Free Radical Biology and Medicine 213 (2024) 123-137

FI. SEVIER

Free Radical Biology and Medicine

journal homepage: www.elsevier.com/locate/freeradbiomed

Contents lists available at ScienceDirect

Check for

Oxidative stress and metabolism meet epigenetic modulation in e

physical exercise™

José Luis Garcia-Giménez ™"

©", Irene Canovas-Cervera ™", Federico V. Pallard6

a,b,c,**

2 Faculty of Medicine and Dentistry, Department of Physiology, University of Valencia, Av/Blasco Ibanez, 15, Valencia, 46010, Spain
b Biomedical Research Institute INCLIVA, Av/Menéndez Pelayo. 4acc, Valencia, 46010, Spain
¢ CIBERER, The Centre for Biomedical Network Research on Rare Diseases, ISCIII, C. de Melchor Fernandez Almagro, 3, 28029, Madrid, Spain

ARTICLE INFO

Keywords:
Oxidative stress
Redox homeostasis
Epigenetics
Physical exercise

ABSTRACT

Physical exercise is established as an important factor of health and generally is recommended for its positive
effects on several tissues, organs, and systems. These positive effects come from metabolic adaptations that also
include oxidative eustress, in which physical activity increases ROS production and antioxidant mechanisms,
although this depends on the intensity of the exercise. Muscle metabolism through mechanisms such as aerobic
and anaerobic glycolysis, tricarboxylic acid cycle, and oxidative lipid metabolism can produce metabolites and
co-factors which directly impact the epigenetic machinery. In this review, we clearly reinforce the evidence that
exercise regulates several epigenetic mechanisms and explain how these mechanisms can be regulated by
metabolic products and co-factors produced during exercise. In fact, recent evidence has demonstrated the
importance of epigenetics in the gene expression changes implicated in metabolic adaptation after exercise.
Importantly, intermediates of the metabolism generated by continuous, acute, moderate, or strenuous exercise
control the activity of epigenetic enzymes, therefore turning on or turning off the gene expression of specific

programs which can lead to physiological adaptations after exercise.

1. Introduction

A variety of phenomena throughout the life of human beings (e.g.,
nutrition, disease, infections, physical exercise, environmental condi-
tions, etc.) produce oxidative stress, modify redox homeostasis, and
generate metabolic adaptations, and epigenetic changes which in turn
directly affect all cells and tissues [1-3]. Several metabolic in-
termediates generated during glycolysis, the flux of the tricarboxylic
acid (TCA) cycle, and mitochondrial oxidative phosphorylation
(OXPHOS) have been reported to connect cell metabolism with gene
expression regulation through epigenetic mechanisms.

Regular physical exercise, together with a balanced diet and a
healthy lifestyle, is established as an important factor of health and is
generally recommended for its positive effects on the immune system,
musculoskeletal system, and essential metabolic functions [4].
Adversely, oxidative stress and inflammation are recognized as main
contributors to disease. However, oxidative stress is also related to

physiological adaptation, not only by direct oxidation of biomolecules
and enzymes but also by altering redox signaling [5] and cellular
metabolism, including the TCA cycle [6,7], the methionine cycle [8],
OXPHOS [9], among others. Similarly, inflammation is also a physio-
logical response of the organism to harmful stimuli, but when it persists
and becomes chronic it can cause cell and tissue damage. Importantly,
both oxidative stress and inflammation are two very related and inter-
dependent processes [10]. Notably, physical exercise, one of the main
physiological adaptative processes, has been demonstrated to be one of
the strategies to improve and antioxidant defenses, thus physical exer-
cise is recommended for preventing or reducing several pathological
disorders [4]. Analogously, physical exercise has been demonstrated to
reduce inflammation (i.e., interleukin-6 (IL-6)) at the cellular and tissue
level due to the anti-inflammatory effect (i.e., interleukin-10 (IL-10)) of
regular and moderate exercise [11,12]. In fact, physical activity has
been proposed as a beneficial intervention for several chronic diseases of
the pulmonary and cardiovascular system, metabolic disorders, muscle,
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bone, and joint injuries-related diseases, and cancer, as well as neuro-
psychiatric disorders, among others [4,13,14]. However, intensive ex-
ercise can induce fatigue, staleness, and reduced performance along
with metabolic alterations [15]; moreover, exhaustive, and extreme
amounts of exercise have been associated with negative effects leading
to muscle and joint injury and even disease, in part induced by excessive
oxidative stress [16], inflammation [17,18] and profound metabolic
changes [19]. Here is important to mention that other authors have not
found plasma metabolic changes in 147 metabolites between obese
subjects under a chronic exercise plan of 24-weeks compared to control
groups [20].

Moreover, oxidative stress is influenced by inflammatory processes,
contributing to the development of chronic inflammation and age-
related diseases [21,22], thus providing adequate treatments for its
reduction could majorly benefit aging patients.

Physical activity has been linked to a decrease in age-related
oxidative stress and inflammation, simultaneously promoting activa-
tion of anabolic and mitochondrial biogenesis pathways, in both skeletal
muscle and vascular tissue [23,24]. For example, a study performed by
Gomarasca et al. showed the impact of moderate-intensity aerobic ex-
ercise in elderly women, finding a reduced expression of IL-1f, IL-6, and
TNF-a, also affecting the inflammasome (mainly NLRP3 and TLR4) [25].
Interestingly, active elder people were found to have lower levels of IL-6
and higher levels of IL-10, than their non-active counterparts [26].

As it is well known, physical exercise produces alterations in the
expression of several genes, mainly ones related to antioxidant defense,
fission and fusion mitochondrial proteins, mitochondrial biogenesis as
well as those genes required to facilitate cellular adaptation to metabolic
changes [27,28], and genes related with inflammatory and
anti-inflammatory response [11]. Importantly, epigenetics is an impor-
tant switch that controls the expression of most of these genes [2,29,30].

Epigenetics is the study of the mechanisms able to regulate gene
expression through changes that are independent of the nucleotide
sequence of DNA [31-34]. Generally, non-genetic alterations in gene
expression and also in the chromatin state are tightly regulated by three
major mechanisms: the methylation of the cytosine residues of DNA, the
transcriptional regulation by non-coding RNAs (i.e., microRNAs, long
non-coding RNAs, circular RNAs, among others), and the chemical
modifications of specific residues of histone tails, which set the basis of
the histone code (e.g., acetylation, methylation, phosphorylation, etc.)
[31-34]. Epigenetic changes are currently under study for their poten-
tial in precision medicine. Identifying epigenetic signatures of immune
cells and their possible modifications could help determine patients with
a risk of metabolic complications [30].

DNA methylation is the most studied and characterized epigenetic
mechanism. It consists of the addition of a methyl group at the 5’ posi-
tion of the cytosine base from S-adenosylmethionine (SAM) mediated by
the enzymes DNA methyltransferases (also known as Cytosine-5-
methyltransferases) DNMT1, 3A, and 3B [34,35]. The chromatin
compaction also controls gene regulation, but the conformation of the
chromatin is regulated by histone variants and by histone
post-translational modifications (PTMs), which control the compaction
of the DNA across several nucleosome domains. Nucleosomes are
formed by an octamer of histone proteins in which every 147 base pairs
of DNA are wrapped around it. The so-called histone tails, consisting of a
chain of several amino acids that protrude from the histone core (formed
by two proteins of each canonical histone H2A, H2B, H3, and H4) are
accessible to chromatin-modifying enzymes [31,34].

Although non-coding RNAs (ncRNAs) are key elements in the
epigenetic and epitranscriptomic regulation, in this review we will not
focus on epigenetic regulation mediated by ncRNAs. It is important to
indicate that ncRNAs have been closely related to epigenetic regulation
and metabolic adaptations associated with physical exercise [36-38].
Also, we will not describe epigenetic mechanisms related to sirtuins,
which are NAD"-dependent deacetylases that have been associated with
physical exercise, since there are already interesting reviews focused on
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this topic [39,40].

These last decades have served to obtain evidence that training and
exercise have a direct impact on the epigenetic control of genes involved
in mitochondrial biogenesis, metabolic adaptations, and muscle adap-
tation among others. Particularly, chronic moderate-intensity exercise
induces hypomethylation of genes involved in many aspects of muscle
adaptation, such as mitochondrial and lipid metabolism (i.e., Stard10,
Slc20al, RUNX1, MEF2A, NDUFC2, ADIPOR1, ADIPOR2, and BDKRB2),
glucose metabolism (Gfpt2 and Cab39) [41], muscle growth and differ-
entiation (Igfbp4 and Plxna2) [42] as well as angiogenesis (Cds2) and
muscle innervation (Dok7) [43,44]. However, high-intensity acute ex-
ercise has demonstrated to produce hypomethylation of genes involved
in the correct functioning of mitochondria and energy supply optimi-
zation, such as peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGCI1A), pyruvate dehydrogenase kinase, isozyme
4 (PDK4), mitochondrial transcription factor A (TFAM), peroxisome
proliferator-activated receptor d (PPARD), as well as citrate synthase
and myocyte enhancer factor 2A (MEF2A), among others [45].

Both resistance and endurance exercise in humans can induce
epigenetic changes in pathways associated with energy metabolism,
insulin sensitivity, and mitochondrial biogenesis, thus contributing to
physiological adaptations [46], not only in the skeletal muscle but also
in other tissues and systems (i.e., cardiovascular, neuromuscular, res-
piratory, as well as the immune system).

Although in recent years a lot of research has demonstrated the
importance of epigenetics in the gene expression changes implicated in
metabolic adaptation after exercise, it is not completely known what
mechanisms can take place at different intensities of physical exercise,
and specifically how the metabolic alterations that occur at different
levels of training can affect epigenetic mechanisms and, in turn, gene
expression. However, increasing evidence shows the relevance of
epigenetic mechanisms regulation for metabolic plasticity in muscle
during exercise. Despite this, it is currently a challenge to identify how
these mechanisms can be imprinted after exercise in the muscle cells and
how long these epigenetic changes remain stored in our epigenome.

2. Exercise produces free radical species which can impact
epigenetic regulation

Free radical species, mainly reactive oxygen species (ROS) and
reactive nitrogen species (RNS) have a relevant physiological role by
activating and regulating several signaling pathways. Therefore, main-
taining redox homeostasis is important for normal cell function. In this
regard, an appropriate balance between oxidants and antioxidants (both
enzymatic and non-enzymatic) is essential for maintaining normal
physiology in the cells and organisms [47]. However, free radical spe-
cies, especially at high concentrations, also have negative effects by
oxidizing key biological molecules such as proteins, lipids, and nucleic
acids [5]. Helmut Sies coined the term oxidative stress to define the
disbalance between oxidative and antioxidative molecules produced by
different sources and causes, though generally with either an increase in
the oxidants, a decrease in the antioxidants, or both [48,49]. Mainte-
nance of redox homeostasis is a continuously ongoing challenge, deno-
ted as oxidative eustress [50]. When stress enhances certain biological
functions (such as during exercise), it is eustress (conventionally known
as “good” stress). Conversely, persistent stress that is not resolved
through coping or adaptation is distress [51]. As indicated above, Sies
has also used the term “oxidative eustress” which consists of oxidative
stress that operates at a physiological range [50].

Fortunately, physical exercise not only increases the production of
free radicals and associated molecules but also antioxidant responses. In
this regard, all types of training and exercise including aerobic, anaer-
obic, or mixed training, provoke changes in the redox balance and
oxidative eustress, which is controlled by changes in the expression of
the antioxidant system in response to the increase in production of ROS
and RNS [52-55]. As inferred, biological systems, and cellular, and
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organic processes may tend to homeostasis, so they will require oxida-
tive eustress to reach physiological and metabolic adaptations during
training [1,50]. Obviously, external interferences to reach oxidative
eustress may alter physiological adaptations promoted by exercise. This
may explain some of the findings described by Gomez-Cabrera et al., in
which antioxidant supplementations can blunt the benefits of exercise
training [56].

As indicated above, physical activity not only increases ROS pro-
duction but also antioxidant utilization [57], although this depends on
the intensity of the exercise. In fact, moderate exercise can produce
moderate levels of ROS, which are considered vital in the adaptive
response, but high ROS and RNS production is a serious threat to cellular
homeostasis [58]. Among the different pathways that can produce
oxidative stress during exercise, ROS formation by oxygen metabolism is
the most noteworthy (mitochondria can generate ROS in complex I and
complex III, and in a proportional way to the respiratory chain activity)
[59,60].

Importantly, intense exercise requires the recruitment of all available
energy pathways, (i.e., ATP and phosphocreatine, glycogenolysis,
glycolysis, and OXPHOS) and both the aerobic and anaerobic energy
pathways are important sources of ROS and RNS [61,62]. Moreover,
intense exercise can also act as a powerful stimulus for mitochondrial
biogenesis and thus increase mitochondrial density and oxidative
capacity.

Both short-term and intense exercise in previously untrained healthy
subjects induce oxidative stress, which in turn can inactivate aconitase
leading to decreased mitochondrial respiration and additional ROS
production [63]. Oxidative stress increases substantially during periods
of intensive training [64,65]. This also occurs during exhaustive exercise
in humans, when ROS production increases exorbitantly through a
mechanism mediated by the xanthine oxidase enzyme [66], which can
lead to oxidative distress.

Larsen et al. found a substantial reduction in mitochondrial respi-
ration with oxidative alterations of mitochondrial proteins in high-
intensity exercise [63], which is in line with previous observations
related to the increase in ROS production during intense aerobic exercise
[67], a process in which biomolecules oxidation is also generated, such
as proteins [68], DNA [69], and increased levels of malondialdehyde
and oxidized glutathione [66].

A recent systematic review showed how high-intensity exercise
(mainly cycling and running exercise) increases oxidative stress,
regardless of the type of exercise. It was shown that the time of the
strenuous exercise was also directly related to the level of oxidative
stress [70]. Importantly, high oxidative stress has been shown to
correlate with an increase in inflammatory mediators, such as tumor
necrosis factor- o (TNF-a), interleukin-6 (IL-6), and NF-kB under con-
ditions of strenuous exercise [11,12,71]. However, it is noteworthy that
regular exercise and the intrinsic characteristics (i.e., gender, age,
fitness, previous training, and nutrition, etc.) of everyone who is per-
forming a specific type of exercise are directly related to the generation
of oxidative and nitrosative stress, as well as the activation of the anti-
oxidant defense mechanisms [72]. For example, a recent review showed
differences in inflammation of oxidative stress markers, depending on
the type of exercise and the type of person performing it (i.e. professional
athletes versus non-professional people), even suggesting the use of
these markers as a means of measuring if the training has been
completed properly [73].

In addition, during exhaustive or anaerobic exercise ischemia-
reperfusion occurs due to the reduction of the blood supply to the
skeletal muscles because of muscle contraction. This effect may limit the
supply of high O5 requirements of the muscle tissue. However, when the
exercise is finalized, a high amount of O, arrives again to ischemic tis-
sues producing high levels of ROS (in a mechanism that activates
xanthine oxidase) [74,75]. Moreover, during exhaustive or anaerobic
exercise, ROS can also be generated during hemoglobin and myoglobin
oxidation, the increased central temperature of the body, and the rise of
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catecholamines and lactate, which have the potential to convert 02*~
into eOH [76], increase oxidative stress and alter the redox balance.

At this level, ROS directly oxidizes some of the substrates required
for epigenetic modifications. This is the case of methionine which can be
oxidized by the hydroxyl radical to give rise to methionine sulphoxide,
which in turn can directly transfer the methyl group to the cysteine to
produce 5-methyl cysteine through a non-enzymatic reaction [77].
Importantly, redox balance alteration affects the levels of the methyl
donor SAM because methionine adenosyl transferase (MAT), the enzyme
that synthesizes SAM, contains redox-sensitive cysteine residues in their
catalytic sites [78], therefore decreasing the levels of the substrate
required for DNA methylation. Other mechanisms that are
redox-dependent described originally by our group consisted of the
S-glutathionylation of histone H3, which directly impacts in the
conformation of the chromatin [79]. However, not only histone
H3-glutathionylation can occur under conditions of oxidative stress, but
other redox changes have also been described such as histone cysteine
S-nitrosylation (as observed by Riccio et al., [80]) and histone tyrosine
nitration, mediated by peroxynitrite [81]. In this regard, it has been
shown how NO affects dozens of histone modifications indirectly by
modifying epigenetic enzymes such as histone acetyltransferases and
histone methyltransferases [82].

Other oxidative post-translational modifications, such as histone
carbonylation, have also been found in histone proteins [83,84]. Up to
21 modification sites for the formation of aldehyde adducts have been
described in all core histones and the linker histone H1, mainly in res-
idues such as Cys, Lys, and His. Carbonylation is another redox modi-
fication found in histones, which can occur directly by the nucleophilic
attack of hydroxyl radicals, or indirectly by the attack of the acyl chains
of polyunsaturated lipids leading to the formation of reactive aldehydes.
These aldehydes, such as 4-hydroxynonenal (4-HNE) and 4-hydroxy-
hexenal (4-HHE), are subject to nucleophilic attack by the side chains
of lysine, cysteine, and histidine residues, giving rise to histone
carbonylation.

Importantly, histone carbonylation has been identified in the ter-
minal histone tail including in key regulatory sites of gene expression
H3K4, H3K9, H3K36, and H2BK5 [85]. As mentioned, these oxidative
post-translational modifications occur on histone bodies or histone tails,
therefore affecting chromatin compaction and gene expression (Fig. 1)
[86].

Importantly, histone S-glutathionylation, which was found by us and
also identified by other authors, occurs under different physiological
and pathological conditions [61,87] and shows the relevance of this
oxidative modification as an important PTM in the control of chromatin
compaction. Particularly, histone H3 S-glutathionylation has been
described at least in H3.1 and H3.3 variants. It may also occur in the
testis variant H3.t which also contains two Cys (Cys96 and Cys110), as
occurs in the histone H3 variant H3.1 [79]. But importantly, the sus-
ceptibility of histone H3 to be glutathionylated and therefore modify the
state of the chromatin may depend on the redox balance, as we
demonstrated [79].

The other process by which oxidative stress can potentially affect
epigenetic regulation is by altering the activity of the epigenetic ma-
chinery. In this regard, GSH, as the major intracellular non-enzymatic
antioxidant, can be oxidized to glutathione disulfide (GSSG) under
oxidative stress conditions, and this change in the redox balance of GSH/
GSSG can directly impact the control of several epigenetic enzymes, as
we reviewed previously [88,89]. In fact, GSH/GSSG balance can also
alter the activity of histone demethylase, Class I/II histone deacetylase,
TET, and PAD4 activity. These mechanisms will be described in more
detail in the following sections.

It has been shown in a model of mice how fatiguing contractions in
muscle produce significant increase of S-glutathionylation of proteins
such mitochondrial complex I and II, GAPDH, MDH1, ACO2, and
mitochondrial complex V, RYR1, SERCA1, titin, and troponin 12 [90] As
we present at the final section of this review, there is an intricate
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Fig. 1. Representation of oxidative post-translational modifications on histone bodies and histone tails. A) Histone H3 S-glutathionylation. Histone H3 family
contains 5 histone variants. Among them, at least variants H3.1 and the testis variant H3.t contain two Cys (Cys96 and Cys110) which are susceptible to being S-
glutathionylated. Note that the other majority variants H3.2 and H3.3 contain only Cys110; B) Identification of carbonylation sites in vivo. These sites, mainly Cys,
Lys, and His, can suffer covalent modification by reactive lipid aldehydes or direct oxidation; C) Histones are highly susceptible to being nitrated. Particularly histone
H3 can be modified by S-nitrosylation at Cys. Among histone proteins, H1 and H3 are the most susceptible histones to suffer nitration at the tyrosine residues shown
in the figure.

connection between the mitochondria and the nucleus at redox level, so
it is plausible to find S-glutathionylated proteins in the nucleus as the
histone H3, which in turn may connect the redox balance with the gene
expression.
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3. Exercise induces metabolic adaptations with a direct impact
on epigenetic mechanisms

Exercise induces several metabolic adaptations within muscle tissue,
which are produced to provide the appropriate substrates and fuel re-
quirements to the cells [91]. These metabolic adaptations require the
regulation of the expression of specific genes (codifying proteins that
may provide the appropriate substrates and cofactors required during
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the process of metabolic adaptation in different cells and tissues,
including antioxidant enzymes).

Mitochondria is the major source of cellular energy production
(Fig. 2), but it is also closely related to metabolic homeostasis, thus
disruption in the mitochondrial function may induce oxidative distress
and negative metabolic outcomes in health. In this regard, several au-
thors have hypothesized that there is a close relationship between ex-
ercise training load and mitochondrial function, glucose metabolism,
redox balance, and physiological adaptation of the tissues to exercise
[151(63).

Interestingly, a recent work by Flockhart et al. has shown how high
training intensity in healthy volunteers produced a notable reduction in
intrinsic mitochondrial function and elevated oxidative stress which
concur with a disturbance in glucose tolerance and insulin secretion
[15] and therefore can cause changes in the normal metabolic flux.

Metabolites shown in Fig. 2, such as citrate, FADHj, succinate, ma-
late, and fumarate, produce inhibitory effects in the epigenetic and
epitranscriptomic regulation, thus controlling physiological responses to
extracellular stimuli [92]. Therefore, the deregulation of the cellular
metabolism, and particularly of specific interconnected pathways, by
physical exercise can lead to profound consequences in the epigenetic
control of gene expression.

3.1. The glycolytic control and production of lactate as a regulator of
epigenetic mechanisms

High-intensity exercise is enabled through the activation of the
glycolytic energy pathway [93,94]. In fact, both the intensity of physical
exercise and its duration directly correlate to muscle glycogen
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degradation rate, with the limiting factor being the finite nature of this
carbohydrate stored within the skeletal muscles [95]. Importantly, the
glycolysis of glycogen in skeletal muscle is the main source of lactate, a
crucial intermediate in energy metabolism. Lactate produced in the
skeletal muscles is transferred through the bloodstream to the liver
where it undergoes gluconeogenesis to generate glucose [96]. This
glucose produced in the liver from lactate can re-enter the bloodstream
and then, return to the skeletal muscles where it is used in the glycolysis
to generate lactate, which in turn is the major gluconeogenic precursor,
a process which is known as the Cori cycle. Interestingly, lactate has
been proposed to be a circulating fuel that can be used as a carbon source
in the TCA cycle and thereby constitutes a fundamental way for the
distribution of mitochondrial fuel across the circulation [97]. Flockhart
et al. have recently found that blood lactate concentration measured in
healthy volunteers under excessive training decreases. Although Flock-
hart et al. did not identify feasible mechanisms explaining this decrease
in lactate concentration during intense training, they propose that this
effect cannot be explained by reduced glycogen availability but suggests
that other metabolic changes likely would take place in the lactate
reduction [15]. During prolonged exercise, obtaining other
extra-muscular carbohydrates as a source of energy through liver
glycogenolysis and from lactate is of special relevance, as described by
Coyle [98]. On the other hand, the concentration of lactate positively
correlates to exercise intensity [99] as well as to prolonged endurance
exercise [100,101]. Linking all these processes, it is likely that glycemia
may be supported by gluconeogenesis from lactate during physical ex-
ercise [102-104].

Recently, lactate has been considered as a signaling molecule with
autocrine-, paracrine-, and endocrine-like effects. Importantly, lactate
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Fig. 2. Cellular metabolism is related to exercise and epigenetic control. Metabolic processes include specific cellular intermediates participating in the
glycolysis, tricarboxylic acid (TCA) cycle, the mitochondrial oxidative phosphorylation (OXPHOS) to produce ATP, and methionine cycle which recycles methionine
(Met). The methionine cycle is intrinsically connected with the one-carbon metabolism through the folate cycle, and downstream with the transsulfuration pathway
to finally produce glutathione (GSH) which can be oxidized to glutathione disulfide (GSSG) because of oxidative stress. The glycolytic pathway, which will produce
pyruvate to generate acetyl-CoA, is required downstream by the TCA cycle to produce relevant intermediates and co-factors such as a-ketoglutarate and NADH, which
directly impact the function of epigenetic enzymes. Among the diverse metabolites participating in the TCA cycle, such as citrate, FADH,, succinate, malate, and
fumarate, these metabolites particularly malate and fumarate which are produced during exercise are characterized by their inhibitory effects in the epigenetic
machinery. Importantly, the major epigenetic metabolite is S-adenosyl methionine (SAM), a key molecule of the methionine cycle, which is required by the DNA
methyltransferases and histone methyltransferases to incorporate the methyl group to DNA or specific amino acids in the histones contributing to the epigenetic
control. Furthermore, S-adenosyl homocysteine (SAH), another intermediate of the methionine cycle, controls the bioavailability of SAM as a substrate for the DNA
and histone methylation machinery. Green-colored squares indicate metabolites that are directly required to modify the DNA or histones, while orange-colored
squares mark important metabolites that have been described to regulate epigenetic mechanisms or epigenetic enzyme functions.
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has been linked to epigenetic regulation by controlling epigenetic
mechanisms, both directly and indirectly, therefore controlling gene
expression for adaptative responses. In fact, lactate acts as an epi-
metabolic reprogrammer, by producing a-KG, activating TETs, and
catalyzing DNA hypomethylation as it has been found in several cell
types [105], as well as directly producing histone lactylation, which has
demonstrated its capacity to regulate gene expression in some cellular
models of cancer [106-108], and regulate specific active enhancers
[109]. If histone lactylation is activating gene transcription of genes
related to metabolic adaptations due to physical exercise remains un-
known at this moment. However, its correlation with changes in the
expression of homeostatic genes involved in maintaining biological
homeostasis [110], activation of reparative genes (e.g. LRG1), angio-
genic genes (e.g. VGEF), and anti-inflammatory genes (e.g. IL-10) [111],
and its immunomodulatory effects [112], as well as its function linking
metabolism and gene expression [107], make us propose that histone
lactylation may occur during physical exercise (Fig. 3).

3.2. The tricarboxylic acid cycle as a source of key metabolites of
epigenetic control

As a central core of cellular aerobic metabolism, the tricarboxylic
acid (TCA) cycle plays a key role in the production of several metabolites
which are used directly by specific epigenetic enzymes to control DNA
and histone methylation, as shown in Fig. 2. Importantly, the TCA cycle
is a redox-sensitive cycle [6], being its function crucial to provide
several essential epigenetic substrates and cofactors, such as a-KG,
succinate, fumarate, and of course NAD+/NADH. In fact, intermediates
of the TCA cycle can control DNA and histone methylation [113], par-
sylation (also known as poly(ADP-ribosyl)ation) [114], and acetylation,
among other PTMs, and these modifications are strongly dependent on
the redox status of the cells [115] (Fig. 4).

The normal metabolic flux in the TCA cycle during high oxidative
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stress is halted since aconitase can be completely inactivated. However,
a-ketoglutarate dehydrogenase (a-KGDH) is still functional under
oxidative stress conditions, so it can continue the flux in the TCA, thanks
to the supply of glutamate, which is converted to a-KG via trans-
amination. This bypass of the TCA cycle can function until a-KGDH is
finally inhibited by high levels of ROS [6] (Fig. 4).

NAD™" and NADH, which are generated in the TCA cycle, are essential
coenzymes that provide the required oxidoreductive power for the
generation of ATP by mitochondria through the OXPHOS mechanism.
As generally established, the NAD"/NADH ratio represents a balance of
the redox state and integrates several networks of NAD'-consuming
pathways and NAD™" biosynthetic and salvage pathways [116]. NAD™"
and NADH are found in several compartments of the cell, such as the
cytosol, the mitochondria, and the nucleus. Moreover, NAD" and NADH
can move freely across pores in the nuclear membrane, so it is consid-
ered that concentrations of NAD' and NADH are similar in the nucleus
and the cytosol [116]. This is consistent with the fact that the NAD™"
salvage pathway occurs in both the cytosol and the nucleus. Here it is
important to mention that most NAD" is recycled from nicotinamide,
nicotinic acid, nicotinamide riboside, and nicotinamide mononucleotide
in the salvage pathway to maintain the cellular NAD™ levels [117].
Additionally, NAD"/NADH metabolism is strictly controlled by several
pathways of biosynthesis, recycling, and metabolic regeneration
through the TCA cycle and degradation. This is of note since NAD ™ also
contributes directly to the epigenetic metabolism through a
post-translational modification catalyzed by poly(ADP-ribosyl) poly-
merases (PARPs), which introduce poly(ADP-ribosyl) chains in the his-
tone tails [86,115,118-120], to finaly produce parsylation of histones.

When the human muscle is not working, it can be considered that the
nuclear-to-cytosolic NAD"(H) concentrations are balanced and that the
nuclear NAD" and NADH levels would be in equilibrium with those
found in the cytosol [116].

During high-intensity exercise and submaximal isometric muscle
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Fig. 3. Histone lactylation acts as a new epigenetic post-translational modification. Lactate metabolism can be considered as an epimodulator participating in the
chromatin conformation by altering histone post-translational modifications. The main biochemical player in lactate generation is the glycolytic pathway, which
increases the levels of intracellular lactate. Therefore, stimuli that activates glycolysis, such as the increase in the intensity of physical exercise, can result in the
increase of lactate and the intermediate molecule lactyl-CoA, which enters the nucleus to produce histone lactylation (through enzymatic mechanisms that still have
not been completely elucidated). Moreover, re-entering lactate to the mitochondria and the action of the mitochondrial lactate dehydrogenase (mtLDH) can fuel the
tricarboxylic acid (TCA) cycle to produce new molecules of alpha-ketoglutarate (a-KG), which acts as co-factor of ten-eleven translocases (TET) to produce the
demethylation of DNA. This process is linked to histone lactylation and contributes to the activation of gene expression.
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Fig. 4. Metabolic flux in the tricarboxylic cycle (TCA) when oxidative stress occurs during intense exercise. During exercise, in the mitochondria of skeletal
muscle, the principal function of the TCA cycle is to oxidize acetyl-CoA derived from the oxidative decarboxylation of pyruvate and from the f-oxidation of fatty acids
to generate reducing equivalents (NADH, FADH2) for the synthesis of ATP, which is the energy fuel of the muscular cells. Intense exercise also promotes lactate
dehydrogenase (LDH) to produce pyruvate through oxidative mechanisms [140], then pyruvate is reincorporated into the mitochondria to fuel the TCA. Intense
exercise and oxygen radical species and oxidant molecules such as hydrogen peroxide (H50,), superoxide radical anion (O3 ), and hydroxyl radical (-OH) can produce
the complete inhibition of aconitase, which produces the accumulation of citrate. However, other enzymes such as a-ketoglutarate dehydrogenase (a-KGDH) can still
function under oxidative stress and maintain the flux of the TCA cycle by the continuous supply of glutamate [6], which is converted to o-ketoglutarate via
transamination. The increased levels of a-KG provide the substrate for ten-eleven translocase (TET) proteins to generate 5-hydroxy-methylcytosine (5-hmeC; marked
as yellow circles in the figure) and the substrate for jmjC to demethylate histone H3K36 (light orange rectangles). In addition, the subsidiary pathway involves
a-KGDH continuing the TCA cycle, which can be also inhibited under conditions of high oxidative stress. Moreover, nuclear a-KGDH can produce succinyl-CoA from
o-KG [141], which can produce succinylation of histones (orange circle) through a process mediated by histone acetyltransferases (HATs). NAD + produced during
intense exercise can enter the nucleus after this intense exercise and act as a substrate of PARP1 to produce PARsylation of histones (dark blue circles) and mark sites
of single strand breaks produced as a result of oxidative stress. All these events may contribute to avoiding DNA damage and increase the expression of key genes
related to mitochondrial biogenesis, such as PGCIA and TFAM. Interestingly, the hypomethylation of these genes was directly related to the intensity of the ex-
ercise [45].

contractions, NADH can increase up to ~140 % above resting levels, which allows the removal of histones immediately after DNA damage
whereas NAD' levels remain constant [121,122]. Regarding the [127], thus facilitating single and double-strand break repair [128]. In
NAD'/NADH ratio, it decreases during exercise at 50 % V 02 max skeletal muscle, global PARsylation increases after electrically evoked
because of the NADH increase [123] but increases above resting values isometric contractions in mice models [129]. It is well known that
when the intensity of the exercises reaches 75 % and 100 % V 02 max physical activity induces mild musculoskeletal injuries, not only at the
[124]. Therefore, considering that concentrations of NAD* and NADH tissue level but also at cellular level, that requires rapid and efficient
are similar in the nucleus and the cytosol, it is expected that the repair to preserve muscle homeostasis and function. In human beings, it
NAD*/NADH ratio may also decrease in the nucleus in the same is known that a single and acute bout of exercise induces single and
manner. double-strand breaks [130] because of mitochondrial ROS and inflam-
Research has demonstrated that the NADT/NADH ratio controls the mation mediators (i.e., catecholamines and cytokines) released during
enzymatic activity of sirtuins (SIRT1, -2, -3, -4, -5, -6, -7) a Class III physical activity. ROS and subsequent DNA damage are significantly
histone deacetylases (HDACs) family which uses N AD™ as an essential increased after excessive exercise [131]. Interestingly, studies per-
cofactor for its activity [125]. It is noteworthy, that Class IIl HDACs are formed by Moreno-Villanueva et al., indicated that acute exercise in-
NAD*-dependent deacetylases, so they may function as a redox sensor in duces DNA strand breaks in lymphocytes of untrained individuals.
muscle cells. Particularly, Sirt6 improves muscle fitness and exercise Interestingly a recent work by Roman et al., showed how myofibers of
capacity [126]. In any case, as indicated in the introduction of this re- adult mice after eccentric exercise can response to damage by mobilizing
view, we have not focused our attention on the regulation of sirtuins in and aggregating myonuclei and subsequently activating transcriptional
our review because of the high number of reviews describing this issue. and translational programs to the site of injury to promote myofibers
However, we have focused our attention on relevant PTMs, such as the self-repairing [132].
PARsylation, lactylation, and succinylation of histones. Importantly, differences in the DNA strand breaks and the activity of
Particularly, histone PARsylation is a process occurring as a response PARP are found following acute exercise and it depends on the physical
to oxidative stress, after the recognition of DNA lesions, by PARPs, fitness of the subjects studied. In this regard, trained individuals
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repaired radiation-induced DNA strand breaks faster than untrained
individuals, through a process involving PARP1 activity after acute ex-
ercise [133]. This is an important finding since PARP1 activity responds
to exercise and PARP1 levels of the muscle vastus lateralis do not change
in young trained but increase in young untrained individuals in response
to an acute exercise bout [134]. Stocks et al. showed how PARP1 dis-
played a trend to increase after exercise performed at moderate intensity
in a healthy cohort of subjects [135]. Conversely, the work performed by
Cobley et al., showed how PARP1 levels in muscle remained unchanged
in young and trained participants after exercise. However, the authors
found in old both, trained and untrained, subjects decreased levels of
PARP1 [136], which may compromise the capacity of signaling the
chromatin for DNA repair. Conversely, in young untrained subjects, the
levels of PARP1 substantially increased after exercise, demonstrating
that DNA damage could be more severe in these subjects. Although the
previous papers apparently found contradictory results, the evidence
suggests that physical exercise may attenuate genomic instability, not
only by modulating ROS and antioxidant activity, but also by regulating
the expression levels of PARP1 [136] (Fig. 4).

The accumulation of ADP-ribose within the nucleus could induce a
glycation reaction that ultimately can produce carbonylation. In fact,
carbonylation is a consequence of poly(ADP-ribosyl)ation (PARsylation)
[84]. It is important to consider that histone carbonylation is a
post-translational mark that can accumulate after the increase of
oxidative stress but, additionally, we showed how this PTM specifically
increases in cells during active replication [137]. Since skeletal muscle
mass is regulated by dynamic control of protein synthesis and degra-
dation [138], and it has been proposed that proteasome activity in-
creases in human muscles following intense exercise [139], there is a
possibility that histone carbonylation may increase in the muscle during
intense exercise.

Particularly, the enzyme aconitase decreases its activity by over 50 %
in parallel with mitochondrial respiration after sprint training [63].
During intensive exercise, mitochondrial stress response may contribute
not only to produce more ROS but also to accumulate citrate which may
help to preserve the redox status of the cell [63]. Nonetheless, it should
be considered that accumulation of citrate during intense exercise may
inhibit phosphofructokinase, which is essential in the glycolytic
pathway [142].

As indicated above, the TCA cycle supplies the intermediates and co-
factors required for the epigenetic machinery [143], but the TCA flux
depends on the intensity of physical exercise [144](145). In fact, one of
the intermediates of the TCA is the a-KG, which, together with succinate
and fumarate, regulates the enzymatic activity of a-KG-dependent
dioxygenases [145], mainly TETs and Jumonji C (jmjC), which are
relevant enzymes in the epigenetic control.

A single activity of exercise is enough to increase TCA cycle flux and
increase TCA cycle intermediates, such as citrate, isocitrate, succinate,
and fumarate [145], which directly can impact epigenetic control by
regulating epigenetic enzymes. Most of these metabolites contribute to
the function of important epigenetic modifiers that control methylation
of the DNA and histone PTMs introduced or erased by histone acetyl-
transferases (HATs) and HDAGCs, respectively. In addition, other en-
zymes are involved in the elimination of DNA methylation, such as
ten-eleven-translocation proteins (TETs), and the removal of methyl-
ation in histones, which is mediated by histone demethylases such as
jmjC and lysine-specific histone demethylases (LSD, etc.), among others
(Fig. 3).

The TET family of proteins (TET1, TET2, and TET3) are dioxygenases
that produce the hydroxylation of the 5-methylcytosine to generate 5-
hydroxy-methylcytosine (5-hmeC) [146], through an oxidative process
that requires alpha-ketoglutarate (a-KG) and Fe(II)-dependent mecha-
nism [146]. 5-hmC is an intermediate, being deaminated by cytidine
deaminases to 5-hydroxymethyluracil, which finally produces DNA
demethylation [147].

On the other hand, histone demethylases are essential enzymes
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involved in histone code regulation through histone lysine demethyla-
tion. Specifically, histone demethylase jmj proteins also require a-KG
and Fe(Il) for their demethylase activity. Among jmj family proteins,
jmjC can demethylate specifically histone H3 lysine 36 (H3K36me2)
[148].

It is noteworthy that a-KG has recently been linked to the response to
resistance exercise by stimulating muscle hypertrophy [149]. This, in
part, may be facilitated by the hyperactivation of TETs and subsequent
demethylation of key genes that may activate downstream pathways
such as AKTm/mTOR signaling pathways [150], which can promote
protein synthesis into the muscle.

However, the bioavailability of other intermediates of the TCA
metabolism produced during exercise may affect the activity of epige-
netic enzymes, by increasing the ATP-citrate lyase activity, and acetyl-
CoA concentration, which subsequently enhances the acetylation of
histones thus affecting the expression of genes related to antioxidant
activity, mitochondrial biogenesis, muscle protein synthesis, AMPK, and
the peroxisome proliferator-activated receptor y coactivator-la (PGC-
la) [151]. Particularly, it has been described how CpG sites in the
PRKAA2 gene, which codifies for the catalytic subunit of AMPK, were
modified in whole blood cells of subjects due to 4-week rehabilitation
training [46]. Moreover, Barrés et al.,, found that acute exercise
(reaching 80 % of the VO2max) induced DNA hypomethylation at the
promoters of genes required in mitochondrial biogenesis, such as
PPARGCIA and TFAM (Fig. 4). Interestingly, the hypomethylation of
these genes was directly related to the intensity of the exercise [45].
Together, all these processes indicate that exercise can promote the
acetylation of histones and hypomethylation of CpG sites in key genes
related to mitochondrial and muscle protein synthesis needed for muscle
adaptation to exercise.

As indicated above, intermediates of the TCA metabolism produced
during exercise affect the activity of epigenetic enzymes. In fact, jmjs
and TETs are inhibited by 2-hydroxyglutarate (2-HG), fumarate, and
succinate, thus affecting the activity of these epigenetic enzymes and
consequently histone and DNA methylation, respectively [152]. In line
with these observations, the 2-HG, a secondary metabolite produced
from the TCA cycle and produced from a-KG, takes an important role in
the regulation of the activity of key epigenetic enzymes. Moreover, 2-HG
can alter the activity of TET demethylases and jmjC histone demethy-
lases to compete with the a-KG as a co-factor of these Fe(II) dioxyge-
nases. Subsequently, this entails low histone demethylation and low
levels of 5-hmeC, which may contribute to chromatin compaction and
inhibition of gene expression [153]. Importantly, 2-HG can also accu-
mulate by the inhibition of the NADP + -specific isocitrate dehydroge-
nase (IDH), which is responsible for converting isocitrate to o-KG.
Interestingly, an upregulation of IDH has been described after metabolic
stress produced with endurance training in the skeletal muscle of trained
rats [154]. This may produce the downregulation of 2-HG and increase
the levels of a-KG after physical exercise, therefore providing increased
levels of this co-factor needed to promote the activity of a-KG and Fe
(ID)-dependent dioxygenases. In fact, plasmatic levels of a-KG have
been observed to increase after resistance exercise [155]. However, it is
important to consider that intramuscular and interstitial a-KG levels are
decreased during cycling exercise compared to the resting state [156,
1571, which suggests that the skeletal muscle is not the main source of
a-KG production during exercise.

As indicated above, a-KG and Fe(II) dependent dioxygenases, TETs
and jmjCs, can be inhibited by succinate and fumarate accumulation,
which compete with a-KG by the catalytic site of these enzymes [158].
The effect of succinate on jmjC histone demethylases is confirmed by the
observations of Cervera et al., who treated human cells with succinate
dehydrogenase inhibitors, producing the accumulation of succinate and
increasing histone methylation [159]. Besides its effect on histone
methylation, histone succinylation has also been described as a PTM
participating in the histone code, particularly in the succinylation of
H3K122, which may produce activation of gene transcription. In this
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regard, succinyl-CoA can be produced from a-KG in a process mediated
by a-KGDH into the nucleus [141] (Fig. 4).

The accumulation of succinate and fumarate can be caused by
physical exercise [144]. Regarding succinate, both endurance and
resistance exercise induce an elevation of succinate concentration not
only in plasma [155] but also in skeletal muscle [160]. The concentra-
tion of succinate depends on the intensity and duration of the physical
exercise and decreases rapidly after the recovery phase [160,161],
although it remains higher at the end of exercise than resting levels
[156].

Concerning fumarate, it has been shown that after endurance exer-
cise, such as a marathon and cycling, the plasma levels of fumarate
increased about 2.5-fold and remained elevated about 1 h after final-
izing the exercise [156,162,163]. Interestingly, fumarate is also elevated
in muscles after performing cycling tests (60-75 % VO2max) [164].
Since, fumarate has been described as a potent inhibitor of histone H3
demethylation by counteracting the activity of Fe(I)-ketoglutarate
dioxygenases (i.e., TET and jmjC) [165], it is feasible that the accumu-
lation of fumarate into muscle cells during intense exercise can control
the levels of this epigenetic mark, and specifically contribute to
enhanced levels H3K36me2 and promotion of DNA repair [166,167].

4. Other important epigenetic mechanisms regulated by oxygen
and energetic metabolism produced during exercise

As described in the previous sections, any stress capable of inducing a
boost of free radicals or continuous production of an excess of ROS and
RNS should affect the regulation of a-KG and Fe(Il)-oxygen-dependent
enzymes like JmjC and TETs [168], as in the case of physical exercise.

One of the most interesting metabolites in the cell is g-hydrox-
ybutyrate which has demonstrated its potential to boost the production
of ATP and its ability to regulate the ratio NAD+/NADH, NADP+/
NADPH, acetyl-CoA/CoA, as well as to exert antioxidant effects [169,
170]. Importantly, p-hydroxybutyrate is also a potent regulator of
epigenetic mechanisms [171,172]. This molecule is produced from fatty
acids and ketogenic amino acids, and it is produced at millimolar levels
after prolonged or strenuous exercise [173]. It derives from acetoace-
tate, which is catabolized by p-hydroxybutyrate dehydrogenase in an
NAD + -dependent reaction, and both are products of the normal
metabolism of fatty acid oxidation, serving as metabolic fuels in extra-
hepatic tissues such as muscle cells. In a protocol involving twenty
subjects who completed two 36-h fasts and completed a treadmill ex-
ercise session at the beginning of the fast, # -hydroxybutyrate levels
increased substantially in blood [174]. Kwak et al., also found the
beneficial effects of f-hydroxybutyrate levels released by skeletal muscle
to the blood following endurance exercise, which may improve muscle
function in both animals and elderly humans [175]. This observation is
reinforced by other results obtained in animal models, in which
p-hydroxybutyrate supplementation increased exercise capacity, thanks
to the improvement of mitochondrial morphology and function in
mouse skeletal muscle [176].

From a chemical point of view, f-hydroxybutyrate is the oxidized
form of butyrate, and it has demonstrated its capacity to reduce oxida-
tive stress [177]. Importantly, and related to its epigenetic potential,
p-hydroxybutyrate inhibits HDAC1, HDAC3, and HDAC4 in a
dose-dependent manner in human cells and in mice models during
fasting and calorie restriction, which can lead to increased levels of
histone H3 lysine 9 acetylation (H3K9ac) and histone H3 lysine 14
acetylation (H3K14ac) [172]. These results indicate that g-hydrox-
ybutyrate can regulate the epigenetic state of the chromatin by inhib-
iting the activity of class I and class Il HDACs [172].

5. Mitochondria-nuclear metabolic interconnection via
epigenetic pathways

It is well-established that exercise induces changes in the
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mitochondrial biogenesis. Among the different processes that can be
activated by exercise, one with great importance involves the tran-
scriptional peroxisome proliferator-activated receptor gamma co-
activator-1 alpha (PGC-1a) which is proposed to coordinate mitochon-
drial biogenesis in the skeletal muscle through the interconnection of a
well-coordinated nuclear- and mitochondrial-encoded gene transcrip-
tion mechanisms. Furthermore, PGC-1a is hypomethylated after exer-
cise, further promoting its expression and impact on gene expression
[178]. Previous evidence has demonstrated that PGC-1a is responsible
for the activation of various nuclear transcription factors that increase
the expression of mitochondrial genes. Moreover, PGC-1a directly in-
teracts with mitochondrial transcription factor (TFAM) within mito-
chondria to increase the transcription of mitochondrial genes and
produce an increase in mitochondrial protein content [179]. This fact is
of special relevance since it is regulated in a training
intensity-dependent manner and effectively produces training-induced
changes in mitochondrial content and morphology [180] through the
induction of mitochondrial biogenesis.

To generate a well-coordinated cellular response to various envi-
ronmental cues, both mitochondrial and nuclear genomes, as well as,
mitochondrial and nuclear compartments, must communicate with each
other through a bi-directional circuit using a wide array of metabolites
that control epigenetic mechanisms, which in turn may regulate gene
expression. As described above, many metabolites are generated in
specific pools throughout the cell, mainly the mitochondria. In addition,
these metabolites also involve the intricate mechanisms of transport and
enzymes that catalyze epigenetic modifications in both nuclear and
mitochondrial genomes [92]. Specifically, promoters of genes related to
the TCA cycle have shown differential DNA methylation patterns in
skeletal muscle related to life-long exercise [181]. Furthermore, several
TCA cycle metabolites have been studied in the context of epigenetics
[182,183].

As described in the previous sections, the accumulation of succinate
and fumarate can be due to physical exercise [144] as well as the in-
crease in o-KG, which can migrate to the nucleus to produce
succinyl-CoA into the nucleus in a process mediated by a-KGDH [141].
Importantly, fumarate, succinate, succinyl-CoA, and a-KG may maintain
an intricate equilibrium in the nucleus to regulate the activity of DNA
methyltransferases or a-KG-Fe(II) dioxygenases, such as lysine deme-
thylases, jmjC, and TETs to control the methylation state of the chro-
matin, as we described in the previous section. Both succinate and
fumarate have been shown to inhibit the activity of a-KG-dependent
dioxygenases, such as histone demethylases and TETs of 5-methylcyto-
sine (5 mC) hydroxylases [184-186]. Furthermore, mutation of succi-
nate dehydrogenase (SDH) impacted DNA methylation [187], while
fumarate has been thoroughly studied as both a modifier of epigenetic
modifications, as well as interacting with factors involved in DNA repair
[188,189] through inhibition of H3 demethylation [166,190]. Thus, the
accumulation of succinate and fumarate in the context of exercise may
have a direct impact on the methylation pattern.

Interestingly, a recent study by Liu et al. has described the presence
in the nucleus of all enzymes participating in the TCA cycle except for
SDH [191]. Moreover, despite it has not been yet described the mech-
anisms of translocation of succinyl-CoA synthetase (SCS) to the nucleus
from the mitochondria, SCS is also found in the nucleus. Importantly,
nuclear KGDH and SCS, as well as the entrance of succinate into the
nucleus, may control the availability of succinyl-CoA, which is also the
source of specific acetyltransferases to produce histone succinylation
(Fig. 5) [192]. As described in the previous section, succinate levels
increase after exercise, so it is expected that histone succinylation may
occur after physical activity, therefore controlling the expression of
specific enzymes [144]. Current evidence has demonstrated that
high-intensity exercise can alter the acetylation and succinylation
marks, so it is plausible that a nuclear proteome, and specifically chro-
matin, is directly impacted by these modifications after exercise [193].
This would imply that exercise could have a direct impact on this



J.L. Garcia-Giménez et al. Free Radical Biology and Medicine 213 (2024) 123-137

Mitochondria Cytosol
Piruvate P R Nucleus
e administration yruvate ~onc \
~E23 ACS1P | 7
e ACS1P { pa Acetate " Acetyl-CoA (=
Acs2p | . Acs2p’| \
( ({:5 )| N | A 3 ACLY
— > .
e OxaloacetateL cs/| Citrate </
: W Stress 3 O\
| M'i':‘ — f_/(co%l response ey }¢ N Aco2
Malat Isogitrat 7 ! y
:\ae — Sw(fée Stress { Chrx')rnat'm 3
[ — W’ _response Malate modification | ~. X Isocitrate
FH Qo M <\ ; %
[GoH |/ [ ’ Histone methylation ‘R
Fumarate Glutamate " akG E [ 1pH -
A ( «KGDH | H | Histone demethylation | T
'SDH ol P X < | Glutamate *
Succinate ReeCS I Succinyl-CoA Fumarate R \ x a-KG .| GDH |
: -TETS «
, | a-KGDH
SOH Y ’
P Succinate ~ Succinyl-CoA Hlston.e
§ [ scs |A acetylation
K ! v

\ ‘ Histone succinylation ‘

Fig. 5. Schematization of the presence of the classical mitochondrial TCA-cycle enzymes and products in the nucleus, and their impact on epigenetic
modifications. Enzymes are marked with rounded squares, where orange-coded enzymes are classically mitochondrial associated, and other enzymes are dark blue-
coded. Processes are indicated by broad arrows, with the classical mitochondrial TCA cycle orange-coded, and the rest in dark blue. Epigenetic modifications are
squared with black corners. Blue-dotted thin arrows indicate a direct relation or promotion of the epigenetic processes, while red-dotted thin arrows indicate an
indirect relation. Moreover, the inhibition of histone methylation by IDH is marked with a red blunt arrow. Since some studies have suggested that SDH is not present
in the nucleus, it is crossed from the non-classical nucleus TCA cycle. Currently, it is unknown if SCS can be translocated from the mitochondria to the nucleus, so a
question mark symbol above this arrow denotes this. However, IDH and MDH enzymes have been found to migrate to the nucleus after a stress stimulus. PDC, ACS1P,
and ACS2P can also migrate to the nucleus to contribute to the production of acetyl-CoA. Abbreviations: a-ketoglutarate (a-KG), alpha-ketoglutarate dehydrogenase
(a-KGDH), ATP-citrate lysate (ACLY), aconitase 2 (ACO2), acetyl-CoA synthetases 1P and 2P (ACS1P and ACS2P), citrate synthase (CS), fumarase hydratase (FH),
glutamate dehydrogenase (GDH), histone acetyl-transferases (HATs), isocitrate dehydrogenase (IDH), malate dehydrogenase (MDH), pyruvate dehydrogenase
complex (PDC), succinyl-CoA synthetase (SCS), succinate dehydrogenase (SDH), ten-eleven translocations (TETSs).

nuclear TCA cycle as with the classical TCA cycle described in the function [199].

mitochondria. Furthermore, Liu et al. also evaluated the role of this PDH-A1, MDH-2, IDH-3a, and KGDH, were identified in the nucleus
incomplete cycle, showing a direct impact on epigenetic mechanisms, during somatic cell programming. Specifically, nuclear PDH-A1 was
further confirming the effect of the non-classical TCA cycle functions on found to increase nuclear acetyl-CoA which resulted in the increase of
the nucleus (Fig. 5). H3 acetylation levels [200], which directly impacts in gene expression
Other studies have also noted the presence of the TCA cycle enzymes programs.
in the nucleus. Nagara et al. confirmed the existence of part of the py- Additional studies have specifically highlighted the translocation of
ruvate dehydrogenase complex (PDC), pyruvate dehydrogenase (PDH) the PDC. The experiments carried out by Sutendra et al., showed de novo
El subunit alpha 1 (PDH-A1), pyruvate carboxylase, citrate synthase production of acetyl-CoA as well as co-localization of PDC in the nuclei
(CS), aconitase 2 (ACO2), isocitrate dehydrogenase (IDH)-3 [194]. after pyruvate administration (Fig. 5) [201]. Additionally, histone
Meanwhile, Traube et al. described the presence of glutamate dehy- acetylation was assessed and was found to be significantly decreased.
drogenase (GDH) in the nucleus and showed its impact on TET3 [195]. This is mainly due to the impact acetyl-CoA has on HATs. Other studies
A recent study performed on cardiomyocytes describes that TCA have confirmed the localization of mitochondrial PDC in the nucleus,
cycle dehydrogenases, specifically pyruvate dehydrogenase subunit 1 with interaction with STATS5 [202].
(PDH-E1), malate dehydrogenase 2 (MDH-2), and isocitrate dehydro- The nuclear translocation of selected mitochondrial TCA cycle de-
genase 2 (IDH-2), translocated from the mitochondria to the nucleus as a hydrogenases seems to be a relevant mechanism for adaptive stress
stress response, but were absent in nuclei subcellular fractioning in response, as described by Srivastava et al. [203]. Exercise has been
cardiomyocytes in the control group [196]. After stress induction and shown as an activator of PDC in muscle cells [204], although scarce
confirmation of IDH-2 expression in the nucleus, some were treated with literature exists related to this issue. Moreover, whether physical exer-
succinate, which significantly increased cell apoptosis, thus the inhibi- cise can lead PDC components into the nucleus or activate nuclear PDC
tion of a-KG dependent enzymes (i.e., TET and jmjC) by succinate [197] remains unknown at this moment.
resulted in increased cell death, indicating the relevant role of the Having established the importance of nuclear acetyl-CoA in the nu-
optimal o-KG, fumarate, and succinate levels in the nucleus. Addition- cleus for epigenetic modulation through HATS, it is important to note the
ally, nuclear-expressed IDH-2 was indirectly correlated with DNA and different nuclear sources that this molecule has. ATP-citrate lysate
histone methylation, resulting in decreased methylation when cells were (ACLY) has been described in the nucleus and impacts histone methyl-
subjected to stress induction. Finally, IDH-2 expression showed a sig- ation through the generation of acetyl-CoA [205]. Acetyl-CoA synthe-
nificant increase in accessibility and expression of cardioprotective tases, including ACS1P and ACS2P, have also been described in the
genes, showing a chromatin-modification function. Meanwhile, mutant nucleus, being another source of acetyl-CoA for HATs [206].
IDH-1 has been linked to DNA hypermethylation [198]. In acute As deduced from this section, scarce scientific evidence exists yet
myeloid leukemia, mutations of both IDH-1 and IDH-2 impaired TET2 describing how mitochondrial TCA enzymes can migrate to the nucleus
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or how the nuclear TCA can be regulated by physical exercise. So, how
these nuclear processes and reactions related to nuclear TCA may impact
epigenetic regulation remains at this moment elusive. Therefore, further
research is needed to clarify these intriguing mechanisms which may
relate mitochondrial to nucleus metabolic connection with epigenetic
control during exercise, which could clearly have an impact on the
neuromuscular adaptations to exercise. In fact, although not demon-
strated at the moment, all these processes may be closely related with
several phenomena involved in sarcomere repair by which transcrip-
tional programs are activated together nuclear migration to the injury
site in myofibers produced after physical exercise [132].

6. Conclusions and future perspectives

It appears that our knowledge of the precise epigenetic-related
mechanisms of regulation that are induced by oxidative stress during
physical exercise is far from being completely understood. In this re-
view, we have presented an overview of our current understanding of
metabolic regulation and integration during exercise and the utilization
of its intermediates as regulators of epigenetic mechanisms. A recent
work by Qiu et al. has tried to deep insight into the positive effects of
physical exercise on the healthy status of people and showed how
moderate-intensity exercise affects the major hallmarks of health [207].
Among other processes, physical exercise induces musculoskeletal in-
juries that requires efficient repair to preserve muscle homeostasis. It
has been recently shown how cellular damage in the skeletal muscle can
be repaired after myonuclei movement to injured sites and locally
deliver of the messenger RNA for cellular repair and reconstruction
[132]. As deduced from our review, for this process may be required the
activation of transcriptional programs which require of changes in the
epigenetic regulation, which can be modulated by metabolic and
redox-dependent processes.

In any case, it is important to bear in mind the heterogeneity,
complexity, and wide array of physical activities and specific training
procedures. Currently, from the outcomes described in the current
literature, it is not possible to propose a specific type of physical activity,
exercise, intensity, and duration of training that could be beneficial for
different subsets of the population. In any case, the genetic background,
the metabolic control, and the epigenetic control of specific mechanisms
that may facilitate the physiological adaptations during physical exer-
cise seem to be carefully orchestrated and thus the different protocols of
training must be studied in detail to understand the epigenetic-induce
processes of metabolic adaptation that take place during physical
exercise.

As shown in this review, oxidative stress, glycolytic mechanism, and
TCA cycle are closely interconnected with epigenetic machinery. In fact,
some of these important systems involved in the adaptation to physical
exercise are specific epigenetic mechanisms that use metabolic in-
termediates, including oxygen, to regulate epigenetic signals [1,2].

Epigenetic modifications and many epigenetic enzymes are poten-
tially dependent on changes in the levels of intermediate metabolites
and products of the glycolysis (i.e., lactate and acetyl-CoA) and the TCA
cycle (ie., a-KG, 2-hydroxyglutarate, succinate and succinyl-CoA,
fumarate, NAD"/NADH and FADH,), as well as other metabolic in-
termediates from the fatty acid oxidation such as p-hydroxybutyrate. In
addition, at least mitochondrial TCA cycle enzymes can translocate to
the nucleus in some conditions to produce a nuclear TCA cycle, which
can provide the epigenetic machinery of appropriate substrates for the
epigenetic modifications. In summary, this is an exciting field and in the
future years, we will have relevant information about how physical
exercise can modulate the epigenetic machinery and substrates and how
they depend not only on the intensity and duration of the exercise, but
also on the age, physical fitness, and health status of the person who is
performing the physical activity.
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