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Introduction
Genetics provides a versatile approach and highlights
the mechanisms responsible for the successful sports phenotype. Despite the stability of the genome, the environment
has a potential to act as a trigger for chemical changes that
activate, or silence genes and so affect the phenotype 1.
These changes could be reflected in the health beneficial epigenetic modifications that may leave a significant and permanent mark on the epigenetic profile of the individual. That
means the epigenome in the adaptive response of the environmental sensitivity can adjust the metabolism and homeostasis. In contrast to some other environmental influences,
exercise generates positive epigenetic changes that may be a
contributing factor to improving health and better quality of
life. Identification of the genetic background and the genetic
determinants of variability in response to exercise is always a
complex matter and sometimes exceeds the limits of known
candidates genes and their gene expression. However, the individual molecular pathways information in the field of
sports performance is still of paramount importance and it is
one of the surest indicators of the direction and the framework needs to go. Sports scientists sometimes refer to the
genetic basis of physical performance as a „biological counterpart to the holy grail“, arguing that a genetic composition
is responsible for a large number of individual variations in
the physical performance 2. But, it is quite clear that this molecular information acts dynamically in relation to the envi-
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ronment and these epigenetic shifts in response to the exercise are worthwhile because they can be used in some trials
to improve health. So, the main goal is to translate the obtained changes in the desired metabolic response and to put
that initial molecular signature to practical use.
Epigenetic mechanisms: interface between gene
expression and environmental cues
In recent times, environmental factors are increasingly
marked as important in determining the final phenotype. In
this context, regular physical activity is recognized as available and convenient component that has epigenetic capacity
with many positive implications on health. The unique plasticity of skeletal muscle and the specificity of its response to
homeostatic perturbation enable the integration of a set of
changes within the physiological stimuli in the phenotypic
response. Improving the sports performance through training
is achieved as a result of the transition of gene expression to
generate changes in the composition and function of skeletal
muscle as well as in other tissues. These epigenetic changes
are not determined by the genetic code and occur in the DNA
or chromatin’s structure and may affect the transcription of
certain genes regardless of their primary sequence. The enhanced levels of gene transcripts can, in this manner, affect
the synthesis and degradation of protein components by directly altering their normal function through changing the
availability of substrate, or through an indirect mechanism
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that conduct the altered expression of growth factors, receptors and to the altered activity at gene promoters resulting in
the long-term functional and structural remodeling 3, 4. The
most common epigenetic changes induced by exercise are
the histone modifications, like methylation and acetylation,
DNA methylation and expression of different types of microRNAs (miRNAs) 5.
What type of epigenetic mechanisms will prevail in the
metabolic processes of muscle cells depends on the type, intensity, duration and frequency of exercise stimulus. The
most common changes occur within the mitochondrial biogenesis and bioenergetics through different metabolic pathways of muscle fibers. As a consistent feature in many studies, the acute or long-term exercise impacts DNA methylation in a gene-specific mode. It has been reported that exercise increases the expression of many messenger RNA
(mRNA) and the protein levels of genes that regulate mitochondrial function, including peroxisome proliferatoractivated receptor-gamma coactivator 1-alpha (PGC-1α), mitochondrial transcription factor A (TFAM), peroxisome proliferator-activated receptor δ (PPAR-δ), pyruvate dehydrogenase kinase isoenzyme 4 (PDK4), etc. 6, 7. Using the human isolated contracting muscle and cultured myotubes, Barres et al. 8 demonstrated that the acute exercise changes the
promoter methylation of responsive genes, indicating DNA
hypomethylation as an early event in the contraction-induced
gene expression. However, it was shown that the acute exercise had a dose-dependent influence on DNA methylation
and required a certain intensity of exercise that initiated
DNA methylation of responsible genes. Interestingly, a highintensity exercise notably reduced promoter methylation of
the following factors: PGC-1a, TFAM, myocyte-specific enhancer factor 2A (MEF2A), and PDK4 immediately after exercise, whereas PPAR-δ methylation was decreased 3 hours
after exercise, so that the mechanism responsible for this exercise-induced demethylation was explained either by hydroxylation of the methyl group (5-hydroxyl methyl), which
is an intermediate for demethylation, or by a loss of methyl
groups 9, 10.
Another epigenetic event that regulates gene expression
is the histone post-translational modifications (PTMs). The
histone modifications include a number of various posttranslational modifications to the lysine rich tail regions of histones,
in particular H3 and H4 11, 12. The modifications like phosphorylation, ubiquitination, methylation and acetylation, and their effects on transcription are different. It is known that subfamily of
histone deacetylases (HDACs) has an essential role in skeletal
muscle physiology and regulates genes that comprise PGC-α,
carnitinepalmitoyl transferase 1 (CPT-1), medium chain acylCoA dehydrogenase (MCAD), hexokinase II (HKII), glycogen
phosphorylase, and ATP synthase β 13.
It is still not entirely clear about ubiquitination as a potential modification that may be part of the exercise adaptation. Potthoff et al. 14 studied this issue using an animal model and found that ubiquitin-mediated proteosomal degradation of HDACs in the adaptive response to exercise, pointing
out that this proteosomal degradation could take part in the
adaptive response to the repeated exercise bouts.
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MiRNAs are a group of short (20–24 nucleotide) endogenous posttranscriptional regulators that are capable of
blocking the translation of protein-coding genes 15, 16. They
become more relevant in the regulation of cell- and tissuespecific gene expression including a role as potential biomarkers for the physiological and pathological conditions.
Packed in the exosome vesicles, miRNAs are released to the
circulation by nearly all cell types, including the skeletal
muscles. The relevant literature data show that the moststudied miRNAs are miR-133a/b, miR-206, and miR-1,
which are induced during differentiation of myoblasts into
myotubes and are collectively referred to as the “myomirs” 17. More recent studies of Nielsen et al. 18 determined
that the endurance exercise and resistance training induce
changes in the ci-miRNA human plasma signature. The studies showed that these changes were dynamic during the short
period in the acute exercises and during the long periods of
strenuous exercise. Another study of Davidsen et al. 19 reports that resistance exercise training leading to hypertrophy
of human skeletal muscle is associated with selected changes
in miRNA abundance. Their results indicate that miRNAs
can play a major role in the phenotypic changes and noticeable intergroup diversity in a response to resistance training.
In addition, there are posttranscriptional changes in the
metabolism of carbohydrates and fatty acids that occur immediately after a single bout of exercise as mitochondrial
biogenesis which subsequently increase the requirements of
oxygen utilization resulting in a drop in intracellular oxygen.
Under these conditions of hypoxia, hypoxia-inducible factor
1 (HIF-1) a member of the HIF family of transcriptional activators which are essential for maintaining O2 homeostasis,
switchs on the transcription of genes encoding glucose transporters and glycolytic enzymes, acting together with PGC-1α
and initiate the mechanism of gene expression that facilitates
increased oxygen supply. This complex triggers the transcription of numerous hypoxia-responsive genes of metabolic processes that would be favorable in conditions of reduced oxygen 20. HIF1α regulates the gene expression
through hypoxia response elements (HRE) present in the
promoter regions of target genes. This binding can be affected through the DNA methylation and histone modification, which may maintain a favorable chromatin conformation
around the HRE sites. In the presence of oxygen, HIF1α is regulated through hydroxylation, ubiquitination, and degradation by
prolyl hydroxylase enzymes (PHD) 21. In the absence of oxygen,
this is inhibited which allows for the HIF1α stabilization and activation. For these reasons, HIF can be considered not only an
important oxygen sensor, but also an essential regulator of adaptation induced by exercise 22.
Epigenetic stability
Discussing all these exercise-induced epigenetic modifications, the logical question is how much these changes are
stable, and what the factors that determine framework of epigenetic stability are. Many have attempted to investigate the
stability and inter-individual variation in DNA methylation
comparing changes in DNA methylation profiles during a
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short-time to longer periods and concluded that some methylation marks showed considerable variation over time, while
others are highly stable 23. In general, these processes are
partly reversible, so that, for example, the histone modifications are in a continual state of change, whereas DNA methylation is considered more stable and long-term. However,
the variations of methylation levels have a diverse range and
are greatly affected by the gene structures and its genomic
location. The epigenetic stability is defined as the persistence
of modifications in the gene expression and/or epigenetic
marks that influence the gene expression and such stability
can exist at different temporal scales 24, 25. It remains unclear
whether the adaptive value of stable and unstable, or transient epigenetic changes may cause the long-term changes in
phenotype. On the other hand, it is clear that the nature of the
environmental impact that generate the epigenetic change is
the most critical factor for the epigenetic stability. In support,
recent advances in molecular biology has reported that epigenetic alterations induced by the environmental stressors,
can create a persistent memory of the received signal called
epigenetic memory. Interestingly, it is proposed that each of
that stressors can promote specific alterations to the normal
form of DNA methylation- epigenetic footprint, and further
cause changes to the gene expression 25. Sharples et al. 26, in
attempt to explain the molecular and epigenetic mechanisms
of skeletal muscle memory in humans, introduced the term
„epi-memory“, studying the human skeletal muscle cells isolated from the different population by generation. They
showed that muscle cells had a morphological memory and
can retain molecular information of the acute early lifespan
in different signaling proteins and that cells possess the ability of
retaining elevated methylation for at least thirty cellular divisions. They further compared this type of muscle memory with
the motor learning in which learning the motor skills incorporates specific templates of movement through repetition. This
implies that their understanding, confirmation and refinement of
epigenetic modifications can help in future with targeted therapies, for example, in repairing muscle growth and reducing
the loss of muscle mass in the aging process.
The role of epigenetic changes in response to
exercise and metabolic disorders
Although the research on molecular genetics of physical
exercise and health-related outcomes is still in its infancy, we
need to look at the bigger picture, to link all the known and
valuable facts as well as to reinforce them in healthcare practice. Exercise is one of those external factors that can modify
the expression of genes and that a cascade of epigenetic
changes in different tissues can preserve and improve health.
So, these epigenetic mechanisms can be used for the purpose
of targeted benefits of exercise and can be incorporated in
the exercise prescription.
There is no doubt that the physical activity and exercise
play a pivotal role in the prevention and treatment of many
metabolic disorders. Large part of individual differences in
the weight loss response is attributable to genetic and epigenetic factors. Recent studies about the regulation of the epi-
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genome in human adipose tissue show a general increase in
the adipose tissue of DNA methylation in response to six
months of moderate exercise consisting of spinning and
aerobics. Two genes, HDAC4, a histone deacetylase and
NCOR2, a nuclear co-repressor, displayed the increased levels of DNA methylation and synchronous decrease in the
mRNA expression in the adipose tissue in response to the
exercise intervention as well as to increased lipogenesis 27.
Also, this study establish the connection between the differential DNA methylation and mRNA expression in response
to exercise, thereby they confirmed the relationship between
methylation and altered metabolism through the gene expression. These results may be of clinical significance and the
HDAC inhibitors perhaps can be applied in the treatment of
obesity and T2D 28. Similarly, Wang et al. 29 examined DNA
methylation of peripheral blood leukocytes between obese
adolescent and lean controls and identified two CpG sites in
the UBASH3A gene and TRIM3 gene with roles in the immune function that were differentially methylated and that
methylation changes may be associated with the pathogenesis of obesity.
Existing data strongly indicate that there is a link between the obesity, energy metabolism and epigenetic modifications and support the fact that the exercises induce the expression of a number of genes that regulate glucose uptake in
the skeletal muscle, including GLUT isoform 4 (GLUT4),
whose increased expression is further regulated by the transcription factor MEF2 (myocyte enhancer factor 2) and with
coactivator protein PPARGC1A 30. In addition, an increase
in the PGC1 expression generated by exercise is an important element for improving the insulin sensitivity in the skeletal muscle not only by increasing the glucose transporter
expression (GLUT4) but also by increasing the mitochondria
density and it is considered that exercises attenuate the epigenetic modifications at PGC1 and can lead to inhibition, or
delay of type 2 diabetes onset 31.
Attempting to identify the epigenetic patterns which
may predispose to type 2 diabetes (T2D), Nitert et al. 32
demonstrated that exercises lasting for 6 months and consisting of endurance exercise of moderate intensity, in the people with type 2 diabetes (T2D), were associated with the epigenetic changes, citing the example of decreased DNA methylation of two key transcription factors involved in the glucose uptake in the muscle and respiratory metabolism
(RUNX1 and MEF2A). They further reported on differential
DNA methylation of mitogen-activated protein kinase
(MAPK), insulin and calcium signaling genes concluding as
possible that the exercise-induced epigenetic modifications
reduce the future risk of T2D among the men with the positive family history (FH+).
Other impacts of exercise-induced epigenetic
modifications
The impact of exercise-induced epigenetic modifications appears to have multiple influences within all cells in
organism. Accordingly, one of the exercise intensity benefits
for the positive epigenetic changes in terms of mitochondrial
Vitošević B, et al. Vojnosanit Pregl 2019; 76(12): 1284–1289.
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biogenesis was shown by Edgett et al. 33, who concluded that
the intensity-dependent increases in PGC-1α mRNA following submaximal exercise are mainly due to the increases in
muscle induction. Furthermore, the blunted response of
PGC-1α mRNA expression following the supramaximal exercise may imply that signaling mediated activation of PGC1a may also be blunted. According to the extensive interventional studies of Voisin et al. 34, the genes whose methylation
levels change significantly after exercise in humans includ
the genes involved in particular cellular metabolic states (including PGC-1a, GLUD1, PDK-4, PPAR-d, TFAM, ADIPOR1, ADIPOR2 and BDKRB2), muscle growth (MEF2A),
hematopoiesis is (RUNX1) and inflammation (ASC).
Various studies have implied that epigenetic mechanisms also play a role in the definition of the onset of ageassociated diseases and lifespan potential. Lopez-Otin et
al. 35 postulated some hallmarks of aging like genomic instability, telomere attrition, epigenetic alterations, etc., and suggested that exercise can influence, at least partly, most of
these hallmarks. The relationship between the epigenetics
regulation and aging is complex and controversial, depending on the process hypo- or hypermethylation, on the type of
cells, enzymes, but it seems that exercise can promote the
protective effects and help to attenuate that agederegulations 36, 37. Genomic imprinting is a unique epigenetic phenomenon that summarizes connection of inheritance
with the environment and signifies the “genotypeindependent parent-of-origin” gene expression. The effect of
parental origin refers to the genomic imprint, and methylation is considered the main mechanism by which the expression is modified. Such an expression of different alleles
(mother or father) may take place in all cells and tissues, and
it is believed that about 1% of the human genome is imprinted. These genes are of major importance in the medical
context, regardless of their low percentage. In order to determine the impact of imprinted genes in human skeletal
muscle, Brown 38 identified these genes and changes in DNA
methylation associated with exercise. An important conclusion of this recent bioinformatics meta-analysis is that the
modification of DNA methylation induced by exercise can
slow down the aging process, but also to mitigate the occurrence of certain health disorders.
It is a well-established fact that the exercises, due to the
increased metabolic demand, are associated with the increased formation of reactive oxygen species (ROS), but
regular exercise reduces the prevalence of a wide range of
ROS-associated diseases. Furthermore, the effects of exercise attend to be beneficial for the brain function and include
the processes of neurogenesis via neurotrophic factors, increased capillarization, decreased oxidative damage and increased proteolytic degradation. It is known that the oxidative modification of DNA could lead to the increased apoptosis and that impaired function could be the major factors
related to the brain aging and neurodegenerative diseases 39.
Moreover, the exercise-induced changes increase the resistance against oxidative stress, facilitates recovery from oxidative stress, and attenuates age-associated decline in cognition. In addition, some recent studies suggest a notable role
Vitošević B, et al. Vojnosanit Pregl 2019; 76(12): 1284–1289.
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of exercise on brain plasticity and cognitive health through
the epigenetic modifications mostly by the action of brainderived neutrophic factor (BDNF) highly expressed in hippocampus 40.
There is no strong evidence to provide a direct connection between the epigenetic modulation and changes in cardiovascular system induced by exercise, but recent data show
that moderate exercise mitigate the age-dependent decrease
in apoptosis associated protein (ASC) methylation, indicating suppression of redundancy pro-inflammatory cytokines
through just reduction of ASC expression 41. These epigenetic modifications just ensure proper function at the cellular
level, due to the balance between the inflammatory response
and anti-inflammatory genes, so any disruption of these epigenetic mechanisms could lead to the development of atherosclerosis and stenosis 42. Keeping in mind the fact that physical activity can prevent many pathological epigenetic events,
for example, through the increased expression of endothelial
growth factor like (VEGF), as well as through the reduction
of the many risk factors such as oxidative stress which are
held responsible for cardiovascular disorders, many authors
point out the role of exercise as a strong regulator of positive
epigenetic modification 43–45. Many of these key regulators of
epigenetic mechanisms are associated with the modifications
of DNA and histones in endothelial cells, suggesting a direct
protective role of physical exercise on endothelial function.
It is believed that the role of free radicals in the modulation
of extracellular matrix which is regulated by epigenetic
mechanisms is very important and that they participate in the
development of many pathophysiological processes. In this
regard, the exercises improve the antioxidant capacity and
maintains cellular oxidative balance, molecular structure and
architecture of the extracellular matrix through the mediating
signaling cascades. Precisely in this way, the epigenetic
modulation induced by exercises is a significant factor in the
modification of the functional genome and heart and vascular
beds 46. Baccarelli et al. 47 in an experimental work with animals and humans argued that DNA methylation appears as a
primary regulator of inflammation and atherosclerotic
changes in peripheral blood leukocytes, and it is connected to
several cardiovascular-related biomarkers that include homoczsteine and C-reactive rpotein. In addition, referring to
the epigenetics and the cardiovascular relation, miRNAs contribute to the process of myocardium remodeling through the
different signaling pathways in condition of hypertrophy and
neo-angiogenesis – “the athlete’s heart” , and thus protect the
heart from fibrosis and pathological hypertrophy 48. However, although a lot of factors are known and confirmed, further detailed investigations are required to explore other
positive effects of epigenetic modulation induced by exercising and to incorporate them into the improved prevention,
risk assessment, risk stratification and treatment of cardiovascular disorders.
Finally, the most recent tightly controlled and extensive
human study showed that 3 months of endurance training in
the healthy human volunteers caused the substantial DNA
methylation changes at about 5,000 sites across the genome
and powerful gene expression 49. This study indicates that the
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numerous changes in methylation were not a random and coincidental effect but more a well-controlled adaptive process
generated as a response to endurance exercises. Thus, the increased methylation seemed to be related to remodeling of the
tissue and metabolism, while decreased methylation was related
to inflammation, and this can explain the benefits of exercise.
DNA methylation was predominantly changed in the enhancer
regions (short regions of DNA which activate gene transcription
from a distance) with structural improvement for binding of
myogenic regulatory factors (MRFs), myocyte enhancer factors
(MEFs) and ETS proteins, so it can be assumed that the traininginduced integrated epigenetic adjustment contributes to the heterogeneity in individual responses.
All of these data in the literature point out the existence
of particular regions in the genome that are sensitive to the
epigenetic modifications in response to exercise and there are
differences depending on the type, duration and intensity of
exercise. Future studies should investigate the stability of
those exercise-induced DNA methylation changes and the
possible effects of epigenetic alterations in different periods
of training, as well as the exercise program that includes different types of speed and effort.
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Conclusions and future perspectives
By understanding the epigenetic changes which are important for responses of various phenotypes, it is logical to
expect that these valuable facts as part of important biological adaptation can be used to improve the health of individuals. Epigenetics provide a scientific basis for how the training intervention and other external factors can reshape the
individual and provide the insight into the way the changes
in gene expression through a complex network of coordinated pathways may affect the phenotype. Key epigenetic
elements are responsible for regulating adiposity, numerous
molecular pathways related to the inflammatory processes,
energy expenditure, and glucose homoeostasis, so that the
molecular events within their physiological processes are
very powerful tool. It is conceivable that these observations
and health benefits about the epigenetic modification within
the different cells and tissues in response to exercise as readily available and efficient form of behavior intervention,
could be combined for the valuable clinical information and
used in practice for health improvement in the future.

R E F E R E N C E S
1. Kanherkar RR, Bhatia-Dey N, Csoka AB. Epigenetics across the
human lifespan. Front Cell Dev Biol 2014; 2: 49.
2. Davids K, Baker J. Davids K, Baker J. Genes, environment and
sport performance: why the nature-nurture dualism is no longer relevant. Sports Med 2007; 37(11): 961ԟ80.
3. Fluck M. Functional, structural and molecular plasticity of
mammalian skeletal muscle in response to exercise stimuli. J
Exp Biol 2006; 209(Pt 12): 2239ԟ48.
4. Ehlert T, Simon P, Moser DA. Epigenetics in sports. Sports Med
2013; 43(2): 93ԟ110.
5. Ntanasis-Stathopoulos J, Tzanninis JG, Philippou A, Koutsilieris M.
Epigenetic regulation on gene expression induced by physical
exercise. J Musculoskelet Neuronal Interact 2013; 13(2):
133ԟ46.
6. Pareja-Galeano H, Sanchis-Gomar F, García-Giménez JL. Physical
Exercise and Epigenetic Modulation: Elucidating Intricate Mechanisms. Sports Med 2014; 44(4): 429ԟ36.
7. Fritz T, Krämer DK, Karlsson HK, Galuska D, Engfeldt P, Zierath
JR, et al. Low-intensity exercise increases skeletal muscle protein expression of PPARdelta and UCP3 in type 2 diabetic patients. Diabetes Metab Res Rev 2006; 22(6): 492ԟ8.
8. Barrès R, Yan J, Egan B, Treebak J, Rasmussen M, Fritz T, et al.
Acute Exercise Remodels Promoter Methylation in Human
Skeletal Muscle. Cell Metab 2012; 15(3): 405ԟ11.
9. Zhang H, Zhang X, Clark E, Mulcahey M, Huang S, Shi YG.
TET1 is a DNA-binding protein that modulates DNA methylation and gene transcription via hydroxylation of 5methylcytosine. Cell Res 2010; 20(12): 1390ԟ3.
10. Huang Y, Pastor WA, Shen Y, Tahiliani M, Liu DR, Rao A. The
Behaviour of 5-Hydroxymethylcytosine in Bisulfite Sequencing. PLoS ONE 2010; 5(1): e8888.
11. Li B, Carey M, Workman JL. The role of chromatin during transcription. Cell 2007; 128(4): 707ԟ19.
12. McGee SL, Hargreaves M. Histone modifications and exercise
adaptations. J Appl Physiol (1985) 2011; 110(1): 258ԟ63.
13. Czubryt MP, McAnally J, Fishman GI, Olson EN. Regulation of
peroxisome proliferator-activated receptor coactivator 1

14.

15.
16.
17.

18.

19.

20.
21.
22.

23.
24.

(PGC-1) and mitochondrial function by MEF2 and HDAC5.
Proc Natl Acad Sci U S A 2003; 100(4): 1711ԟ6.
Potthoff MJ, Wu H, Arnold MA, Shelton JM, Backs J, McAnally J,
Olson EN. Histone deacetylase degradation andMEF2 activation promote the formation of slow-twitch myofibers. J Clin
Invest 2007; 117(9): 2459ԟ67.
Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often
flanked by adenosines, indicates that thousands of human
genes are microrna targets. Cell 2005; 120(1): 15ԟ20.
Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and
function. Cell 2004; 116(2): 281ԟ97.
Rao PK, Kumar RM, Farkhondeh M, Baskerville S, Lodish HF.
Myogenic factors that regulate expression of muscle-specific
microRNAs. Proc Natl Acad Sci U S A 2006; 103(23):
8721ԟ618.
Nielsen S, Åkerström T, Rinnov A, Yfanti C, Scheele C, Pedersen BK,
et al. The miRNA plasma signature in response to acute aerobic exercise and endurance training. PLoS ONE 2014; 9(2):
e87308
Davidsen PK, Gallagher IJ, Hartman JW, Tarnopolsky MA, Dela F,
Helge JW, et al. High responders to resistance exercise training
demonstrate differential regulation of skeletal muscle microRNA expression. J Appl Physiol 2011; 110(2): 309ԟ17.
Hoppeler H, Vogt M, Weibel ER, Flück M. Response of skeletal
muscle mitochondria to hypoxia. Exp Physiol 2004; 88(1):
109ԟ19.
McDonnell F, O’Brien C, Wallace D. The role of epigenetics in
the fibrotic processes associated with glaucoma. J Ophthalmol
2014; 2014: 750459.
Radak Z, Zhao Z, Koltai E, Ohno H, Atalay M. Oxygen consumption and usage during physical exercise: the balance between oxidative stress and ROS-dependent adaptive signaling.
Antioxid Redox Signal 2013; 18(10): 1208ԟ46.
van Dijk SJ, Molloy PL, Varinli H, Morrison JL, Muhlhausler BS.
Epigenetics and human obesity. Int J Obes 2015; 39(1): 85ԟ97.
Herman JJ, Spencer HG, Donohue K, Sultan SE. How stable
“should” epigenetic modifications be? Insights from adaptive
plasticity and bet hedging. Evolution 2013; 68(3): 632ԟ43.
Vitošević B, et al. Vojnosanit Pregl 2019; 76(12): 1284–1289.

Vol. 76, No 12

VOJNOSANITETSKI PREGLED

25. Mirbahai L, Chipman JK. Epigenetic memory of environmental
organisms: A reflection of lifetime stressor exposures. Mutat
Res Genet Toxicol Environ Mutagen 2014; 764ԟ765: 10ԟ7.
26. Sharples AP, Stewart CE, Seaborne RA. Does skeletal muscle
have an ‘epi’-memory? The role of epigenetics in nutritional
programming, metabolic disease, aging and exercise. Aging
Cell 2016; 15(4): 603ԟ16.
27. Rönn T, Volkov P, Davegårdh C, Dayeh T, Hall E, Olsson AH, et
al. A Six Months Exercise Intervention Influences the Genome-wide DNA Methylation Pattern in Human Adipose Tissue. PLoS Genet 2013; 9(6): e1003572
28. Galmozzi A, Mitro N, Ferrari A, Gers E, Gilardi F, Godio C, et al.
Inhibition of Class I Histone Deacetylases Unveils a Mitochondrial Signature and Enhances Oxidative Metabolism in
Skeletal Muscle and Adipose Tissue. Diabetes 2013; 62(3):
732ԟ42.
29. Wang X, Zhu H, Snieder H, Su S, Munn D, Harshfield G, et al.
Obesity related methylation changes in DNA of peripheral
blood leukocytes. BMC Med 2010; 8(1): 87.
30. Ling C, Groop L. Epigenetics: a molecular link between environmental factors and type 2 diabetes. Diabetes 2009; 58(12):
2718ԟ25.
31. Santos JM, Tewari S, Benite-Ribeiro SA. The effect of exercise on
epigenetic modifications of PGC1: The impact on type 2 diabetes. Med Hypotheses 2014; 82(6): 748ԟ53.
32. Nitert MD, Dayeh T, Volkov P, Elgzyri T, Hall E, Nilsson E, et al.
Impact of an exercise intervention on dna methylation in skeletal muscle from first-degree relatives of patients with type 2
diabetes. Diabetes 2012; 61(12): 3322ԟ32.
33. Edgett BA, Foster WS, Hankinson PB, Simpson CA, Little JP, Graham RB, et al. Dissociation of increases in PGC-1α and its regulators from exercise intensity and muscle activation following
acute exercise. PLoS ONE 2013; 8(8): e71623.
34. Voisin S, Eynon N, Yan X, Bishop DJ. Exercise training and
DNA methylation in humans. Acta Physiol (Oxf) 2014; 213(1):
39ԟ59.
35. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer
G. The hallmarks of aging. Cell 2013; 153(6): 1194ԟ217.
36. Garatachea N, Pareja-Galeano H, Sanchis-Gomar F, Santos-Lozano
A, Fiuza-Luces C, Morán M, et al. Exercise attenuates the major
hallmarks of aging. Rejuvenation Res 2015; 18(1): 57ԟ89.
37. Song Z, Von Figura G, Liu Y, Kraus JM, Torrice C, Dillon P, et al.
Lifestyle impacts on the aging-associated expression of biomarkers of DNA damage and telomere dysfunction in human
blood. Aging Cell 2010; 9(4): 607ԟ15.
38. Brown WM. Exercise-associated DNA methylation change in
skeletal muscle and the importance of imprinted genes: a bio-

Vitošević B, et al. Vojnosanit Pregl 2019; 76(12): 1284–1289.

39.
40.
41.
42.
43.

44.
45.

46.

47.
48.

49.

Page 1289

informatics meta-analysis. Br J Sports Med 2015; 49(24):
1567ԟ78.
Radak Z, Marton O, Nagy E, Koltai E, Goto S. The complex role
of physical exercise and reactive oxygen species on brain. J
Sport Health Sci 2013; 2(2): 87ԟ93.
Binder DK, Scharfman HE. Brain-derived neurotrophic factor.
Growth Factors 2004; 22(3): 123ԟ31.
Nakajima K, Takeoka M, Mori M, Hashimoto S, Sakurai A, Nose
H, et al. Exercise effects on methylation of ASC gene. Int J
Sports Med 2010; 31(9): 671ԟ5.
McDonald OG, Owens GK. Programming smooth muscle plasticity with chromatin dynamics. Circ Res 2007; 100(10):
1428ԟ41.
Zimmer P, Bloch W, Schenk A, Zopf E, Hildebrandt U, Streckmann
F, et al. Exercise-induced natural killer cell activation is driven
by epigenetic modifications. Int J Sports Med 2015; 36(6):
510ԟ15.
Zimmer P, Bloch W. Physical exercise and epigenetic adaptations
of the cardiovascular system. Herz 2015; 40(3): 353ԟ60.
Vital TM, Stein AM, de Melo CF, Arantes FJ, Teodorov E, SantosGalduróz RF. Physical exercise and vascular endothelial growth
factor (VEGF) in elderly: a systematic review. Arch Gerontol
Geriatr 2014; 59(2): 234ԟ9.
Bloch W, Suhr F, Zimmer P. Molecular mechanisms of exerciseinduced cardiovascular adaptations influence of epigenetics,
mechanotransduction and free radicals. Herz 2012; 37(5):
508ԟ17.
Baccarelli A, Rienstra M, Benjamin EJ. Cardiovascular epigenetics:
basic concepts and results from animal and human studies.
Circ Cardiovasc Genet 2010; 3(6): 567ԟ73.
Fernandes T, Soci UP, Oliveira EM. Eccentric and concentric
cardiac hypertrophy induced by exercise training: microRNAs
and molecular determinants. Braz J Med Biol Res 2011; 44(9):
836ԟ47.
Lindholm ME, Marabita F, Gomez-Cabrero D, Rundqvist H, Ekström TJ, Tegnér J, et al. An integrative analysis reveals coordinated reprogramming of the epigenome and the transcriptome
in human skeletal muscle after training. Epigenetics 2014;
9(12): 1557ԟ69.
Received on February 10, 2017.
Revised on September 24, 2017.
Revised on November 1, 2017.
Accepted on March 7, 2018.
Online First March, 2018.

