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K CBEAEHHUIO ABTOPOB!
[Ipu HampaBIEeHUY CTAaTbH B PEAAKITUIO HEOOXOIUMO COOIONATh CISAYIONINE TIPABHIIIA;

1. CraTps nomkHa OBITH IPEJCTaBICHA B IBYX SK3EMIUIIPAX, HA PYCCKOM HMJIM aHTITUHACKOM SI3bI-
Kax, HaTrleyaTaHHas yepe3 MoJITopa HHTepBaJjia Ha OIHOI CTOPOHE CTAHIAPTHOIO JIUCTA € INMPHHOI
JIEBOTO NOJIsI B TPHM caHTHMeTpa. Mcnonb3yemblil KOMIIBIOTEPHBII WPUQT U1 TEKCTa Ha PYCCKOM U
aHnuickoM s3bikax - Times New Roman (Kupuiuna), 115 TeKcTa Ha TPy3UHCKOM S3BIKE CIIEAYeT
ucnoip3oBath AcadNusx. Pasmep mpudra - 12. K pykonrcu, HaneyaTaHHOW Ha KOMITBIOTEPE, JTODKEH
o5ITh IprtoskeH CD co crarbeit.

2. Pa3Mep craTbu TOTKEH OBITH HE MEHEe NeCsTH 1 He OoJiee 1BaALATH CTPAHUI] MAITHOIINCH,
BKJIIOYAsl yKa3areJlb JINTepaTypsl U Pe3loMe Ha aHIJIMIICKOM, PYCCKOM U IPYy3HHCKOM SI3bIKaX.

3. B crarbe 10KHBI OBITH OCBEIICHBI AKTyaIbHOCTh JAHHOTO MaTepHalla, METOIBI U PE3YIIbTaThI
UCCIIeIOBaHUs U X 00CYyKACHHE.

[Ipu npencTaBiIeHNHN B IIeYaTh HAYYHBIX SKCIIEPUMEHTAIBHBIX PA0OT aBTOPHI JOJIKHBI YKa3bIBATH
BHUJl U KOJMYECTBO SKCIIEPUMEHTANBHBIX KUBOTHBIX, IPUMEHSBIINECS METOABl 00e300MMBaHUS U
YCBHIJICHHUS (B XOJI€ OCTPBIX OIIBITOB).

4. K crarbe JOIKHBI OBITH MIPUIIOMKEHBI KpaTKoe (Ha MOJICTPAaHUIIBI) Pe3OMe Ha aHIIIUICKOM,
PYCCKOM M IT'PY3HHCKOM $I3bIKax (BK/IIOYAIOLIEE CIELYOLINE pa3aesbl: Liedb UCCIeI0BaHNs, MaTepHual U
METOJIBI, PE3YJILTATHI M 3aKIIFOUSHHE) U CIIUCOK KITtoueBBIX cioB (key words).

5. Tabnunp! HEOOXOIUMO NPENCTABIATE B Ie4aTHOH hopme. DoTokonuu He npuHUMaroTcs. Bee
nu¢poBbie, HTOTOBbIE H NPOLIEHTHbIE JaHHbIE B Ta0JIMIaX J0JIKHbI COOTBETCTBOBATH TAKOBBIM B
TeKcTe cTaThbU. Tabiuibl U rpaduKu TOJKHBI OBITH 03aryIaBIICHBI.

6. dotorpadun AOIKHBI OBITH KOHTPACTHBIMHU, (POTOKOIHHU C PEHTTEHOTPAMM - B IO3UTUBHOM
n300paxeHuH. PUCYyHKH, yepTeXu U IuarpaMmbl clIeoyeT 03ariaBUTh, IPOHYMEPOBATh U BCTABUTH B
COOTBeTCTBYIOIIEe MecTo TekcTa B tiff opmare.

B noanucsix k MukpogotorpadgusaM cieayeT yKa3plBaTh CTEICHb yBEIMUCHUS Yepe3 OKYISP HITH
00BEKTUB U METOJ] OKPACKU WJIM UMIIPETHALIMH CPE30B.

7. ®aMUIUU OTEYECTBEHHBIX aBTOPOB MIPUBOJAATCS B OPUTHHAIBHON TPAHCKPUIILIUH.

8. I[Ipu opopmnennu u HampaBneHun crared B xypHanm MHI mpocum aBTOpOB cobmronars
NpaBUIIa, U3JI0KEHHBIE B « EMUHBIX TpeOOBaHUSIX K PYKOMHUCSM, IPEACTABISIEMBIM B OMOMEIUIIMHCKHUE
JKypHAJIbD», TPUHATHIX MeXIyHapOAHBIM KOMHUTETOM PEIAaKTOPOB MEAMLMHCKUX KYpHAJIOB -
http://www.spinesurgery.ru/files/publish.pdf u http://www.nlm.nih.gov/bsd/uniform_requirements.html
B koHIIe Kax 101 OPUTHHATIBHOM CTaThU MPUBOAUTCA OnOIHOrpadguyeckuii cnucok. B cnmncok nurepa-
TYPBI BKJIFOYAIOTCSl BCE MaTepHalibl, HA KOTOPBbIE UMEIOTCS CCBUIKU B TeKcTe. CIHUCOK COCTaBIAETCs B
andaBUTHOM MOpsAKe U HymMepyeTcs. JIutepaTypHblii HCTOYHMK NPUBOAUTCS Ha sI3bIKE OpUrMHaia. B
CIMCKE JINTEPATyPhl CHavYajia IPUBOIATCS PabOThI, HAMCAHHBIE 3HAKaMU TPY3MHCKOTO andaBuTa, 3aTeM
Kupwuien u naruHuneidl. CChUIKM Ha IUTHUPYEMble pabOThl B TEKCTE CTAaTbH JAIOTCS B KBaIpPaTHBIX
CKOOKax B BUJI€ HOMEPA, COOTBETCTBYIOLIETO HOMEPY JaHHOH pabOoThI B CIIMCKE TUTEPaTypbl. bonbmmH-
CTBO IIUTHPOBAHHBIX UCTOYHUKOB JOJKHBI OBITH 3a IMOCTIEAHNUE S5-7 JIET.

9. ns momydeHus MpaBa Ha MyONMKAIMIO CTaThs OJDKHA MMETh OT PYKOBOIUTENSI pabOTHI
WIN YUPEXKJCHUS BU3Y U CONPOBOIUTEIHHOE OTHOLLICHNUE, HAIMCAHHBIC WJIM HAlledaTaHHbIE Ha OJIaHKe
Y 3aBEPEHHBIE MOJIHCHIO U NIEYATHIO.

10. B koHIe cTaThU NOJKHBI OBITH MOAMHCH BCEX aBTOPOB, MOJHOCTBHIO MPUBEAEHBI UX
(amMuInM, UIMEHa U OTYECTBA, YKa3aHbl CIIy>KeOHBIN M AOMAIIHUI HOMEpa TeJIe(OHOB U agpeca MM
uHble koopAuHaThl. KomuuecTBo aBTOPOB (COABTOPOB) HE NOHKHO MPEBBIMIATH IISATH YEJIOBEK.

11. Penakuus ocraBisiet 3a cO00i MpaBo COKpaIaTh ¥ HCIPaBIATh cTarhi. Koppekrypa aBropam
HE BBICBUIAETCS, BCS paboTa U CBEpKa IPOBOAUTCS 110 aBTOPCKOMY OPHTHHAILY.

12. HemomycTuMoO HampaBiieHHE B pelaklMIo padoT, MpeICTaBICHHBIX K MeYaTH B MHBIX
M3/1aTeNbCTBAX WIIM OMYOJIMKOBAHHBIX B APYTHX U3JAHUSX.

Hpﬂ HApYHNIEHUH YKa3aHHBIX IPABUJI CTATbU HE PAaCCMAaTPUBAIOTCH.
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11. Editorial Staff reserves the rights to cut down in size and correct the articles. Proof-sheets are
not sent out to the authors. The entire editorial and collation work is performed according to the author’s
original text.

12. Sending in the works that have already been assigned to the press by other Editorial Staffs or
have been printed by other publishers is not permissible.

Articles that Fail to Meet the Aforementioned
Requirements are not Assigned to be Reviewed.
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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 [l]. 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
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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
IIT endonucleases. Then, Drosha binds double-stranded RNA
(known as the DiGeorge critical region 8§ (DGCRS) 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
IIT 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].

146



microRNA gene
ot dbadb b Sd b odb b Sd b

RNA polymerase II

( i pri-miRNA
Cap _J poly A

Drosha-DGCRS8

pre-miRNA

Exportin-5

Cytoplasm

g 2
) \‘«\5 / \\"%o miRNA duplex
gﬁ\‘:’e Y
A
RlSC RISC

Target mRNA

. SRR
!

— — — — v

mRNA degradation Repression of mRNA translation

Figure 1. Biogenesis of MiRNAs (42).

Itt

Ha;n:en&.l miRNAs

.'m=|ala| muxkafNAz

mR]l oI5k iRl af4E
oR2l =R Bl @16 mR-454
|mB-550 mR-26 @Rl aR-52k
@B-100 oR-2b | mif-ld  mR-ME
-.xu; =R :

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

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.
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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].
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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

© GMN

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 um) released on cell activation or apoptosis.
Apoptotic bodies, the largest microparticles, 0.5-2 pm 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-29¢-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
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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



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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