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ABSTRACT

Small non-coding RNAs, such as microRNAs (miRNAs), have
emerged as powerful post-transcriptional regulators of gene
expression that play important roles in many developmental
and biological processes. In this study, we assessed the abun-
dance of circulating microRNAs important for skeletal muscle
and heart adaptations to exercise (miR-1, miR-133a, miR-133b
and miR-486), following acute exercise and short-term sprint
interval training (SIT). Twenty-eight individuals completed four
all-out efforts on a cycle ergometer, and donated blood before
and 30 min after the cessation of exercise. A subset of 10 un-
trained men completed 4-6 efforts of SIT, three times a week
for 6 weeks, and donated resting blood samples before and
after the intervention. MiRNA TagMan qPCR was performed
and whilst no changes were observed after a single session of
SIT (all p>0.05), the 6-wk SIT intervention significantly reduced
the whole blood content of all four miRNAs (mean fold-chang-
es: 0.37-0.48, all p<0.01). Our data suggests that circulating
miRNAs are responsive to short-term SIT and could have roles
in SIT-induced health and performance adaptations. Further
work is required to establish whether circulating miRNAs could
serve as biomarkers for predicting exercise training responses
and monitoring exercise interventions.

Introduction

Small non-coding RNAs, such as microRNAs (miRNAs), have
emerged as powerful post-transcriptional regulators of gene ex-
pression that play important roles in many developmental and bi-
ological processes [1,51]. MiRNAs are genetically conserved, small
RNA molecules (18-25 nucleotides) that fine-tune gene expression
by binding to the untranslated regions (UTR) of their mRNA targets.
Although miRNAs normally reduce protein abundance through
translational repression or mRNA degradation [28], they can also
facilitate translation [42, 52]. Furthermore, miRNAs are implicated
in evolution as miRNA diversity is related to species complexity
[6,7,24]. MiRNA-mRNA targeting has a profound influence on sign-
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aling pathways to the fact that one miRNA can have hundreds of
mRNA targets [23, 33, 35].

While many miRNA are ubiquitously expressed, some are par-
ticularly abundant in certain tissues [34] and are implicated in
pathogenesis of disease, including cardiovascular disease [5, 53],
type 2 diabetes [21,22,31] and cancers [29, 36]. Circulating miR-
NAs isolated from peripheral blood samples are a mixture of those
generated by immune cells or others that originate from surround-
ing organs. Since circulating miRNAs are stabilized and transport-
ed to other tissues by exosomes and argonaute proteins [2,57],
miRNAs isolated from blood samples are proposed as biomarkers
of biological aging and age-related disease [30,41,49].
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Given that exercise is an effective lifestyle strategy to reduce the
risk and prevent the progression of many age-related diseases and
accelerated aging, it is posited that the mechanism could involve
miRNAs [15, 48]. Circulating miRNAs are vulnerable to single bouts
of aerobic and resistance exercise in numerous tissues, including
brain, skeletal muscle, heart and blood [15, 45]. Specific miRNAs
are correlated to important fitness and performance adaptations
to exercise. For example, resting serum (miR-21 and miR-210) [11]
and whole blood (miR-1 and miR-486)[18] miRNAs are inversely
and positively correlated to VO,max. respectively. In both studies,
the aforementioned miRNAs were differentially expressed in indi-
viduals with relatively low VO, ., compared to their fitter peers
[11,18]. MiRNAs can also distinguish between high and low
responders in exercise-adaptations (weight loss, improvementsin
VOsmax skeletal muscle hypertrophy) after aerobic [3,44] and
resistance [14,40] exercise training interventions.

Many miRNAs highly expressed in myocytes, called myomiRs,
are critical for the normal development of the heart and skeletal
muscle [38] and are also linked exercise-induced adaptations
[25,47]. Notably, many of the metabolic and performance adap-
tations to exercise are abolished in miR-133a~/~ mice [39]. Given
these important functions of myomiRs, we previously analyzed the
abundance of circulating miRNAs (miR-1, -133a and -486) in con-
text with acute maximal aerobic exercise and long-term endurance
training [18]. Interestingly, relative to healthy controls, the endur-
ance athletes possessed a higher abundance of miR-1 and miR-486
and these miRNAs were positively correlated to VO, may [18]. My-
omiRs likely have highly specific roles in skeletal and heart muscle
adaptations to aerobic and anaerobic exercise, as endurance ath-
letes have differentially expressed blood-based miRNAs compared
to strength-trained individuals [27,55] and discordant miRNA ex-
pression patterns are observed after concentric and eccentric ex-
ercise [4]. Therefore, we extended our previous findings and exam-
ined the influence of acute and six weeks of sprintinterval training
(SIT) on circulating miRNAs (miR-1, -133a/b and -486). The pur-
pose of this study was to examine the influence of anaerobic exer-
cise on circulating myomiRs. We hypothesized that myomiRs would
be dynamically regulated by a single session of exercise and six
weeks of SIT.

Materials and Methods

Participants

Twenty-eight apparently healthy men were recruited for this study
(N=28, age (y) 35.5+11.1; body mass (kg) 82.1+14.0; height
179.9+8.6; BMI (kgm~2) 25.4 £3.2). A subset of these participants
completed a 6-week SIT intervention (n=10, age (y) 33.3+10.9;
body mass (kg) 90.2 +13.5; height (cm) 183.4%6.9; BMI (kg'm~2)
26.8£3.5; VO, max (Mlkg~1-min~1)42.78 £6.22). Participants were
screened (Pre-exercise Screening System, ESSA) and provided writ-
ten informed consent. This study was approved by the university’s
Human Research Ethics Committee (approval number: HE15-294).
Our study complied with the ethical standards published most re-
cently by the International Journal of Sports Medicine [26].
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Acute sprint interval session

Twenty-eight participants completed a one-off acute sprint inter-
val session consisting of four 30-s maximal ‘all out” efforts separat-
ed by 4-min rest periods. Participants completed a standardized low
intensity warm-up consisting of 5 min of steady state cycling (<50%
of Pihax)- Participants were instructed to give maximal effort and
were verbally encouraged by the supervising exercise physiologist.

6-week sprint interval training (SIT) intervention

A subset of healthy men (n=10) undertook a 6-wk, three times per
week, supervised SIT program. Each session consisted of a brief
5-min warm-up, including steady state cycling (<50 % of P,,,) with
the initial session prescription consisting of four, 30-s all-out ef-
forts, with 4-min rest between sets. Prescription was progressed
by the addition of an extra effort every fortnight, with participants
completing six all-out 30-s efforts by the end of the intervention
period. Training was performed on the Wattbike ergometer (Watt-
bike Pro, UK) three times a week on alternate days (e. g., Monday,
Wednesday and Friday). The supervising exercise physiologist in-
structed participants not to pace their efforts and provided verbal
encouragement for each effort. Cardiorespiratory fitness was as-
sessed by pulmonary analysis after blood sampling before and two
to three days following the SIT intervention. Subjects began cycling
at 100 W and the load was increased by 20 W-min - until volitional
exhaustion. Gas (O, and CO,) exchange was monitored using the
Oxycon system (Jaeger, Germany) and VO, Was determined as
the highest O, uptake over one minute.

Blood sampling and RNA analysis

Fasted venous blood samples were drawn from the antecubital vein
into EDTA tubes before and 30 min following the cessation of exer-
cise (for those involved in the single session of SIT trial). The subset
of 10 men also donated a blood sample two to four days after their
final SIT session (for the 6-wk training intervention). 1 ml of whole
blood was washed with an erythrocyte lysis buffer (Qiagen, Aus-
tralia) and centrifuged at 2500 RPM prior to RNA extraction using
the miRVana miRNA Mini kit (ThermoFisher Scientific, Australia),
following the manufacturer’s guidelines. Total RNA quantity and
quality were assessed using the Nanodrop spectrophotometer
(ThermoFisher Scientific, Australia) and was stored at —80 °C. Ap-
proximately 500 ng of RNA were reverse transcribed using the Mi-
croRNA Reverse Transcription Kit (ThermoFisher Scientific, Austral-
ia) and miRNA-specific TagMan primers (hsa-miR-1-3p, hsa-miR-
133a-3p, hsa-miR-133b-3p, hsa-miR-486-5p and snoU6). These
miRNAs were selected a priori due to their roles in skeletal and heart
muscle development and are implicated in exercise-induced train-
ing adaptations [18]. The miRNA abundance was quantified by
TagMan gPCR using experimental layouts outlined previously [18].
All paired samples were run in triplicate with the endogenous con-
trol miRNA (snoU6) and negative no-template controls on 384-well
plates in the BioRad Thermocycler (CFX96 Touch Real-time PCR De-
tection System, Bio-Rad). The 2-delta-delta Ct method was used to
examine changes in miRNA abundance after exercise and was ex-
pressed as fold-change (FC). The average intra-assay co-efficient of
variations hsa-miR-1-3p, hsa-miR-133a-3p, hsa-miR-133b-3p, hsa-
miR-486-5p and snoU6 triplicates were 0.74+0.34, 0.61+0.32,
0.87+0.43,0.66+0.41 and 0.72 £0.40, respectively.
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Statistical analysis

Data were assessed for normality using the Kolmogorov-Smirnov
and Shapiro-Wilk tests. Based on our previous findings [ 18], we cal-
culated thatin order to achieve >80 % power to detect a moderate
effect size (d=0.50) at the alphalevel of 0.05, a minimum of 28 in-
dividuals was required (G * Power, Version 3.1.9.2). Paired-sample
t-tests or Wilcoxon signed rank tests were used to establish statis-
tically significant changes in characteristics and miRNAs after SIT.
Significance was set at p<0.05.

Results

No statistically significant changes were found in whole blood
miRNA abundance after a single session of SIT (all p>0.05, > Fig. 1).
Subjects increased their VO, (8.06 %) and maximum power out-
putinincremental testing (11.11 %) after the 6-wk SIT intervention
(both p<0.05). All four miRNAs were markedly reduced following
the 6-wk SIT intervention (all p<0.01, » Fig. 2).

Discussion

The purpose of this study was to examine the influence of acute
and short-term SIT on four miRNAs important for muscle develop-
ment and linked to exercise-induced adaptations. Although miR-
NAs were not consistently altered by a single session of SIT, a 6-wk
SIT intervention markedly decreased the abundance of miR-1-3p,
miR-133a-3p, miR-133b-3p and miR-486-5p in whole blood from
men. Considering the significant cardiorespiratory fitness and cy-
cling performance adaptations caused by SIT in the present study,
the findings provide evidence that miRNAs may control the expres-
sion of genes conducive to health and performance adaptations.
They also indicate that whole blood is an appropriate bio-fluid to
analyze miRNAs in order to monitor exercise adherence and train-
ing-induced physiological adaptations.

Evidence suggesting miRNAs are crucial to exercise-induced ad-
aptationsis accumulating [15, 37,47, 50]. MyomiRs are particular-
ly responsive to exercise interventions and control pathways con-
ducive to aerobic and anaerobic conditioning [47]. For instance,
miR-133a-3p~/~ mice exhibit exercise intolerance with a 33 % ex-
ercise capacity, reduced mitochondrial content and expression of
key metabolic genes in skeletal muscle [39]. Moreover, miR-133a-
3p~/~ mice do not show significant improvements in the aforemen-
tioned parameters after six weeks of treadmill training [39]. Skel-
etal muscle miR-1-3p and miR-133a-3p are down-regulated during
hypertrophy in mice, and miR-1-3p is known to target mRNAs in
the insulin-like growth factor-1 signaling cascade [20]. Most find-
ings on endurance and resistance training induced responses indi-
cate miR-1 and miR-133 families are generally down-regulated,
possibly to augment protein synthesis for muscle recovery after
exercise [20]. Therefore, it is tempting to speculate that the de-
creased abundance of myomiRs found in the present study could
be due to anincrease in protein synthesis and otherimprovements
in skeletal muscle metabolism induced by high-intensity exercise
(e.g., increased oxidative capacity, insulin sensitivity and mito-
chondrial biogenesis) [9, 10, 12, 46].

Interestingly, when we used the miRWalk 2.0 database [19] to
identify predicted mRNA targets of the myomiRs altered after
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> Fig. 1 Whole blood miRNAs are not regulated by a single session
of SIT. No statistically significant changes were observed in whole
blood miR-1-3p, miR-133a-3p, miR-133b-3p or miR-486-5p at
30min post-exercise (mean fold-change +SE: 1.21+0.15, 0.97£0.07,
0.97+0.08 and 0.96+0.08, respectively, N=27, all p>0.05). Data are
from two-tailed Wilcoxon signed rank tests and are expressed as
fold-change (2 -22Ct, black dots). The bottom, middle and top lines of
the boxes are 25t percentile, median and 75t percentile, respec-
tively, and whiskers indicate minimum and maximum values.
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> Fig. 2 Short-term SIT lowers whole blood miRNA abundance. A
marked decrease in whole blood miR-1-3p, miR-133a-3p, miR-133b-
3p or miR-486-5p was observed in 10 untrained healthy individuals
following a 6-wk SIT intervention (mean fold-change + SE:
0.44+0.17,0.48+0.07,0.47£0.11 and 0.37 £ 0.08, respectively, all
p<0.01). Data are from two-tailed Wilcoxon signed rank tests and
are expressed as fold-change (2722, black dots). The bottom,
middle and top lines of the boxes are 25t percentile, median and
75t percentile, respectively, and whiskers indicate minimum and
maximum values. * *p<0,01.

short-term SIT, we noticed they were predicted to target genes
with known roles in aging and other established pathways vital for
health and performance adaptations. It is reasonable to suggest
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that given miR-1-3p (SIRT3, TINF2, BDNF and DRD1), miR-133a/b-
3p (TERT, MAPK14 and IL15RA) and miR-486-5p (SIRT1, PTEN and
PIK3AP1) were all down-regulated and that their target mRNAs
could be up-regulated by SIT. Our findings suggest mRNA targets
of the miRNAs altered by SIT - linked to aging and cellular senes-
cence (SIRT1/3, TERT and TINF2) - support other recent evidence
indicating high-intensity exercise may attenuate age-related de-
cline in mitochondrial content and lean mass [46]. Rigorous exer-
cise training may attenuate biological aging through telomere and
sirtuin signaling pathways, such that endurance athletes exhibit
higher sirtuin activity [54], longer telomeres and increased expres-
sion of TERT mRNA [17] in leukocytes. The mRNA targets of these
miRNAs should be analyzed in context with other markers of cellu-
lar aging in future work.

Precisely how the circulating miRNAs were reduced after six
weeks of SIT is unclear. Either the endogenous production and
transport of these miRNAs from surrounding tissues into circula-
tion was attenuated, recipient tissue uptake was more efficient, or
circulating factors that encourage the decay of the miRNAs were
up-regulated by SIT. Leukocyte DNA methylation alterations to
miRNA genes have led to mature miRNA content changes in previ-
ous exercise interventions [16], which could account for the ob-
served changes in the present study. The exact fate and inter-cel-
lular functions of circulating miRNAs in exosomes, argonaute pro-
teins or other proteins requlated by exercise remain incompletely
understood.

In contrast to our previous study that found significant decreas-
es in miRNAs (miR-1-3p, miR-133a-3p and miR-486-5p) immedi-
ately after maximal aerobic exercise [18], the present study did not
reveal any consistent changes in these miRNAs after a single ses-
sion of SIT. This could be a temporal effect as we chose to analyze
the exercise-induced changes to miRNAs 30 min into the recovery
phase in the present study, whereas miRNAs were analyzed imme-
diately after maximal exercise testing in the previous investigation
[18]. Alternatively, circulating miRNAs may have a unique response
to aerobic and anaerobic modes of exercise. Indeed, SIT would rely
heavily on anaerobic metabolism during the effort and aerobic me-
tabolism during the rest period when exercise post oxygen con-
sumption is occurring. We have experimentally demonstrated that
miRNAs involved in hypoxia pathways (miR-21 and miR-210) are
regulated by a single session of SIT and short-term running SIT [16].
Interestingly, others have analyzed the effects of high-intensity in-
terval training (HIIT) and traditional continuous exercise on vascu-
lar remodeling miRNA (miR-16 and miR-126) [32] and plasma-
based myomiR (miR-1, miR-133a/b and miR-208) [13] abundance,
and found similar miRNA responses to both forms of exercise. An
explanation for the discrepancy between our findings and previous
ones may be the different sample analyzed (whole blood vs plas-
ma), different time-point, other methodological discordances or
that SIT may induce a unique miRNA response because it is at high-
est end of the intensity continuum for aerobic training. Certainly,
a time-course analysis of the acute and long-term influences of
miRNA responses is required to resolve the issue.

While the majority of studies have measured circulating miR-
NAs in plasma or serum to examine their utility as exercise biomark-
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ers, whole blood may be a convenient alternative for clear reasons.
First, whole blood miRNAs are from surrounding tissues shuttled
into plasma, red blood cells and otherimmune cells, which increas-
es the diversity of miRNAs and enables the concurrent analysis of
leukocyte miRNA and the expression of their mRNA targets. Sec-
ond, whole blood RNA yields (which includes small RNAs - e. g.,
miRNAs) are much higher than alternative bio-fluids used for bio-
marker studies (e. g., saliva, urine, plasma or serum). Finally, whole
blood analyses circumvent issues regarding reference miRNA se-
lection and the need to use spike-in miRNAs. Therefore, others
should consider quantifying whole blood miRNAs for exercise bio-
marker discovery and move towards standardized techniques that
will be important for replication and validation experiments.

Alimitation of the study is that we only included a modest num-
ber of men (n=10) in the 6-wk SIT intervention. We did, however,
have appropriate power to detect statistically significant changes
in miRNAs, but whether women have a similar response to training
is unclear. Immune cells also express miRNAs that are known as my-
omiRs [43]. Therefore, immune fluctuations that occur during the
menstrual cycle [8,56] could influence miRNA responses to exer-
cise training in women. The four myomiRs in this study were cho-
sen a priori as they were regulated by exercise in our previous work
[18]. While this is not a major limitation and can be viewed as a
strength because it was hypothesis driven, we are planning to an-
alyze the genome-wide response to small non-coding RNAs isolat-
ed from whole blood in future experiments. Finally, we did not
measure the mRNA targets of the miRNAs and do not know which
tissues they may post-transcriptionally regulate to influence exer-
cise physiology. These limitations require addressing in future in-
vestigations.

In conclusion, we found a marked reduction in the abundance
of miRNAs (miR-1-3p, miR-133a/b-3p and miR-486-5p) in whole
blood samples from men after a 6-wk SIT intervention. These find-
ings further support the premise that circulating miRNAs could
serve as biomarkers of exercise responses and likely play important
roles in health and performance adaptations to exercise. To our sur-
prise, no statistically significant changes were observed in miRNA
abundance 30 min after the cessation of a single session of SIT,
which could suggest a discordant miRNA response between anaer-
obic and aerobic exercise and emphasizes that time-course stud-
ies are required to address this possibility. Such studies will enable
us move towards molecular biomarkers of exercise traits and per-
sonalized exercise prescription.
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