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Abstract

Physical activity and sports play major roles in the overall health status of humans. It is well known that regular exercise helps
to lower the risk for a broad variety of health problems, such as cardiovascular disease, type 2 diabetes, and cancer. Being
physically active induces a wide variety of molecular adaptations, for example fiber type switches or other metabolic altera-
tions, in skeletal muscle tissue. These adaptations are based on exercise-induced changes to the skeletal muscle transcriptome.
Understanding their nature is crucial to improve the development of exercise-based therapeutic strategies. Recent research
indicates that specifically epigenetic mechanisms, i.e., pathways that induce changes in gene expression patterns without
altering the DNA base sequence, might play a major role in controlling skeletal muscle transcriptional patterns. Epigenetic
mechanisms include DNA and histone modifications, as well as expression of specific microRNAs. They can be modulated
by environmental factors or external stimuli, such as exercise, and eventually induce specific and fine-tuned changes to the
transcriptional response. In this review, we highlight current knowledge on epigenetic changes induced in exercising skel-
etal muscle, their target genes, and resulting phenotypic changes. In addition, we raise the question of whether epigenetic
modifications might serve as markers for the design and management of optimized and individualized training protocols, as
prognostic tools to predict training adaptation, or even as targets for the design of “exercise mimics”.

cardiovascular disease, type 2 diabetes (T2DM), and sev-
eral types of cancer. By contrast, a sedentary lifestyle is
considered a major risk factor for the development of most
lifestyle-related diseases (for review, see Hechanova et al.
[1]). Exercise induces a broad variety of molecular changes
in a multitude of target tissues, which then, in turn, bring
about functional changes, such as cardiovascular or respira-
tory adaptations, or changes to skeletal muscle strength,
metabolism and endurance (for review, see Vina et al. [2]).

Skeletal muscle adaptation to training can be achieved at
various levels, such as metabolic regulation, or changes in
the expression of genes encoding contractile proteins with
specific functional properties, such as “fast” and “slow”
myosin heavy chain isoforms. This adaptive response can
be induced by both extra- and intracellular factors paralleling
exercise, such as mechanical stretch, fluctuations in blood
flow or temperature, an altered ATP/ADP ratio, or various
hormones and systemic factors. These signals activate or
repress a multitude of characteristic signaling pathways,

Key Points

Epigenetic modifications, such as DNA methylation,
changes to histone proteins or microRNA (miRNA)-
mediated mechanisms, can alter gene expression pat-
terns, but do not affect the DNA base sequence.

Recent data suggest that epigenetic mechanisms might
be important in regulating skeletal muscle adaptation to
exercise.

A better understanding of these mechanisms might allow
prediction of an individual’s training response and the
development of optimized and individualized training
strategies.

1 Introduction

Physical exercise, when performed regularly, lowers the
risk for a plethora of common health problems, such as
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which in turn regulate transcription and translation of spe-
cific genes. The nature of these exercise-regulated signaling
pathways and the resulting changes to the skeletal muscle
transcriptome are fairly well understood. Specifically, during
strength training, among others, the mTORc1 (mechanistic/
mammalian target of rapamycin complex 1) pathway is one
of the central players that mediate transcriptional changes,
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eventually leading to enhanced muscle protein synthesis. By
contrast, in response to endurance training, other signaling
routes, such as the PGC-1a- (peroxisome proliferator-acti-
vated receptor gamma coactivator 1-alpha) pathway, play a
major role. PGC-1a is a transcriptional regulator and acti-
vator of mitochondrial biogenesis, which is enriched in red
(“slow”) muscle fibers. In addition, the CaMK (calcium-
calmodulin-dependent kinase)-calcineurin-NFATc1 (nuclear
factor of activated T cells, cytoplasmic 1) pathway, as well
as various other signaling routes, are central in mediating
adaptation (for review, see Hoppeler [3]).

Activation of exercise-induced signaling pathways can
directly lead to induction or repression of certain genes,
for example via activation of specific transcriptional regu-
lators. However, while the development of novel methods
of genome analysis, as well as of complementary DNA
(cDNA) arrays, has spurred the functional analysis of exer-
cise-relevant genes and the characterization of exercise-
induced transcriptomes (for review, see Sarzynski et al.
[4]), more and more evidence indicates that an individual
’s genome or “steady-state” transcriptome might not be suf-
ficient to predict the person’s physiological response to a
specific training regimen (for review, see Ntanasis-Statho-
poulos et al. [5], Ehlert et al. [6], Pareja-Galeano et al. [7],
Soci et al. [8]). Remarkably, recent work suggests that the
analysis of epigenetic characteristics, i.e., heritable changes
to the DNA that are not encoded in its base sequence and
that eventually determine the transcriptome, might serve
this purpose (for review, see Ntanasis-Stathopoulos et al.
[5], Ehlert et al. [6], Pareja-Galeano et al. [7], Soci et al.
[8]). The term “epigenetic” implies that these changes can
regulate gene expression patterns “on top of genetics”, but
do not alter the DNA nucleotide sequence itself. Epigenetic
changes can be quite stable, might be passed on to daughter
cells, and—if germ cells are affected—might become herit-
able. A broad spectrum of environmental factors—such as
nutrition, exposure to certain chemicals, emotional chal-
lenges, or physical activity—can influence a cell’s epige-
netic signature. Pre-existing epigenetic signatures can then
determine how an individual reacts to a certain stimulus,
i.e., a specific exercise regimen, by influencing the degree
and nature of exercise-induced transcriptional changes (for
review, see Ecker et al. [9]). Indeed, within the last few

Table 1 Overview of types of epigenetic changes

years, a broad variety of studies suggesting a major role
of epigenetic mechanisms in skeletal muscle adaptation
to exercise have been published, but, to our knowledge, to
date, there is only one general review article specifically
focusing on this topic (McGee and Walder [10], published
in 2017).

2 Methods
2.1 Search Strategy

A PubMed search was conducted initially up to May 2018
and updated in December 2018. The following search
terms were used: ‘skeletal muscle AND exercise AND
epigenetics’ (34 publications retrieved), ‘skeletal muscle
AND exercise AND DNA methylation’ (56 publications
retrieved), ‘skeletal muscle AND exercise AND histone
acetylation’ (26 publications retrieved), ‘skeletal muscle
AND exercise AND histone methylation’ (22 publications
retrieved), ‘skeletal muscle AND exercise AND miRNA’
(161 publications retrieved). After exclusion of duplicates
and papers not relevant to our study (particularly papers
with a different focus, in which the search items appeared
in an unrelated context), 87 publications were selected for
the current review.

3 Epigenetics and Skeletal Muscle
Adaptation to Exercise

In the following sections, we discuss the three major epi-
genetic mechanisms, namely (1) DNA methylation, (2)
acetylation and methylation of histone proteins, and (3)
regulation of gene expression by microRNAs (miRNAs)
(Table 1). We also sum up current knowledge on how these
mechanisms are influenced by physical activity, with a
specific focus on skeletal muscle, and how their modula-
tion alters the transcriptional response in the exercising
myofiber. Finally, we present data on the effects of spe-
cific exercise regimens on particular epigenetic changes
in skeletal muscle tissue, and possible implications for the
development of exercise-based preventive and therapeutic
strategies.

Epigenetic modification

Description

DNA methylation
Histone modification

Expression of microRNAs

Addition of methyl group to C5 of a cytosine next to a guanine (CpG methylation)
Addition of methyl or acetyl group to lysine residues within histone proteins

Small non-coding RNAs; inhibit target gene expression by blocking transcription

or translation
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3.1 DNA Methylation

Regulation of gene expression by DNA methylation is of
high importance for cell function under both physiological
and pathological conditions (see Meier and Recillas-Targa
(11].

DNA methylation occurs by adding a methyl group to
cytosines within CpG dinucleotides to form 5-methylcy-
tosine (5-mC) (Fig. 1). As a result, genes can be switched
off. It is important to note that despite the fact that DNA
methylation within the promoter region of a specific gene
is associated with silencing of the latter, methylation can
also occur outside of promoter regions and might then,
at least in certain cases, also promote gene expression.
Methylation is accomplished by specific DNA methyl-
transferases (DNMTSs) (for review, see Meier and Recillas-
Targa [11]).

DNA methylation patterns can be assessed in a genome-
wide manner using various technologies (for review, see
Yong et al. [12]). The DNA methylation pattern, how-
ever, is not entirely stable: through mechanisms involving
enzymes belonging to the ten eleven translocation (TET)
family, DNA demethylation can occur. These enzymes cat-
alyze oxidation of 5-mC to generate intermediate products
such as hydroxymethylcytosine, formylcytosine, or car-
boxylcytosine, which eventually bring about full demeth-
ylation, but which might also represent important players
in epigenetic regulation of gene expression (for review,
see Delatte et al. [13]). Recently, several authors demon-
strated that both global and specific DNA methylation pat-
terns are significantly altered in exercising skeletal muscle
(Table 2). Initial findings have also been summarized in
Ling and Ronn [14].

3.1.1 Endurance Exercise

In 2012, Barres et al. [15] detected a decrease in global
DNA methylation 20 min after one acute bout of exhaustive

Fig.1 DNA methylation. C5 of a cytosine base within a CpG
sequence is modified by addition of a methyl group

aerobic exercise in the skeletal muscle of sedentary, healthy,
young volunteers, indicating that exercise might promote
net gene activation. The respective genes might be neces-
sary to cope with the physical stress of exercise, to regulate
recovery, and/or to initiate the adaptive response, the actual
“training effect”.

Moreover, changes in DNA methylation patterns can also
be observed in trained versus untrained individuals. Nitert
and colleagues have shown that in men aged 37.5 years on
average, six months of regular endurance exercise exerted
characteristic changes in DNA methylation patterns in skel-
etal muscle, specifically with respect to genes associated
with muscle growth, differentiation, and metabolism [16].
Similar results were presented by Kanzleiter et al. [17] in
skeletal muscle of trained mice. In addition, Lindholm and
colleagues [18] showed that a 3-month, one-legged endur-
ance training intervention induced changes in methylation
patterns specifically of genes associated with myogenesis,
muscle structure, and muscle bioenergetics. However, in
contrast to other studies, the observed changes were mainly
located within enhancers, gene bodies, and intergenic
regions, not within CpG islands of the promoters.

Regulation of skeletal muscle metabolic and bioenergetic
adaptation to exercise by differential DNA methylation could
also be demonstrated by Rowlands et al. [19]. The authors
showed that in middle-aged, obese, and type 2 diabetic indi-
viduals, 16 weeks of endurance exercise exerted profound
changes in methylation of metabolism-associated genes:
specifically, genes encoding proteins involved in oxidative,
energy-releasing pathways, such as fatty acid transporter,
were hypomethylated, whereas genes encoding factors asso-
ciated with fat deposition, such as fatty acid synthase, were
hypermethylated. Similarly, Pattamaprapanont et al. [20]
demonstrated demethylation of the Nr4a3 (nuclear recep-
tor subfamily 4 group A member 3) gene promoter in an
in vitro skeletal muscle model of endurance exercise. Nr4a3
is rapidly upregulated by endurance exercise in skeletal mus-
cle and is involved in the control of oxidative metabolism,
indicating a role of DNA de(methylation) in metabolic
adaptation to exercise. However, as recent data by King-
Himmelreich et al. [21] indicate, metabolic control by differ-
ential DNA methylation is still not completely understood.
The authors detected increased rather than decreased DNA
methylation of the Ampka2 (AMP-activated protein kinase
a2) gene, which is associated with oxidative metabolism,
after one single bout of treadmill running in murine skel-
etal muscle. However, since they also (correspondingly)
observed decreased expression of this gene, the reason
might lie within specific characteristics of their experimental
approach, which might have been different from that of other
authors. It is also very likely that differential DNA methyla-
tion plays a major role in controlling the complex crosstalk
between diet- and exercise-induced effects in metabolic
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Table 2 (continued)

References

Effect

Type of DNA modification

Subjects

Exercise regimen

Bajpeyi et al., 2017 [34]

Demethylation and repositioning in

“responders”

Methylation of the —260 nt position
and nucleosome repositioning
within the PGC-1a gene

Healthy male subjects

Single bout of endurance exercise

Summary of all training studies referred to in the respective chapter of the review

HFD high-fat diet, 72DM diabetes mellitus type 2, PGC peroxisome proliferator-activated receptor gamma co-activator

control. Lane et al. [22] found differential effects of car-
bohydrate consumption before exercise on training-induced
DNA methylation patterns.

One of the best-characterized genes that is upregulated
in response to endurance exercise and contributes to meta-
bolic adaptation is the PGC-Ia gene (see Sect. 1). Upon
exercise, this gene appears to be demethylated within its
promoter sequence in both humans [15] and mice [23, 24].
Demethylation can be observed after both one acute bout of
exercise [15, 24] and a 6-week voluntary running protocol
[23]. Moreover, Laker et al. [23] demonstrated that Pgc-la
hypermethylation in murine offspring, which can be induced
by feeding the mother a high-fat chow 6 weeks before and
during pregnancy, can be prevented by parallel voluntary
wheel running of the mother, suggesting that regular exer-
cise might be able to prevent diet-induced metabolic changes
not only in the fat-consuming individual itself, but also, via
epigenetic mechanisms, in the next generation. Similar
results were obtained in a recent study by Kasch et al. [25].
The authors demonstrated that offspring of mothers that had
been fed a high-fat diet were characterized by hypomethyla-
tion and elevated expression of the Nr4al (nuclear recep-
tor subfamily 4 group A member 1) gene, a transcriptional
regulator known to be associated with metabolic regulation,
chronic low-grade inflammation and T2DM. After voluntary
wheel running over several weeks, methylation and expres-
sion levels returned to normal levels, in contrast to sedentary
controls.

Differential DNA methylation might also play a role in
the control of oxidative stress associated with exercise. As
Nguyen et al. [26] demonstrated, exercise-induced upregula-
tion of the GpxI gene, encoding glutathione peroxidase 1,
is associated with decreased methylation within exon 2 of
this gene.

3.1.2 Resistance Exercise

Resistance training has also been shown to exert distinct
effects on the DNA methylome. In their study of obese and
type 2 diabetic individuals (see Sect. 3.1.1), Rowlands et al.
[19] also found effects of a 16-week resistance exercise regi-
men on the DNA methylome, but which differed from those
of endurance training. Similarly, very recently, Seaborne
et al. [27, 28] presented a complete DNA methylome, after
both acute bouts and several weeks of training, detraining,
and retraining. The results are very interesting, specifically
since they showed hyper- and hypomethylation of a broad
variety of genes not previously implicated in adaptation to
resistance exercise, and will help to elucidate the role of dif-
ferential DNA methylation in muscle hypertrophy and force
augmentation. Moreover, as already stated in the context
of endurance exercise (see Sect. 3.1.1), recent results pre-
sented by Laker et al. [29] indicate that differential DNA
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methylation and demethylation might also be involved in
regulation of a metabolic “crosstalk” between both diet- and
exercise-induced metabolic effects.

3.1.3 Age-Dependent Effects

Interestingly, as a recent large-scale bioinformatics analysis
by Brown [30] revealed, exercise-induced changes in DNA
methylation patterns appear to be highly dependent on age.
In this analysis, both methylation and demethylation were
more pronounced in older individuals over 40 years of age
when compared to younger people, and, as the author stated,
might have the potential to “rewind the biological clock”.
An overall increased degree of DNA methylation in aged rat
skeletal muscle was recently also reported by Carter et al.
[31].

3.1.4 Disuse Atrophy

Not only enhanced physical activity but also disuse atrophy
induces characteristic changes in DNA methylation pat-
terns. Fisher et al. [32] paralyzed the rat tibialis anterior
muscle by tetrodotoxin (TTX) administration to the supply-
ing nerve. As a result, they observed decreased promoter
methylation of specific genes, namely “atrogenes”, such as
MuRF1/Trim63 (muscle RING-finger protein-1/tripartite
motif containing 63) and MAFbx/Fbxo32 (muscle atrophy
F-box/F-box only protein 32), encoding factors involved in
the degradation of skeletal muscle proteins, and the Chrnal
gene, encoding acetylcholine receptor subunit al. This
hypomethylation was paralleled by enhanced expression
of the respective genes. After cessation of TTX application
and resumption of regular physical activity, the degree of
methylation of these genes rose again to control levels and
a decrease in gene expression was observed.

3.1.5 “Responders”Versus “Non-responders”

It might be tempting to speculate that non-responders to a
single bout of exercise or a training intervention might have
hypermethylated promoter regions of adaptation-relevant
genes, such as PGC-1a, or might be characterized by an ina-
bility to demethylate these regions in response to exercise-
activated signaling pathways. Conversely, it is of course also
possible that their adaptation defect is due to an inability to
methylate and thus “silence” other genes, encoding factors
that block the adaptation process. In this context, a recent
study by Stephens et al. [33] is interesting. The authors dem-
onstrated distinct DNA methylation profiles in T2DM indi-
viduals that were subsequently shown not to be responsive
to an exercise regimen, in terms of phosphocreatine recovery
rate, or to amelioration of insulin sensitivity and glycemic
control. At least for the abovementioned PGC-Ia gene, an

A\ Adis

important mechanism associated with differential DNA
methylation in the context of exercise response might be
nucleosome repositioning. Bajpeyi et al. [34] found that sub-
jects who upregulate this gene in response to a single bout of
endurance exercise (“high responders”) show demethylation
of the —260 nt position and nucleosome shift away from this
region during exercise, whereas this is not the case in indi-
viduals without PGC-Ia upregulation (“low responders”).
Finally, in this context, it is interesting that Terruzzi et al.
[35] could demonstrate an above-average degree of genetic
polymorphism within several genes encoding enzymes
involved in DNA methylation in elite endurance athletes,
which might lead to reduced DNA methylation potential and
higher expression of myogenic genes.

3.2 Histone Modification

The main repeat element of chromatin is the nucleosome,
consisting of 146 base pairs of DNA and an octamere of
histone proteins. The N-terminal tails of the latter are prone
to a variety of post-translational changes such as acetyla-
tion, methylation, or phosphorylation. With respect to their
function in regulating gene expression, predominantly acety-
lation and methylation of histones H3 and H4 have been
analyzed so far (Fig. 2). Histone modifications are typically
described by the number of the specific histone isoform
(e.g., histone 3), the modified amino acid (e.g. K4 for lysine
4), followed by the type of modification (e.g., “ac” for acety-
lation or “me3” for trimethylation). Different histone modi-
fications can exert both activating and inhibiting effects on
gene expression, dependent on their specific nature and their
location (promoter, enhancer, or gene body). In addition,

Fig.2 Modifications of histones H3 and H4. Schematic representa-
tion of a nucleosome. DNA is represented by a black band. Histones
H3 and H4 are depicted in red and blue, respectively. Modifications
known to occur at specific amino acid positions within the N-terminal
ends of both histones are shown. P phosphorylation, Ac acetylation,
Me methylation
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different histone modifications can affect the effects of each
other and also “cross-talk” with other types of epigenetic
modifications, such as DNA methylation or miRNAs. His-
tone modifications are regulated bidirectionally by particu-
lar groups of enzymes, the “writers”’, which deposit histone
marks, for example histone acetyltransferases (HATS), or
histone methyltransferases (HMTs), and the “erasers”, which
remove them, for example histone deacetylases (HDACsS)
or histone demethylases. The mechanisms by which histone
marks regulate transcription are highly diverse and include
effects at all stages of transcription, namely initiation, elon-
gation, and termination (for review, see Gates et al. [36]).
Several studies indicate a major role of histone marks in
skeletal muscle adaptation to physical exercise (Table 3).

3.2.1 Endurance Exercise

McGee et al. carried out a series of studies on the response
to a single bout of exercise in human skeletal muscle [37].
The authors demonstrated that exercise leads to increased
global acetylation of H3K36, which might be associated
with enhanced transcriptional elongation of certain exercise-
associated genes. In addition, the authors observed increased

Table 3 Histone modification patterns in exercising skeletal muscle

nuclear-to-cytosolic translocation of HDACs 4 and 5 during
exercise, leading to enhanced H3 acetylation. Furthermore,
dissociation of HDACs 4 and 5 from the myogenic tran-
scription factor MEF2 (myocyte enhancer factor 2) led to
enhanced DNA binding of the latter (reviewed in McGee
and Hargreaves [38]). This is specifically interesting in the
context of a study by Potthoff et al. [39], in which the authors
claim that class II HDACsSs, such as HDACs 4 and 5, block
oxidative adaptation of skeletal muscle cells by repressing
MEF?2, and that high levels of MEF2 activity are associated
with enhanced running performance and decreased fatigue
in mice. Similar results were presented by Smith et al. [40]
and Joseph et al. [41], demonstrating hyperacetylation of his-
tones in the area of both the MEF?2 site on the Glut4 (glucose
transporter type 4) gene and the NRF-1 (nuclear respiratory
factor 1) binding site on the Mef2a promoter, respectively.
Association of histone acetylation with exercise tolerance
is also suggested by a recent study by Hong and colleagues
[42]. The authors depleted HDAC3 in mice in a skeletal
muscle-specific manner and demonstrated that despite devel-
oping severe insulin resistance and reduced muscle force,
these animals displayed enhanced endurance and resistance
to muscle fatigue, most likely due to a specific shift in fuel

Exercise regimen Subjects Type of histone modifica- Effect References
tion
One 60-min bout of rotarod ~C57BL/KalL.wRij female H3K4 trimethylation within Increased Barres et al., 2012 [15]
running mice, aged about alternative Pgc-1a pro-
3 months moter region
One 60-min bout of cycling  Young, healthy, male Global H3K36 acetylation ~ Increased Pattamaprapanont et al., 2016

volunteers

16 weeks of progressive
resistance training

Healthy volunteers (male
and female)

Global H3K36 acetylation

[20]
Higher basal levels in Kasch et al., 2018 [25]
“responders” versus

“non-responders”

One bout of high intensity
resistance exercise

5% 17-min bouts of swim-
ming with tail load (3%
of body weight) on one or
two consecutive days

5% 17-min bouts of swim-
ming with tail load on five
consecutive days

4-8 weeks of regular tread-
mill running and acute
running

One 60-min bout of tread-
mill running

Young, healthy, male
volunteers

Male Wistar rats aged
4 weeks

Male Wistar rats aged 5-6
weeks

Male Wistar Hannover rats,
aged 4-12 weeks

Male Wistar Hannover rats,
aged 12 weeks

Global H3K4 trimethylation

Acetylation of histone H3
around MEF?2 binding site
of Glut4 gene

Acetylation of histones
around the NRF-1
(nuclear respiratory factor
1) binding site within the
Mef2a gene

Global and gene-specific H3
acetylation and H4K20
trimethylation

H3 and H3K27 acetylation
within different regions of
the Pgc-1a gene

Decreased

Increased

Increased

No change or
increase, dependent
on respective run-
ning protocol

Enhanced

Seaborne et al., 2018 [28]

Smith et al., 2008 [40]

Joseph et al., 2017 [41]

Ohsawa et al., 2018 [43]

Masuzawa et al., 2018 [46]

Summary of all training studies cited in Sect. 3.2 of the review

PGC peroxisome proliferator-activated receptor gamma co-activator
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oxidation from glucose to fat. Since HDAC3 association
with the genome is subject to the circadian clock, these data
might furthermore suggest that the exact scheduling of exer-
cise bouts within an individual’s daily routine might warrant
further investigation.

By contrast, a recent study by Ohsawa et al. [43] dem-
onstrated reduced levels of pan-acetylated H3 in rat skel-
etal muscle after 4 weeks of regular treadmill running in
the rat plantaris muscle. In addition, using ChIP (chro-
matin immunoprecipitation) analysis, the authors found
significant differences with regard to gene-specific dis-
tribution of this histone modification, and further point
out that not only histone modification, but also histone
“variant switching”, for example replacement of a specific
histone H3 isoform by another, is regulated by exercise
and might eventually play a role in adaptation of skeletal
muscle to training.

3.2.2 Muscle Mass and Resistance Exercise

Balanced acetylation/deacetylation might also play a role in
regulation of muscle differentiation and mass by the nuclear
cofactor p300, which has been shown to possess HAT activ-
ity on histone as well as on nonhistone proteins, and inter-
acts with various transcriptional regulators (for review, see
Barreiro and Sznajder [44]). This mechanism might also be
central in skeletal muscle adaptation to exercise, specifi-
cally with regard to the hypertrophic response to resistance
training.

Involvement of histone acetylation in the control of
adaptation to resistance exercise is furthermore sug-
gested by a study by Thalacker-Mercer and colleagues
[45]. The authors analyzed muscle fiber hypertrophy in
response to a 16-week progressive resistance training
regimen in healthy volunteers. Subjects were classified
as non-responders or responders with regard to exercise-
induced myofiber hypertrophy. Interestingly, the authors
found that responders displayed higher basal levels of
acetylated H3K36, indicating that they were somehow
“primed” to respond to the training stimulus in a more
efficient manner when compared to the non-responder
group. Correspondingly, responders were characterized
by a basal skeletal muscle transcriptomic profile clearly
different from non-responders, and showed differential
expression of characteristic genes (such as the a-tubulin
or p27XP gene) at the protein level after the first exercise
stimulus, whereas non-responders did not. These find-
ings are very exciting, since, based on epigenetic pat-
terns, they might lead to the development of individual-
ized and personalized highly specific training regimens
in the future.
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3.2.3 Skeletal Muscle Fiber Types

Interestingly, histone modification patterns also differ
between individual muscle fiber types, namely fast and slow
muscle. A very recent study by Masuzawa et al. [46] showed
that in rats, enhanced H3 acetylation controls transcription
from the Pgc-1a locus in response to exercise, specifically
from an alternative promoter (promoter B), which appears
to be very sensitive to exercise stimuli, and that there are
profound differences between fast and slow skeletal mus-
cle. In addition, Pandorf et al. [47] demonstrated that there
is an association between the predominantly “activating”
histone marks H3K4me3 and H3ac, and expression of the
respective genes encoding fiber type-specific myosin heavy
chain isoforms in “slow” and “fast” muscle types of rats.
Correspondingly, fiber type switches induced by hindlimb
suspension correlated with the expected changes in histone
modification patterns for myosin heavy chain genes, at least
in the case of myosins I, IIx, and IIb, but not ITa. These data
might indicate that fiber type switches, which also occur
in response to exercise, might in part, but not exclusively,
be controlled by differential histone modifications. Similar
results were obtained by Kawano et al. [48] in response to
mechanical overload and denervation.

These data suggest that besides differential histone acety-
lation, differential histone methylation also appears to play a
major role in exercise adaptation, particularly in metabolic
control and fiber type specification.

3.2.4 Histone Methylation

The assumption that histone methylation plays a major role
in exercise adaptation is supported by the data presented
by Lochmann et al. [24]. The authors demonstrated that
transcriptional induction of the abovementioned Pgc-Ia
gene with exercise is not only regulated by differential
DNA methylation but also by H3K4 methylation: in one
acute bout of exercise, trimethylation of lysine 4 of histone
3 (H3K4me3) within the alternative Pgc-/a promoter region
(promoter B) in murine quadriceps muscle increased two- to
fourfold, which might, in addition to the effects on H3 acety-
lation and demethylation of the “classical” Pgc-1a promoter
A (see Sect. 3.2.3), also contribute to overall upregulation of
this gene with exercise.

By contrast, Willkomm et al. [49] demonstrated that
after metabolically demanding high-intensity resistance
exercise, H3K4 trimethylation was decreased. Based on
parallel in vitro studies with cultured C2C12 myoblasts, the
authors reason that high local lactate accumulation might
be triggering this decrease. Since H3K4me3 appears to pro-
mote expression of muscle-specific genes, the physiologi-
cal function of this mechanism is currently enigmatic, since
decreased expression of myogenic genes should rather block
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exercise adaptation. Future studies might aim at determining
the exact target genes of the H3K4me3 mark in this setting,
as well as the kinetics of its decrease/increase within more
extended time frames, and in response to regular exercise as
well as different exercise regimens. For instance, it is very
possible that this reaction is rather short-lived and serves the
purpose of temporarily blocking adaptation, especially after
unaccustomed exercise, as a means to allow other pathways
to proceed, which might bring about metabolic recovery or
regeneration.

Finally, recent data by Ohsawa et al. [43] suggest that not
only modification of H3 but also of other histones might play
an important role in skeletal muscle adaptation to exercise.
In rat plantaris muscle, the authors demonstrated that regular
treadmill running over several weeks had significant effects
on trimethylation of histone 4 at lysine 20 (H4K20me3).
Using ChIP analysis, the authors also showed significant
gene-specific effects of training on this type of modification.

3.2.5 Histone-modifying Enzymes as Potential Targets
for “Exercise Mimics”

Overall, these data indicate that histone modifications and
histone-modifying enzymes in general, might play a major,
and probably complex, role in skeletal muscle adaptation to
exercise, not only in fiber-type determination, metabolism,
and exercise tolerance, but also in adaptation of muscle force
and hypertrophy. Given the background that histone-modify-
ing enzymes can already be targeted by various pharmaco-
logical agents, of which more and more are being developed
and some are highly specific (for review, see Ribich et al.
[50]), future research is warranted to carefully disentangle
these pathways and their interaction, which might lead to the
development of “exercise mimics” in the future. As stated by
several authors, novel HDAC inhibitors in particular might
become a major focus within the next few years (for review,
see Penna and Costelli [51]).

3.3 miRNAs

miRNAs are small, trans-acting RNA molecules that have
been highly conserved throughout evolution. They are non-
protein-coding. miRNA molecules silence their target mes-
senger RNA(s) (mRNAC(s)) in a post-transcriptional manner,
eventually regulating abundance and thus function of their
target protein(s). In specific cases, however, miRNAs can
also stabilize and activate their targets (Vasudevan et al.
[52]). Around 50% of protein-coding genes are regulated
by miRNAs. miRNAs play important roles in the control
of cell growth and differentiation, as well as metabolic
pathways and many other cellular functions (for review, see
Polakovicova et al. [53], Silva et al. [54], Wei et al. [55]).

Within the last few years, an increasing number of
miRNA species have been detected in the human genome,
and most of them have been associated with cardiovascular
disease, cancer, diabetes, or other pathologies (for review,
see Paul et al. [56]). In general, miRNAs appear to be par-
ticularly important under non-homeostatic conditions, for
example after trauma (for review, see Daskalakis et al. [57]).

DNA sequences encoding miRNAs can be located within
protein-coding genes, both within introns and exons, and in
intergenic regions. Their transcription yields so-called pri-
mary miRNAs (pri-miRNAs), which are double-stranded
and can encode one single or several miRNAs. pri-miRNAs
are recognized and processed by the endoribonuclease
Drosha, a member of the ribonuclease III superfamily that
cleaves double-stranded RNA, and its cofactor Pasha (in
humans also known as DGCRS: DiGeorge syndrome critical
region 8). The resulting precursor miRNAs (pre-miRNAs),
which are 60-70 nucleotides (nt) in length and display a
hairpin-like structure, are exported from the nucleus via
the exportin-5 transporter. In the cytosol, through action
of another endoribonuclease, the so-called Dicer enzyme,
they are then again processed into double-stranded RNA
molecules of approximately 20 nt. After unwinding and
degradation of the inactive, “passenger” strand, the active,
“guide” strand is transferred to the RNA-induced silencing
complex (RISC), which contains another endoribonucle-
ase, Argonaute-2, where it binds to the 5’ or 3’ untranslated
region (UTR) of its target mRNA, causing regulation of gene
expression via multiple mechanisms, among them degrada-
tion of the target mRNA, as well as inhibition of its tran-
scription or translation (Fig. 3; for review, see Polakovi¢ova
et al. [53], Silva et al. [54], Wei et al. [55]).

There is ample evidence suggesting that miRNAs might
play an important role in regulating skeletal muscle plas-
ticity, such as skeletal muscle hypertrophy, or functional
characteristics of the muscle cell, such as metabolic aspects
or fiber-type specificity. Furthermore, several (cardiac and/
or skeletal) muscle-specific miRNAs have been identified,
specifically miR-1, miR-133a, miR-206 (skeletal muscle-
specific), miR-208a, miR-499, and sometimes also miR-486,
which is not specific for but which is enriched in muscle
cells, for which the term “myomiRNAs” has been coined.
In addition, a broad variety of other miRNAs with more
ubiquitous expression patterns have been shown to be impor-
tant players in skeletal muscle development and plasticity
(for review, see McCarthy [58], Luo et al. [59], Horak et al.
[60]).

Against this background, it is not surprising that several
studies have already shown that miRNA expression patterns
in skeletal muscle tissue can be modulated by exercise. In
the following sections, we briefly sum up these papers. For
more details on specific issues, the reader may refer to the
literature cited.
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Fig.3 Pathways of miRNA processing and miRNA-driven epigenetic
regulation of gene expression. Transcription from a specific sequence
with activating histone marks (shown as green circles) by RNA po-
lymerase II (Pol II) yields primary miRNA (pri-miRNA), which is
cleaved by the Drosha-DiGeorge syndrome critical region 8 (DGCR8/
Pasha) complex, resulting in a hairpin-structure pre-miRNA. The
latter is again cleaved by the Dicer enzyme to yield a short miRNA
duplex, which is then incorporated into the RNA-induced silencing
complex (RISC), containing the Argonaute-2 protein (AGO). Deg-
radation of the passenger strand leads to formation of the mature

3.3.1 Endurance Exercise

Initial analyses were carried out in the mouse model system,
with Safdar et al. [61] in 2009 demonstrating differential
expression of several miRNAs after one single 90-min bout
of treadmill running in murine quadriceps femoris muscle.
In particular, whereas a moderate increase in miR-1 expres-
sion could be detected in this study, miR-133 remained
unaltered. Remarkably, however, the authors demonstrated
decreased miR-23 expression after exercise, which is par-
ticularly interesting, since this miRNA 1is a negative regula-
tor of the PGC-1ao mRNA. Consistent with these findings,
Aoi et al. [62] found a profound downregulation of miR-696,
which might also target the PGC-1a mRNA, after 4 weeks
of progressive running exercise. Another important miRNA
in this context might be miR-494, which was found to be
decreased after 7 days of extensive swimming exercise, thus
potentially allowing increased expression of mitochondrial
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transcription

RISC complex, containing the mature miRNA. The latter can influ-
ence gene expression via three major mechanisms: (1) degradation
via Argonaute proteins (top), (2) inhibition of ribosomal translation,
specifically by blocking translational initiation or elongation or pro-
mote premature termination of translation (middle), and (3) recruit-
ing epigenetic modifiers, such as histone methyltransferases (HMTs)
and histone deacetylases (HDACsS), to the promoter of the respective
gene, thereby inducing inhibiting histone marks (shown as red cir-
cles), thus preventing or slowing down translation (bottom)

transcription factor A (Tfam) and forkhead box j3 (Foxj3),
encoding activators of mitochondrial biogenesis [63]. Kel-
ler et al. [64] carried out miRNA profiling after 6 weeks of
supervised endurance training in young, sedentary males,
and primarily found downregulation of miRNAs targeting
the transcription factors RUNX1 (runt-related transcription
factor 1), SOX9 (SRY (sex-determining region Y)-box 9),
and PAX3 (paired-box transcription factor 3), indicating a
function of miRNAs in regulating these factors in response
to training.

Similarly, Nielsen and colleagues [65] showed that in
response to acute endurance exercise, expression of miRs-
1, -133a, -133b, and -206 increased in vastus lateralis mus-
cle of healthy, young, untrained men, indicating that these
miRNA species might play a major role in regulating skel-
etal muscle adaptation to physical activity. Interestingly, this
induction could not be observed any more after a 12-week
endurance training regimen. Moreover, trained subjects
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displayed decreased resting expression of these myomiRs
[65], which increased back to baseline within 2 weeks after
cessation of training, suggesting that myomiRs might be
lower in trained versus untrained muscle.

Consistent with these findings, Russell et al. [66] found
that a single bout of moderate-intensity endurance cycling
led to upregulation of several miRNAs, among them miRs-
1, -133a, and -133b, in skeletal muscle of young, untrained,
subjects, whereas others were downregulated. Furthermore,
expression of genes encoding components of the miRNA
processing machinery, such as Drosha, Dicer, or exportin-5,
were all increased, suggesting an overall enhanced miRNA
biosynthesis rate. Remarkably, this is in contrast with the
abovementioned mouse study by Safdar et al. [61], which
could not detect enhanced expression of the Drosha or Dicer
genes in their model system. In this context, it is interesting
that in Dicer knockout mice, 2 weeks of voluntary wheel
running induced skeletal muscle metabolic adaptation sim-
ilarly to controls, paralleled by only moderately reduced
miRNA levels in skeletal muscle, suggesting that there
might be Dicer-independent pathways of miRNA biogenesis
(Oikawa et al. [67]). After 10 days of endurance training,
Russell et al. [66] found further characteristic alterations
in miRNA expression patterns, which might reflect muscle
adaptation to the training stimulus.

3.3.2 Resistance Exercise

Compared with endurance exercise, miRNA expression
kinetics in skeletal muscle in response to resistance or
eccentric exercise might be even more dependent on addi-
tional variables, such as age, a specific exercise regimen, or
exercise history. In a mouse model of muscle hypertrophy
induced by functional overload, McCarthy and Esser [68]
demonstrated reduced expression of miR-1 and miR-133a,
paralleled by enhanced expression of the genes encoding
Drosha and exportin-5, but not that of the Dicer gene. Simi-
larly, Mueller et al. [69] detected a decrease in miR-1 expres-
sion in response to both a 12-week regimen of resistance or
eccentric exercise in elderly human subjects with a mean age
of 80 years, whereas Davidsen et al. [70] did not observe a
decrease in a comparable setting with young men.

Similar to endurance exercise, expression of miRNAs
might already be changed after a single bout of resistance
or eccentric exercise. In response to a single bout of leg
extension resistance exercise paralleled by essential amino
acid ingestion, Drummond et al. [71] demonstrated down-
regulation of miR-1 in skeletal muscle of young but not
older subjects. By contrast, Ringholm et al. [72] found that
one 45-min bout of knee extensor exercise did not influence
miR-1 or miR-133 expression in the vastus lateralis muscle
of young, healthy men after 1 week of bedrest.

miRNAs might also serve as prognostic biomarkers for
adaptation to strength training. Davidsen et al. [70] demon-
strated that expression patterns of certain miRNAs in human
vastus lateralis muscle in response to a 12-week resistance
training regimen are characteristic for “high” and “low”
responders. Specifically, the authors demonstrated that low
responders were characterized by downregulation of miR-
378, miR-29a, and miR-26a, as well as upregulation of miR-
451. The authors speculated that the differential expression
of these miRNAs in low responders might be a “compensa-
tory” phenomenon, “reflecting a failure to “activate” growth
and remodeling genes”.

3.3.3 Concurrent Training and Different Training Modes

So far, little is known about the effects of concurrent train-
ing, i.e., regimens with combined endurance and resistance
exercise blocks, and also different exercise modes, such as
HIIT (high-intensity interval training) versus MICT (mod-
erate-intensity continuous training), on miRNA expression
patterns. Rowlands et al. [19] found profound differences
with regard to miRNA expression (and also DNA methyla-
tion) patterns after 16 weeks of endurance versus resistance
exercise regimens in a cohort of T2DM, obese, middle-aged
subjects. Furthermore, in a study of healthy young males,
Fyfe et al. [73] observed that prior HIIT, but not MICT
cycling, compromised resistance exercise-induced changes
in miRNA expression patterns.

3.3.4 Circulating miRNAs

miRNAs can also be extracted from plasma and serum, spe-
cifically in response to stress (such as exercise) and trauma,
with their origin and mode of secretion or release still being
largely enigmatic. Since in comparison to skeletal muscle
specimens, blood is more easily accessible, determining
miRNA patterns in plasma and serum is particularly inter-
esting, especially when considering their use as biomark-
ers for training monitoring, control, and management (for
review, see Mooren et al. [74], Makarova et al. [75]). The
most important findings in this area are summarized in the
following paragraphs. Detailed meta-analyses can be found
in two recent reviews by Polakovicova et al. [53] and Silva
et al. [54].

Baggish et al. [76] analyzed circulating miRNAs in
human plasma before and after 90 days of intensified, mainly
endurance-based rowing training in young, active rowers.
Interestingly, the authors found a correlation between peak
levels of miR-146a and maximal volumes of relative oxygen
consumption per kg bodyweight (VO,,,.,), both at baseline
and after the training period. Upregulation of circulating
miR-146a after endurance exercise has also been demon-
strated by Wardle et al. [77]. By contrast, resistance training,
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both acute and over a period of several weeks, had the oppo-
site effect [77, 78]. Interestingly, Baggish et al. [76] could
furthermore detect a direct correlation between changes in
miR-20a expression pre- and post-training and the relative
gain in maximal O, consumption induced by the training,
indicating that miRNA concentration changes might indeed
serve as markers for training adaptation. Similarly, there
seems to be a correlation between high levels of circulating
miRNAs-21 and 210 and low VO,,,,, [79]. However, regu-
lation of miRNA-21 appears to be quite context-dependent
[76,77, 80]. A single study [81] analyzed miR-486 concen-
trations in serum after both acute and 4 weeks of thrice-
weekly chronic cycling exercise and found decreases in
both cases, indicating that this miRNA might also serve as
a robust marker for exercise impact.

Over the last few years, a broad variety of studies have
specifically demonstrated upregulation of circulating
miR-1 and miR-133a in response to single bouts of exer-
cise and long-term training, irrespective of the type of
exercise (endurance- or resistance-based) (for review, see
Polakovicova et al. [53], Silva et al. [54]). Since these two
miRNAs are muscle cell-specific and appear to be central
players in these cells (for review, see Polakovi¢ova et al.
[53], Silva et al. [54]), it is likely that they might be released
at least in part from the vigorously exercising skeletal
muscle.

However, despite the fact that these two miRNAs are
upregulated in response to most exercise regimens, Uhle-
mann et al. [82] showed that different modes of exercise
evoke different patterns of circulating miR-133. Concentra-
tions of this species increased after resistance training and
after marathon running, but not after a maximum ergometer
test or 4 h of cycling at 70% VO, Similarly, Wardle et al.
[77] observed characteristic miRNA patterns in plasma sam-
ples of endurance- and resistance-trained elite male athletes,
both in comparison to each other and in relation to untrained
controls.

Based on these initial exploratory experiments, a series of
further studies analyzed circulating miRNA patterns, mostly
in plasma, but sometimes also in serum, in distinct exercise
settings (for review, see PolakoviCova et al. [53], Silva et al.
[54]). Remarkably, a central finding of several studies was
again a distinct upregulation of circulating miR-1 and miR-
133a immediately after a marathon run (Mooren et al. [75],
for review, see Polakovicova et al. [53]). Furthermore, in
a recent study, Horak et al. [83] compared the effects of 8
weeks of explosive or hypertrophic strength training versus
high-intensity interval sprint training, and found characteris-
tic patterns for each training mode, and Hakansson et al. [84]
have recently presented data suggesting that there are pro-
found differences with regard to circulating miRNA patterns
when the effects of exhaustive and non-exhaustive endurance
exercise were compared.
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However, as already mentioned at the beginning of this
section, the origins, triggers, and modes of secretion of cir-
culating miRNAs are still largely enigmatic. Ramos et al.
[85] recently carried out an interesting study, addressing the
issue of potential functions of exercise-induced changes in
circulating miRNAs. The authors demonstrated increased
levels of circulating, but decreased amounts of muscular,
miR-133 after 4 weeks of high-intensity treadmill running
in mice. They hypothesized that this miRNA species might
be actively secreted into the circulation upon exercise, thus
lowering its concentration in muscle cells, which might be
important for exercise-induced adaptation. Furthermore,
secreted miRNAs might also exert paracrine or endocrine
functions in other tissues and organs.

Some authors also analyzed miRNA expression patterns
in different types of white blood cells. As in plasma, defined
changes were found in these cells, but they did not always
reflect those found in plasma (for review, see Denham et al.
[861]).

It is currently unclear if miRNA expression patterns at
rest or after a single bout of exercise might also serve as pro-
spective “predictors” for training outcome, or, even more, for
the efficacy of a specific training regimen. If so, this would
open the door to novel and possibly more efficient strategies
in training control and management.

Taken together, miRNAs can act as modulators of skeletal
muscle cell proliferation, differentiation, and hypertrophy. In
addition, they might be important regulators of skeletal mus-
cle metabolism. All these features might render them impor-
tant candidates for determining an individual’s response to
a specific exercise regimen.

4 Conclusions

Regular exercise undoubtedly yields considerable health
benefits, associated with adaptation of the body to the
physical workload. Within the last few years, it has become
clear that an individual’s adaptation to a specific training
regimen depends not only on his or her genetic background,
but also on so-called epigenetic mechanisms. These include
processes that influence gene expression without altering
the DNA base sequence, specifically: (1) DNA methylation,
(2) post-translational modifications of histone proteins, and
(3) regulation of gene expression via specific miRNAs. In
contrast to the DNA base sequence, an individual’s epige-
netic “signature” is subject to environmental influences, such
as diet or prior training experience. Recently, considerable
progress has been made towards a better understanding of
the “epigenetic response” to specific training stimuli. It has
become more and more clear that both single bouts of exer-
cise as well as long-term training regimens alter epigenetic
characteristics. However, whereas exercise-induced changes
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in miRNA patterns have already been analyzed quite thor-
oughly in a broad variety of contexts, little is still known
about differential DNA methylation and histone modification
patterns in response to physical activity, specifically in skel-
etal muscle tissue. Finally, a major aim of future studies will
be the development of epigenetic marker panels that allow
prediction of an individual’s reaction to a specific training
stimulus. It is very likely that a person’s individual “history”,
specifically his or her lifestyle, but also probably biographi-
cal and emotional experiences, have shaped his or her epi-
genome—and that this epigenetic “memory”’ determines this
particular person’s reaction to a specific training stimulus in
the present (Sharples et al. [87]). Better knowledge of these
connections would allow the development of individualized
training regimens, which would allow a person to reach his
or her training goals with maximum efficiency. Specifically,
it will be interesting to elucidate the role of epigenetics in
regulating adaptation to concurrent exercise, i.e., combined
endurance-resistance training regimens, as well as different
training modes, such as HIIT versus MICT.
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