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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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Abstract.
Physical activity stimulates numerous structural, metabolic, 

and morphological adaptations. These adaptations are vital 
for maintaining human health throughout life. Developments 
in molecular biology, biochemistry, and bioinformatics, along 
with exercise physiology have identified many signaling 
pathways, and transcriptional and translational processes 
responsible for exercise-related adaptations. The molecular 
mechanisms underlying the beneficial effects of exercise 
are not fully understood. Recently, the focus has been on 
microRNAs (miRNAs). They are small noncoding RNA 
molecules that negatively modulate gene expression and are 
involved in fundamental biological processes. This review 
describes miRNAs whose activities change in the heart, skeletal 
muscle, and circulation due to exercise. In addition, miRNAs 
with altered activity may be parameters adaptation to exercise, 
preventing injuries, and monitoring health status.

Key words. Exercise, miRNAs, heart, skeletal muscle, 
circulating miRNAs.
Introduction.
Exercise:

Physical activity causes a worldwide reduction in lifestyle-
related diseases such as cardiovascular diseases, metabolic 
diseases, and diabetes [1]. High physical activity and 
cardiorespiratory endurance are associated with a reduced risk 
of cardiovascular disease and mortality [2-4]. Low aerobic 
capacity is a more powerful predictor of mortality among men 
than other established risk factors for cardiovascular disease 
[2,5,6]. The maximum amount of oxygen consumed (VO2max) 
determines cardiorespiratory endurance [2,7-11]. Additionally, 
the level of physical activity also increases cardiorespiratory 
endurance [12-14].

Exercise provides many benefits to the organism in both 
health and disease. Endurance exercise increases VO2max, 
lipid profile, endothelial function, capillaries, mitochondria, 
and metabolic enzymes in different organs and systems [15-
18]. Studies have focused on the adaptations that occur in 
the cardiovascular system and skeletal muscle [7,11,19,20]. 
A regularly implemented exercise program improves both 
systolic and diastolic function in the heart and increases cardiac 
output [21-24]. The effects of exercise on cardiomyocytes are 
a shortening in the length of cardiomyocytes and an increase 
in contraction-relaxation ratios [25]. Aerobic exercise not only 
improves cardiac functions but also provides benefits to skeletal 
muscle. Exercise can prevent skeletal muscle atrophy, increase 
type I fiber distribution, and improve metabolic status [26].

In recent years, studies at the molecular level have begun 
to better understand the benefits of exercise by identifying 
intracellular signaling pathways that mediate physiological 

adaptations caused by acute and chronic exercise. Studies have 
identified signaling pathways that cause heart and skeletal 
muscle abnormalities, and metabolic enzymes and proteins 
involved in calcium processing were identified as promising 
targets [25,27-29].
MicroRNAs (miRNAs):

MiRNAs, non-coding RNAs, were discovered in the early 
1990s. miRNAs control the expression of the gene pool in a 
sequence-specific manner and provide post-transcriptional 
regulation [30-33]. miRNAs regulate gene expression at the 
post-transcriptional level by either inhibiting protein synthesis 
or causing degradation of messenger RNA (mRNA) [30].

Dr. Victor Ambros and Dr. Gary Ruvkun discovered the 
first miRNA gene, lin-4 while examining post-embryonic 
development events in the nematode C. elegans in 1993 [34,35]. 
The Lin-4 gene inhibits protein synthesis by binding to 3' UTR 
(non-translated region) of mRNA [36,37]. Another miRNA 
gene, let-7, was discovered in the same nematode. Let-7 is a gene 
that promotes the transition from the late larval stage to the adult 
stage [38]. Subsequently, homologs of the let-7 gene appeared 
in the human and Drosophila genomes [39]. Small RNAs from 
flying animals, worms, and humans cloned. Over 100 new weak 
non-coding RNAs have been reported [40]. Based on these 
results, miRNAs control various cellular adaptive processes 
such as differentiation, proliferation, apoptosis, and metabolism 
[30,33,41].
Biogenesis of miRNAs:

Biogenesis of miRNAs begins with the transcription of miRNA 
genes (Figure 1). miRNAs are transcribed by RNA polymerase 
II in the nucleus and form primary transcripts (pri-miRNA) 
containing cap and polyadenyl structures [42]. pri-miRNAs 
fold to form a hairpin structure, which causes incomplete base 
pairing. pri-miRNAs are enzymatically cleaved by nuclear 
microprocessor complexes called Drosha, which are RNAse 
III endonucleases. Then, Drosha binds double-stranded RNA 
(known as the DiGeorge critical region 8 (DGCR8) protein), to 
form preliminary-miRNAs (pre-miRNAs) of 70-100 nucleotides 
in the hairpin structure [43]. Pre-miRNAs are transported from 
the nucleus to the cytoplasm via RANGTP and exportin 5 
transporters. Pre-miRNAs are cleaved by Dicer, another RNAse 
III enzyme. Temporary duplexes of 18-24 nucleotides formed 
from pre-miRNAs via Dicer [44]. RNA-induced silencing 
complex (RISC) related to miRNA containing Argonaute 
protein added to this duplex structure [45]. At this stage, one 
of the double-stranded miRNAs is selected as mature, while the 
other is called the star chain and is rapidly degraded [46].

Mature miRNAs negatively regulate gene expression. miRNAs 
carry out this regulation within the cell by either suppressing 
translation or causing mRNA to be degraded [47].
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miRBase.org, https://www.genome.jp).
MiRNAs, which have increased in importance recently, are 

predicted as potential biomarkers in adaptive changes that occur 
in response to exercise [50].
MiRNAs in Exercise:

MiRNAs are necessary for cardiac [51-54] and skeletal muscle 
[55,56] hypertrophy, angiogenesis [57,58] atherosclerosis [59], 
neuron regeneration [60], and metabolism [61,62] which are 
adaptation processes to exercise. Additionally, miRNAs have 
significant roles in acute [63-66] and chronic [67-69] endurance 
exercise, resistance exercise [70,71] marathon runners, 
treadmill [72] or swimming exercise [51,53,54,57,58] models 
(in studies conducted in experimental animals and the general 
population) [53,58,61]. miRNAs are up-regulated and down-
regulated in different tissues (cardiac muscle, skeletal muscle, 
and circulation) with exercise (Figure 2).
Cardiac Muscle Specific miRNAs:

In recent years, using large-scale screening methods, it has 
been shown that miRNAs, long non-coding RNAs, and other 
RNA molecules are involved in different processes in the heart 
[73]. MiRNAs associated with embryonic heart development in 
the fruit fly D. melanogaster identified [74-78]. The miR-1 gene 
is responsible for myocardial development in D. melanogaster 
[76,77]. In  addition, miRNAs expressed in the heart play a role 
in heart remodeling, dilated cardiomyopathy, and triggering 
heart failure during embryonic heart development [74,75]. 
miRNAs are involved in several physiological [51,53,54,57,58] 
and pathological [72,73,79-86] conditions. Cardiac miRNA 
expression levels are associated with the development of cardiac 
stress and cardiac hypertrophy due to pressure overload [79-
81,87], myocardial infarction, and [85] end-stage heart failure 
in humans [73,88,89]. 

Aerobic exercise causes left ventricular hypertrophy. Several 
experimental models, treadmill, running, and swimming, are 
being created to demonstrate the beneficial effects of exercise 
[25,90]. However, there are significant differences in the 
interpretation of the changes that occur with the application 
of these experimental models. Experimental studies have 
demonstrated the effects of exercise on the heart.
Athlete's Heart:

An athlete's heart is generally a benign increase in heart mass. 
This increase in the athlete's heart indicates physiological 
adaptation to chronic exercise. Cardiac hypertrophy (CH) 
occurs in response to exercise, protects the heart, improves 
cardiac functions, and prevents heart failure. Moreover, it is 
significant to identify the molecular mechanisms responsible 
for the transition from cardiac hypertrophy to heart failure [91]. 

The Swedish clinician Henschen made about the athlete's heart 
in 1890 [92]. There were identified different forms of CH in 
athletes by Mongaroth et al. in 1975 [93]. 

miRNAs contributing to aerobic exercise-induced 
physiological cardiac remodeling (in swimming exercise: 
miRNA-1, -21, -27a/b, -29a/c, -30e, -99b, -100, -124, -126, 
-133a /b, -143, -144, -145, -208a and -222, and in running 
exercise: miRNA-1, -26, -27a, -133, -143, -150, and -222) were 
identified [91].

MiRNAs in Regulating Gene Expression.
Under normal homeostatic conditions, miRNAs regulate gene 

expression posttranscriptionally. The regulatory functions of 
miRNAs become more significant when exposed to stress or 
during disease processes [48]. 

Determination of target genes of miRNAs occurs according 
to base pairing. miRNAs have more than one target gene. 
Several databases determine the target genes of miRNAs and 
the signaling pathways in which these genes are involved [49]. 
miRBase and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) are the most common databases (https://www.

RISC

RISCRISC

Exportin-5

Figure 1. Biogenesis of MiRNAs (42).

Figure 2. miRNAs are up-regulated and down-regulated in different 
tissues with exercise (50).



GEORGIAN MEDICAL NEWS
No 12 (345) 2023

© GMN 148

Skeletal Muscle Specific miRNAs:
Skeletal muscle is a highly plastic organ that can change its 

phenotype in response to external stimuli such as neuromuscular 
activity, mechanical load, and nutrition. miRNAs are involved 
in the regulation of myogenesis and muscle metabolism. Many 
miRNAs are ubiquitously expressed, while others are tissue 
specific. Both categories of miRNAs play a significant role in 
the development and function of muscle tissue [94].

The most abundant miRNAs in muscle tissue, generally 
called myomiRs, work as modulators in the proliferation, 
differentiation, metabolism, and hypertrophy of skeletal and 
cardiac muscle. The myomiR family includes miR-1, miR-
133a, miR-133b, miR-206, miR-208a, miR-208b, miR-486, and 
miR-499 [95]. Most myomiRs are expressed in the heart and 
skeletal muscle, except miR-208a, which is heart-specific, and 
miR-206, which is specific to skeletal muscle [96]. 

Specific miRNAs can exert their effects on many target 
mRNAs.  Moreover, each mRNA gene can be targeted by more 
than one miRNA. For this reason, identifying biologically 
important target genes is extremely important in miRNA 
research. Numerous biological targets have been reported 
for muscle-specific miRNAs. A comprehensive overview of 
MyomiRs and their molecular targets has been published in a 
study by Horak and colleagues [97].
The Regulatory Role of MyomiRs in Skeletal Muscle:

Myo-miRs have significant roles in regulating the functions 
of skeletal muscle. MyomiRs are muscle-specific miRNAs 
that regulate myoblast proliferation and differentiation. During 
muscle cell differentiation, the changes occur in the expressions 
of miR-1, miR-133a, miR-133b, miR-206, miR-486, and 
miR-499. Myo-miRs miR-1, miR-206, and miR-486 promote 
myoblast differentiation, and miR-133a increases myoblast 
proliferation [98,99]. Myo-miRs regulate skeletal muscle 
hypertrophy and participate in the regulation of muscle fibers 
[100,101]. Expression of the beta-myosin heavy chain gene, 
which enables the development of slow-twitch type I muscle 
fibers, is associated with increased expression levels of miR-
206, miR-208b, and miR-499. Expression of miR-208b and 
miR-499 helps distinguish fast-twitch and slow-twitch skeletal 
muscle phenotypes [102]. The regeneration process of muscle 
fibers is associated with an increased distribution level of 
miR-206, which can regulate a retrograde signaling pathway 
necessary for neuromuscular interactions and is an indicator of 
motor innervation [103,104].  

MyomiRs miR-1 and miR-206 were proven to be upregulated 
after injury and promote muscle regeneration by affecting Pax 
7 [105]. myomiRs are dysregulated in many human muscle 
diseases [106]. One study showed that miR-1, miR-133, and 
miR-206 expressions changed in Duchenne and Becker muscular 
dystrophy patients [107]. In another study, the upregulation 
of miR-206 coincided with the progression of amyotrophic 
lateral sclerosis [108]. Compared with healthy skeletal muscle 
tissue, miR-1, miR-133a, miR-133b, and miR-206 expression 
downregulated in rhabdomyosarcoma tumor tissues [109,110]. 
Decreased miR-1 expression level appeared to correlate with 

worsened muscle function in patients with chronic obstructive 
pulmonary disease [111]. The effect of inactivity on myomiR 
expression showed that seven days of bed rest caused miR-1 
and miR-133a to be downregulated [112].
The Effect of Exercise on miRNA Expression in Skeletal 
Muscle:

Skeletal muscle is a highly plastic tissue that can change 
its phenotype in response to neuromuscular activity. Several 
studies have investigated changes in the expression of myomiR 
modulated by exercise of varying intensity and mode using 
muscle biopsy techniques. The first study showing that myomiR 
expression in human skeletal muscle responds to exercise 
was carried out by Nielsen et al. [68]. Researchers evaluated 
myomiR expression levels in samples obtained from the Vastus 
Lateralis after acute endurance exercise. They found that before 
a 12-week endurance exercise program, miR-1 and miR-133 
expression levels increased significantly. In addition, during the 
rest period after the exercise program, miR-1, miR-133a, miR-
133b, and miR-206 levels were downregulated compared to the 
levels before starting endurance exercise [68].

Russell et al. revealed that an acute endurance cycling 
exercise upregulated miR-1, miR-133a, and miR-133b, while 
ten days of endurance exercise led to upregulation of miR-1 
and downregulation of miR-133b [113]. In a study evaluating 
the effects of resistance exercise on the expression of skeletal 
muscle miRNAs, 56 young men performed resistance exercise 
five days a week for 12 weeks [55]. Twenty-one miRNAs 
were identified in biopsy samples taken from vastus lateralis. 
Distribution patterns of miR-26a, miR-29a, miR-378, and miR-
451 were shown to be associated with changes in functional 
hypertrophy and could also distinguish low and high responders 
to resistance exercise. Interestingly, the expression levels of 
myomiRs appeared unaffected after this specific resistance 
exercise program. In elderly participants, 12 weeks of resistance 
exercise resulted in downregulation of miR-1 [71]. miRNAs, 
whose expression changes with muscle atrophy, may play a role 
in age-related skeletal muscle loss [114].

Until recently, muscle tissue samples were taken to evaluate 
miRNA expression profiles obtained using invasive muscle 
biopsy techniques. This invasive technique caused discomfort 
to the study participants [50]. 

The tissue-specifically expressed miRNAs in plasma, serum, 
and other biological fluids have led to an intense search and 
identification of circulating miRNAs that can be useable as 
fingerprints of various physiological and pathological states. 
miRNAs, whose circulating activities are determined depending 
on the applied exercise model, can be used as biomarkers for 
exercise physiology. Additionally, circulating miRNAs may 
be involved in gaining more information about the molecular 
control of exercise adaptation [50].
Circulating miRNAs in exercise:

The discovery of miRNAs in body fluids in 2008 became an 
important research topic. Circulating miRNAs are in plasma, 
urine, cerebrospinal fluid, saliva, platelets, erythrocytes, and 
nucleated blood cells. They are resistant to boiling, low or high 
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pH, prolonged exposure to room temperature, and repeated 
freeze-thaw [115,116]. 

Circulating miRNAs are present in low concentrations in 
the circulation. They are degraded in the blood by RNase. 
Therefore, by understanding the mechanisms that ensure the 
release and protection of miRNAs, more detailed information 
about the biological properties of miRNAs can be obtained 
[115,116]. miRNAs are packaged in various microparticles 
(exosomes, microvesicles, and apoptotic bodies) or RNA-
binding proteins (Argonaute 2) or lipoprotein complexes (high-
density lipoprotein: HDL) to protect them from degradation. 
El-Hefnay et al. reported for the first time that RNAs in plasma 
were incorporated into protein or lipid vesicles to protect them 
from degradation. Exosomes are small vesicles of 50-100 
nm in size, originating from the endosome and released from 
cells when multivesicular bodies (MVB) fuse with the plasma 
membrane. Microparticles (MPs) are submicron membrane 
vesicles (0.1–1 μm) released on cell activation or apoptosis. 
Apoptotic bodies, the largest microparticles, 0.5-2 µm in size, 
are released by all cell types during the late stages of apoptosis 
[117]. There are different hypotheses regarding the storage 
sites of miRNAs, their release, and uptake by recipient cells. 
According to one of these hypotheses, miRNAs are stored in 
lipid vesicles, and miRNAs released after apoptotic cell death 
accumulate in atherosclerotic lesions. miRNAs can be recruited 
into microparticles, mesenchymal stem cells, and recipient cells 
such as monocyte-endothelial cells. Then, miRNAs regulate 
gene expression through the release of miRNA-containing 
microparticles [117].

Circulating miRNAs are considered clinical biomarkers for 
diseases because they are stable in the blood [118]. In a case-
control study conducted with a 10-year observation period, 
several circulating miRNAs were identified (let-7d-5p, let-7g-
5p, miR-26a-5p, miR-29c-3p, miR-103a-3p, miR-106a-5p, 
miR-148b-3p, miR-151a-5p, miR-424-5p, miR-660-5p). Thus, 
miRNAs predict future fatal myocardial infarction in healthy 
individuals [50].

miRNAs can be usable to assess cardiovascular disease risk, 
stratify individuals at high risk, optimize treatment strategies, 
and understand the underlying biology. Plasma profiles of 
specific miRNAs involved in angiogenesis, inflammation, 
hypoxia/ischemia, and skeletal and cardiac muscle contraction 
during exercise were examined by Baggish et al. [119]. 
Expression profiles of circulating miRNAs were measured 
before and after a long-term aerobic exercise program and at 
rest. The expression of three different exercise-responsive 
miRNAs was evaluated. There is a linear correlation between 
miR-146 expression level, one of these miRs, and VO2max is 
an aerobic performance parameter [119].

In studies evaluating the effect of marathon running on 
circulating miRNA expression, miRNAs upregulated in all 
studies, except one study focusing on inflammatory miRNAs 
[119-125].

In the study examining the effects of acute endurance 
exercise on miRNA expression levels in plasma, 724 miRNAs 
were evaluated. They identified changes in the expression of 
188 miRNAs in plasma [62]. Researchers suggested that the 
observed increase in myomiRs was due to selective secretion 

rather than passive release caused by muscle damage [62].
A study examining the expression profiles of 720 miRNAs in 

serum before treadmill exercise showed that miR-210, miR-21, 
and miR-222 levels were discriminatory between those with 
low and high VO2max and that miR-210 could be used as a 
biomarker of aerobic fitness [69].

Aoi et al. stated that c-miR-486 levels decreased significantly 
after acute and chronic aerobic exercise and negatively 
correlated with VO2 max [67].

A recent study investigating whether high-intensity interval 
exercise is superior to high-intensity continuous exercise 
showed that circulating miRNAs have the same expression 
pattern in these two types of exercise [126].

In a study evaluating the effect of circulating miRNAs on 
resistance exercise, there were no changes in the expression 
of circulating muscle-specific miRNAs after acute resistance 
exercise [70].

The profiles of myomiRs were altered in both muscle tissue 
and blood plasma of an elderly cohort that underwent five 
months of resistance exercise [127]. miR-499, expressed in 
plasma and muscle, was identified as the most sensitive marker 
in knee extensor strength with resistance exercise [127].

In a study investigating whether circulating miRNA levels 
differ in elite male athletes performing endurance and strength 
exercises; plasma levels of miR-21, miR-221, miR-222, and 
miR-146a were significantly higher in endurance athletes than 
in strength athletes [128].

Circulating miR-21, which responds differently to exercise, 
has been implicated as a well-known oncomiR affecting tumor 
development pathways [129]. 

In a study of changes in the leukocyte methylome after a 
sprint interval exercise, miR-21 and miR-210 were found to be 
downregulated [130].

The influence of cycling ergometer exercise on the expression 
level of c-miRNAs in neutrophils was investigated by Radom 
et al. Short-term aerobic exercise altered the expression of 38 
miRNAs out of 826 miRNAs entities represented on the chip 
[65].

Physical activity is positively associated with longer leukocyte 
telomere length [131,132]. The effect of acute treadmill exercise 
on the expression of telomeric genes and miRNA levels in white 
blood cells was investigated by Chilton and colleagues [133]. 
The expression of 56 miRNAs changed after exercise. miR-186, 
miR-181, miR-15a, and miR-96 were upregulated 60 min after 
exercise. In addition, in silico analyses have shown that potential 
targets of these miRNAs are telomeric genes [131,132].
Conclusion.

In recent years, the number of research on miRNAs 
has increased dramatically. miRNAs are involved in the 
physiological adaptation to exercise, such as skeletal muscle 
and cardiomyocyte hypertrophy, mitochondrial biogenesis, 
vascular angiogenesis, and metabolic processes. 

Exercise causes physiological stress and tissue damage. During 
the recovery process after exercise, cellular activation that leads 
to repair is also triggered. Study results show that numerous 
tissue-specific miRNAs are released into the circulation during 
and after exercise. miRNA expression pattern varies depending 
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on the type and intensity of exercise. Circulating miRNAs can 
be used as biomarkers because they are easy to collect samples 
and are stable in body fluids. Also, miRNAs with altered activity 
may be parameters adaptation to exercise, preventing injuries, 
and monitoring health status.
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122. Mooren F, Krüger K, Thum T. Circulating microRNAs as 
potential biomarkers of aerobic exercise capacity. Am J Physiol 
Heart Circ Physiol. 2014;306:557-563.
123. Gomes C, Madrid B, Almeida J.A, et al. Circulating miR-
1, miR-133a, and miR-206 levels are increased after a half-
marathon run. Biomarkers. 2014;19:585-589.
124. Min P, Isaacs S, Taylor B.A, et al. Influence of statins 
on distinct circulating microRNAs during prolonged aerobic 
exercise. J Appl Physiol. 2016;120:711-720.
125. Clauss S, Hildebrand B, Kääb S, et al. microRNAs as 
Biomarkers for Acute Atrial Remodeling in Marathon Runners 
(The miRathon Study—A Sub-Study of the Munich Marathon 
Study). PLoS ONE. 2016;11:e0148599.
126. Cui S, Yin X, Tian D, et al. Similar Responses of 
Circulating microRNAs to Acute High-Intensity Interval 
Exercise and Vigorous-Intensity Continuous Exercise. Front 
Physiol. 2016;7:102.
127. Zhang T, Wang Z.M, Messi M.L, et al. Improved knee 
extensor strength with resistance training associates with muscle 
specific miRNAs in older adults. Exp Gerontol. 2015;62:7-13.
128. Wardle SL, Kilikevicious A, Malkova D, et al. Plasma 
microRNA levels differ between endurance and strength athlete. 
PLoS ONE. 2015;10:e0122107.
129. Shi J. Considering Exosomal miR-21 as a Biomarker for 
Cancer. J Clin Med. 2016;5:42.
130. Denham J, Marques F.Z, Charchar F.J. Changes in the 
leukocyte methylome and its effect on cardiovascular-related 
genes after exercise. J Appl Physiol. 2015;118:475-488.
131. Denham J, O’Brien B.J, Nankervis S.A, et al. Longer 
Leukocyte Telomeres Are Associated with Ultra-Endurance 
Exercise Independent of Cardiovascular Risk Factors. PLoS 
ONE. 2013;8:e69377.
132. Denham J, O'Brien BJ, Charchar F.J. Telomere Length 
Maintenance and Cardio-Metabolic Disease Prevention through 
Exercise Training. Sports Med. 2016;46:1213-1237.
133. Chilton WL, West J, Kannourakis G, et al. Acute 
Exercise Leads to Regulation of Telomere-Associated Genes 
and MicroRNA Expression in Immune Cells. PLoS ONE. 
2014;9:e92088.


	Title

