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Abstract

The response to exercise training (trainability) has been shown to have a
strong heritable component. There is growing evidence suggesting that traits
such as trainability do not only depend on the genetic code, but also on epi-
genetic signals. Epigenetic signals play an important role in the modulation
of gene expression, through mechanisms such as DNA methylation and his-
tone modifications. There is an emerging evidence to show that physical
activity influences DNA methylation in humans. The present review aims to
summarize current knowledge on the link between DNA methylation and
physical activity in humans. We have critically reviewed the literature and
only papers focused on physical activity and its influence on DNA methyla-
tion status were included; a total of 25 papers were selected. We concluded
that both acute and chronic exercises significantly impact DNA methylation,
in a highly tissue- and gene-specific manner. This review also provides
insights into the molecular mechanisms of exercise-induced DNA methyla-

tion changes, and recommendations for future research.
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The response to exercise training (i.e. trainability) has
been shown to have a strong heritable component
(Bouchard 2011, Eynon et al. 2011). In the health,
risk, training And genetic (HERITAGE) family study,
742 healthy, sedentary participants, coming from fam-
ilies of white or black ancestry, underwent 20 weeks
of standardized exercise training and the heritability
of several exercise-related traits was measured
(Bouchard ez al. 1995). After adjustment for age, sex,
body mass index (BMI) and baseline parameters, the
heritability of the training responses for maximal oxy-
gen uptake, submaximal exercise heart rate and sub-
maximal exercise capacity were estimated as 47%
(Bouchard et al. 1999), 34% (An et al. 2003) and
26% (Pérusse et al. 2001) respectively. Candidate
gene association studies and genomewide association
studies (GWAS) have subsequently led to the consen-
sus that the heritable part of trainability can be

attributed to the cumulative effect of many genetic

polymorphisms that have small individual effects (e.g.
0.5-7% each for trainability; Bouchard et al. 2011).
The most widely studied candidate genes for train-
ability are the angiotensin-converting enzyme (ACE)
insertion/deletion of 287 base pair and the o-actinin-3
(ACTN3) R577X stop-codon polymorphisms. Several
reports have shown that these polymorphisms are
associated with both athletic performance outcomes
and the training response (Eynon et al. 2009, 2012,
2013, Berman & North 2010, Puthucheary et al.
2011). Recent GWAS findings, however, have created
increased uncertainty regarding the role of these and
other candidate genes in determining athletic perfor-
mance and skeletal muscle traits (Garatachea et al.
2011, Broos et al. 2012, Folland et al. 2012, Vincent
et al. 2012). Moreover, the few GWAS performed to
date still require replication in other independent
cohorts to ensure that the observed associations are
not simply fortuitous. Thus, the uncritical view of
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‘established’” genotypes affecting trainability is being
increasingly challenged (Ehlert et al. 2013).

There is growing evidence suggesting that traits
such as trainability not only depend on the genetic
code, but also on epigenetics — that is transcriptional
and post-transcriptional changes in gene expression
that are not due to changes in the DNA sequence
(Ehlert et al. 2013). Such processes are responsible for
the establishment, maintenance and reversal of meta-
stable transcriptional states (Bonasio et al. 2010).
Indeed, epigenetic marks can be modified by the envi-
ronment (e.g. exposure to toxic chemicals, nutrition)
and differ significantly between different tissues, mak-
ing them tissue specific (Zhang et al. 2013). There is
also a growing evidence to support the hypothesis that
some epigenetic modifications can be transgeneration-
ally inherited (Bollati & Baccarelli 2010). Indeed,
although much of the DNA methylation is cleared and
re-established each generation (Reik et al. 2001), some
DNA methylation marks escape this reprogramming
and are transmitted epigenetically for at least three
generations (Gluckman et al. 2007, Jirtle & Skinner
2007).

One major example of epigenetic modifications is
the methylation of cytosine, usually at CpG dinucleo-
tides, named DNA methylation. Regions rich in CpGs
are called ‘CpG islands’ and are often found in the
promoter region of active genes. When the CpGs of
the promoter region are methylated, gene expression
is silenced (Hashimshony ez al. 2003). DNA methyla-
tion patterns are decisive in important processes such
as development, X-chromosome inactivation and sup-
pression of transposable elements and carcinogenesis
(Bird 2002). DNA methylation status can be deter-
mined by various laboratory techniques, such as
sodium bisulphite sequencing, methyl-sensitive poly-
merase chain reaction, chromatin immunoprecipita-
tion or the use of DNA methylation array microchips
(Shen & Waterland 2007). Three recent reviews and
one current opinion have suggested that exercise train-
ing may induce changes in the methylation status of
key genes involved in muscle function, thus possibly
shaping a long-lasting favourable expression pattern
for increased trainability (Sanchis-Gomar ef al. 2012,
Denham et al. 2013, Ehlert et al. 2013, Pareja-
Galeano et al. 2014). These reviews are important
and enhanced knowledge in the field. However,
research into exercise and DNA methylation is rapidly
developing, and it is important to update these
reviews based on the latest research.

The present review aims to summarize current
knowledge on the link between physical activity and
DNA methylation in humans, to provide insights into
the molecular mechanisms of exercise-induced DNA
methylation and to suggest directions for future
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research. The PubMed database was used to identify
all relevant literature up until July 2014. Search terms
were systematically a combination of ‘methylation’
with any of the following terms: ‘exercise’, ‘physical
activity’, ‘sport’ and ‘exercise training’. Only papers
focused on methylation of the DNA were included,
and a total of 25 papers were selected. Titles and
abstracts were systematically reviewed against the ori-
ginal inclusion. The main outcomes of these papers
are summarized in Table 1.

Observational studies: a weak correlation
between physical activity and DNA
methylation

Because of the cost and the time of monitoring a
cohort’s physical activity over a long period of time,
many studies have chosen an observational design to
determine the effect of chronic physical activity on
DNA methylation status (Coyle et al. 2007, Slattery
et al. 2007, Yuasa et al. 2009, Zhang et al. 2011a,b,
2012, Gomes et al. 2012, Lott et al. 2012, Morabia
et al. 2012, Pirola et al. 2012, Ren et al. 2012, Lut-
tropp et al. 2013, White et al. 2013, Clarke-Harris
2014). Ten of these observational studies
focused on healthy populations (Coyle ez al. 2007,
Zhang et al. 2011a,b, 2012, Gomes et al. 2012,
Morabia et al. 2012, Ren et al. 2012, Luttropp et al.
2013, White et al. 2013, Clarke-Harris et al. 2014),
while four studies chose diseased cohorts (Slattery
et al. 2007, Yuasa et al. 2009, Lott et al. 2012, Pirola
et al. 2012). Another two studies were genetic associa-
tions which, instead of directly looking at DNA meth-
ylation, focused on DNA methylation capacity and
the chance of being an athlete (Terruzzi et al. 2011,
Zarebska et al. 2013).

et al.

Physical activity and DNA methylation in diseased
populations

Physical activity and the methylation status of cancer-
related CpG sites in candidate genes. Aberrant DNA
methylation patterns have been extensively described
as triggers for carcinogenesis (You & Jones 2012).
Cancer is commonly associated with increased methyl-
ation (termed hypermethylation) of tumour-suppressor
genes (Ehrlich 2002). Indeed, 5-10% of normally
unmethylated CpG promoter islands become abnor-
mally methylated in various cancer genomes (Baylin
& Jones 2011). In particular, tumour-suppressor genes
(e.g. p15) as well as mismatch-repair genes (e.g.
hMLHT1) have been extensively shown to be hyperme-
thylated in cancers (Mitchell et al. 2002, Yu et al.
2008). Long-term physical activity has been shown to
reduce risk and mortality in various types of cancers,
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particularly of the breast and colon (Ballard-Barbash
et al. 2012). It is therefore interesting to explore
whether some of the beneficial effects of exercise may
be mediated by DNA methylation. Two studies have
investigated the possible association between physical
activity and the methylation status, measured by meth-
ylation-specific PCR, of several cancer-related genes in
tumours from 106 gastric (Yuasa et al. 2009) and
1154 (Slattery et al. 2007) patients with colon cancer.
No significant association was found between physical
activity and the methylation levels of several genes (i.e.
MINT1, MINT2, MINT31, p16, CDX2, BMP2, ER
and GATAS; Slattery et al. 2007, Yuasa et al. 2009).
However, the study by Yuasa ef al. showed that meth-
ylation of CACNA2D3 gene [a calcium channel gene
often methylated in gastric cancer (Wanajo et al.
2008)] was higher in gastric carcinoma patients with
no physical activity (45.5% of patients) than in those
with at least 1 h of exercise per week before cancer
onset (23.7% of patients; Yuasa et al. 2009).

Physical activity and the methylation of mitochondrial
genes in disease conditions. Recently, the mitochon-
drial genome has been shown to undergo methylation
in CpG dinucleotides, which in turn regulate mito-
chondrial function and gene transcription (Shock et al.
2011). One study
between the level of physical activity and the methyla-

investigated the correlations
tion status of the mitochondrial D-loop region in liver,
as well as the mitochondrially encoded genes, NADH
dehydrogenase 6 (MT-ND6) and cytochrome C oxi-
dase 1 (MT-CO1), using methylation-specific PCR.
These correlations were tested in a cohort comprising
435 non-alcoholic fatty liver patients and 18 controls,
but were also tested in patients only. No correlation
was found between physical activity and methylation
of the D-loop region or MT-COI.
MT-ND6 methylation was significantly moderately

However,

inversely correlated with the level of regular physical
activity (R = —0.30; Pirola ef al. 2012). This correla-
tion was still significant, and even stronger, when the
analysis was restricted to the patients (R = —0.54,
P < 0.05). This study was the only one examining a
possible exercise-induced methylation in the mito-
chondrial genome. It is therefore difficult to draw
conclusions on this topic.

Physical activity and DNA methylation in healthy
populations

Physical activity and the methylation status of
cancer-related CpG sites. Apart from gene-specific
hypermethylation, a genomewide reduction in DNA
methylation (termed hypomethylation) is observed in
most malignant cells and is associated with increased
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cancer risk (Dawson & Kouzarides 2012). Global
DNA hypomethylation increases genome instability by
activating repetitive sequences (e.g. long interspersed
nuclear elements [LINEs]), which are normally highly
methylated (Sharma et al. 2010). Seven cross-sectional
studies have investigated the correlation between phys-
ical activity and blood DNA methylation in five differ-
ent healthy cohorts (Zhang et al. 2011a,b, 2012,
Gomes et al. 2012, Morabia et al. 2012, Luttropp
et al. 2013, White et al. 2013).

Only one of these studies found a significant associa-
tion between physical activity and global DNA methyl-
ation measured by luminometric methylation assay, in
leucocytes from 509 elders; compared to a group with
higher physical activity, decreased physical activity
was associated with increased global methylation, and
this remained significant after adjusting for multiple
cardiovascular risk factors (Luttropp et al. 2013). In
another study, 647 women with a family history of
breast cancer were asked to recall their level of physi-
cal activity during three time periods (childhood, teen-
age and the past year) and were divided into quartiles
of activity (White ef al. 2013). None of the quartiles
were significantly associated with global DNA methyl-
ation measured in peripheral blood by pyrosequencing,
but women who reported physical activity levels above
the median at all three time periods had 0.33% higher
methylation compared with those below the median at
all time periods. Even if the difference was moderate,
it suggested that exercise is associated with higher
DNA methylation, which might decrease cancer risk.

Two studies conducted on a cohort of 165 cancer-
free adults that performed DNA methylation analysis
using pyrosequencing in peripheral white blood cells
have examined the levels of physical activity in rela-
tion to methylation of LINE-1 and IL-6 (Morabia
et al. 2012, Zhang et al. 2012). Another two studies,
from the same research group, investigated a correla-
tion between physical activity and whole blood
LINE-1 methylation, but in elders, using either
pyrosequencing or qPCR (Zhang et al. 2011a,b).
Finally, a case—control study with 45 women used
methylation-specific PCR in breast epithelial cells to
examine gene-specific methylation of APC and
RASSF1A in relation to levels of physical activity
(Coyle et al. 2007). None of these studies found sig-
nificance. For one cohort, it was argued that low
levels of physical activity (18.1 min per day of moder-
ate plus vigorous physical activity, on average) may
have made it difficult to identify a significant impact
of physical activity on DNA methylation (Zhang et al.
2011a,b). The participants of another cohort were
clustered into ‘car drivers’ and ‘public transport
users’, because using the public transportation was
hypothesized to require more physical activity and
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Table | Summary and main outcomes of the studies reviewed

Acta Physiol 2015, 213, 39-59

Study
Article design n Type of participants  Sex Physical activity assessment
Observa-tional studies
Diseased populations

Slattery Cross- 1154 Patients with colon ~ Men and Questionnaire on the intensity level of physical
et al. sectional cancer women activity (for the current year, the past 10 years,
(2007) and the past 20 years)

Yuasa Cross- 106  Patients with gastric  Men and Questionnaire on the frequency of recreational
et al. sectional cancer women and voluntary physical exercise for health
(2009) promotion (before cancer onset)

Pirola Cross- 64 Non-alcoholic fatty =~ Men and Questionnaire about all forms of regular physical
et al. sectional liver patients and women activity surveyed at baseline by the time of liver
(2012) controls biopsy

Lott et al.  Cross- 82 DPatients with Men and Questionnaire on the frequency and duration of
(2012) sectional schizophrenia women strenuous, moderate and mild activities

(average on the past week)
Healthy populations

Gomes Cross- 126 Physically Men and Average of 1 week of steps per day measured by
et al. sectional independent elders women a pedometer
(2012)

Morabia Case— 165  Young cancer-free Men and Questionnaire on the frequency and duration of 26
et al. control adults women leisure-time, job-related and home physical
(2012) activities determined by the National Human

Activities Patterns Survey (average of the past year)

Zhang Cross- 131 Healthy elders Men and Min per day spent in moderate and vigorous
et al. sectional women physical activity measured by an accelerometer
(2011b) during 4 days

Zhang Cross- 161 Healthy elders Men and Average of 4 days of min per day spent in
et al. sectional women moderate and vigorous physical activity
(2011a) measured by an accelerometer

Zhang Cross- 165 Cancer-free adults Men and Questionnaire on the frequency and duration of
et al. sectional women 26 leisure-time, job-related and home physical
(2012) activities determined by the National Human

Activities Patterns Survey (average on the past
year)

Luttropp Cross- 509 Elders Men and Questionnaire about lighter and heavier
et al. sectional women (sweat-inducing) physical activity per week
(2013)

Clarke- Follow-up 40  Children Boys and Measured annually by accelerometer, between 5
Harris girls and 14 years of age
et al.

(2014)

Ren et al. Case— 500 Tai Chi Women Criteria to be included in the Tai Chi cohort:
(2012) control practitioners and practising Tai Chi >3 years >1 h week ™!

non-practitioners

Coyle Cross- 45  Cancer-free pre and ~ Women Questionnaire on intensity, frequency and duration
et al. sectional post menopausal of occupation, household and sports (for the
(2007) women past year, the past 5 years, and over a lifetime)

White Cross- 647 Middle-aged with Women Questionnaire on intensity, frequency and duration
et al. sectional family history of of occupation, household and sports (for the past
(2013) breast cancer year, at ages 5-12 and 13-19)
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Targeted genes

Tissue used for
DNA methylation
assay

DNA methylation method

Main results

MINT1, MINT2,
MINT31, p16 and
hMLHT1 (CpG islands)

CDX2, BMP2, pie,
CACNA2D3, ER and
GATAS

MT-ND6, MT-CO1 and
D-loop

COMT

Global DNA methylation

LINE-1 and IL-6

Global DNA methylation

Global DNA methylation

LINE-1 and IL-6

Global DNA methylation

PGC-1a

RADSO0, ESR1, WRN,
ERCCI, G6PD, 17p
and Xp13

APC and RASSF1A

LINE-1

Colon tumours

Gastric tumours

Liver

Peripheral blood

Peripheral blood
white blood cells

Peripheral blood

white blood cells

Peripheral blood

Peripheral blood

Peripheral blood
white blood cells

Leucocytes

Whole blood

Mouthwash

Breast epithelial
cells

Peripheral blood

Bisulphite treatment of
DNA + methylation-
specific PCR

Bisulphite treatment of
DNA + methylation-
specific PCR

Bisulphite treatment of
DNA + methylation-
specific PCR

Bisulphite treatment of
DNA + pyrosequencing

Dosage of methyl by
Imprint Methylated DNA
Quantification

Bisulphite treatment of
DNA + pyrosequencing

Bisulphite treatment of
DNA + gPCR

Bisulphite treatment of
DNA + pyrosequencing

Bisulphite treatment of
DNA + pyrosequencing

Luminometric methylation
assay

Bisulphite treatment of
DNA + pyrosequencing

Bisulphite treatment of
DNA + MALDI-TOF MS

Bisulphite treatment of
DNA + methylation-
specific PCR

Bisulphite treatment of
DNA + pyrosequencing

No significant correlation between physical
activity and number of methylated markers

Significant correlation between physical activity
and CACNA2D3 methylation

Significant inverse correlation between
MT-ND6 methylation and physical activity

(1) Positive correlation between physical
activity and COMT promoter methylation
for Met/Met homozygotes

(2) Negative correlation for Val/Val
homozygotes

(3) No correlation for Met/Val heterozygotes

No significant correlation between physical
activity and global DNA methylation

No significant correlation between public
transport users and car drivers regarding
LINE-1 or IL-6 methylation

No significant correlation between physical
activity level and LINE-1 methylation

No significant correlation between physical
activity level and LINE-1 methylation

No significant correlation between physical
activity and LINE-1 or IL-6 methylation

Significant negative association between exercise
activity group and global methylation

No interaction between physical activity and
methylation at several loci in the promoter of
PGC-1u

Age-related DNA methylation changes in
6 CpG sites (17p_7, Xp13_1, Rad50_2,
Rad50_10, G6PD_6, and G6PD_7)
significantly slowed down by Tai Chi practice
No significant correlation between physical
activity and APC or RASSF1A methylation

Women with physical activity above the median
at all three time periods had significantly
increased methylation compared with those
below the median at all three time periods
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Table | (continued)

Acta Physiol 2015, 213, 39-59

Study
Article design n Type of participants  Sex Physical activity assessment
Elite athletes

Zarebska Case- 2684 Athletes and Men and No physical activity assessment
et al. control controls women
(2013)

Terruzzi Case— 131 Elite athletes and ? No physical activity assessment
et al. control sedentary controls
(2011)

Interven-tional studies
Acute exercise

Barres Acute 14 Healthy young Men and VOspeak test under fasting conditions
et al. exercise sedentary adults women
(2012) cohort

Exercise 8 Men Two isocaloric acute exercise trials at 40%
intensity VOspeak (low-intensity) and 80% VO, peai (high
cohort intensity; exercise intensity cohort)

Chronic exercise

Candidate gene studies

Alibegovic  — 20 Young healthy Men 9 days of bed rest + 4 weeks of retraining (30 min
et al. Caucasian men day™', 6 days week ™!, at 70% VOjmax)

(2010)

Nakajima  RCT 383 Healthy elders Men and 6-month-long supervised high-intensity interval
et al. women walking regimen
(2010)

Bryan - 64 Healthy sedentary Men and 12 months of unsupervised intervention to increase
et al. women physical activity: self-reports on physical activity
(2012) at 3, 6, 9 and 12 months + VO, test at

baseline and at 12 months

Kulkarni - 40 Type 2 diabetic Men and 4-month-long unsupervised walking exercise (5 h
et al. patients and women week 1)

(2012) normal-glucose
tolerant controls
44 © 2014 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12414
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Targeted genes

Tissue used for
DNA methylation
assay

DNA methylation method

Main results

MTHFR

MTHER, MTR, MTRR,
BHMT, and CBS

Global DNA methylation

PGC-1a, TFAM, PDK4,
CS, PPAR-6, MEF2A,
MYOD1 and GAPDH

PGC-1a

ASC and p15

Average methylation of
45 CpG sites across 27
genes related to breast
cancer + average
methylation
genomewide

PDK4

No DNA methylation assay

No DNA methylation assay

Muscle

Muscle

Peripheral blood

Saliva

Muscle

Luminometric methylation

assay

MeDIP + methylcytosine
capture: qPCR

Bisulphite treatment of
DNA + sequencing

Bisulphite treatment of
DNA + pyrosequencing

Bisulphite treatment of
DNA + Infinium
HumanMethylation27
BeadChip microarray

Bisulphite treatment of
DNA + sequencing

Genetic variants impairing the catalytic
efficiency of MTHFR, significantly more
frequent in sprint-strength and strength
athletes compared with controls

Genetic variants impairing the catalytic
efficiency of MTHFR, MTR and MTRR
significantly more frequent in elite athletes
compared with controls

Decrease in global DNA methylation after acute
exercise due to gene-specific hypomethylation

(1) High-intensity but not low-intensity exercise
causes hypomethylation

(2) Exercise-induced hypomethylation requires
Ca®* from the endoplasmic reticulum

(3) Hypomethylation does not require
circulating factors

(1) Significant increase of 1 CpG site in the pro-
moter of PGC-1a after 9 days of bed rest

(2) Methylation level correlated with a decrease
in PGC-1oo mRNA levels

(3) Initial methylation level of PGC-1a not
restored after retraining but PGC-1a expres-
sion level restored after retraining

Significantly higher methylation of ASC in the

exercised subjects compared with controls

(1) Baseline gene-specific methylation
significantly negatively correlated with
VOomax, but not with self-reported physical
activity

(2) Genomewide and gene-specific increase in
DNA methylation after the exercise
intervention

(3) No significant correlation between change
in VO, .« and genomewide or gene-specific
methylation after intervention

(4) Significant negative correlation between self-
reported physical activity and gene-specific
methylation after intervention

(1) Significant correlation between PDK4
expression and exercise in controls only

(2) Significantly higher methylation in the
promoter of PDK4 at baseline in Type 2
diabetic patients compared with controls

© 2014 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12414 45
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Table | (continued)

Study
Article design n Type of participants  Sex Physical activity assessment

Global and genomewide studies

Duggan RCT 298 Overweight Women 12 months of supervised nutrition and exercise
et al. sedentary intervention, with 82 diet restriction, 70 moderate
(2014) -to-vigorous intensity exercise and 87 diet &

exercise

Roénn et al. - 23 Healthy young Men 6 month of supervised endurance exercise training
(2013) sedentary adults (3 h week™)

Nitert - 28 Healthy young Men 6-month-long supervised endurance exercise trainin
et al. sedentary adults (3 h week™)
(2012)

Zeng et al. RCT 12 Physically inactive Women 6-month-long supervised moderate-intensity aerobic
(2011) postmen-pausal exercise (150 min week™!)

women diagnosed
with stage 0-1IIA
breast cancer

APC, adenomatous polyposis coli; ASC, PYD and CARD domain containing; BDNF, brain-derived neurotropic factor; BMP2,
bone morphogenetic protein 2; BHMT, betaine: homocysteine methyltransferase; CACNA2D3, calcium channel,
voltage-dependent, alpha 2/delta subunit 3; CBS, cystathionine f-synthase; CDX2, caudal type homeobox 2; COMT,
catechol-O-methyl transferase; CS, citrate synthase; ER, oestrogen receptor; ERCCI, excision repair cross-complementing
rodent repair deficiency, complementation group 1; ESR1, oestrogen receptor 1; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; GATAS, GATA binding protein 5; IL-6, interleukin-6; LINE-1, long interspersed nuclear element-1; MeDIP,
methylated DNA immunoprecipitation; MEF2A, myocyte enhancer factor 2A; MT-ND6, mitochondrially encoded NADH
dehydrogenase 6; MT-CO1, cytochrome C oxidase I; MTHER, 5, 10-methylenetetrahydrofolate reductase; MTR, methionine
synthase; MTRR, methionine synthase reductase; MYOD1, myogenic differentiation 1; PDK4, pyruvate dehydrogenase
kinase, isozyme 4; PGC-10, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; PPAR-J, peroxisome
proliferator-activated receptor J; p13, cyclin-dependent kinase 4 inhibitor B; RADS50, RADS50 homologue; RASSF1A, Ras
association (RalGDS/AF-6) domain family member; RCT, randomized controlled trial; TEAM, mitochondrial transcription
factor A; WRN, Werner syndrome, RecQ helicase-like.

energy expenditure than car use, but no significant considering that after adjustment for age, gender,
difference was found between the two groups with race/ethnicity and BMI, ‘car drivers’ and ‘public
respect to global DNA methylation (Morabia et al. transport users’ had similar levels of overall physical
2012). However, this does not seem too surprising activity.

46 © 2014 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12414
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Targeted genes

Tissue used for
DNA methylation
assay DNA methylation method

Main results

LINE-1

Genomewide

Genomewide

Genomewide

Peripheral blood Bisulphite treatment of

DNA + pyrosequencing

Adipose tissue Bisulphite treatment of
DNA + Infinium
HumanMethylation450
BeadChip microarray and

pyrosequencing

Muscle MeDIP

Blood Bisulphite treatment of
DNA + Infinium
HumanMe-thylation27
BeadChip microarray

(1) No association between baseline
characteristics of participants or previously
measured biomarkers, and LINE-1
methylation

(2) No difference in LINE-1 methylation
between intervention group and control

(3) Magnitude of weight-loss not associated
with LINE-1 methylation at 12-months

(1) Global increase in DNA methylation after
the exercise intervention

(2) Differential mRNA expression in 1/3 of the
gene regions with altered DNA methylation,
including RALBP1, HDAC4 and NCOR2

(3) 18 obesity and 21 type 2 diabetes candidate
genes had CpG sites with differences in
adipose tissue DNA methylation in response
to exercise

[N

Significant correlation between the
methylation of 134 genes and physical
activity (86% of genes hypomethylated)

4 biological pathways of genes that both
alter methylation due to exercise and
exhibited increased mean expression values
after exercise (purine metabolism, insulin
signalling, ErbB signalling, and progesterone-
mediated oocyte maturation)

B

Significant correlation between the methylation
of 43 genes and physical activity

Exercise and the methylation status of age-related
CpG sites. To date, only one study has investigated
the effect of regular physical activity on age-related
methylation changes (Ren et al. 2012). In this study,

DNA methylation in saliva, measured by MALDI-
TOF MS, of 60 CpG sites across seven loci known to
be influenced by age was compared between a cohort
of 237 Tai Chi (a mind-body exercise) practitioners

© 2014 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12414 47
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and a matched control cohort of 263 people who had
never practised Tai Chi, but whose regular physical
activity level was similar to the Tai Chi cohort. Those
in the Tai Chi cohort showed a lower DNA methyla-
tion (mean methylation difference ranging from 0.019
to 0.106 across the six CpGs) at six of the
investigated CpG sites (17p_7, Xp13_1, Rad50_2,
Rad50_10, G6PD_6 and G6PD_7). However, there
were some limitations to this study. First of all, 26%
of the Tai Chi practitioners reported that they took
up Tai Chi to help with specific health problems, and
they indeed had poorer health compared to the con-
trols. They had higher hypertension and anxiety,
which have been shown to influence DNA methylation
(Adeyemo et al. 2009, Smolarek et al. 2010). Further-
more, the history and frequency of Tai Chi practice
varied greatly. Finally, the authors did not adjust their
statistics for multiple comparisons, increasing the
chance of false positives. Nevertheless, this study had
a good sample size and suggests that specific types of
exercise might affect the epigenome.

Exercise and the methylation status of PGC-1u and
COMT. One study measured annually the methyla-
tion of several sites in the promoter of PGC-1u in 40
children between 5 and 14 years of age, to test
whether methylation of PGC-Iz in blood could
predict adiposity up to 14 years (Clarke-Harris et al.
2014). While four sites in the promoter of PGC-1ua
could predict adiposity, no interaction between physi-
cal activity and PGC-1o promoter methylation was
found.

Another study has examined the impact of physical
activity level on methylation of the catechol-O-methyl
transferase (COMT) promoter region in blood, with
respect to the genotype at the 158Val/Met COMT
variant (Lott et al. 2012). A weak, positive, correla-
tion between physical activity and COMT promoter
methylation (#* = 0.19 at one CpG site and #* = 0.21
at a second CpG site, 7 = 18) was found for Met/Met
homozygotes, whereas a moderate negative correlation
(r* = 0.27 at one CpG site and > = 0.39 at a second
CpG site, n = 28) was found for Val/Val homozyg-
otes, and heterozygotes showed no correlation at all.

Elite athlete status and DNA methylation capacity

A recent case—control study compared polymorphisms
in five genes thought to be involved in the capacity of
DNA methylation between 77 elite athletes and 54
non-athletes (Terruzzi et al. 2011). Heterozygotes for
variants known to impair the catalytic efficiency of
methylenetetrahydrofolate reductase (MTHEFR), methi-
onine synthase (MTR) and methionine synthase reduc-
tase (MTRR) [three enzymes involved in the metabolic
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cycle providing methyl groups to the DNA (Ulrey
et al. 2005)] were significantly more frequent in elite
athlete compared to non-athletes. However, the par-
ticipant’s ethnic background was not reported; this is
possibly an important omission, as this has been
shown to affect genotype frequencies. A second case—
control study in a larger sample of 1144 athletes and
1540 controls supported the previous findings on the
MTHFR 1298A>C polymorphism (Zarebska et al.
2013). AC heterozygotes were over-represented in
sprint-strength and sprint athletes compared with con-
trols, suggesting that the C allele is beneficial to
sprint/power performance. But it is still unclear
whether and to what extent this effect is due to
changes in DNA methylation.

Summary

Regardless of the health status of the studied popula-
tion, observational studies consistently show a weak
correlation between physical activity and global or
gene-specific DNA methylation. However, in most of
these studies, physical activity was assessed via ques-
tionnaires at the time the study was conducted
(Slattery et al. 2007, Pirola et al. 2012, Luttropp et al.
2013), before cancer onset (Yuasa et al. 2009), for the
past week (Lott et al. 2012), for the past year (Coyle
et al. 2007, Morabia et al. 2012, Zhang et al. 2012,
White et al. 2013), the past 5 years (Coyle et al.
2007), the past 10 or 20 years (Slattery et al. 2007)
and over a lifetime (Coyle et al. 2007). Therefore, the
possibility of recall errors from the participants may
have generated an important bias (Matthews 2002,
Lissner et al. 2004). In a review of studies comparing
direct and objective measures, with indirect and sub-
jective measures of physical activity, correlations were
generally low to moderate. In four studies, physical
activity level was assessed by an accelerometer worn
for five consecutive days (Zhang et al. 2011a,b,
Clarke-Harris et al. 2014), or by a pedometer worn
for 1 week (Gomes et al. 2012). Moreover, these stud-
ies have assessed the methylation status in selected tis-
sues that is blood, liver, saliva, breast epithelium,
gastric and colon tumours. Hence, it cannot be
excluded that a correlation between DNA methylation
and physical activity in other unstudied tissues, such
as adipose tissue or muscle, exists.

Furthermore, these studies may have all suffered
from a typical shortcoming of observational studies,
namely selection bias (Jepsen et al. 2004, Hannan
2008). In an observational design, the absence of
randomization of the participants leads to a possible
large and unobserved difference in their characteris-
tics. If one of these characteristics is linked to the
measured outcome, the estimate of the impact of the
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studied factor (here, physical activity level) on the out-
come (here, DNA methylation level) may be biased.
Common examples of these factors (referred to as
confounders) are sex, age, BMI and smoking. For
instance, inflammation is known to promote DNA hy-
permethylation, making it an important confounder
(Ingrosso & Perna 2009). In addition, selection bias
could have resulted in very homogeneous samples in
which there was little variability in physical activity
levels, thus reducing power to detect a significant
association between physical activity and DNA meth-
ylation. A better approach to address the issue of the
influence of exercise on DNA methylation is to set up
an interventional design where the participants’ physi-
cal activity is monitored.

Interventional studies

DNA methylation changes following an acute exercise
training

Mitochondria generate the cell’s supply of adenosine
tri phosphate (ATP) and are therefore crucial for skel-
etal muscle contraction. Skeletal muscle mitochondrial
function adapts to acute exercise and endurance train-
ing, and the volume of mitochondria increases
(Tonkonogi & Sahlin 2002, Bishop ef al. 2010, 2013,
Little et al. 2011). Only one study, conducted in two
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cohorts of 14 young sedentary healthy men and
women and 8 men, respectively, has quantified the
influence of an acute bout of high-intensity exercise
on skeletal muscle DNA methylation changes in genes
involved in mitochondrial function and fuel usage, as
measured by qPCR following methylated DNA immu-
noprecipitation (MeDIP; Barrés ef al. 2012). The
investigated genes were peroxisome proliferator-acti-
vated receptor gamma coactivator 1-alpha (PGC-1a),
pyruvate dehydrogenase kinase, isozyme 4 (PDK4),
mitochondrial transcription factor A (TFAM), peroxi-
some proliferator-activated receptor & (PPAR-9), cit-
rate synthase (CS), myocyte enhancer factor 2A
(MEF2A) and myogenic differentiation 1 (MYOD1).
PGC-1u is known to be a key regulator of mitochon-
drial biogenesis, fatty acid oxidation and insulin sensi-
tivity in skeletal muscle and is also upregulated in
response to exercise (Lira et al. 2010). PDK4, a key
gene in skeletal muscle metabolism that is associated
with hyperglycaemia (Jeoung & Harris 2008), is
known to be increased in human skeletal muscle after
both short-term high-intensity and prolonged low-
intensity exercise (Pilegaard & Neufer 2004).

While the muscle-specific MYOD1 showed no sig-
nificant change in response to exercise, MEF2A and
CS methylation levels decreased in only one of the
two cohorts, with no significant change in mRNA
expression. However, both PGC-1o. and PDK4 were
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Figure | Physical activity influences DNA methylation. The methylation profile of an individual changes in response to physical

activity, in a dose-dependent, gene-specific and tissue-specific manner. In skeletal muscle, long-term (chronic) exercise mostly

leads to a decrease in the methylation level of metabolic genes such as PGC-1a (represented by a shift from a filled circle to an

empty circle). Chronic exercise also causes the hypomethylation or the hypermethylation of other genes. During acute exercise,
an intensity threshold of effort must be reached to significantly cause a drop in the methylation level of metabolic genes. When
the exercise intensity threshold is reached, the release of Ca** from the sarcoplasmic reticulum, along with other unknown fac-
tors, leads to the active demethylation of metabolic genes. Gadd435 is hypothesized to be involved in this active demethylation
process. The impact of chronic and acute exercise on other tissues is not well established.
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hypomethylated immediately after exercise and
strongly transcribed 3 h after (Barres et al. 2012).
Interestingly, an earlier study showed that the resting
skeletal muscle of diabetic patients has a lower meth-
ylation in the promoter of PDK4, as measured by
direct sequencing, and a 70% higher PDK4 mRNA
level than non-diabetics, probably as a consequence
of hyperinsulinaemia and insulin resistance. Further-
more, PDK4 mRNA expression was increased in
response to chronic exercise in healthy participants
only, but not in diabetics (Kulkarni et al. 2012). The
TFAM and PPAR-0 were also
hypomethylated after exercise, but, in contrast to
PGC-1a and PDK4, their mRNA expression increased
immediately after exercise (Barres et al. 2012). Thus,
there seems to be variability in the timing of DNA

metabolic genes

hypomethylation induced by high-intensity exercise
and the corresponding gene transcription. Finally, it
should also be noted that low-intensity exercise was
not sufficient to alter DNA methylation of any of the
investigated genes (Barres et al. 2012), suggesting a
dose-dependent impact of acute exercise on DNA
methylation. Indeed, muscle metabolic profile and
fibre type outcome may share common epigenetic
mechanisms depending upon the intensity and dura-
tion of the exercise stimulus (Barreiro & Sznajder
2013). It is also worth mentioning that DNA methyl-
ation might change transiently, before returning back
to normal.

DNA methylation changes following chronic exercise
training

Gene-specific methylation changes following chronic
exercise training. One randomized controlled trial
(RCT) and two studies have investigated the influence
of chronic exercise training on the methylation status
of candidate genes (Alibegovic et al. 2010, Nakajima
et al. 2010, Bryan et al. 2012). The RCT examined
the methylation status of p15 (cyclin-dependent kinase
inhibitor 2B, a tumour-suppressor gene) and ASC
(PYD and CARD domain containing a mediator in
the cytosol-type inflammatory signalling pathway),
measured by pyrosequencing, in of a group of healthy
people whose physical activity was monitored by
accelerometry (Nakajima et al. 2010). Participants
were randomly divided into three groups: a young
control group (n = 34), an older control group
(mn=153) and an older training group (n = 230)
assigned to a 6-month, high-intensity interval walking
regimen (3 min of low-intensity walking at 40% of
peak aerobic capacity followed by a 3 min of high-
intensity walking period above 70% of peak aerobic
capacity). Comparison of the control and intervention
groups showed no significant correlation between
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exercise and the methylation status of p15 in blood
after intervention, but the mean methylation value of
the 7 CpG sites tested for ASC was significantly
greater in the exercise group (6.3 + 0.3%) than in the
control group (5.3 £ 0.1%) after intervention. The
authors concluded that chronic, moderate-intensity
exercise can increase ASC methylation and thereby
may suppress excess pro-inflammatory cytokine
expression. However, mRNA or protein expression
was not assessed, making it difficult to draw a defini-
tive conclusion with regard to the functional impact
of this very small exercise-induced change in DNA
methylation. Another limitation of this study is that
no within-group differences from pre- to post-training
were measured (Nakajima et al. 2010). Thus, it can-
not be excluded that, despite randomization and good
sample size, other factors impacting the methylation
status of the studied CpG sites were not unevenly dis-
tributed between the two groups and that the basal
level of methylation between the two groups was not
already significantly different before study commence-
ment. For instance, the influence of genotype on pat-
terns of DNA methylation is widespread in the
genome, and overall genotype can explain 80% of the
variation in DNA methylation (Gertz et al. 2011).
Interestingly, one of the aforementioned observational
studies found that exercise-induced DNA methylation
changes may be highly dependent on the individual’s
genotype (Lott ef al. 2012).

The second study measured, by direct sequencing,
the skeletal muscle methylation changes in PGC-1« fol-
lowing an intervention in a cohort of 20 young healthy
men. Nine consecutive days of bed rest significantly
increased the methylation level of one CpG site by
39% in the promoter of PGC-10, and this correlated
with a decrease in PGC-1ao mRNA levels (Alibegovic
et al. 2010). Then, after a 4-week retraining pro-
gramme following the bed rest period (supervised cycle
ergometry 30 min per day, 6 days per week, at 70% of
participants’), there was a tendency towards reversibil-
ity of the altered methylation, but it was not significant.
Moreover, PGC-1o’s methylation level was no longer
significantly correlated with its mRNA expression.

The third study followed a cohort of physically
inactive men and women during a 12-month-long
exercise promotion intervention (Bryan et al. 2012).
Despite the fact that the authors used the Infinium
HumanMethylation27 BeadChip microarray that
interrogates methylation levels genomewide, they
chose to focus on the average methylation of 45 CpG
sites across 27 genes related to breast cancer, in saliva
before and after intervention. At baseline, there was a
weak yet significant negative correlation between
gene-specific methylation and VO, (r= —0.31),
but not with self-reported physical activity. After the
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intervention, gene-specific methylation displayed a
small increase (on average, an increase of 1.2%), and
so did self-reported physical activity and VO, Yet
surprisingly, increasing self-reported activity was sig-
nificantly associated with a decrease in gene-specific
methylation. Besides, there was no association between
changes in VOj,,.« and changes in gene-specific meth-
ylation. Several limitations of this study need to be
acknowledged: the sample size was quite small
(n = 64), DNA methylation changes related to breast
cancer were measured in saliva, and there was very lit-
tle control over duration and intensity of exercise.
Indeed, there was considerable variability in the
change in self-reported physical activity (average
change = 61.98 + 109.80 min per week). Therefore,
the results of this study need to be interpreted with
great caution.

Global and genomewide methylation changes follow-
ing chronic exercise training. While using candidate
genes to study the influence of the effect of physical
activity on DNA methylation is a valid approach, this
requires an a priori hypothesis about which genes may
be subject to exercise-induced methylation. In order to
form this hypothesis, it is necessary to have an under-
standing about genotype-phenotype relationships
(Akey 2009). Additionally, when the individual contri-
bution of multiple genes to the phenotype is small,
and the genetic architecture of phenotypic variation
remains enigmatic (e.g. elite power and sprint perfor-
mance; Eynon et al. 2013), the ability to nominate
candidate genes is constrained (Akey 2009). Thus,
candidate gene approaches can sometimes fail to yield
validated gene targets (Bouchard 2011). Genomewide
explorations can generate much more convincing data
and allow understanding of the related mechanisms.
To date, three studies have employed the genomewide
approach and tested the influence of exercise training
on the methylation level of almost all known genes
(Zeng et al. 2011, Nitert et al. 2012, Ronn et al.
2013).

The most recent genomewide study compared the
average methylation level of each gene in the skeletal
muscle from 28 healthy young sedentary individuals,
before and after a 6-month exercise training interven-
tion, using MeDIP (Nitert ef al. 2012). 134 genes
showed a significant change in methylation after the
exercise intervention, 86% of which were hypomethy-
lated. Genes in which a decreased methylation was
observed included RUNX1 and MEF2A, two key
transcription factors involved in exercise training
(Smith et al. 2007, 2008, Keller et al. 2011); NDUFC2,
a part of the respiratory chain (Olsson et al. 2011);
ADIPOR1 and ADIPOR2, two receptors for adipo-
nectin; BDKRB2, a receptor for bradykinin (Taguchi

S Voisin et al. * Exercise training and DNA methylation

et al. 2000). For ADIPOR1 and BDKRB2, the
decrease in DNA methylation was coupled with an
increase in mRNA expression (Nitert et al. 2012). This
study further identified four biological pathways of
genes that had both their methylation altered by exer-
cise and exhibited increased mean transcription values
after exercise (purine metabolism, insulin signalling,
ErbB signalling and progesterone-mediated oocyte mat-
uration). The same group has also compared genome-
wide methylation in adipose tissue, using the Infinium
HumanMethylation450 BeadChip microarray, in 23 of
the 28 participants following 6 months of exercise
training (Ronn et al. 2013). There was a methylation
change in 17975 individual CpG sites corresponding to
7663 unique genes, with most sites (92%) showing
increased levels of DNA methylation. For 1/3 of the
genes showing a change in DNA methylation, there
was also a change in mRNA expression. Notably, these
genes included RALBP1, HDAC4 and NCOR2. Fur-
thermore, CpG sites of 18 obesity and 21 type 2 diabe-
tes candidate genes respond differently to exercise in
adipose tissue, including TCF7L2 (6 CpG sites) and
KCNQ1 (10 CpG sites).

It is interesting to notice that in muscle, most genes
were hypomethylated after intervention (Nitert et al.
2012); while in adipose tissue, most genes were hyper-
methylated after intervention (Rénn et al. 2013). In
the study conducted in saliva, global DNA methyla-
tion slightly increased, as estimated by averaging all
sites on the Infinium HumanMethylation27 BeadChip
microarray (Bryan et al. 2012). This is in contrast
with results obtained in blood, for a RCT that
included 298 women who underwent a 1-year physi-
cal and diet intervention, which did not show any sig-
nificant change in global DNA methylation measured
by pyrosequencing of LINE-1 (Duggan et al. 2014).
These differences could stem from the investigated tis-
sue where exercise is likely to have distinct impacts. It
is also possible that these differences come from the
DNA methylation methods used in these studies: in
MeDIP, the antibody binding methylated DNA tends
to recognize the most densely methylated DNA
sequences such as repetitive elements and methylated
CpG islands, thus leaving out regions with low meth-
ylation (Tost 2008). On the contrary, the Infinium
HumanMethylation27 BeadChip mostly investigates
promoters regardless of their methylation status, while
its expansion the HumanMethylation450 BeadChip
also targets gene bodies and intergenic regions that
have higher methylation.

The limitation of not including a control group in
some studies was addressed in the only other genome-
wide study to date. A sample of 12 patients with
breast cancer were divided into two groups of equal
size (one control group and one group undergoing a
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6-month-long exercise training intervention; Zeng
et al. 2011). The change in methylation was measured
by the Infinium HumanMethylation27 BeadChip
microarray in blood before and after the intervention
for every gene and for each participant separately.
Then, the average methylation change for each gene
was compared between the two groups. This approach
allows the observation of DNA methylation changes
occurring naturally in a group of patients when regu-
lar physical activity is maintained (without exercise
training intervention). Forty-three genes showed a
small (<8%) yet significant change in DNA methyla-
tion level following the exercise intervention, 19 of
which were hypomethylated. GLUDI1, a mitochon-
drial matrix enzyme regulating energy metabolism
(Plaitakis & Zaganas 2001), showed a 5% reduction
in methylation in the exercised group compared to the
control group. L3MBTL1, a known tumour-suppres-
sor gene (Hock efal. 2007), and MSX1, a gene
involved in mammary gland development (Satoh ez al.
2004), showed a net difference of 3.6% and 4.8%,
respectively, in methylation between the two groups.
It was further observed using 30 tumour samples from
another group of patients that L3MBTL1 methylation
was inversely correlated with L3MBTL1 transcription
(r = —0.19) and that high expression of L3MBTLI
was associated with low risk of breast cancer recur-
rence and death. These findings suggest that exercise
may reduce DNA methylation in L3MBTLI1, resulting
in increased expression of L3MBTLI1, which may
inhibit tumour progression and improve survival.

Summary

Interventional studies seem to agree that exercise sig-
nificantly impacts the methylation of many genes,
including those involved in metabolism and fuel usage
(Alibegovic et al. 2010, Zeng et al. 2011, Barres et al.
2012, Kulkarni et al. 2012, Nitert et al. 2012, Ronn
et al. 2013). However, there was no overlap between
the identified genes in the three genomewide studies.
This can stem from the fact that all studies investi-
gated a different tissue (muscle, adipose and blood).
Also, the differences in DNA methylation assays may
influence the results. For example, cancer genes are
heavily over-represented in the 27k bead chip from
Illumina. Thus, the lack of correlation between studies
could be a result of gene choice.

In studies using the Infinium HumanMethylation27
BeadChip microarray (Zeng et al. 2011, Bryan et al.
2012), the inherent technical variability of the Infini-
um measurements was not taken into consideration.
Indeed, it has been demonstrated that with this array,
technical replicates can frequently display methylation

differences of up to 10% (Dedeurwaerder et al.
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2013), which is greater than all the DNA methylation
changes observed in these studies. Thus, it has been
strongly suggested to estimate the intrinsic variability
of each probe by running technical replicates, or to
use an absolute methylation difference threshold to
ensure that the observed DNA methylation changes
are not purely artifactual. This step was not omitted
by Ronn et al. (2013) who filtered out all the CpG
sites displaying a methylation change <5% before vs.
after intervention.

Finally, in almost all studies, exercise-induced DNA
methylation changes did not always correlate with the
expected change in gene expression (Alibegovic et al.
2010, Zeng et al. 2011, Barres et al. 2012, Nitert
et al. 2012, Ronn et al. 2013). Future research is
required to determine whether other epigenetic modifi-
cations are involved.

Insights into the molecular mechanisms of
exercise-induced DNA methylation changes

DNA methylation is not the sole epigenetic modification
involved in exercise

Promoter methylation is generally associated with a
repressed chromatin state and inhibition of promoter
activity, while gene-body methylation seems to corre-
late positively with transcription (Bird 2002, Jjingo
et al. 2012). However, observations from some of the
RCTs seem to support the idea that DNA hypomethy-
lation of a promoter is not always necessary for gene
transcription (Alibegovic et al. 2010, Zeng et al.
2011, Barres et al. 2012, Nitert et al. 2012, Ronn
et al. 2013). First, low-intensity exercise was sufficient
to increase PGC-1o expression without any significant
change in its methylation level (Barres et al. 2012).
Second, 2 days following a 3-week exercise training
programme, the methylation of PGC-1o. remained
unaltered, whereas there was an increase in mRNA
content (Alibegovic ef al. 2010). A modest positive
correlation was found between the methylation of one
CpG site in the PGC-1o promoter and PGC-1a RNA
expression (r = 0.51) following 4 weeks of retraining
after 9 days of bed rest. Similarly, the transcription
levels of twenty-three genes did not correlate nega-
tively with their significant DNA methylation change
(Nitert et al. 2012).

There are other epigenetic modifications that can
regulate gene expression. It has also been shown that
exercise causes histone modifications (Potthoff et al.
2007, McGee et al. 2009, Baar 2010) and changes in
micro  RNA (miRNA) expression (Nielsen et al.
2010, Davidsen ez al. 2011) regulating muscle fibre
type, muscle regeneration and muscle mass. Thus,
the presence of transcription factors and/or miRNAs,
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as well as histone modifications, may impact gene
expression to such an extent that the effect of DNA
methylation becomes minor. For instance, the lack of
correlation between PGC-1a methylation and its
mRNA level (Alibegovic et al. 2010, Barres et al.
2012) may be due to the influence of transcription
factors, such as cAMP response element-binding pro-
tein (CREB) and Parkin-interacting substrate (PARIS),
known to control PGC-1o expression (Lindholm
et al. 2012). Another factor could be the miRNA
miR-696 which was recently shown to regulate
PGC-1a expression in mouse skeletal muscle in
response to physical exercise (Aoi et al. 2010). These
factors may also account for the variable time lapse
observed between the decrease in methylation and
increased expression of different genes (Barres et al.
2012).

Exercise and DNA hypomethylation

Although in most cases DNA methylation is a stable
epigenetic mark, reduced levels of methylation are
observed during development in both plants and
mammals (Law & Jacobsen 2010). Demethylation can
be achieved passively, in the course of cell division, or
actively through mechanisms that are only starting to
be understood (Bhutani et al. 2011). The passive path-
way is rather slow and involves the hydroxylation of
methylcytosines, which impairs remethylation by
DNMTs (DNA methyltransferases). In contrast, active
loss of methylation occurs rapidly and is independent
of DNA replication (Bhutani et al. 2011). In the case
of acute exercise, DNA hypomethylation seems to
happen quickly and to be only transient (Barres et al.
2012) and is therefore likely to involve active deme-
thylation pathways.

One proposed mechanism for active demethylation
involves ten-eleven translocation (TET; Tahiliani et al.
2009) as reviewed in (Bhutani et al. 2011). In this
pathway, hydroxymethylcytosines are an intermediate
for demethylation. Pareja-Galeano et al. (2014) sug-
gested that metabolites produced during exercise
could alter the activity of TET proteins, thus inducing
DNA demethylation. However, the bisulphite modifi-
cation technique used in the acute exercise interven-
tion study (Barres et al. 2012) does not allow
discrimination between methyl and hydroxymethylcy-
tosine (Tahiliani et al. 2009). Thus, the contribution
of the TET pathway to exercise-induced demethyla-
tion remains to be determined (Rasmussen et al.
2014).

There are two other demethylation circuitries that
do not involve the hydroxylation of methylcytosines:
the first one consists of the deamination of SmeC to T
followed by base excision repair (BER), and the
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second one is achieved through nucleotide excision
repair (NER). In the first pathway, deamination can
be achieved thanks to activation-induced deaminase
(AID), and the mismatch is repaired by T DNA gly-
cosylase (TDG) or by methyl-CpG-binding protein
(MBD4). Also, DNA methyl transferases 3A and 3B
have recently been discovered to possess deaminase
activity, but the biochemical sequence is presently
unknown (Kangaspeska et al. 2008, Métivier et al.
2008). AID, TDG and MBD#4 all act cooperatively
with Gadd45 (Rai et al. 2008, Niehrs & Schifer
2012). In the second pathway, Gadd45a interacts with
the NER xeroderma pigmentosum group G-comple-
menting protein (XPG). Interestingly, highly active
women who had a specific genotype in XPG experi-
enced significant breast cancer risk reductions com-
pared to inactive women with the same genotype
(McCullough et al. 2013). Besides, Gadd45a-mediated
DNA demethylation seems to be gene specific in mam-
malian cells (Jin et al. 2008, Engel et al. 2009, Schifer
et al. 2010), which is consistent with the gene-specific,
exercise-induced hypomethylation observed in the pre-
vious studies. Moreover, Gadd45 has been shown to
be upregulated after a strenuous physical load in ama-
teur runners (Marfe et al. 2010), and Gadd45a and
Gadd45b are upregulated after calcium treatment (Sen
et al. 2010). Interestingly, it has been shown in an ex
vivo model of muscle contraction that exercise-
induced disturbances in intracellular homeostasis are
sufficient to induce DNA methylation remodelling,
regardless of any change in neurotransmitters or circu-
lating factors (Barres et al. 2012). Specifically, it was
found that cytoplasmic calcium release is necessary
(yet not sufficient) to induce DNA hypomethylation,
but neither changes in the adenosine mono phosphate
(AMP): ATP ratio nor the intracellular redox state is
involved in promoter hypomethylation. This observa-
tion is in contrast with the established impact of exer-
cise on hormone release (e.g. growth hormone,
insulin-like growth factor 1 and steroids; Robergs &
Roberts 1997) and subsequent histone modifications
(Collins et al. 2009, Chia et al. 2010). For that mat-
ter, doping is suspected to influence epigenetic pro-
cesses (Schwarzenbach 2011). Thus, exercise seems to
impact epigenetic mechanisms via two different path-
ways: one hormone independent and one hormone
dependent. Finally, neurones lacking Gadd45b fail to
demethylate DNA and thereby fail to activate brain-
derived neurotropic factor (BDNF; Ma et al. 2009,
Guo et al. 2011). Exercise causes the hypomethylation
of BDNF in rats (Gomez-Pinilla et al. 2011), further
suggesting an implication of Gadd45-mediated deme-
thylation in exercise-induced hypomethylation. How-
ever, at this point, the implication of Gadd45 in
exercise-induced demethylation requires experimental
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verification. Moreover, it is possible that chronic exer-
cise impacts DNA methylation through a different
mechanism than acute exercise.

Conclusions

While observational studies report weak correlation
between physical activity and DNA methylation, inter-
ventional studies have systematically identified a sig-
nificant impact of acute or chronic exercise on DNA
methylation in different tissues (Fig. 1). Among the
genes whose methylation levels were found to be sig-
nificantly changed after exercise were genes involved
in metabolism (including PGC-1a, GLUD1, PDK-4,
PPAR-6, TFAM, ADIPOR1, ADIPOR2 and
BDKRB2), muscle growth (MEF2A), haematopoiesis
(RUNXT1) and inflammation (ASC). The lack of a sig-
nificant correlation in some observational studies
could have three explanations. First, it is possible that
the limitations of observational studies (e.g. selection
bias, recall errors from the participants) have made it
difficult to identify a correlation between chronic
physical activity and DNA methylation. Second, one
consistent finding across all interventional studies is
that acute or chronic exercise impacts DNA methyla-
tion in a gene-specific manner. Therefore, it is possible
that the studies unable to find a significant correlation
between physical activity and DNA methylation have
targeted genes unaffected by physical activity. How-
ever, an interesting observation is that all studies
reporting negative results were focused on cancer.
Thus, it is also possible that physical activity has a
rather negligible impact on cancer-related DNA meth-
ylation. Another explanation could be that cancer
research usually reports an on or off effect with DNA
methylation changing from 0 to 100%, whereas exer-
cise might have multiple more subtle changes. It is
possible that the changes are there, but are excluded
as too small to be quantified. Third, it should be
noted that in each study, DNA methylation was
always assessed in a single tissue; thus, it cannot be
excluded that DNA methylation changes initiated by
physical activity occurred in other non-tested tissues.
The impact of acute exercise on DNA methylation
seems to depend on the intensity of the exercise. Also,
a change in DNA methylation caused by exercise does
not always correlate with a change in mRNA expres-
sion in opposite directions for all impacted genes. The
molecular pathway through which exercise causes
these DNA methylation changes remains unknown. It
seems that cytoplasmic calcium release is necessary yet
not sufficient to achieve active DNA demethylation.
However, circulating factors and neurotransmitters do
not seem to be involved in active DNA demethylation.
There are several possible ways to achieve active
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DNA demethylation: by oxidative demethylation, by
deamination of 5meC to T followed by BER, and by
NER. Among them, the pathways involving Gadd45
appear to be the best candidates, but there is insuffi-
cient evidence to rule out other pathways.

Recommendations for future research

As previously mentioned, the study design is impor-
tant to examine a possible link between physical activ-
ity and DNA methylation without bias, and RCTs
seem to be the best among all the studies. If the pur-
pose of a study is to examine the impact of a chronic
exercise intervention on DNA methylation, the pres-
ence of a control group is important to account for
the DNA methylation changes that may occur inde-
pendently of the exercise training intervention. Exer-
cise-induced DNA methylation is not always inversely
correlated with mRNA levels. Furthermore, DNA
methylation changes and gene expression seem to hap-
pen at variable rates after acute exercise. All of these
observations highlight the complexity of the relation-
ship between DNA methylation and transcription, and
it is a good reminder that gene expression, and proba-
bly also protein changes, should systematically be
assessed along with DNA methylation. Finally, it is
unknown to what extent the genetic background of an
individual impacts exercise-induced DNA methylation
changes. Thus, ethnic stratification or stratification
based on specific genotypes of interest is important
prior data analysis.

DNA methylation changes caused by acute exercise
seem to depend on the intensity of the exercise, but
little is known about the effect of the duration of
exercise. The impact of chronic exercise on DNA
methylation may be different from the impact of acute
exercise on DNA methylation, and in this regard,
more acute studies need to be conducted. Also,
chronic physical activity over a long period of time
(years or a lifetime) may have a different impact on
DNA methylation than physical activity over shorter
periods of time (weeks or months). Whether different
durations of physical activity target the same tissues
and the same genomic sites is unknown. It is also
unknown whether DNA methylation changes are tran-
sient or stable over time. Thus, it may be worth com-
paring the rates and genomic locations of DNA
methylation changes induced by physical activity of
different durations. For instance, a good study design
could be a long-term follow-up study on a cohort
whose changes in lifestyle (e.g. physical activity) are
monitored, and whose DNA methylation levels are
regularly assessed in relevant tissues such as adipose
skeletal Another
study design would involve periods of training and

tissue and muscle. interesting
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detraining to explore the stability of exercise-induced
DNA methylation changes.

So far, almost all studies have focused on the effect
of aerobic exercise on DNA methylation. However,
anaerobic exercise has a different impact on cell
homeostasis, and it is unknown whether aerobic exer-
cise and anaerobic exercise impact DNA methylation
in a similar way. Future studies should compare the
effects of these two types of exercise on DNA methyl-
ation.

DNA methylation patterns are known to vary
between tissues, and even in a cell-specific manner
within some tissues. The specific impact of physical
activity on the methylation pattern of the different tis-
sues in the human body is unknown. The differences,
but also the similarities between tissues with regard to
exercise-induced DNA methylation changes, should be
assessed. There may be methylation changes, but it is
unknown whether they are correlated with the health
benefits provided by physical activity.

More studies are needed to uncover the molecular
mechanism through which exercise causes active DNA
demethylation, with a special focus on pathways
involving Gadd45. Exercise causes a decrease in the
methylation of many genes, but there are some genes
whose methylation levels are increased by exercise.
How does physical activity cause the hypomethylation
of some genes and the hypermethylation of other
genes at the same time?

Finally, future work is needed to determine to what
extent epigenetic patterns impact on athletic perfor-
mance and trainability. Exercise training might
favourably shape the epigenome of an athlete towards
higher performance, but there is not enough data to
support this hypothesis. However, if this turned out to
be the case, it would be interesting to measure the
extent to which these epigenetic changes are passed
on to the next generation. It would also be fascinating
to see whether these epigenetic changes are stable or
reversed if exercise training is interrupted.
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