	and	Agilent	plat-
forms (Table S2). For robustness, we only included datasets with >20 
samples,	 with	 an	 age	 SD >5 years	 (age-	associated	 changes	 cannot	
be detected if age is invariant). Cohorts varied in their age range, 
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health status, ethnicity, and potential treatments, so were adjusted 
for	relevant	covariates	in	the	statistical	analysis	to	detect	age-	,	CRF-	,	
exercise-	,	and	disuse-	related	changes	that	are	independent	of	unde-
sirable confounders (see Tables S1 and S2 for the list of confounders 
adjusted in each cohort).

4.1.2  |  Pre-	processing

We	 downloaded	 the	 raw	 IDAT	 files	 and	 pre-	processed	 all	 DNAm	
datasets,	except	for	dataset	GSE50498	for	which	we	were	missing	
batch	information	(we	used	the	already	pre-	processed	matrix	for	this	
dataset).	Details	on	the	pre-	processing	steps	have	been	previously	
published (Voisin et al., 2021), and the preprocessing code is availa-
ble on Sarah Voisin's Github account. First, we obtained β-	values	
defined as Methylated signal

(Unmethylated signal+Methylated signal+ 100)
 . Then, we confirmed the 

sex	of	each	sample	by	using	the	DNAm	signal	from	the	sex	chromo-
somes	 (Aryee	et	 al.,	2014) and removed any sample whose anno-
tated sex did not match the predicted sex (three samples removed 
across 16 datasets). We used the ChAMP pipeline (Tian et al., 2017) 
to preprocess each dataset; we ensured all samples had <10% of 
probes with detection p-	value > 0.01,	and	only	excluded	probes	with	
missing β-	values,	 with	 a	 detection	 p-	value > 0.01,	 or	 with	 a	 bead	
count < 3	in	more	than	5%	of	samples.	We	removed	non-	CG	probes,	
SNP-	related	probes	(Zhou	et	al.,	2017), and probes aligning to multi-
ple locations; for datasets containing males and females, probes lo-
cated on the sex chromosomes were also removed. Then, a β-	mixture	
quantile	normalization	method	was	applied	to	adjust	for	the	Type	I	
and Type II probe designs for methylation profiles generated from 
the	HM450	and	HMEPIC	arrays.	To	identify	technical	and	biological	
sources of variation in each individual dataset, singular value decom-
position	 was	 performed.	 In	 all	 pre-	processed	 datasets,	 both	 the	
plate and the position on the plate were identified as significant 
technical effects. Thus, all β-	values	were	converted	to	M-	values,	and	
the ComBat function from the sva	package	(Leek	et	al.,	2012) was 
used to adjust directly for these technical artifacts.

We	 downloaded	 the	 already	 pre-	processed	 mRNA	 expres-
sion datasets, resolved any gene ID ambiguity (e.g., outdated gene 
names), and averaged the expression of transcripts annotated to the 
same	EntrezID	gene.

4.2  |  Identifying age- related changes in the muscle 
methylome and transcriptome

4.2.1  |  EWAS	and	TWAS	meta-	analysis	of	age

To determine whether exercise training can slow down/reverse 
OMIC aging in human muscle, we first need to know which CpGs 
and	mRNAs	change	during	aging,	in	which	direction,	and	to	what	
extent.	 Therefore,	 we	 first	 conducted	 independent	 EWAS	 or	
TWAS	of	age	in	each	methylation	or	transcription	dataset.	Details	

on	the	EWAS	pipeline	are	available	elsewhere	(Voisin	et	al.,	2021), 
and	TWAS	was	conducted	in	a	similar	manner.	The	code	for	each	
EWAS	 and	 each	 TWAS	 is	 available	 on	Sarah Voisin's Github ac-
count.	Briefly,	we	regressed	the	DNAm	level	for	each	CpG	(or	the	
mRNA	expression	 level	 for	 each	 transcript)	 against	 age,	 and	 ad-
justed	the	models	for	dataset-	specific	covariates	known	to	 influ-
ence	DNAm	or	mRNA	expression	 levels	 (e.g.,	 sex,	ethnicity).	We	
then	conducted	a	random-	effects	meta-	analysis	to	pool	the	sum-
mary	 statistics	 at	 each	 CpG	 and	mRNA	 across	 datasets.	 Not	 all	
CpGs	were	present	in	all	DNAm	datasets,	and	not	all	mRNAs	were	
present in all transcriptional datasets and restricted the analysis 
to	the	595,541	CpG	sites	present	 in	at	 least	10	of	the	16	DNAm	
cohorts, and we restricted the analysis to the 16,657 genes pre-
sent	 in	at	 least	15	of	 the	21	datasets.	Meta-	analysis	was	carried	
out using metafor (Viechtbauer, 2010)	using	“EB”	(Empirical	Bayes)	
as the residual heterogeneity estimator, 0.5 as the step length, 
10,000 iterations, and an accuracy of 1−8 in the algorithm that es-
timates τ2.	 CpGs	 and	mRNAs	 that	 showed	 a	meta-	analysis	 false	
discovery	rate	(FDR) < 0.005	(Benjamin	et	al.,	2017) were consid-
ered	age-	related	and	selected	for	downstream	analyses.

4.2.2  |  Over-	representation	analysis	of	ontologies	
(molecular pathways, human phenotypes)

To gain insights into the cellular and physiological consequences 
of aging on the muscle methylome and transcriptome, we tested 
whether genes belonging to canonical pathways (CP gene set in 
MSigDB), expression signatures of genetic and chemical pertur-
bations (CGP gene set in MsigDB), gene ontology terms (GO gene 
set in MsigDB), and human phenotype ontologies (HPO gene set in 
MsigDB)	were	 over-	represented	 among	 the	 age-	related	CpGs	 and	
mRNAs.	Over-	representation	analysis	(ORA)	was	performed	with	the	
missmethyl package (Phipson et al., 2016; Maksimovic et al., 2021) 
for	DNAm,	using	all	595,541	tested	CpGs	as	the	background;	ORA	
was performed with the clusterProfiler package (Wu et al., 2021) for 
transcription,	using	all	16,657	genes	as	 the	background.	The	ORA	
was restricted to gene sets containing 10– 500 genes to limit type I 
error	rate.	Gene	sets	showing	an	FDR <0.005 (Benjamin et al., 2017) 
were considered significantly overrepresented.

4.2.3  |  Confounding	by	changes	in	muscle	cell	type	
proportions

We	used	the	same	ORA	technique	to	estimate	whether	age-	related	
changes	 in	DNAm	signal	were	potentially	 confounded	by	 changes	
in muscle cell type proportions. We created a gene set containing 
markers	 genes	 for	muscle	 cell	 types	 identified	 in	 a	 recent	 single-	
cell transcriptional study of human muscle (Rubenstein et al., 2020; 
marker genes for muscle endothelial cells, smooth muscle cells, 
pericytes,	 FAP	 cells,	 PCV	 endothelial	 cells,	 satellite	 cells,	 FBN1	
FAP	cells,	NK	cells,	myeloid	cells,	B	cells,	and	T	cells	were	from	the	
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“Rubenstein_skeletal_muscle”	 gene	 set	 in	 MSigDB,	 while	 marker	
genes for type I and type II fibers were downloaded directly from 
the original paper's supplementary table). Cell types showing an 
FDR <0.005 (Benjamin et al., 2017) were considered significantly 
overrepresented.

4.2.4  |  Integration	of	aging	methylome	and	
transcriptome

We	used	the	same	ORA	technique	to	estimate	whether	there	was	
a	 significant	 overlap	 between	 age-	related	 changes	 at	 DNAm	 and	
mRNA	 expression	 levels.	 Age-	related	 differentially	 methylated	
genes	(DMGs)	were	used	as	a	gene	set	in	the	ORA	for	transcription,	
and	age-	related	differentially	expressed	genes	(DEGs)	were	used	as	
a	gene	set	in	the	ORA	for	DNAm.

4.3  |  Estimating the effects of CRF, exercise 
training, and muscle disuse on the aging 
methylome and transcriptome

All	 analyses	 described	 henceforth	 have	 been	 conducted	 on	 the	
age-	associated	 Differentially	 Methylated	 Positions	 (DMPs)	 and	
Differentially	Expressed	genes	(DEGs)	identified	in	Step	1.

4.3.1  |  Cardiorespiratory	fitness

We focused on the muscle datasets for which information on base-
line maximal oxygen uptake (VO2max) was available (Table 1). We 
only included datasets with baseline VO2max	SD >5 mL/min/kg	(CRF-	
associated changes cannot be detected if there is no variability in 
baseline CRF between participant). VO2max, measured during a graded 
exercise	test,	is	considered	the	gold-	standard	measurement	of	CRF.

We	applied	 the	same	EWAS	and	TWAS	meta-	analysis	pipeline	
described	 previously	 but	 regressing	 DNAm	 or	 mRNA	 expression	
levels against VO2max.	We	 then	 performed	meta-	analysis	 for	 each	
aging CpG and transcript across datasets and adjusted for multiple 
testing.	Aging	CpGs	or	mRNAs	that	were	associated	with	VO2max at 
FDR <0.005 (Benjamin et al., 2017) were considered significant.

4.3.2  |  Exercise	training

For	DNAm,	we	focused	on	the	muscle	datasets	that	came	from	ex-
ercise training studies (Table 2). We included all types of exercise 
training	interventions	(aerobic	training,	high-	intensity	interval	train-
ing, resistance training) as our aim was to test whether exercise in 
general could counteract the effect of age on aging OMIC profiles. 
We	applied	the	same	EWAS	meta-	analysis	pipeline	described	previ-
ously	but	looking	at	changes	in	DNAm	levels	after	exercise	training	
(i.e.	regressing	DNAm	levels	against	Timepoint	(PRE/POST	training).	

Then,	we	performed	 the	meta-	analysis	 for	each	aging	CpG	across	
datasets	and	adjusted	for	multiple	testing.	Aging	CpGs	whose	DNAm	
levels	changed	following	exercise	training	at	FDR <0.005 (Benjamin 
et al., 2017) were considered significant.

For	mRNA	expression,	we	extracted	summary	statistics	at	age-	
related	mRNAs	from	a	recently	published	meta-	analysis	of	exercise-	
induced	 transcriptional	 changes	 (Amar	 et	 al.,	 2021). For each 
transcript, we used the summary statistics from the model selected 
by the authors (all data came from the meta_analysis_input.RData 
file uploaded by the authors on their Github page).

4.3.3  | Muscle	disuse

There	were	no	available	muscle	immobilization	studies	that	profiled	
DNAm	patterns	in	human	muscle,	so	we	could	not	estimate	the	ef-
fect	of	muscle	disuse	on	age-	related	DNAm	patterns.

For	mRNA	expression,	we	extracted	summary	statistics	at	age-	
related	mRNAs	 from	 a	 published	meta-	analysis	 of	 disuse-	induced	
transcriptional changes (Pillon et al., 2020). We used summary sta-
tistics sent by the authors upon correspondence with them.

4.4  |  Transcriptomic integration of age, CRF, 
exercise, and disuse

To contrast the effects of age, CRF, exercise training, and mus-
cle	 disuse,	 we	 used	 multi-	contrast	 enrichment	 analysis	 as	 im-
plemented in the mitch	 package	 (Kaspi	 &	 Ziemann,	 2020).	 As	
recommended in the package, we first created a score to repre-
sent the importance of the differential gene expression for each 
transcript and each contrast:

For example, the FEZ2 gene decreased in expression with age at 
a magnitude of log2FC = −0.12	 per	 year	 of	 age	 at	 a	 p-	value	 of	
1.24 × 10

−10. The age score for FEZ2 was therefore 

− 1 × − log10

(

1.24 × 10
−10

)

= − 9.9.

We	 then	 performed	 multi-	contrast	 enrichment	 analysis	 using	
the	same	gene	sets	as	in	the	ORA	analysis	described	above	(canon-
ical pathways, expression signatures of genetic and chemical, gene 
ontology terms, and human phenotype ontologies), using the de-
fault parameters in the mitch_calc() function. Gene sets showing an 
FDR <0.005 were considered significant.

4.5  |  Visualization tools

Pairwise correlation plots using Spearman correlations were graphed 
using the GGally package, heatmaps were graphed using the pheatmap 
package	after	scaling	the	effect	sizes	for	age,	VO2max, exercise and/
or disuse, and forest plots were graphed using the metafor package.

Score = sign
(

log2FC
)

× − log10(pvalue)

 14749726, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/acel.13859 by T

est, W
iley O

nline L
ibrary on [04/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://github.com/MoTrPAC/motrpac_public_data_analysis


    |  13 of 15VOISIN et al.

AUTHOR CONTRIBUTIONS
S.V. performed the bioinformatics and statistical analyses, prepared 
figures, and wrote the manuscript, with contributions from K.S.; 
S.L.,	M.J.,	N.R.H.,	K.J.A.,	L.M.H.,	L.R.G.,	V.G.C.,	T.D.,	and	J.M.T.	col-
lected	samples	and	provided	data	for	the	Gene	SMART	study;	M.E.L.	
provided	data	for	the	EpiTrain	study;	C.W.,	G.D.,	R.I.,	and	C.M.	pro-
vided	data	 for	 the	EXACT	study;	O.H.	and	O.A.	provided	data	 for	
the	Malmö	Prevention	and	MSAT	studies;	A.E.H.,	P.P.,	K.P.,	and	M.O.	
provided data for the FTC study; S.B. and M.T. provided data for 
the	EPIK	study;	C.K.D.	provided	data	for	the	E-	MTAB-	11282	study;	
A.P.S.	 provided	data	 for	 the	GSE114763	 and	CAUSE	 studies;	N.E.	
supervised the work and provided detailed feedback on the analyses 
and	the	manuscript.	All	authors	contributed	to	editing	and	finaliza-
tion of the manuscript.

ACKNO WLE DG E MENTS
This work was supported by Sarah Voisin's National Health 
&	 Medical	 Research	 Council	 (NHMRC)	 Early	 Career	 Research	
Fellowship	 (APP11577321)	 and	 by	 Nir	 Eynon's	 NHMRC	 Career	
Development	 Fellowship	 (APP1140644).	 The	 Gene	 SMART	
and	 LITER	 studies	 were	 both	 supported	 by	 the	 Collaborative	
Research	 Network	 for	 Advancing	 Exercise	 and	 Sports	 Science	
(201202)	scheme	awarded	to	VGC	and	KJA	from	the	Department	
of	 Education	 and	 Training,	 Australia.	 Mr	 Nicholas	 Harvey	 was	
supported by a Ph.D. stipend also provided by Bond University 
CRN-	AESS.	 This	 research	 was	 also	 supported	 by	 infrastructure	
purchased	with	Australian	Government	EIF	Super	Science	Funds	as	
part	of	the	Therapeutic	Innovation	Australia	–		Queensland	Node	
project	(LRG).	Work	at	Ulster	was	supported	by	an	Interdisciplinary	
Award.	We	also	greatly	acknowledge	Erika	Guzman	at	the	ATGC/
IHBI/QUT	for	performing	the	HMEPIC	assays	in	the	LITER	study.	
The	 EPIK	 study	 was	 supported	 by	 the	 Research	 Foundation	
Flanders (FWO G.0898.15). Open access publishing facilitated 
by	Victoria	University,	 as	part	of	 the	Wiley	 -		Victoria	University	
agreement	via	the	Council	of	Australian	University	Librarians. 

CONFLIC T OF INTERE S T S TATEMENT
The authors declare that they have no conflict of interest.

ORCID
Sarah Voisin  https://orcid.org/0000-0002-4074-7083 

R E FE R E N C E S
Amar,	D.,	Lindholm,	M.	E.,	Norrbom,	J.,	Wheeler,	M.	T.,	Rivas,	M.	A.,	&	

Ashley,	 E.	 A.	 (2021).	 Time	 trajectories	 in	 the	 transcriptomic	 re-
sponse	 to	 exercise	 -		 a	meta-	analysis.	Nature Communications, 12, 
3471.

Aryee,	M.	J.,	Jaffe,	A.	E.,	Corrada-	Bravo,	H.,	Ladd-	Acosta,	C.,	Feinberg,	A.	
P.,	Hansen,	K.	D.,	&	Irizarry,	R.	A.	(2014).	Minfi:	A	flexible	and	com-
prehensive	Bioconductor	package	for	the	analysis	of	Infinium	DNA	
methylation microarrays. Bioinformatics, 30, 1363– 1369.

Bell,	C.	G.,	Lowe,	R.,	Adams,	P.	D.,	Baccarelli,	A.	A.,	Beck,	S.,	Bell,	J.	T.,	
Christensen, B. C., Gladyshev, V. N., Heijmans, B. T., Horvath, S., 
Ideker,	T.,	Issa,	J.	P.	J.,	Kelsey,	K.	T.,	Marioni,	R.	E.,	Reik,	W.,	Relton,	
C.	L.,	Schalkwyk,	L.	C.,	Teschendorff,	A.	E.,	Wagner,	W.,	…	Rakyan,	

V.	K.	(2019).	DNA	methylation	aging	clocks:	Challenges	and	recom-
mendations. Genome Biology, 20, 249.

Belsky,	D.	W.,	Caspi,	A.,	Arseneault,	 L.,	 Baccarelli,	A.,	Corcoran,	D.	 L.,	
Gao,	X.,	Hannon,	E.,	Harrington,	H.	L.,	Rasmussen,	L.	J.	H.,	Houts,	
R.,	Huffman,	K.,	Kraus,	W.	E.,	Kwon,	D.,	Mill,	J.,	Pieper,	C.	F.,	Prinz,	
J.	A.,	Poulton,	R.,	Schwartz,	J.,	Sugden,	K.,	…	Moffitt,	T.	E.	(2020).	
Quantification of the pace of biological aging in humans through a 
blood	test,	the	DunedinPoAm	DNA	methylation	algorithm.	eLife, 9, 
e54870.

Belsky,	 D.	 W.,	 Caspi,	 A.,	 Corcoran,	 D.	 L.,	 Sugden,	 K.,	 Poulton,	 R.,	
Arseneault,	 L.,	 Baccarelli,	 A.,	 Chamarti,	 K.,	 Gao,	 X.,	 Hannon,	 E.,	
Harrington,	H.	L.,	Houts,	R.,	Kothari,	M.,	Kwon,	D.,	Mill,	J.,	Schwartz,	
J.,	 Vokonas,	 P.,	Wang,	C.,	Williams,	 B.	 S.,	&	Moffitt,	 T.	 E.	 (2022).	
DunedinPACE,	a	DNA	methylation	biomarker	of	the	pace	of	aging.	
eLife, 11, e73420.

Belsky,	D.	W.,	Caspi,	A.,	Houts,	R.,	Cohen,	H.	J.,	Corcoran,	D.	L.,	Danese,	
A.,	Harrington,	H.,	Israel,	S.,	Levine,	M.	E.,	Schaefer,	J.	D.,	Sugden,	
K.,	Williams,	B.,	Yashin,	A.	 I.,	 Poulton,	R.,	&	Moffitt,	 T.	 E.	 (2015).	
Quantification of biological aging in young adults. Proceedings of the 
National Academy of Sciences of the United States of America, 112, 
E4104–	E4110.

Benjamin,	 D.	 J.,	 Berger,	 J.	 O.,	 Johannesson,	 M.,	 Nosek,	 B.	 A.,	
Wagenmakers,	E.	J.,	Berk,	R.,	Bollen,	K.	A.,	Brembs,	B.,	Brown,	L.,	
Camerer, C., Cesarini, D., Chambers, C. D., Clyde, M., Cook, T. D., 
De	Boeck,	P.,	Dienes,	Z.,	Dreber,	A.,	Easwaran,	K.,	Efferson,	C.,	
…	Johnson,	V.	E.	(2017).	Redefine	statistical	significance.	Nature 
Human Behaviour, 2(1), 6– 10. https://doi.org/10.1038/s4156 
2-	017-	0189-	z

Blocquiaux, S., Ramaekers, M., van Thienen, R., Nielens, H., Delecluse, 
C.,	de	Bock,	K.,	&	Thomis,	M.	(2022).	Recurrent	training	rejuvenates	
and enhances transcriptome and methylome responses in young 
and older human muscle. JCSM Rapid Communications, 5, 10– 32.

Booth,	F.	W.,	Laye,	M.	J.,	&	Roberts,	M.	D.	(2011).	Lifetime	sedentary	liv-
ing accelerates some aspects of secondary aging. Journal of Applied 
Physiology, 111, 1497– 1504.

Boudoukha,	S.,	Cuvellier,	S.,	&	Polesskaya,	A.	 (2010).	Role	of	the	RNA-	
binding	protein	IMP-	2	in	muscle	cell	motility.	Molecular and Cellular 
Biology, 30, 5710– 5725.

Cartee,	 G.	 D.,	 Hepple,	 R.	 T.,	 Bamman,	M.	M.,	 &	 Zierath,	 J.	 R.	 (2016).	
Exercise	promotes	healthy	aging	of	skeletal	muscle.	Cell Metabolism, 
23, 1034– 1047.

Clarke, K., Ricciardi, S., Pearson, T., Bharudin, I., Davidsen, P. K., 
Bonomo,	M.,	Brina,	D.,	Scagliola,	A.,	Simpson,	D.	M.,	Beynon,	R.	
J.,	Khanim,	F.,	Ankers,	J.,	Sarzynski,	M.	A.,	Ghosh,	S.,	Pisconti,	A.,	
Rozman,	J.,	Hrabe	de	Angelis,	M.,	Bunce,	C.,	Stewart,	C.,	…	Falciani,	
F.	(2017).	The	role	of	Eif6	in	skeletal	muscle	homeostasis	revealed	
by	 endurance	 training	 co-	expression	 networks.	Cell Reports, 21, 
1507– 1520.

Cohen,	 A.	 A.,	 Ferrucci,	 L.,	 Fülöp,	 T.,	 Gravel,	 D.,	 Hao,	 N.,	 Kriete,	 A.,	
Levine,	M.	E.,	Lipsitz,	L.	A.,	Olde	Rikkert,	M.	G.	M.,	Rutenberg,	A.,	
Stroustrup,	N.,	&	Varadhan,	R.	(2022).	A	complex	systems	approach	
to aging biology. Nature Aging, 2, 580– 591.

Cruz-	Jentoft,	 A.	 J.,	 &	 Sayer,	 A.	 A.	 (2019).	 Sarcopenia.	 Lancet, 393, 
2636– 2646.

De,	S.,	Zhang,	Y.,	Garner,	J.	R.,	Wang,	S.	A.,	&	Becker,	K.	G.	(2010).	Disease	
and	phenotype	gene	set	analysis	of	disease-	based	gene	expression	
in mouse and human. Physiological Genomics, 42A, 162– 167.

Deschenes,	M.	R.	(2004).	Effects	of	aging	on	muscle	fibre	type	and	size.	
Sports Medicine, 34, 809– 824.

Fanelli,	D.,	Costas,	R.,	&	 Ioannidis,	 J.	P.	A.	 (2017).	Meta-	assessment	of	
bias in science. Proceedings of the National Academy of Sciences, 114, 
3714– 3719.

Fernando,	R.,	Drescher,	C.,	Nowotny,	K.,	Grune,	T.,	&	Castro,	J.	P.	(2019).	
Impaired proteostasis during skeletal muscle aging. Free Radical 
Biology & Medicine, 132, 58– 66.

 14749726, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/acel.13859 by T

est, W
iley O

nline L
ibrary on [04/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-4074-7083
https://orcid.org/0000-0002-4074-7083
https://doi.org/10.1038/s41562-017-0189-z
https://doi.org/10.1038/s41562-017-0189-z


14 of 15  |     VOISIN et al.

Field,	A.	E.,	Robertson,	N.	A.,	Wang,	T.,	Havas,	A.,	Ideker,	T.,	&	Adams,	P.	
D.	(2018).	DNA	methylation	clocks	in	aging:	Categories,	causes,	and	
consequences. Molecular Cell, 71, 882– 895.

Gallagher,	I.	J.,	Scheele,	C.,	Keller,	P.,	Nielsen,	A.	R.,	Remenyi,	J.,	Fischer,	
C. P., Roder, K., Babraj, J., Wahlestedt, C., Hutvagner, G., Pedersen, 
B.	K.,	&	Timmons,	J.	A.	(2010).	Integration	of	microRNA	changes	in	
vivo identifies novel molecular features of muscle insulin resistance 
in type 2 diabetes. Genome Medicine, 2, 9.

Garcia,	L.	A.,	Zapata-	Bustos,	R.,	Day,	S.	E.,	Campos,	B.,	Hamzaoui,	Y.,	Wu,	
L.,	Leon,	A.	D.,	Krentzel,	J.,	Coletta,	R.	L.,	de	Filippis,	E.,	Roust,	L.	R.,	
Mandarino,	L.	J.,	&	Coletta,	D.	K.	(2022).	Can	exercise	training	alter	
human	skeletal	muscle	DNA	methylation?	Metabolites, 12, 222.

Goh,	J.,	Wong,	E.,	Soh,	J.,	Maier,	A.,	&	Kennedy,	B.	(2021).	Targeting	
the molecular and cellular pillars of human aging with exer-
cise. The FEBS Journal, 290, 649– 668. https://doi.org/10.1111/
febs.16337

Gorski, P. P., Raastad, T., Ullrich, M., Turner, D. C., Hallén, J., Savari, S. 
I.,	Nilsen,	T.	S.,	&	Sharples,	A.	P.	 (2023).	Aerobic	exercise	training	
resets	the	human	skeletal	muscle	methylome	10 years	after	breast	
cancer treatment and survival. The FASEB Journal, 37, e22720.

Hallal,	P.	C.,	Andersen,	L.	B.,	Bull,	F.	C.,	Guthold,	R.,	Haskell,	W.,	Ekelund,	
U.,	&	Lancet	Physical	Activity	Series	Working	Group.	(2012).	Global	
physical activity levels: Surveillance progress, pitfalls, and pros-
pects. Lancet, 380, 247– 257.

Higgins-	Chen,	A.	 T.,	 Thrush,	K.	 L.,	Wang,	 Y.,	Minteer,	 C.	 J.,	 Kuo,	 P.	 L.,	
Wang,	M.,	Niimi,	P.,	Sturm,	G.,	Lin,	J.,	Moore,	A.	Z.,	Bandinelli,	S.,	
Vinkers,	C.	H.,	Vermetten,	E.,	Rutten,	B.	P.	F.,	Geuze,	E.,	Okhuijsen-	
Pfeifer,	 C.,	 van	 der	 Horst,	 M.	 Z.,	 Schreiter,	 S.,	 Gutwinski,	 S.,	 …	
Levine,	M.	E.	 (2022).	A	computational	solution	for	bolstering	reli-
ability of epigenetic clocks: Implications for clinical trials and longi-
tudinal tracking. Nature Aging, 2, 644– 661.

Holloszy,	J.	O.	(2000).	The	biology	of	aging.	Mayo Clinic Proceedings, 75, 
S3– S9.

Horvath,	S.	(2013).	DNA	methylation	age	of	human	tissues	and	cell	types.	
Genome Biology, 14, R115.

Jacques,	M.,	Hiam,	D.,	Craig,	J.,	Barrès,	R.,	Eynon,	N.,	&	Voisin,	S.	(2019).	
Epigenetic	changes	in	healthy	human	skeletal	muscle	following	ex-
ercise-		a	systematic	review.	Epigenetics, 1– 16, 633– 648. https://doi.
org/10.1080/15592 294.2019.1614416

Kaspi,	A.,	&	Ziemann,	M.	(2020).	Mitch:	Multi-	contrast	pathway	enrich-
ment	for	multi-	omics	and	single-	cell	profiling	data.	BMC Genomics, 
21, 447.

Laukkanen,	J.	A.,	Lakka,	T.	A.,	Rauramaa,	R.,	Kuhanen,	R.,	Venäläinen,	J.	
M.,	Salonen,	R.,	&	Salonen,	 J.	T.	 (2001).	Cardiovascular	 fitness	as	
a predictor of mortality in men. Archives of Internal Medicine, 161, 
825– 831.

Leek,	J.	T.,	Johnson,	W.	E.,	Parker,	H.	S.,	Jaffe,	A.	E.,	&	Storey,	J.	D.	(2012).	
The	SVA	package	for	removing	batch	effects	and	other	unwanted	
variation	 in	 high-	throughput	 experiments.	 Bioinformatics, 28, 
882– 883.

Levine,	M.	E.,	Lu,	A.	T.,	Quach,	A.,	Chen,	B.	H.,	Assimes,	T.	L.,	Bandinelli,	
S.,	 Hou,	 L.,	 Baccarelli,	 A.	 A.,	 Stewart,	 J.	 D.,	 Li,	 Y.,	Whitsel,	 E.	 A.,	
Wilson,	J.	G.,	Reiner,	A.	P.,	Aviv,	A.,	Lohman,	K.,	Liu,	Y.,	Ferrucci,	L.,	
&	Horvath,	S.	(2018).	An	epigenetic	biomarker	of	aging	for	lifespan	
and healthspan. Aging (Albany, NY), 10, 573– 591.

Lindholm,	 M.	 E.,	 Marabita,	 F.,	 Gomez-	Cabrero,	 D.,	 Rundqvist,	 H.,	
Ekström,	T.	J.,	Tegnér,	J.,	&	Sundberg,	C.	J.	 (2014).	An	 integrative	
analysis reveals coordinated reprogramming of the epigenome 
and the transcriptome in human skeletal muscle after training. 
Epigenetics, 9, 1557– 1569.

López-	Otín,	 C.,	 Blasco,	 M.	 A.,	 Partridge,	 L.,	 Serrano,	 M.,	 &	 Kroemer,	
G.	 (2023).	 Hallmarks	 of	 aging:	 An	 expanding	 universe.	Cell, 186, 
243– 278.

Lu,	A.	T.,	Binder,	A.	M.,	Zhang,	J.,	Yan,	Q.,	Reiner,	A.	P.,	Cox,	S.	R.,	Corley,	
J.,	Harris,	S.	E.,	Kuo,	P.	L.,	Moore,	A.	Z.,	Bandinelli,	S.,	Stewart,	 J.	
D.,	Wang,	C.,	Hamlat,	E.	J.,	Epel,	E.	S.,	Schwartz,	J.	D.,	Whitsel,	E.	

A.,	Correa,	A.,	Ferrucci,	L.,	…	Horvath,	S.	(2022).	DNA	methylation	
GrimAge	version	2.	Aging (Albany, NY), 14, 9484– 9549.

Lu,	A.	T.,	Quach,	A.,	Wilson,	 J.	G.,	Reiner,	A.	P.,	Aviv,	A.,	Raj,	K.,	Hou,	
L.,	Baccarelli,	A.	A.,	 Li,	Y.,	 Stewart,	 J.	D.,	Whitsel,	 E.	A.,	Assimes,	
T.	L.,	Ferrucci,	L.,	&	Horvath,	S.	(2019).	DNA	methylation	GrimAge	
strongly predicts lifespan and healthspan. Aging (Albany, NY), 11, 
303– 327.

Maksimovic,	J.,	Oshlack,	A.,	&	Phipson,	B.	(2021).	Gene	set	enrichment	
analysis	for	genome-	wide	DNA	methylation	data.	Genome Biology, 
22, 173.

Mok,	A.,	Khaw,	K.-	T.,	Luben,	R.,	Wareham,	N.,	&	Brage,	S.	(2019).	Physical	
activity trajectories and mortality: Population based cohort study. 
BMJ, 365, l2323.

Mootha,	V.	K.,	Lindgren,	C.	M.,	Eriksson,	K.	F.,	Subramanian,	A.,	Sihag,	
S.,	 Lehar,	 J.,	 Puigserver,	 P.,	 Carlsson,	 E.,	 Ridderstråle,	M.,	 Laurila,	
E.,	Houstis,	N.,	Daly,	M.	J.,	Patterson,	N.,	Mesirov,	J.	P.,	Golub,	T.	
R.,	 Tamayo,	 P.,	 Spiegelman,	B.,	 Lander,	 E.	 S.,	Hirschhorn,	 J.	N.,	…	
Groop,	L.	C.	(2003).	PGC-	1alpha-	responsive	genes	involved	in	ox-
idative phosphorylation are coordinately downregulated in human 
diabetes. Nature Genetics, 34, 267– 273.

Murach,	K.	A.,	Dimet-	Wiley,	A.	L.,	Wen,	Y.,	Brightwell,	C.	R.,	Latham,	C.	
M.,	Dungan,	C.	M.,	 Fry,	C.	 S.,	&	Watowich,	 S.	 J.	 (2022).	 Late-	life	
exercise mitigates skeletal muscle epigenetic aging. Aging Cell, 21, 
e13527.

Oskolkov,	 N.,	 Santel,	 M.,	 Parikh,	 H.	 M.,	 Ekström,	 O.,	 Camp,	 G.	 J.,	
Miyamoto-	Mikami,	 E.,	 Ström,	 K.,	 Mir,	 B.	 A.,	 Kryvokhyzha,	 D.,	
Lehtovirta,	M.,	Kobayashi,	H.,	Kakigi,	R.,	Naito,	H.,	Eriksson,	K.	F.,	
Nystedt,	B.,	Fuku,	N.,	Treutlein,	B.,	Pääbo,	S.,	&	Hansson,	O.	(2022).	
High-	throughput	muscle	 fiber	 typing	 from	RNA	sequencing	data.	
Skeletal Muscle, 12, 16.

Phipson,	B.,	Maksimovic,	J.,	&	Oshlack,	A.	(2016).	missMethyl:	An	R	pack-
age	for	analyzing	data	from	Illumina's	HumanMethylation450	plat-
form. Bioinformatics, 32, 286– 288.

Pillon,	 N.	 J.,	 Gabriel,	 B.	 M.,	 Dollet,	 L.,	 Smith,	 J.	 A.	 B.,	 Sardón	 Puig,	
L.,	 Botella,	 J.,	 Bishop,	 D.	 J.,	 Krook,	 A.,	 &	 Zierath,	 J.	 R.	 (2020).	
Transcriptomic profiling of skeletal muscle adaptations to exercise 
and inactivity. Nature Communications, 11, 470.

Prince,	S.	A.,	Adamo,	K.	B.,	Hamel,	M.,	Hardt,	 J.,	Connor	Gorber,	S.,	&	
Tremblay,	 M.	 (2008).	 A	 comparison	 of	 direct	 versus	 self-	report	
measures	 for	 assessing	 physical	 activity	 in	 adults:	 A	 systematic	
review. International Journal of Behavioral Nutrition and Physical 
Activity, 5, 56.

Quach,	A.,	Levine,	M.	E.,	Tanaka,	T.,	Lu,	A.	T.,	Chen,	B.	H.,	Ferrucci,	L.,	
Ritz,	B.,	Bandinelli,	S.,	Neuhouser,	M.	L.,	Beasley,	J.	M.,	&	Snetselaar,	
L.	(2017).	Epigenetic	clock	analysis	of	diet,	exercise,	education,	and	
lifestyle factors. Aging (Albany, NY), 9, 419– 446.

Rapp,	 D.,	 Scharhag,	 J.,	 Wagenpfeil,	 S.,	 &	 Scholl,	 J.	 (2018).	 Reference	
values	 for	 peak	 oxygen	 uptake:	 Cross-	sectional	 analysis	 of	 cycle	
ergometry-	based	cardiopulmonary	exercise	tests	of	10	090	adult	
German volunteers from the Prevention First Registry. BMJ Open, 
8, e018697.

Rowlands,	D.	S.,	Nelson,	A.	R.,	Raymond,	F.,	Metairon,	S.,	Mansourian,	R.,	
Clarke,	J.,	Stellingwerff,	T.,	&	Phillips,	S.	M.	(2015).	Protein-	leucine	
ingestion	 activates	 a	 regenerative	 inflammo-	myogenic	 transcrip-
tome in skeletal muscle following intense endurance exercise. 
Physiological Genomics, 48, 21– 32.

Rubenstein,	A.	B.,	 Smith,	G.	R.,	Raue,	U.,	Begue,	G.,	Minchev,	K.,	 Ruf-	
Zamojski,	F.,	Nair,	V.	D.,	Wang,	X.,	Zhou,	L.,	Zaslavsky,	E.,	Trappe,	
T.	A.,	Trappe,	S.,	&	Sealfon,	S.	C.	(2020).	Single-	cell	transcriptional	
profiles in human skeletal muscle. Scientific Reports, 10, 229.

Ruple,	B.	A.,	Godwin,	 J.	 S.,	Mesquita,	P.	H.	C.,	Osburn,	S.	C.,	Vann,	C.	
G.,	Lamb,	D.	A.,	Sexton,	C.	L.,	Candow,	D.	G.,	Forbes,	S.	C.,	Frugé,	
A.	D.,	Kavazis,	A.	N.,	Young,	K.	C.,	Seaborne,	R.	A.,	Sharples,	A.	P.,	
&	Roberts,	M.	D.	 (2021).	 Resistance	 training	 rejuvenates	 the	mi-
tochondrial methylome in aged human skeletal muscle. The FASEB 
Journal, 35, e21864.

 14749726, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/acel.13859 by T

est, W
iley O

nline L
ibrary on [04/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/febs.16337
https://doi.org/10.1111/febs.16337
https://doi.org/10.1080/15592294.2019.1614416
https://doi.org/10.1080/15592294.2019.1614416


    |  15 of 15VOISIN et al.

Sailani,	M.	R.,	Halling,	J.	F.,	Møller,	H.	D.,	Lee,	H.,	Plomgaard,	P.,	Pilegaard,	
H.,	Snyder,	M.	P.,	&	Regenberg,	B.	 (2019).	Lifelong	physical	activ-
ity is associated with promoter hypomethylation of genes involved 
in metabolism, myogenesis, contractile properties and oxidative 
stress resistance in aged human skeletal muscle. Scientific Reports, 
9, 3272.

Seaborne,	R.	A.,	Strauss,	J.,	Cocks,	M.,	Shepherd,	S.,	O’Brien,	T.	D.,	van	
Someren,	K.	A.,	Bell,	P.	G.,	Murgatroyd,	C.,	Morton,	J.	P.,	Stewart,	
C.	E.,	&	Sharples,	A.	P.	(2018).	Human	skeletal	muscle	possesses	an	
epigenetic memory of hypertrophy. Scientific Reports, 8, 1898.

Short,	 K.	 R.,	 Bigelow,	 M.	 L.,	 Kahl,	 J.,	 Singh,	 R.,	 Coenen-	Schimke,	 J.,	
Raghavakaimal,	S.,	&	Nair,	K.	S.	 (2005).	Decline	in	skeletal	muscle	
mitochondrial function with aging in humans. Proceedings of the 
National Academy of Sciences of the United States of America, 102, 
5618– 5623.

Sillanpää,	 E.,	 Heikkinen,	 A.,	 Kankaanpää,	 A.,	 Paavilainen,	 A.,	 Kujala,	
U. M., Tammelin, T. H., Kovanen, V., Sipilä, S., Pietiläinen, K. H., 
Kaprio,	 J.,	Ollikainen,	M.,	&	Laakkonen,	E.	K.	 (2021).	Blood	and	
skeletal muscle ageing determined by epigenetic clocks and 
their associations with physical activity and functioning. Clinical 
Epigenetics, 13, 110.

Sillanpää,	E.,	Ollikainen,	M.,	Kaprio,	J.,	Wang,	X.,	Leskinen,	T.,	Kujala,	U.	
M.,	 &	 Törmäkangas,	 T.	 (2019).	 Leisure-	time	 physical	 activity	 and	
DNA	methylation	age—	A	twin	study.	Clinical Epigenetics, 11, 12.

Sousa-	Victor,	P.,	García-	Prat,	L.,	Serrano,	A.	L.,	Perdiguero,	E.,	&	Muñoz-	
Cánoves, P. (2015). Muscle stem cell aging: Regulation and rejuve-
nation. Trends in Endocrinology and Metabolism, 26, 287– 296.

Stuart,	C.	A.,	McCurry,	M.	P.,	Marino,	A.,	South,	M.	A.,	Howell,	M.	E.	A.,	
Layne,	A.	 S.,	 Ramsey,	M.	W.,	&	 Stone,	M.	H.	 (2013).	 Slow-	twitch	
fiber proportion in skeletal muscle correlates with insulin respon-
siveness. The Journal of Clinical Endocrinology and Metabolism, 98, 
2027– 2036.

Su,	J.,	Ekman,	C.,	Oskolkov,	N.,	Lahti,	L.,	Ström,	K.,	Brazma,	A.,	Groop,	L.,	
Rung,	J.,	&	Hansson,	O.	(2015).	A	novel	atlas	of	gene	expression	in	
human skeletal muscle reveals molecular changes associated with 
aging. Skeletal Muscle, 5, 35.

Takeshita,	L.	Y.,	Davidsen,	P.	K.,	Herbert,	J.	M.,	Antczak,	P.,	Hesselink,	M.	
K.	C.,	Schrauwen,	P.,	Weisnagel,	S.	J.,	Robbins,	J.	M.,	Gerszten,	R.	
E.,	Ghosh,	S.,	Sarzynski,	M.	A.,	Bouchard,	C.,	&	Falciani,	F.	(2021).	
Genomics and transcriptomics landscapes associated to changes 
in insulin sensitivity in response to endurance exercise training. 
Scientific Reports, 11, 23314.

Tarkhov,	 A.	 E.,	 Lindstrom-	Vautrin,	 T.,	 Zhang,	 S.,	 Ying,	 K.,	 Moqri,	 M.,	
Zhang,	B.,	&	Gladyshev,	V.	N.	 (2022).	Nature	 of	 epigenetic	 aging	
from	a	single-	cell	perspective.	bioRxiv, 2022.09.26.509592. https://
doi.org/10.1101/2022.09.26.509592

Thuault, S. (2021). Reflections on aging research from within the National 
Institute	on	Aging.	Nature Aging, 1, 14– 18.

Tian,	 Y.,	Morris,	 T.	 J.,	Webster,	 A.	 P.,	 Yang,	 Z.,	 Beck,	 S.,	 Feber,	 A.,	 &	
Teschendorff,	 A.	 E.	 (2017).	 ChAMP:	 updated	 methylation	 anal-
ysis pipeline for Illumina BeadChips. Bioinformatics, 33(24), 
3982– 3984.

Ubaida-	Mohien,	C.,	Gonzalez-	Freire,	M.,	Lyashkov,	A.,	Moaddel,	R.,	Chia,	
C.	W.,	Simonsick,	E.	M.,	Sen,	R.,	&	Ferrucci,	L.	(2019).	Physical	ac-
tivity associated proteomics of skeletal muscle: Being physically 
active in daily life may protect skeletal muscle from aging. Frontiers 
in Physiology, 10, 312.

van	Iterson,	M.,	van	Zwet,	E.	W.,	&	Heijmans,	B.	T.	(2017).	Controlling	bias	
and	 inflation	 in	 epigenome-		 and	 transcriptome-	wide	 association	
studies using the empirical null distribution. Genome Biology, 18, 19.

Viechtbauer,	W.	(2010).	Conducting	meta-	analyses	in	R	with	the	metafor	
package. Journal of Statistical Software, 36, 1– 48.

Voisin,	S.,	Eynon,	N.,	Yan,	X.,	&	Bishop,	D.	J.	(2015).	Exercise	training	and	
DNA	methylation	in	humans.	Acta Physiologica, 213, 39– 59.

Voisin,	S.,	Harvey,	N.	R.,	Haupt,	L.	M.,	Griffiths,	L.	R.,	Ashton,	K.	J.,	Coffey,	
V.	G.,	Doering,	T.	M.,	Thompson,	J.	L.	M.,	Benedict,	C.,	Cedernaes,	
J.,	 Lindholm,	M.	 E.,	 Craig,	 J.	M.,	 Rowlands,	D.	 S.,	 Sharples,	 A.	 P.,	
Horvath,	 S.,	 &	 Eynon,	 N.	 (2020).	 An	 epigenetic	 clock	 for	 human	
skeletal muscle. Journal of Cachexia, Sarcopenia and Muscle, 11, 
887– 898.

Voisin,	S.,	Jacques,	M.,	Landen,	S.,	Harvey,	N.	R.,	Haupt,	L.	M.,	Griffiths,	L.	
R.,	Gancheva,	S.,	Ouni,	M.,	Jähnert,	M.,	Ashton,	K.	J.,	Coffey,	V.	G.,	
Thompson,	J.	L.	M.,	Doering,	T.	M.,	Gabory,	A.,	Junien,	C.,	Caiazzo,	
R.,	Verkindt,	H.,	Raverdy,	V.,	Pattou,	F.,	…	Eynon,	N.	(2021).	Meta-	
analysis	of	genome-	wide	DNA	methylation	and	 integrative	omics	
of age in human skeletal muscle. Journal of Cachexia, Sarcopenia and 
Muscle, 12, 1064– 1078.

Wong,	D.	J.,	Nuyten,	D.	S.	A.,	Regev,	A.,	Lin,	M.,	Adler,	A.	S.,	Segal,	E.,	
van	de	Vijver,	M.	J.,	&	Chang,	H.	Y.	(2008).	Revealing	targeted	ther-
apy for human cancer by gene module maps. Cancer Research, 68, 
369– 378.

Wu,	T.,	Hu,	E.,	Xu,	S.,	Chen,	M.,	Guo,	P.,	Dai,	Z.,	Feng,	T.,	Zhou,	L.,	Tang,	
W.,	 Zhan,	 L.,	 Fu,	 X.,	 Liu,	 S.,	 Bo,	 X.,	 &	 Yu,	 G.	 (2021).	 clusterPro-
filer	4.0:	A	universal	enrichment	 tool	 for	 interpreting	omics	data.	
Innovation, 2, 100141.

Ying,	K.,	Liu,	H.,	Tarkhov,	A.	E.,	Lu,	A.	T.,	Horvath,	S.,	Kutalik,	Z.,	Shen,	
X.,	 &	 Gladyshev,	 V.	 N.	 (2022).	 Causal	 epigenetic	 age	 uncou-
ples damage and adaptation. bioRxiv, 10.07.511382. https://doi.
org/10.1101/2022.10.07.511382

Zhang,	 Q.,	 Vallerga,	 C.	 L.,	 Walker,	 R.	 M.,	 Lin,	 T.,	 Henders,	 A.	 K.,	
Montgomery, G. W., He, J., Fan, D., Fowdar, J., Kennedy, M., 
Pitcher,	T.,	Pearson,	J.,	Halliday,	G.,	Kwok,	J.	B.,	Hickie,	I.,	Lewis,	S.,	
Anderson,	T.,	Silburn,	P.	A.,	Mellick,	G.	D.,	…	Visscher,	P.	M.	(2019).	
Improved precision of epigenetic clock estimates across tissues and 
its implication for biological ageing. Genome Medicine, 11, 54.

Zhou,	W.,	Laird,	P.	W.,	&	Shen,	H.	(2017).	Comprehensive	characteriza-
tion,	annotation	and	 innovative	use	of	 Infinium	DNA	methylation	
BeadChip probes. Nucleic Acids Research, 45, e22.

Zhu,	T.,	 Liu,	 J.,	Beck,	 S.,	 Pan,	 S.,	Capper,	D.,	 Lechner,	M.,	 Thirlwell,	C.,	
Breeze,	C.	E.,	&	Teschendorff,	A.	E.	(2022).	A	pan-	tissue	DNA	meth-
ylation atlas enables in silico decomposition of human tissue meth-
ylomes	at	cell-	type	resolution.	Nature Methods, 19, 296– 306.

SUPPORTING INFORMATION
Additional	 supporting	 information	 can	 be	 found	 online	 in	 the	
Supporting Information section at the end of this article.

How to cite this article: Voisin, S., Seale, K., Jacques, M., 
Landen,	S.,	Harvey,	N.	R.,	Haupt,	L.	M.,	Griffiths,	L.	R.,	
Ashton,	K.	J.,	Coffey,	V.	G.,	Thompson,	J.-L.,	Doering,	T.	M.,	
Lindholm,	M.	E.,	Walsh,	C.,	Davison,	G.,	Irwin,	R.,	McBride,	
C.,	Hansson,	O.,	Asplund,	O.,	Heikkinen,	A.	E.	…	Eynon,	N.	
(2023).	Exercise	is	associated	with	younger	methylome	and	
transcriptome profiles in human skeletal muscle. Aging Cell, 
00, e13859. https://doi.org/10.1111/acel.13859

 14749726, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/acel.13859 by T

est, W
iley O

nline L
ibrary on [04/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1101/2022.09.26.509592
https://doi.org/10.1101/2022.09.26.509592
https://doi.org/10.1101/2022.10.07.511382
https://doi.org/10.1101/2022.10.07.511382
https://doi.org/10.1111/acel.13859

	Exercise is associated with younger methylome and transcriptome profiles in human skeletal muscle
	Abstract
	1|INTRODUCTION
	2|RESULTS
	2.1|Methodology overview
	2.2|Skeletal muscle aging alters DNA methylation and expression of genes involved in muscle structure and metabolism
	2.3|CRF and exercise training are associated with younger epigenetic and transcriptomic profiles in human skeletal muscle, in contrast to muscle disuse
	2.4|Older individuals have a blunted response to exercise at a small fraction of age-related DEGs
	2.5|Mitochondrial and metabolic pathways are simultaneously inhibited by age and muscle disuse, and enhanced with greater CRF and by exercise training

	3|DISCUSSION
	4|METHODS
	4.1|Data mining
	4.1.1|Description of muscle DNA methylation and mRNA expression datasets
	4.1.2|Pre-processing

	4.2|Identifying age-related changes in the muscle methylome and transcriptome
	4.2.1|EWAS and TWAS meta-analysis of age
	4.2.2|Over-representation analysis of ontologies (molecular pathways, human phenotypes)
	4.2.3|Confounding by changes in muscle cell type proportions
	4.2.4|Integration of aging methylome and transcriptome

	4.3|Estimating the effects of CRF, exercise training, and muscle disuse on the aging methylome and transcriptome
	4.3.1|Cardiorespiratory fitness
	4.3.2|Exercise training
	4.3.3|Muscle disuse

	4.4|Transcriptomic integration of age, CRF, exercise, and disuse
	4.5|Visualization tools

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	REFERENCES


