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Abstract:
Without a doubt, endurance sports are beneficial for heart health and general fitness; regular physical exercise is
thought to be one of the best ways to avoid cardiovascular disease. Gene expression is regulated by tiny molecules
known  as  microRNAs,  which  are  generated  subsequent  to  transcription.  Translational  repression,  mRNA
deadenylation, and decapping are all caused by miRNAs when they attach to a certain region at the 3′ UTR of their
target mRNAs. Along with promoter regions, additional mRNA regions such as the 5′ UTR and coding sequence have
also been shown to include miRNA binding sites. While it has been shown that miRNA contact with a promoter region
may  drive  transcription,  miRNA  binding  to  the  5′  UTR  and  coding  sections  silences  the  expression  of  genes.
According to preliminary research, miRNAs may serve as helpful indicators of the systemic changes brought on by
exercise  before  they  are  identified  using  traditional  imaging  or  laboratory  methods.  This  study  focused  on  four
important physiological processes that help the body adapt to various endurance workouts. We found that miR-27,
miR-221, miR-210, miR-328, miR-133a, miR-134a, and miR-20a are essential for adaptive response to exercise after
conducting a thorough literature search.
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1. INTRODUCTION
High  dynamic  long-term  activities  with  low-to-high

energy  demand,  such  as  cycling,  running,  rowing,
swimming, or a mix of these, are referred to as endurance
training [1]. Physiologically, the primary goal of endurance
training is to push the anaerobic metabolism and lactate
generation  thresholds  closer  together.  A  persistent
increase of up to 5- to 6-fold in cardiac output is required
for  an  extended  period  of  time  during  high-intensity
training. The “athlete's heart,” is  defined by an elevated
thickness of the left ventricular (LV) wall, a proportioned
increase in the size of the left and right ventricular walls,
as well as an increase in the size of the atrial capacity, is a

structural,  functional,  and  electrical  cardiac  adaptation
that  further  compensates  for  repetitive  effort  [2].
Endurance  exercise  can  have  unquestionably  positive
effects, but it can also have negative effects. Adolescents
and  young  athletes  who  engage  in  intense  activity  may
infrequently experience an increased possibility of sudden
cardiac failure which is mostly prevalent in young athletes
with hereditary cardiomyopathies, which can coexist with
LV  hypertrophy,  and  increased  and/or  reduced  ejection
fraction  [3].  Because  of  this,  it  is  still  difficult  to
differentiate an athlete's heart from pathologic conditions
using  current  approaches;  hence,  new  biomarkers  are
required to achieve this differentiation between pathology
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and  physiology.  MicroRNAs,  or  miRNAs,  have  gained
attention recently as possible biomarkers for adaptations
made in response to exercise. MicroRNAs are short non-
coding RNAs that control the expression of genes that are
expressed after transcription by blocking the translation of
proteins  or  increasing  messenger  RNA  (mRNA)
degradation.  Normal,  functioning  cardiac  tissue
development  is  influenced  by  microRNAs.  In  addition  to
being  implicated  in  the  pathogenesis  of  cardiovascular
disorders  such  as  hypertrophy,  fibrosis,  and  injury  to
cardiomyocytes,  they  regulate  cell  development,
differentiation,  apoptosis,  and  proliferation  [4].  In  most
tissues,  microRNAs  make  up  the  predominant  class  of
small RNAs. While miRNA genes can be found in different
genomic  locations,  introns,  or  noncoding  transcripts,
encode  the  bulk  of  human  miRNAs.  RNA  polymerase  II
produces  primary  miRNA,  which  is  the  first  step  in  the
synthesis  of  miRNA.  Next,  a  complex  made  up  of  the
endoribonuclease  Drosha  and  the  RNA  bingeing  protein
DGCR8  microprocessor  subunit  further  processes
miRNAs. After being exported to the cytoplasm, primary
miRNAs  are  further  broken  down  by  endoribonuclease
Dicer and then incorporated into proteins belonging to the
Argonaute  family  to  form  an  effector  complex  [5].
Circulating  miRNAs  have  generated  interest  as  possible
therapeutic targets and indicators of many disease states
due to their accessibility and biochemical stability. Their
predictive  significance  in  CVDs  has  received  much
research  interest  from  the  academic  community  [5,  6].
Circulating miRNAs can be involved in the adaptations to
exercise and are changed in response to both acute and
endurance exercise [7]. Prior research that measured the
plasma  levels  of  miRNAs  in  marathon  runners  revealed
elevated levels of some miRNAs following marathon runs
and their correlation with conventional fitness metrics [8].
Previous  research  has  also  shown  correlations  between
the expression of miRNAs and markers of cardiac injury,
including troponin plasma levels, creatine kinase-MB (CK-
MB),  and  NT-pro-BNP  (n-terminal  b-type  natriuretic
peptide).  As  such,  they  may serve  as  biomarkers  for  the
processes  involved  in  the  heart's  response  to  exercise
[9-11]. Circulating miRNAs may enhance the assessment
of  exercise  and  make  it  easier  to  distinguish  between
pathological  and  adaptive  alterations  [12].  Thus,  this
article is aimed at summarizing what is currently known
about the role of miRNAs in endurance training.

1.1. Biogenesis and Use of microRNAs
MicroRNAs,  when  expressed,  are  small,  non-coding

post-translational  proteins  that  alter  the  target  genes
[13-15].  An  estimated  60%  of  all  human  proteins  and
enzymes involved in important physiological processes are
thought to be regulated by microRNAs [13,  14]  as many
different  types  of  cells  produce  microRNAs  [13-16].  For
instance,  numerous  cell  lineages  involved  in  the
pathogenesis  of  cardiovascular  disease,  such  as
macrophages,  platelets,  fibroblasts,  endothelial  cells
(ECs),  vascular  smooth  muscle  cells  (VSMCs),  and
cardiomyocytes,  are  known  to  produce  microRNAs
[15-17]. Hence, there is still ongoing debate regarding the

nature  of  microRNAs  sourced  from  different  cells.
MicroRNAs  attach  to  the  3′-or,  less  frequently,  the  5′-
untranslated regions of target messenger RNAs (mRNAs),
thereby  controlling  gene  expression  at  the  post-
transcriptional  level.  This  process  inhibits  translation
and/or  causes  the  targeted  mRNA  to  degrade  [13].  A
single  microRNA  can  change  the  way  several  mRNAs
operate  by  using this  technique.  Additionally,  since they
are  concealed  by  apoptotic  bodies,  micro-particles,  and
other  structures,  circulating  microRNAs  in  serum  are
persistent  against  RNase and resistant  to lysis  [13].  The
biosynthesis  of  microRNA  is  highly  intricate  [14];  RNA
polymerase II mediates the transcription of a DNA strand
in  the  cell  nucleus,  which  yields  primary  microRNA,  or
Prim-miRNA  [14].  Following  transcription,  the  enzyme
complex  DROSHA  cleaves  Pri-miRNA  to  produce  pre-
miRNA,  a  precursor  to  microRNA.  Pre-miRNA  is
transported  to  the  cytoplasm  by  exportin-5,  where  it  is
broken down into roughly 22 nucleotide RNA duplexes by
the  RNA-degrading  enzyme  Dicer.  The  microRNA  seed
sequence  is  attached  to  the  recognition  site  of  the
microRNA on the target mRNA, facilitating the transport
of the microRNA strand to the Argonaute complex (AGO)
for  the  creation  of  an  RNA-induced  silencing  complex
(RISC); this complex directs the microRNA strand to pair
with the target mRNA. Exosomes facilitate the release of
microRNAs  from  cells  [14];  according  to  reports
(www.mirbase.org),  there  are  currently  over  2000
identified  human  microRNAs  and  some  of  these  are
implicated  in  atherosclerotic  processes  [16,  17].
Numerous  pro-thrombotic  and  microRNAs  overwhelm
microRNAs that have anti-atherogenic properties, causing
the onset and progression of atherosclerosis. In both ST-
segment elevation myocardial infarction (STEMI) and non-
ST  segment  elevation  myocardial  infarction  (NSTEMI)
myocardial  infarction,  as  well  as  in  cardiac  remodeling
and fibrosis after ACS, the major cause of cardiovascular
death is atherosclerotic plaque rupture [16-18].

1.2. MicroRNAs and VO2max

VO2max,  or  maximal  oxygen  uptake,  is  the  highest
oxygen consumption rate experienced during progressive
exercise. It serves as an indicator of the combined ability
of the heart, lungs, and muscles to take in and use oxygen.
While there are many exercises that raise VO2max, aerobic
high-intensity training has been the most implicated [19].
In both healthy persons and patients with CAD, VO2max has
been a dependable predictor of cardiovascular death and
all-cause  mortality  [20].  Being  that  elite  endurance
athletes  have  a  high  cardiac  output  due  to  a  high  LV
chamber size, they normally have high VO2max. Numerous
miRNAs  were  found  to  be  linked  with  the  aerobic
performance  metrics;  for  instance,  increases  in  miR-1,
miR-133a,  miR-206,  miR-208b,  and  miR-499  have  been
reported following a marathon run due to exertion. At the
individual  anaerobic  lactate  threshold  (VIAS),  additional
investigation showed that miR-1, miR-133a, and miR-206
were positively linked with VO2max and running speed [8].
Among  the  muscle-sourced  miRNAs  are  miR-133a,

http://www.mirbase.org
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miR-206,  and  miRNA-1.  MicroRNA-1,  miR-206,  and
miR-133a are thought to be anti-hypertrophic factors, and
they  control  the  development  of  skeletal  myoblasts.  It's
possible that the aforementioned miRNAs' special ability
to  affect  both  tissues  qualifies  them  as  potential
cardiopulmonary fitness indicators. According to Denham
et  al.,  miR-1  may  have  a  role  in  aerobic  performance
capacity and, when coupled with miR-486, may serve as a
stand-alone predictor of  VO2max.  Studies have shown that
following a four-week training program, microRNA-1 and
miR-486  were  considerably  raised  and  linked  with  the
VO2max values, while miR-486 was negatively correlated
with resting heart rate [21]. Furthermore, both before and
after the training program, there was a linear correlation
between  the  increase  in  peak  oxygen  consumption  and
miRNA associated with inflammation,  such as  miR-146a.
Considering  the  similarity  in  the  expression  patterns  of
miR-146a and miR-20a to miR-20, both may be considered
possible  plasma-based  cardiovascular  fitness  indicators
(Table  1)  [22].  Finally,  from  4631  participants  in  the
HUNT Fitness Study, 12 patients with the highest and 12
with the lowest VO2max were chosen for miRNA expression
profiling.  Consequently,  miR-210  had  a  negative
correlation  with  VO2max  values  and  was  considerably
greater in a validation cohort. Although there was a weak
correlation between microRNA-21 and miR-222 and VO2max,
their values were thought to be indicative of CVD [23]. Six
potential  miRNA  clusters  that  can  be  used  to  predict
phenotypic VO2max  levels were highlighted by Kern et al.,
who  also  demonstrated  that  regular  endurance  training
can change miRNA expression (Table 1). Clusters 1, 2, and
6 remained among the  top negative  feature  coefficients.
Moreover,  miR-532-5p  was  proposed  as  a  possible
biomarker  of  VO2max  alterations  following  carbohydrate
ingestion.  Given  that  VO2max  was  substantially  correlated

with the insulin signaling pathway, it is consistent with the
results  of  their  miRNA enrichment  research  [24].  VO2max

values  were  positively  linked  with  miR-1,  miR-133,
miR-206, miR-146a, and miR-20, indicating their potential
as  biomarkers  for  cardiopulmonary  fitness.  Remarkably,
differing outcomes were noted in connection to miR-486
and its  association with VO2max  [25].  These discrepancies
most likely result from a multitude of variables that differ
throughout  studies,  such  as  (i)  Disparities  in  training
protocols  (e.g.,  short-term  VO2max  ergometer  test  versus
long-term  steady-state  cycling  program);  (ii)  individual
differences  among  participants  (e.g.,  young  healthy
subjects  that  engage  in  no  regular  exercise  regimen
against a healthy endurance athlete that trains more than
three times per week for at least one year); (iii) variations
in blood sample collection schedules; and (iv) variations in
data analysis. It is hardly unexpected that the literature is
conflicting given these numerous differences. Hence, the
role  of  miR-486  as  a  cardiopulmonary  fitness  biomarker
may  only  be  explored  via  more  research  [24].  It  is
becoming  more  widely  acknowledged  that  miRNAs  are
potential  circulating  biomarkers  of  disease  and  injury.
Initial  studies  on  mTBI  have  demonstrated  possible
changes  in  the  circulating  levels  of  specific  miRNAs
following  injury;  however,  little  is  known  about  how
miRNA  modifications  evolve  following  mTBI.  Our
prospective study of Australian football players, both male
and female, provides evidence that lower plasma levels of
miR-27a  and  miR-221  occur  throughout  the  sub-acute
phase following SRC. Furthermore, an inverse correlation
was observed between the severity of SRC symptoms and
the  plasma  levels  of  these  miRNAs.  These  encouraging
results  suggest  that  miRNA may be useful  in  supporting
SRC treatment, even if they still need more research and
validation in larger cohorts.

Table 1. MicroRNA characteristics investigated in endurance sports.

miRNAs Exercise Training Protocol Outcome Reference

miR-20a, miR-210,
miR-221, miR-222,
miR-328, miR-21,
miR-146a, miR-21,
miR-133a, miR-21,

miR-146a, and miR-210

Cycling
At rest and during acute exhaustive exercise testing

on upright cycle ergometer, before and after a 90-day
period of aerobic
exercise training

Elevated by acute exercise before and
after sustained training:

miR-146a, miR-222 elevated by acute
exercise before but not after

sustained training: miR-21, miR-221
elevated after sustained training:

miR-20a
nonresponsive:

miR-133a, miR-210, miR-328

[19]

miR-133a, miR-206 Half-marathon
Before and immediately
after the halfmarathon—

21.1 km
Elevated after the half-marathon run:

miR-133a and miR-206 [98]

Global miRNA
screening (752 miRs) Running

Before and
immediately after:

10 km race, half-marathon,
and marathon

After 10 km run
Upregulated: miR-199b-5p,

miR-424-3p, miR-33a-5p, miR-551a,
miR-1537, miR-223-5p, miR-1260q,
let-7b-3p, miR-150-5p, miR-423-5p,

miR-223-3p, miR-345-5p, miR-505-3p

[99]
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miRNAs Exercise Training Protocol Outcome Reference

miR-1, miR-133a,
miR-181a, miR-486,

and miR-494
Running-sprint

Before and after 4 weeks
(thrice weekly) of sprint

interval training and a single
bout of maximal aerobic

treadmill exercise

Endurance athletes, increased:
miR-1, miR-486, and miR-494 after

endurance training
Healthy, young men decreased:
miR-1, miR-133a, and miR-486

immediately after maximal
aerobic exercise

[18]

Global miRNA Running

Before, after 8 weeks of
endurance training,

after 8 weeks of
wash-out phase, and after

another 8 weeks of endurance
training

Most important miRNA associated
with VO2max

Cluster 1:miR-4465, miR-5581-5p,
miR-6879-5p, miR-6869-5p

Cluster 2: miR-7975
Cluster 6: miR-326-5p, miR-502-5p,

miR-502-3p, miR-340-5p

[21]

1.3.  Potential  Clinical  Significance  of  Subacute
Decrease of miR-27a and miR-221 after SRC

Even  though  self-reporting  of  symptoms  is  a  well-
known drawback for SRC management and research, our
SCAT  tests'  independence  from  RTP  decisions  gives  us
some  assurance  that  such  assessments  would  be  less
susceptible  to  bias.  Therefore,  the  miRNA  correlations
with  the  observed  symptoms  offer  more  proof  of  a
relationship with SRC, even though they still  need to be
validated.  Most  remarkably,  there  was  an  inverse
correlation  between  plasma miR-27a  and  the  severity  of
SCAT symptoms at various time points [26]. for instance,
discovered an inverse correlation between symptoms at 2-
days post-SRC (i.e., the overall peak of symptom reporting
of the time-points in this study) and plasma miR-27a levels
at  6-  and  13-days;  additionally,  there  was  a  correlation
between  plasma  miR-27a  levels  at  2-  and  6-days  and
symptoms at 13-days. Only the symptom severity at 6 days
was linked with miR-221 levels at 13 days. These miRNA
results  not  only  offer  more  proof  of  SRC  specificity  but
also  suggest  that  miRNAs  have  served  as  potential
biomarkers in the management of SRC. For instance, the
inverse correlation seen between the 2- and 6-day levels of
miR-27a  and  the  13-day  symptoms  may  indicate  that
miR-27a can be utilized to predict and track the recovery
of  symptoms.  Although  higher  blood  levels  of  tau  (13
days), neurofilament light (NfL; 6 and 13 days), and glial
fibrillary  acidic  protein (GFAP;  2  days)  were detected in
the  males  of  this  cohort  in  our  prior  protein  biomarker
investigations,  Sandy  R.  Schultz  et  al.  2022  did  not  find
any  relationships  with  symptoms  [27].  However,  it  is
crucial to recognize that pathophysiological recovery may
not always follow symptom relief. As a result, biomarkers
may serve distinct purposes in identifying various facets of
“recovery”  following  SRC.  Research  on  several  neuro-
logical  disorders  suggests  that  miR-221  might  play
significant roles in neurobiology and that brain injury or
disease is associated with lower levels of miR-221 in the
blood.  One  of  the  most  prevalent  miRNAs  in  the  human
brain is miR-221, and studies conducted in vitro indicate
that miR-221 is essential for the survival and development
of neural cells. Because miR-221 inhibits endothelial cell
proliferation and motility [28-30], it is also believed to play
significant  roles  in  vascular  homeostasis.  As  a  result,
changes  in  circulating  levels  may  indicate  a  reaction  to
neurovascular  injury.  Furthermore,  it  has  been

demonstrated that serum miR-221 levels drop during the
first week following an ischemic stroke [31, 32], and that
pre-treatment  with  a  miR-221  mimic  decreases  neuro-
inflammation  and  infarct  size  in  mice  following  an
ischemic stroke. 39 Additionally, there is in vitro evidence
that  Parkinson's  disease-associated  loss-of-function
mutations of  DJ-1 led to decreased levels  of  miR-221,  as
well as clinical data indicating patients with the condition
have  lower  serum  miR-221  levels  [33-35].  Six  days
following  SRC  [26],  also  observed  a  drop  in  plasma
miR-27a levels. It has been observed that miR-27a appears
to have a number of roles in the pathogenesis of traumatic
brain injury (TBI), including disruption of the blood-brain
barrier,  protection  against  neuronal  apoptosis,  and
negative control of neuroinflammation [36-38]. It has been
noted  through  experimental  TBI  studies  that  within  the
first  24  hours  of  injury,  both  mice  [37]  and  rats  [39]
showed  miR-27a  down-regulation  in  the  injured  brain
tissue. This was observed when intra-cerebro-ventricular
administration of a miR-27a mimic or lentivirus encoding
miR-27a  [39]  reduced  lesion  volume  and  neuronal  cell
death.  These  investigations  offer  some  support  for  the
theory  that  the  decreased  plasma  miR-27a  found  in  the
current  investigation  may  reflect  post-trauma  brain
alterations.  To date,  there has been no report  of  altered
miR-27a  in  fluids  following  traumatic  brain  injury  (TBI)
possibly because of the acute sampling time points used in
earlier research. However, several clinical investigations
in  different  types  of  brain  damage  and  disease  have
demonstrated comparable reductions in miR-27a levels in
circulation.  For  instance,  serum  taken  48  hours  after
admission showed lower levels of miR-27a in patients who
had experienced intracerebral hemorrhage. Two groups of
AD  patients  had  lower  CSF  levels  of  miR-27a  than
controls,  and  it  was  discovered  that  this  reduction
correlated  with  AD  pathology  (poor  β-amyloid  and  high
CSF tau and phosphorylated tau). Shultz et al. (2022) [26]
investigation of the KEGG pathways targeted by miR-27a
& miR-221 also identified important pathways that might
be involved in the pathophysiology of mTBI, even if these
findings needed to be confirmed using luciferase assays.
In light of the previously described research on the role of
these miRNA in brain damage and disease [26], postulate
that the pathophysiological  implications of  mTBI may be
linked to the lower plasma levels of miR-221 and miR-27a
following SRC.

(Table 1) contd.....
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1.4.  Altered  Circulating  MicroRNA  Profiles  Post-
Endurance Training (Ultramarathon Runners)

Eyileten et al. (2021) [40] assessed a distinct group of
ultra-marathon  athletes  for  the  impact  of  high  physical
fitness on changes in miRNA expression linked to muscle
hypertrophy,  cardiac  muscle  functioning,  angiogenesis,
hemopoiesis;  these  miRNAs  were  chosen  based  on
bioinformatics analysis. Among the various approaches to
choosing  miRNAs  for  validation  research,  in-silico
bioinformatics analysis is advantageous since it calls upon
all  relevant  data  and  produces  predictions  for  specific
targets  and  molecular  interactions.  By  using  this
paradigm, the study was the first to validate its findings on
a  highly  precise  sample  of  elite  athletes  and  to  pinpoint
the  most  pertinent  targets.  The  obtained  results  were
considered  helpful  in  identifying  novel  physiological
adaption biomarkers in endurance athletes. Bioinformatics
and  computational  analysis  of  literature  data  have
identified the most potential circulating miRNAs that can
be  induced  by  endurance  training.  Given  that  in  silico
research was unable to  discover the miRNAs that  would
be  unique  to  either  chronic  or  acute  training  [40],
postulate that the variation in miRNA profiles has more to
do  with  the  miRNA's  level  than  its  presence  or  absence
[40].  verified  that  following  a  100-kilometer  race,  there
were significantly higher levels of miR-125a-5p, miR-126,
and  miR-223  among  23  elite  endurance  athletes.
Furthermore [40], discovered using enrichment analysis a
number  of  associations  between  miRNAs  and  pathways,
such  as  the  BDNF  and  insulin  signaling  pathway,  that
could  be  involved  in  physiological  differentiation  or
regeneration in endurance sports [41]. BDNF is one of the
well-known mediators in the development of the nervous
system;  it  is  a  neurotrophin  that  promotes  neurogenesis
and  helps  neurons  survive  [42-44].  Cell  survival  is
stimulated  by  BDNF  through  a  variety  of  mechanisms,
such as the PI3K-Akt cascade and the MAPK pathway [45].
It  is  commonly  known  that  BDNF  can  be  crucial  for
maintaining glucose/energy homeostasis in addition to the
neurological  system.  It  is  interesting  to  note  that
numerous  investigations  have  produced  strong  proof  of
miRNAs'  ability  to  control  BDNF's  post-transcriptional
levels  [44,  45].  Exercise  raises  blood  BDNF  levels,
according to a number of human research [46] and meta-
analyses [47]. Exercise raises blood lactate levels and the
cardiovascular response by causing the release of BDNF
[48]. Since platelets are the main source of BDNF [44, 49],
increased  sympathetic  activity  during  intense  physical
exercise  can  activate  platelets  [50]  which  in  turn  helps
release  BDNF  into  the  bloodstream  [51].  The  bio-
informatics  study  revealed  that  the  examined  miRNAs
controlled  magnesium  and  guanosine  triphosphate,  in
addition to other significant pathways. Notably, research
on animals has shown that magnesium can improve blood
circulation, and brain, and muscle glucose availability by
preventing  or  postponing  the  buildup  of  lactate  in  the
muscles,  which  in  turn  reduces  fatigue  during  exercise
[52].  Moreover,  it  has  been  demonstrated  that  free
extracellular  guanosine  5′-triphosphate  (GTP)  promotes

myogenic cell development in both mouse and human cell
lines.  According  to  [53],  this  finding  suggests  that
guanosine  triphosphate  may  modulate  miRNA-myogenic
regulatory  factors,  which  in  turn  affect  how  the  body
adapts  to  physical  activity.  Following  the  run  [40],
discovered a  negative  correlation between miR-1-3a and
hs-CRP.  More  significantly,  runners  who  completed  the
race  in  less  than  10  hours  were  found  to  have  levels  of
expression of miR-1-3p than those who finished more than
10 hours. MiR-1 belongs to the subset of myomiRs, which
are muscle-enriched or striated muscle-specific miRNAs.
These  molecules  play  a  role  in  muscle  development,
homeostasis,  and  cell  regeneration.  They  also  have  an
effect  on  the  apoptosis  of  cardiomyocytes  caused  by
hypoxia and re-oxygenation [54]. According to Roms et al.
(2021),  there  is  evidence  that  myomiRs  exhibit  a  dose-
response correlation at varying levels of exercise duration
and intensity; also the pattern of miR-1 expression is dose-
dependent with exercise intensity; finally, the duration of
exercise affects the levels of other miRNAs like miR-133a
or  miR-222  [55].  Studies  on  young  male  runners  have
shown  that  after  high-intensity  interval  training  (HIIT),
miR-1  responds  specifically  to  aerobic  exercise  as  its
concentration  increases  post-marathon  [56].  The  results
were in line with the notion that specific circulating miR-1
was  significantly  up-regulated  3  h  post-exercise  but  not
immediately or shortly after (within 1 h) [57], even though
blood samples for analysis were taken within 30 min of the
race's  conclusion.  Much  research  has  found  increased
miR-1-3p in response to endurance training, but just a few
studies [58, 59] related this finding to myoglobin 24 hours
after  the  run.  Furthermore,  a  negative  correlation  was
observed  between  the  levels  of  miR-1-3p  and  CRP
following  the  100  km  race.  After  and  during  endurance
exercise,  there  is  a  brief  increase  in  blood  CRP
concentration, which, as per [60], is caused by the acute
phase  response  post-exercise  that  is  controlled  by
cytokines, particularly IL-6. According to [61], endurance
sports that are both short- and long-term can cause both
pro- and anti-inflammatory reactions. Additionally, it has
been previously documented that CRP levels substantially
correspond  with  the  distance  covered  and  may  grow
continually during ultra-endurance runs [62]. As a result,
miR-1-3p  may  be  used  as  a  marker  for  the  reparative
mechanisms  activated  in  response  to  stressful  external
stressors. Furthermore, it was shown that miR-1 adversely
regulates  phosphoinositide  3-kinases  catalytic  subunit
alpha  (PIK3CA)  expression  and  that  its  expression  is
reduced in cardiac injury caused by epirubicin. Therefore,
downregulating PIK3CA results in a notable reduction in
the  phosphorylation  of  mTOR,  or  mammalian  target  of
rifampicin kinase, and protein kinase B (Akt). mTOR is an
important  downstream  target  gene  of  the  PI3K/Akt
pathway,  which  can  reduce  cardiac  injury  by  increasing
autophagy and inhibiting apoptosis [63]. Wade et al.(2014)
[64] have reported the angiogenic function of MiR-125a in
endothelium  and  cardiac  muscle  hypoxia  and
inflammation.  While  one  study  found  that  miR-125a-5p
expression  was  downregulated  in  the  ischemic
myocardium following an MI episode, another study found
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that patients with heart failure, particularly those with low
ejection fraction, had higher levels of miR-125a-5p in their
bloodstreams  [65].  Additional  research  revealed  that
paroxysmal atrial fibrillation was associated with elevated
expressions  of  miR-125a-5p  [66].  Furthermore,  several
publications show a dynamic character in their circulatory
presence  following  myocardial  damage  [67,  68].  In
conclusion,  a  damaged heart  may  release  miR-125a  into
the bloodstream. Furthermore, it has been demonstrated
by in vitro research that shear rates, which are also seen
during intense training, trigger the endothelial secretion
of miR-125a-5p [69]. Since HIIT caused a large increase in
miR-125a-5p,  which  may  be  impacted  by  HIIT's
intermittent  nature,  it  was  discovered  that  this  kind  of
training had an impact on alterations in miRNA expression
[69].  In  fact,  research  comparing  MOD exercise  to  HIIT
exercise  revealed  the  possible  presence  of  an  intensity-
dependent  pattern  of  miRNA  release  from  CV  cells  for
different miRNA species; participants in the 100-kilometer
run showed greater expression of miR-125a-5p [70]. Male
participants  in  the  HUNT  study  had  low  VO2  max,  a
measure of cardiopulmonary fitness, which was linked to
higher  levels  of  miR-125a.  Additionally,  Eyileten  et  al.
(2021)  [45]  discovered  that  miR-125a-5p  was  expressed
less frequently in ultramarathon runners who were in the
highest quartile of VO2 max [45]; the study also found a
negative  connection  between  maximal  lactate
concentration  and  miR-125a-5p.  The  energy  used  by
ultramarathon  runners  is  primarily  produced  in  aerobic
processes [71]; hence, more active oxidative enzymes are
found  in  these  athletes  [72].  It  has  previously  been
documented [73, 74] that mean running speed and lactate
concentration  are  correlated,  and  that  mean  lactate
accumulation increases with distance run [75-77].  These
results led to the conclusion that marathon runners should
modify their pace to maximize oxygen intake and minimize
the rise in blood lactate concentration, hence avoiding an
exponential rise in lactate. Numerous cancer forms have
been  linked  to  miR-125a-5p's  propensity  to  obstruct
aerobic glycolysis and lactate generation [78]; data on the
healthy  and  active  population  is,  however,  extremely
limited. The metabolism of cancer cells is distinct in that,
regardless  of  the  availability  of  oxygen,  the  majority  of
glucose  is  converted  to  lactate.  This  is  accomplished  by
overexpressing a number of proteins involved in glucose
metabolism,  including  the  hexokinase  (HK2),  mono-
carboxylate transporters, and glucose transporter (GLUT)
1. They function by transferring glucose metabolites from
catabolic  to  anabolic  pathways,  which  speeds  up  the
invasion,  migration,  and  multiplication  of  cells.
Remarkably, additional research indicated that miR-125a
had a detrimental effect on the control of HK2, an enzyme
that limits the rate of glycolysis [79, 80]. One study Sun et
al.  (2017)  [81]  found miR-125a  as  a  potential  biomarker
for laryngeal squamous cell carcinoma (LSCC), based on
its ability to target HK2 and suppress LSCC progression;
however,  these  results  are  yet  to  be  implemented  in
clinical  settings.  Cellular  energy  disorders  may  also
involve miR-125a-regulated mitochondrial fission. In fact,
it is thought that increased mitochondrial fission hinders

the synthesis of mitochondrial ATP by decreasing electron
transport  chain  activity  [82].  This,  in  turn,  causes  a
decrease in the consumption of glucose and the formation
of lactate. These results support the notion that miR-125a
is  the  primary  regulator  of  cell  energy  metabolism.
miR-125a expression is enhanced by the downregulation of
the  PI3K/Akt/mTOR  signaling  pathway,  which  further
decreases  cell  proliferation  and  improves  the  pro-
inflammatory  cascade.  According  to  Chen  et  al.(2019)
[83],  PI3K  inhibition  enhanced  miR-125a's  capacity  to
control the PI3K/Akt/mTOR signaling pathway and elicit an
inflammatory response. Many biological pathways, such as
apoptosis,  angiogenesis,  cell  cycle,  and  glucose
metabolism,  are  centered  on  the  PI3K/Akt  signaling
pathway. According to Xie et al (2019) [84], PI3K/Akt can
control  the  decrease  in  glycogen  synthesis  and  promote
glycolysis.  It  is  possible,  therefore,  that  miR-125a-5p
suppresses  the  generation  of  lactate  during  prolonged,
high-intensity  physical  exercise  by  regulating  pyruvate
synthesis  and,  therefore,  acetyl-coenzyme  A,  which  is  a
component  of  the  tricarboxylic  acid  cycle  that  produces
ATP.  To  fully  understand the  function  of  miR-125a-5p in
energy metabolism in endurance athletes, more research
is  necessary.  Furthermore,  there  may  be  other  adaptive
functions  of  miR-1,  miR-125a-5p,  and  miR-126  in  ultra-
marathon athletes. They may also mitigate endothelial cell
damage by restoring autophagic flux via  PI3K/Akt/mTOR
signaling inhibition [63, 85]. It is noteworthy that Eyileten
et al. (2021) [45] assessed a number of common changes
in  CV-related  biomarkers  in  elite  athletes  throughout  a
100-kilometer race; however, for most runners, taking part
in  a  100  km  ultra-marathon  results  in  a  small  but
noteworthy increase in hs-TnT. Furthermore, Małek (2021)
[86]  found  a  correlation  between  the  change  in  hs-CRP
and the  mean lactate  concentration  during the  race  and
the  change  in  troponin.  miR-15a  is  another  miRNA  that
might  be  crucial  for  the  metabolism  of  glucose  during
exercise.  Numerous  in  vivo  and  in  vitro  analyses
Chakraborty  (2019)  [87]  revealed  that  miR-15a  controls
transcription factor expression,  which contributes to the
development of cell resistance to insulin. Type 2 diabetes
mellitus (T2DM) induced downregulation of MiR-15a has
been  discovered  among  T2DM  patients  in  some  studies
[88]. Additionally, miR-15a may affect blood coagulation,
platelet  activation,  glucose  metabolism,  and  insulin
signaling  pathways,  according  to  many  bioinformatics
studies [89]. In keeping with earlier research, Eyileten et
al. (2021) [40] discovered a negative relationship between
glucose levels and miR-15a expression following the race.
It's  interesting  to  note  that  miR-15a  expression  did  not
change before or after the run. More research is necessary
to  fully  understand  this  problem,  although  the  miR-15a
expression may be possibly linked to the complex insulin
action  on  peripheral  tissues,  which  may  affect  other
regulatory mechanisms that prevent high glucose levels.
Endurance training causes a number of adjustments and
processes; it can lead to oxidative stress, and injury to the
skeletal  muscles  which  is  one  of  the  causes  promoting
inflammation  connected  to  exercise  [90,  91].  Moreover,
transient  acute  volume  overload  of  the  atria  and  right
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ventricle  may  be  caused  by  high-intensity  endurance
training  [92].  It  is  therefore  speculated  that  these
occurrences  could  be  connected  to  post-race  higher
miR-223  levels  in  ultramarathon  athletes.  It  is  believed
that  muscle  ischemia  and  injured  myofibrils  induce  the
synthesis  of  miR-223.  Furthermore,  miR-223's
overexpression  is  associated  with  the  infiltration  of
inflammatory  cells  into  the  body  [93],  most  likely  as  a
result  of  its  critical  role  in  macrophage  formation  and
function [94, 95]. MiR-223 can polarize macrophages into
anti-inflammatory  types  by  targeting  PBX/knotted  1
homeobox  1  [96].  The  blockage  of  the  synthesis  and
excessive  accumulation  of  NLRP3,  a  component  of  the
inflammasome  that  reacts  to  cellular  injury,  may  be
another way MiR-223 helps to control inflammation [93].
Skeletal muscle regeneration may benefit from all of the
previously  outlined  regulatory  activities  that  uphold  the
harmony  between  inflammatory  and  anti-inflammatory
factors  [97].  It  is  also  thought  that  miR-223  influences
metabolic  signaling,  which  may  be  useful  for  endurance
athletes.  In  fact,  miR-223  may  affect  adipose  tissue's
sensitivity to insulin and improve cardiomyocytes' GLUT4
expression,  allowing  those  cells  to  absorb  glucose  at  a
higher rate [93]. Along with this occurrence, it has been
observed  that  deletion  of  miR-223  leads  to  increased
production  of  nitric  oxide  synthase  2  (NOS2)  caused  by
IFNγ/LPS.  NOS2  is  an  enzyme  that  is  central  to  insulin
resistance  and  a  strong  inducer  of  oxidative  stress  [21].
These  findings  support  the  proposal  that  inflammation,
skeletal  muscle  injury,  and  metabolic  adaption  are
associated with miR-223 overexpression in ultramarathon
runners.  Table  1  summarize  most  of  relevant  studied
regarding miRNA as a biomarker in endurance sports [98,
99].

CONCLUSION
A  thorough  summary  of  the  existing  literature  on  the

role  of  miRNA  in  endurance  exercise  and  how  they  are
regulated  both  during  and  after  endurance  training  has
been  presented  in  this  review.  The  review  showed  that
miR-1,  miR-133,  miR-21,  and  miR-155  are  essential  for
adaptive  response  to  exercise.  Available  studies
demonstrated  that  the  type  of  exercise  has  no  significant
impact  on  inflammatory-related  miRNA  expression.
However,  there  is  a  need  for  more  studies  to  understand
the  relationships  between  miRNAs  and  genes  involved  in
adaptive  changes  depending  on  the  length  and  type  of
training.
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