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Abstract Physical exercise induces several metabolic

adaptations to meet increased energy requirements. Pro-

moter DNA methylation, histone post-translational modi-

fications, or microRNA expression are involved in the gene

expression changes implicated in metabolic adaptation

after exercise. Epigenetic modifications and many epige-

netic enzymes are potentially dependent on changes in the

levels of metabolites, such as oxygen, tricarboxylic acid

cycle intermediates, 2-oxoglutarate, 2-hydroxyglutarate,

and b-hydroxybutyrate, and are therefore susceptible to the

changes induced by exercise in a tissue-dependent manner.

Most of these changes are regulated by important epige-

netic modifiers that control DNA methylation (DNA

methyl transferases, and ten–eleven-translocation proteins)

and post-translational modifications in histone tails con-

trolled by histone acetyltransferases, histone deacetylases,

and histone demethylases (jumonji C proteins, lysine-spe-

cific histone demethylase, etc.), among others. Develop-

ments in mass spectrometry approaches and the

comprehension of the interconnections between epigenetics

and metabolism further increase our understanding of

underlying epigenetic mechanisms, not only of exercise,

but also of disease and aging. In this article, we describe

several of these substrates and signaling molecules regu-

lated by exercise that affect some of the most important

epigenetic mechanisms, which, in turn, control the gene

expression involved in metabolism.

1 Background

Physical exercise is one of the most commonly prescribed

therapies in both health and disease [1]. Several studies

have shown that persons who report increased levels of

physical activity and fitness are at less risk of death [2–4].

Regular physical activity contributes to treat several

chronic diseases such as pulmonary and cardiovascular

diseases (chronic obstructive pulmonary disease, hyper-

tension, intermittent claudication); metabolic disorders

(type 2 diabetes, dyslipidemia, obesity, insulin resistance);

muscle, bone, and joint injuries (rheumatoid arthritis,

fibromyalgia, chronic fatigue syndrome, osteoporosis);

cancer, and neuropsychiatric disorders [1, 5, 6]. It has been

well-established that physical exercise causes alterations in

the expression of several human skeletal muscle genes.

However, the mechanisms by which the gene expression of

important genes involved in metabolic adaptation or met-

abolic stress are regulated are not completely known.

Epigenetics is the study of inherited changes in the

phenotype or gene expression caused by molecular mech-

anisms other than changes in the DNA sequence [7, 8].

However, at this point in time, the epigenetics concept has

evolved and can be redefined as the mechanisms capable of

regulating gene expression through changes that are inde-

pendent of the nucleotide sequence of DNA. Generally,

non-genetic alterations in both gene expression and the

chromatin state are tightly regulated by three major

mechanisms: methylation of the cytosine residues of DNA;
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transcriptional regulation by microRNAs (miRNAs); and

chemical modifications of specific residues of histone tails

(e.g. acetylation, methylation, phosphorylation, etc.) [9–

11]. The classic DNA covalent modification is methylation

of cytosine, which results in the addition of a methyl group

at the 50 position of the cytosine base from S-adenosyl-

methionine (SAM) mediated by enzymes DNMT1, 3A, and

3B [DNA (cytosine-5-)-methyltransferase] [12, 13].

Epigenetic regulation is also mediated by non-coding

RNAs such as miRNAs. miRNAs are a large family of

short RNA molecules of around 21 nucleotides in size [14].

These small RNA molecules regulate gene expression

mainly by base-pairing to the 30-untranslated region (UTR)

or 50-UTR of target messenger RNAs (mRNAs) [15].

miRNAs were initially described as acting mainly by

downregulating gene expression (by inhibiting mRNA

translation or by the degradation of mRNA molecules).

However, they have also been reported as being capable of

increasing the mRNA translation of some target genes [16].

Finally, histone post-translational modifications (PTMs)

are involved in epigenetic regulation. The nucleosome is

formed by an octamer of histone proteins in which 147

base pairs of DNA are wrapped around it. Nucleosomes

contain two copies of each one of the core histone proteins

H2A, H2B, H3, and H4. In addition, the H1 linker histone

stabilizes the nucleosome and the linker DNA region

between nucleosomes. A tail domain protrudes from his-

tones, which is susceptible to the PTMs introduced by

different enzymes and metabolic situations. These PTMs

set ‘the histone code’ [11, 17].

The majority of these changes are regulated by impor-

tant epigenetic modifiers that control DNA methylation

[DNA methyltransferases (DNMTs); ten–eleven-translo-

cation (TET) proteins] and the PTMs in histone tails con-

trolled by histone acetyltransferases (HATs), histone

deacetylases (HDACs), and histone demethylases [jumonji

C proteins (jmjC), lysine-specific histone demethylase

(LSD), etc.], among others. A variety of life-based phe-

nomena (i.e. nutrition, disease and infections, physical

exercise, etc.) produce epigenetic alterations, which, in

turn, affect all cells and tissues [18–20].

2 Exercise and Epigenetics Activate an Intricate

Mechanism that Induces Metabolic Adaptations

Exercise training induces several adaptations at the meta-

bolic level within muscle cells to meet increased energy

requirements [21], and these adaptations require the

expression of specific genes. Interestingly, epigenetics

offers a new perspective to analyze changes in gene

expression. It is noteworthy that global DNA hypomethy-

lation in human skeletal muscle obtained from 14 healthy

sedentary volunteers after acute exercise has been reported

[22].

One of the most significant metabolic events exerted by

regular exercise is the mitochondrial biogenesis pathway,

in which peroxisome proliferator-activated receptor

gamma coactivator 1-alpha (PGC-1a), nuclear respiratory

factor 1 (NRF1), and mitochondrial transcription factor A

(TFAM) participate [21, 23, 24]. Upstream to PGC-1a, the

metabolic sensor 50 adenosine monophosphate-activated

protein kinase (AMPK) is also involved in the activation of

mitochondrial biogenesis [25–27]. Interestingly, miRNAs

are involved in the regulation of this energetic sensor. In

fact, miR-33 inhibition produces upregulation of the

AMPK expression, leading to increased b-oxidation [28]. It

has also been described that miR-29b targets PGC-1a,

affects its transcription and, in turn, also affects mito-

chondrial biogenesis and mitochondrial adaptations [29].

Thus, these pioneering works demonstrate that metabolic

sensors are regulated by epigenetic mechanisms (Fig. 1).

Another study found that exercise produces changes in

the promoter methylation of crucial genes involved in body

energy and glucose homeostasis, such as PGC-1a, pyruvate

dehydrogenase kinase isoenzyme 4 (PDK4) and peroxi-

some proliferator-activated receptor d (PPAR-d) [22].

Surprisingly, muscle contraction is able to produce changes

Fig. 1 An overview of the described epigenetic changes induced by

exercise. DNA methylation, miRNA expression, and histone PTMs

are the main mechanisms related to changes in the expression of the

relevant metabolic genes involved in exercise adaptations. After acute

exercise, promoter methylation of PGC-1a, PDK4, and PPAR-d
occurs, thus increasing the expression of these relevant metabolic

genes. Furthermore, downregulation of miR-33 induces the overex-

pression of AMPK which, in turn, increases the PGC-1a expression to

facilitate mitochondrial adaptations. In addition, AMPK can produce

the phosphorylation of class II HDACs to contribute to export

HDACs from the nucleus to the cytosol. This leads to increased

histone acetylation at the promoters of GLUT4 and MEF2. miRNAs

microRNAs, PTMs post-translational modifications, PGC-1a perox-

isome proliferator-activated receptor-gamma coactivator 1 alpha,

PDK4 pyruvate dehydrogenase kinase isoenzyme 4, PPAR-d perox-

isome proliferator-activated receptor d, AMPK 50 adenosine mono-

phosphate-activated protein kinase, HDACs histone deacetylases,

GLUT4 glucose transporter type 4, MEF2 myocyte-specific enhancer

factor-2
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in promoter methylation as quickly as 45 min after con-

traction [22], which correlates with exercise intensity.

Accordingly, other studies performed by Alibegovic et al.

[30, 31] have demonstrated that 9 days of bed-rest

increases PGC-1a promoter methylation (Fig. 1).

As mentioned above, histone PTMs is another epige-

netic event that regulates gene expression. It is known that

class II HDACs are highly expressed in human skeletal

muscle and that their activity is regulated by exercise [32,

33]. For example, HDAC5 interacts with glucose trans-

porter type 4 (GLUT4) and myocyte-specific enhancer

factor-2 (MEF2) to result in the deacetylation of histones in

genes GLUT4 and MEF2 to repress their transcription.

However, after exercise this HDAC5 is exported from the

nucleus and increases the expression of these genes. Fur-

thermore, HDACs regulate the expression of PGC-1a in

human skeletal muscle in response to a single bout of

exercise. In fact, after 3 h of intense exercise in sedentary

subjects, the expression of PGC-1a increases by up to 10.8

times [34]. These data indicate that epigenetic machinery is

altered in skeletal muscle adaptations in response to exer-

cise (Fig. 1).

Extreme exercise capacity is not completely understood.

The angiotensin-converting enzyme (ACE), a dipeptidyl

carboxypeptidase of the M2-metalloprotease family, has

been proposed to play an important role in physical

endurance [35]. Nonetheless, inconsistencies for polymor-

phism association with ACE activity exist depending on

the subjects’ ethnicity. There is evidence for the epigenetic

regulation of the ACE gene [36]. However, very little

information on this issue is available for the time being.

Rivière et al. [37], using human cell lines and mice tissue,

demonstrated that the ACE gene expression is regulated by

epigenetic phenomena. Accordingly, treatments with

5-azacytidine (a DNA methylation inhibitor) and trichos-

tatin A (an HDAC inhibitor) bring about increased ACE

expression. In addition, the authors demonstrated that the

promoter methylation of the ACE gene is cell-type specific

and correlates with ACE gene transcription, thus support-

ing the influence of epigenetic mechanisms on ACE

expression.

Furthermore, a single bout of exercise is enough to

increase the tricarboxylic acid (TCA) cycle flux that cor-

relates positively with the increase in TCA cycle inter-

mediates, such as citrate, isocitrate, succinate, and fumarate

[38]. Increases in the number, size, and activity of mito-

chondria lead to higher metabolism with the subsequent

increased capability of oxygen utilization and a resultant

drop in intracellular oxygen [39]. Therefore, this effect

leads to very relevant programs that are able to control

distinct cellular pathways.

Under hypoxic conditions, hypoxia-inducible factor 1

(HIF-1) initiates a gene expression program that facilitates

increased oxygen supply to overcome the initial hypoxic

insult. HIF-1a is continuously targeted for ubiquitination

and degradation dependently on the hydroxylation of two

proline residues in the oxygen-dependent degradation

domain through prolyl hydroxylases (PHDs) [40, 41].

PHDs require, as co-substrates, oxygen, ferrous iron

[Fe(II)], and 2-oxoglutarate (2-OG) for the activity of this

reaction. Consequently, exercise-induced hypoxia is

blocked and HIF-1 is stabilized. Moreover, PGC-1a is

coupled to HIF signaling in regulating intracellular oxygen

availability and in allowing cells to match the increased

oxygen demand after mitochondrial biogenesis with

increased oxygen supply [39].

Yet despite PHD transcription and activity being mod-

ulated mostly by oxygen availability, adaptation to physi-

cal exercise can also be regulated by other different

mechanisms in a more complex manner and by a wide

range of dynamic microenvironments. Some of these rel-

evant systems involved in adaptation to physical exercise

are specific epigenetic mechanisms that use metabolic

intermediates and oxygen to regulate epigenetic signals

[19, 22].

As previously described, the majority of these changes

are regulated by important epigenetic modifiers that control

methylation of the DNA, miRNAs, or PTMs introduced or

erased by HATs and HDACs, respectively. However, other

epigenetic machineries are involved in the regulation of the

epigenetic signature as, for example, TET proteins and

histone demethylases (jmjC and LSD, etc.), among others.

Recent evidence has revealed the interdependence between

PHDs, histone demethylases (i.e. jmjC), and TET proteins.

These groups of proteins contain the same structural cata-

lytic domain and belong to the same 2-OG and Fe(II)-

dependent dioxygenase superfamily. Overall, they are

activated or inhibited by similar mechanisms [42].

3 Important Epigenetic Mechanisms are Regulated

by the Oxygen and Metabolites Produced During

Exercise

Histone demethylases are essential enzymes involved in

epigenetic regulation by demethylation of histone lysines.

Histone demethylase jmjC proteins present 2-OG and

Fe(II)-dependent demethylase activity; specifically, jmjC

can demethylate histone H3 lysine 36 dimethylation

(H3K36me2) [43] (Fig. 2). Furthermore, TET proteins

(TET1, TET2, and TET3) are codified for the TET genes

and display methylcytosine dioxygenase activity.

The founder of the TET family, TET1, was originally

identified as a fusion partner of MLL in acute myeloid

leukemia with t(10;11)(q21;q32) translocation. TET pro-

teins produce 5-methylcytosine hydroxylation, resulting in
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the generation of 5-hydroxymethylcytosine (5-hmeC)

[Fig. 2]. Although the role of 5-hmeC is being revealed, it

has been found to be enriched in actively transcribed genes

and in the promoters of polycomb-repressed elements that

are activated normally during the development of mouse

embryonic stem cells [44]. 5-hmeC formation has been

proposed as an oxidative process that leads to remove methyl

groups from DNA [45]. In addition, high 5-hmeC levels have

also been found in specific neuronal populations [46]. Ta-

hiliani et al. [44] demonstrated that TET1 is a 2-OG and

Fe(II)-dependent dioxygenase that oxidizes 5-methylcyto-

sine (5-meC) to 5-hmeC. Thus, TET1 activity can be mod-

ulated by similar mechanisms to those observed for PHDs.

It is well-known that exercise induces gene expression

changes that trigger metabolic adaptations in skeletal

muscle. Furthermore, metabolic changes during exercise

may also affect gene expression through epigenetic

mechanisms. In fact, Barrès et al. [22] suggested that

demethylation at the promoter of PGC-1a, PDK4, and

PPAR-d did not occur through the hydroxylation mediated

by TETs. One possible explanation is that the regulation of

the methylation of these specific genes is highly controlled

by mechanisms independently of TET activity. However,

one would assume that the resultant drop in intracellular

oxygen after acute exercise would have an effect on whole-

genome methylation levels.

Moreover, the availability of other metabolites produced

during exercise may affect epigenetic machinery activity in

the aforementioned specific genes and involved in mito-

chondrial biogenesis (Fig. 3). Thus, 2-hydroxyglutarate

produced from 2-OG, may alter the activity of 2-OG and

Fe(II)-dependent dioxygenases, including PHDs and jmjC

histone demethylases, as well as TET proteins. The

reduction of 2-OG lowers the level of this important sub-

strate used by jmjC histone demethylases and TET pro-

teins, thus producing low histone demethylation and also

low 5-hmeC levels [47]. Furthermore, 2-OG and Fe(II)-

dependent dioxygenases can be inhibited by succinate

accumulation. The effect of succinate on jmjC histone

demethylases and PHDs has been confirmed by the

observations made by Cervera et al. [48], who treated

human cells with succinate dehydrogenase (SDH) inhibi-

tors which induce succinate accumulation and, in turn,

produce enhanced histone methylation; other authors [49–

51] also reported evidence that tumors with SDH mutations

show enhanced HIF stability.

In addition, reduced 2-OG levels, due to physical exer-

cise [38], and deregulation or mutations in isocitrate

dehydrogenase (IDH), among other mechanisms, can limit

2-OG generation upstream in the TCA cycle [47].

The accumulation of succinate and fumarate, as a result

of SDH mutations [52], but also due to exercise [38],

inhibits 2-OG-dependent dioxygenases, such as PHD [53,

54]. Moreover, free radicals production by mitochondria

under hypoxic conditions diminishes the availability of

Fe(II), which reduces the activity of PHDs [55]. Therefore,

Fig. 2 Mechanisms mediated by epigenetic 2-OG-Fe(II)-oxygen-

dependent enzymes TET and jmjC. a The 5-methylcytosine formation

mechanism by DNMTs and the demethylation mechanism mediated

by TET proteins, in which the first step generates 5-hmeC. b The

histone lysine demethylase mechanism by which the jmjC enzyme,

using 2-OG and oxygen as co-substrates, induces the hydroxylation of

methyllysine to release succinate and CO2. Afterward, formaldehyde

is eliminated after the decomposition of the N-hydroxymethyl group.

2-OG 2-oxoglutarate, Fe(II) ferrous iron, TET ten–eleven-transloca-

tion, jmjC jumonji C, DNMTs DNA methyltransferases, 5-hmeC

5-hydroxymethylcytosine
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any stress capable of inducing a persistent boost of free

radicals should affect the regulation of 2-OG-Fe(II)-oxy-

gen-dependent enzymes such as PHDs, jmjC, and TET

[54], as in the case of physical exercise.

One of the most interesting metabolites that can exert

effects on epigenetic regulation is b-hydroxybutyrate [56,

57]. This molecule is produced at millimolar levels after

prolonged exercise (2–3 days of strenuous exercise) [58]. It

derives from acetoacetate, which is catabolyzed by b-

hydroxybutyrate dehydrogenase in an NAD?-dependent

reaction. Chemically, b-hydroxybutyrate is similar to

butyrate, an inhibitor of class I and II HDACs; in fact, b-

hydroxybutyrate has proved to inhibit HDAC1, HDAC3,

HDAC4 in a dose-dependent manner in human embryonic

kidney 293 (HEK293) cells, and also in mice models

during fasting and calorie restriction during which signifi-

cantly increased levels of histone H3 lysine 9 acetylation

(H3K9ac) and histone h3 lysine 14 acetylation (H3K14ac)

have been observed [56]. These results indicate that b-

hydroxybutyrate is able to regulate the epigenetic state of

chromatin by inhibiting the activity of class I and II

HDACs.

The mechanisms described in this article clearly suggest

that exercise regulates several epigenetic mechanisms.

Furthermore, the metabolites generated by continuous,

acute, moderate, or strenuous exercise control the activity

of some highly relevant epigenetic enzymes that regulate

gene expression.

4 Mass Spectrometry as a Tool for Identifying

Metabolites that Regulate Epigenetic Phenomena

During Exercise

The combination of accurate mass data for a large collec-

tion of metabolites, and the identification of the metabolites

achieved by searching metabolomic databases [for exam-

ple, the Human Metabolome Database (HMDB)], and the

mass spectrometry (MS) technologies applied to analyze

histone PTMs and DNA methylation in specific genes (i.e.

Sequenom) will increase our knowledge in the near future

on the metabolic pathways involved in epigenetic control.

Sequenom is a MassARRAY platform used for single

nucleotide polymorphism (SNP) genotyping, DNA meth-

ylation, and quantitative gene expression studies based on

matrix-assisted laser desorption/ionization-time of flight

(MALDI-TOF) MS. For DNA methylation analysis, the

EpiTYPER tool by Sequenom allows the discovery and

quantification of DNA methylation. This assay is based on

the bisulfite conversion of genomic DNA. Basically,

cytosine (C) is deaminated by sodium bisulfite to uracil

(U), although 5-methylcytosine remains unchanged. After

polymerase chain reaction amplification in the non-meth-

ylated DNA fragment, U changes to thymine (T) and a T7-

promoter tag, required for the next step, are introduced.

Afterward, in vitro transcription on the reverse strand using

specific T7 polymerase, generates strands with an AC

(adenine-cytosine) sequence in the corresponding positions

where non-methylated CG (cytosine-guanine) initially

existed. These variations are a replacement of A instead of

G in non-methylated CpG, which results in a mass differ-

ence of 16 Da per CG site that is easily detected by the

MassARRAY of Sequenom. For the generation of restric-

tion fragments, U-specific cleavage mediated by RNase A

is included. This enzyme cleaves the transcription products

at specific U or C bases in separate reactions. In the

C-cleavage reactions, methylated regions are cleaved at

every C to create fragments that contain at least one CpG

site each. However in the U-cleavage reaction, both

methylated and non-methylated CpG sequences are

cleaved at every U. It is important to note that for both the

U- and C-reactions, the cleavage products resulting from

the methylated and non-methylated DNA are the same in

Fig. 3 Flowchart representing the key metabolic events after exercise

which control epigenetic mechanisms. Exercise induces energy

requirements, which are met by increased mitochondrial biogenesis

by the PGC-1a, NRF1, and TFAM pathway. Increases in the number,

size, and activity of mitochondria lead to a subsequent increase in the

TCA cycle metabolites pool and b-hydroxybutyrate. Moreover, this

increased capability of oxygen utilization leads to a drop in

intracellular oxygen that blocks the 2-OG-Fe(II)-oxygen-dependent

enzymes to, in turn, block PHDs, jmjC, and TET proteins. All these

pathways lead to the complex regulation of several epigenetic

pathways through histone demethylases, acetyltransferases, and

deacetylases. PGC-1a peroxisome proliferator-activated receptor-

gamma coactivator 1 alpha, NRF1 nuclear respiratory factor 1, TFAM

mitochondrial transcription factor A, TCA tricarboxylic acid, 2-OG

2-oxoglutarate, Fe(II) ferrous iron, PHDs prolyl hydroxylases, jmjC

jumonji C, TET ten–eleven-translocation, HDACs histone

deacetylases
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length, but differs in nucleotide composition terms. Gen-

erally speaking, a U-cleavage reaction captures most

information (Fig. 4). This property is used to analyze dif-

ferences in mass by MALDI-TOF for the identification of

fragments and the assignation of methylation at specific

CpGs. This platform is indicated especially for the DNA

methylation analysis of several amplicons of specific genes

[59, 60].

In addition, the PTMs of purified histones can be ana-

lyzed for their specific PTMs by MALDI-TOF and nano-

electrospray ionization tandem MS [60, 61], which are

powerful tools to analyze the histone code in specific genes

regulated by exercise.

Another main approach to completely decipher the

regulation of epigenetic machinery by the metabolites

produced during exercise can be attained by MS. To date,

the quantification of TCA cycle metabolites is based on

studying the distribution of carbon fluxes and their regu-

lation using 13C isotopic substrates [62]. The labeled 13C

atoms incorporated into intracellular metabolites [63] are

quantified by MS and/or nuclear magnetic resonance

(NMR) [64] [65]. However, it is difficult to measure sev-

eral key TCA cycle metabolites directly because of their

instability and low concentration [62].

Recently, Koubaa et al. developed a robust technique

based on liquid chromatography-tandem MS (LC–MS/

MS) and gas chromatography-MS (GC–MS) synergy to

measure 13C-labeling TCA cycle intermediates

(succinate, fumarate, malate, 2-OG, citrate, and isoci-

trate) in a more accurate and validated manner. As the

authors suggested, this approach may be applicable to

aerobic organisms and tissues [62]. Finally, Dahl et al.

[66] were able to measure b-hydroxybutyrate in body

fluids by ultra-high pressure liquid chromatography

(UPLC)-MSMS. A direct application of this approach to

analyze b-hydroxybutyrate in tissues will be most useful

for evaluating the levels of this inhibitor of class I and

II HDACs.

5 Conclusions and Future Perspectives

Epigenetic modifications and many epigenetic enzymes are

potentially dependent on changes in the levels of metabo-

lites such as oxygen, 2-OG, 2-hydroxyglutarate, succinate,

fumarate, b-hydroxybutyrate. Therefore, they are suscep-

tible to changes induced by exercise in a tissue-dependent

manner.

We surmise that increasingly more sophisticated

approaches (i.e. new MS methodologies) will eventually

resolve many pending issues. Hopefully, these combined

approaches will provide a detailed understanding of the

epigenetic mechanisms underlying metabolic regulation by

lifestyle to help biomedicine in future interventions based

on exercise in order to improve the human health span and

longevity.

Fig. 4 Flow diagram for the

DNA methylation analysis

using EpiTyper by Sequenom.

The quantitative DNA

methylation analysis is based on

the ability of bisulfite to

introduce methylation-

dependent sequence variations

of C to T into PCR amplification

products. These post-PCR C/T

variations appear as G/A

variations after in vitro

transcription, which results in a

mass difference of 16 Da per

CpG site, as detected by

MALDI-TOF MS, and based on

the overview scheme of the

quantitative methylation

analysis process by Sequenom.

C cytosine, T thymine, PCR

polymerase chain reaction,

MALDI-TOF matrix-assisted

laser desorption/ionization-time

of flight, MS mass spectrometry
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