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High-intensity interval exercise (HIIE) has been reported to be more beneficial for physical

adaptation than low-to-moderate exercise intensity. Recently, it is becoming increasingly

evident that circulating miRNAs (c-miRNAs) may distinguish between specific stress

signals imposed by variations in the duration, modality, and type of exercise. The aim of

this study is to investigate whether or not HIIE is superior to vigorous-intensity continuous

exercise (VICE), which is contributing to develop effective fitness assessment. Twenty-six

young males were enrolled, and plasma samples were collected prior to exercise and

immediately after HIIE or distance-matched VICE. The miRNA level profiles in HIIE were

initially determined using TaqMan LowDensity Array (TLDA). And the differentially miRNAs

levels were validated by stem-loop quantitative reverse-transcription PCR (RT-qPCR).

Furthermore, these selective c-miRNAsweremeasured for VICE. Our results showed that

somemuscle-related miRNAs levels in the plasma, such as miR-1, miR-133a, miR-133b,

and miR-206 significantly increased following HIIE or VICE compared to those at rest

(P < 0.05), and there was only a significant reduction in miR-1 level for HIIE compared to

VICE (P < 0.05), while no significant differences were observed for other muscle-related

miRNAs between both exercises (P > 0.05). In addition, some tissue-related or

unknown original miRNA levels, such as miR-485-5p, miR-509-5p, miR-517a, miR-518f,

miR-520f, miR-522, miR-553, and miR-888, also significantly increased (P < 0.05) in

both exercises compared to rest. However, no significant differences were found between

both exercises (P > 0.05). Overall, endurance exercise assessed in this study both

led to significant increases in selective c-miRNAs of comparable magnitude, suggesting

that both types of endurance exercise have general stress processes. Accordingly, the

similar responses to both acute exercises likely indicate both exercises can be used

interchangeably. Further work is needed to reveal the functional significance and signaling

mechanisms behind changes in c-miRNA turnover during exercise.
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INTRODUCTION

High-intensity interval exercise (HIIE) can take a variety of
forms and is currently one of the most effective means of
improving cardiorespiratory andmetabolic function and, in turn,
physical performance in athletes (Buchheit and Laursen, 2013b;
Milanovic et al., 2015). HIIE involves repeatedly exercising
at a high intensity for periods of 30 s to several minutes,
separated by 1–5min of recovery (Buchheit and Laursen, 2013a).
In addition, continuous moderate-intensity aerobic exercise
that is sustained for 30min or more is also the preferred
training modality for many athletes (Buchheit and Laursen,
2013b). Previous studies have shown that HIIE can have more
profound effects on cardiovascular function and aerobic capacity
than isocaloric low and moderate intensity exercise (VICE) in
animal models (Kemi et al., 2005; Hafstad et al., 2011), healthy
subjects (Gurd et al., 2010; Nybo et al., 2010) and patients in
hypertension and coronary heart disease (Ciolac, 2012; Moholdt
et al., 2014). HIIE offers the possibility of enhancing the
performance of high-intensity exercise for far longer periods
than is possible with continuous exercise (Gillen and Gibala,
2014).

Exercise has been shown to be a potent activator of gene
expression, including genes encoding small non-coding RNAs
called microRNAs (miRNAs), which can play a central role
in the post-transcriptional regulation of gene expression for
a broad range of biological processes (Kirby and McCarthy,
2013; McCarthy, 2014). miRNAs are responsive to acute aerobic
and resistance exercise in the brain, blood, skeletal and cardiac
muscle, adipose tissue and even buccal cells (Denham et al.,
2014). The expression patterns of miRNAs vary considerably
depending on the mode of exercise (Kirby and McCarthy,
2013). Some of these alterations in gene expression may
be attributed to changes in the levels of several specific
miRNAs in diverse tissues induced by exercise such as skeletal
muscle-related miRNAs (Drummond, 2010; Nielsen et al.,
2010).

Recently, it has been suggested that circulating miRNAs (c-
miRNAs) may serve as physiological mediators of exercise-
induced adaptation (Baggish et al., 2011; Aoi et al., 2013;
Aoi and Sakuma, 2014; Mooren et al., 2014). Moreover, it is
becoming increasingly evident that c-miRNAs may distinguish
between specific stress signals imposed by variations in the
duration, modality, and type of exercise (Nielsen et al., 2014;
De Gonzalo-Calvo et al., 2015). At present, although HIIE
is a well-known, time-efficient training method for improving
cardiorespiratory andmetabolic function (Buchheit and Laursen,
2013a,b), the acute molecular mechanisms underlying its
effects have not been fully elucidated. The aim of this
study is to investigate whether or not high intensity interval
exercise is superior to vigorous-intensity continuous exercise
(VICE), which is contributing to develop effective fitness
assessment. We formulated the hypothesis that changes to
miRNAs in the circulation were different in acute HIIE and
VICE during exercise, which may provide insight into the
potentially superior benefits of HIIE to other forms of endurance
exercise.

MATERIALS AND METHODS

Subjects
Twenty-six healthy young men (age, 20.38 ± 0.12 years; height,
1.75 ± 0.01 m; body mass, 68.35 ± 1.04 kg; and BMI, 21.92 ±

0.24 kg·m−2) who were habituated to a regular exercise regimen
were recruited to participate in this study. All subjects had
performed regular endurance training for 2 years (Training ≥

3 d·wk−1). None of the participants had any current or prior
chronic disease, a history of smoking, or current use of any
medications or dietary supplements. Written informed consent
was obtained from all of the participants. Ethical approval for this
study conformed to the standards of the Declaration of Helsinki,
and the protocol was approved by the Institutional Review Board
of Nanjing University.

Exercise Trial
A single trial of HIIE was performed 3 days following the
incremental exercise test to eliminate the effect of transient
metabolic changes that continue for a period of time post-
exercise. The HIIE trial consisted of 7 bouts of 4min of high-
intensity running (∼85–95% of HRmax), interspersed with 2min
of active recovery in addition to 10min of warm up and 5min of
cool down (Buchheit and Laursen, 2013a). The average running
time was close to 1 h. After 3 days, a VICE trial consisting of
continuous running was performed, where the distance covered
matched the distance covered during the HIIE trial. Heart rate
(HR) was measured during each exercise using a Polar heart rate
monitor with a Polar TEAM 2 (Polar TEAMHeart Rate Monitor,
Finland). The room temperature was between 19 and 22◦C, and
the relative humidity between 40 and 50%.

Maximal Oxygen Consumption and
Maximal Heart Rate Test
The maximal oxygen uptake (VO2max) was measured by using a
portable metabolic system that measures on a breath-by-breath
basis (K4b2, Cosmed, Rome, Italy), followed by an incremental
exercise test on a motor-driven treadmill (h/p/cosmos quasar,
Germany). Calibration procedures were performed before the
test, according to the manufacturer’s recommendations. The
treadmill running test was performed using the Bruce protocol
(Bruce, 1972). All subjects were encouraged to exercise to
exhaustion. The highest 1-min average of O2 uptake was
determined as the VO2max. Exhaustion was ensured by a
respiratory exchange ratio >1.05. The maximal heart rate
(HRmax) was defined as the highest 5-s average during the
VO2max test by a Polar pulse meter.

Plasma Sampling
Blood samples were collected from the subjects at three time
points: prior to acute exercise testing (Rest), immediately after
the HIIE trial and after the distance-matched VICE trial (within
1min of completion of the exercise testing). Five milliliters of
venous blood was collected in standard anticoagulant (EDTA)-
treated Vacutainer tubes. Immediately after each blood drawn all
blood samples were centrifuged at 1500 g for 10min to pellet the
cellular elements and then centrifuged at 10,000 g for 5min at
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4◦C to completely remove the cell debris. To minimize freeze-
thaw degradation, the supernatant plasma was then immediately
frozen at−80◦C for future analysis.

TaqMan Low Density Array
For the TaqMan Low Density Array (TLDA), equal volumes of
plasma from the 26 healthy young male subjects were pooled
separately to form Rest and HIIE sample pools. RNA was
extracted from each pooled sample according to a previously
described protocol (Luo et al., 2013). miRNA profiling of 754
different human miRNAs was then performed using a 7900 HT
Fast Real-Time PCR System (Applied Biosystems) as specified by
the protocols of the manufacturer. The results were expressed
as threshold cycle (Ct) values and normalized to an internal
control miRNA U6 recommended by the manufacturer. The
fold changes of c-miRNA were calculated using the equation
2−11Ct.

RNA Extraction and RT-qPCR
Total RNA, including miRNA, was isolated from 100µl of
plasma, using a 1-step phenol/chloroform purification protocol
(Luo et al., 2013). An exogenous reference gene, plant miRNA
MIR2911 was spiked into each sample to control for variability
in the RNA extraction and purification procedures (Yan et al.,
2015). Specially, to standardize the volumes (100µl) of each
plasma supernatant, we added 20 fmol (20µl total volume)
of a chemically synthesized miRNA duplex mimic of MIR-
2911. RT-qPCR was performed using a TaqMan PCR kit and
an Applied Biosystems 7300 Sequence Detection System to
quantify the abundance of mature miRNAs. After the reactions,
the cycle threshold (Ct) data were evaluated using the default
threshold settings, and the mean Ct was determined from the
triplicate PCRs. The relative levels of miRNAs were normalized
to MIR-2911 and calculated using the 2−11Ct method. △Ct
was calculated by subtracting the Ct values of MIR-2911 from
the average Ct values of the target miRNAs. △△Ct was then
determined by subtracting the △Ct of the rest condition from the
△Ct of the exercise conditions.

Statistical Analyses
GraphPad Prism 5 and SigmaPlot 10.0 packages were used. All
data were presented as the mean ± standard error of the mean
(SEM). The distribution of the data was tested for normality using
the Shapiro-Wilk normality test. The results were analyzed using
the Friedman test to determine significance. When appropriate
(P < 0.05), a Dunn’s Multiple Comparison post-hoc test
was applied to compare differences between the three groups.
Correlation analyses were performed using the Spearman’s or
Pearson’s method as appropriate for data distribution. Values of
P < 0.05 are considered significant.

RESULTS

Changes in Heart Rates in Response to
Acute HIIE and VICE
According to the HIIE and VICE models (Figure 1), the mean
running intensity of HIIE was 93% of the HRmax, and the

mean intensity of active recovery was approximately 80% of
the HRmax. The mean running intensity of VICE was 87%
of the HRmax. The running intensities of HIIE and VICE
both reached the prescribed intensity zone of the 85–95% of
HRmax (Nybo et al., 2010; Moholdt et al., 2014), and there
was no significant difference in the mean HR during the entire
exercise session between HIIE and VICE. However, there was
a significant difference in the HR during running between the
HIIE and VICE trials (P < 0.001). The data for the mean heart
rates during the HIIE and VICE sessions are summarized in
Table 1.

Global Screening of Circulating miRNAs in
Response to HIIE
A TLDA analysis to screen and select candidate miRNAs
were first employed. miRNAs were considered to be differently
changed if their Ct values were <40 and if there was a at
least two-fold difference in the HIIE sample compared to
the Rest controls. miRNA profiling analysis revealed that 229
plasma miRNAs were increased and 220 plasma miRNAs were
decreased following HIIE. Fifty-seven of the markedly altered
miRNAs from the HIIE group (fold-change > 20) were listed
in Supplementary Table 1. Furthermore, some muscle-specific
miRNAs, such asmiR-1, miR-133a, miR-133b, andmiR-206, were
selected (Boettger et al., 2014). Other tissue-related or unknown
originated miRNAs were then selected as candidate miRNAs
for further testing by RT-qPCR, including miR-485-5p, miR-
509-5p, miR-517a, miR-518f, miR-520f, miR-522, miR-553, and
miR-888.

Confirmation of the Candidate Circulating
miRNAs by RT-qPCR
A TaqMan probe-based RT-qPCR assay to confirm the change
of the candidate miRNAs in individual plasma samples was next
employed. The muscle-specific miRNAs levels in the plasma,
such as miR-1, miR-133a, miR-133b, and miR-206 significantly
increased in HIIE compared to rest (P < 0.05) (Figure 2). In
addition, some selective tissue-related or unknown originated
miRNAs levels in plasma, such as miR-485-5p, miR-509-5p, miR-
517a, miR-518f, miR-520f, miR-522, miR-553, andmiR-888, were
also significantly increased in HIIE compared to rest (P < 0.05)
(Figure 3).

Changes in Circulating miRNAs between
Acute HIIE and VICE
To assess the difference between the selected plasma miRNAs
in discriminating between the two types of training, these c-
miRNAs levels between HIIE and VICE were compared. No
significant differences were found in miR-133a, miR-133b, and
miR-206 level in the plasma between HIIE and VICE (P >

0.05) (Figure 2). However, the miR-1 level in VICE increased
significantly compare to HIIE between HIIE and VICE (P <

0.05) (Figure 2). There were no significant differences in the
levels of plasma miR-485-5p, miR-509-5p, miR-517a, miR-518f,
miR-520f, miR-522, miR-553, and miR-888 between HIIE and
VICE (P > 0.05) (Figure 3).
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TABLE 1 | The mean heart rates during rest, HIIE and VICE session.

HIIE VICE

HRrest (bpm) HRmax (bpm) HRrunning (bpm) HRrecovery (bpm) HRwhole (bpm) HRrunning (bpm)

72.00 ± 1.39 199.60 ± 0.17 185.83 ± 1.46*** 160.88 ± 1.21 176.47 ± 1.86 175.29 ± 1.31

Values represent as the mean ± SEM (n = 10). ***Indicates differences compared to VICE, P <0.001.

FIGURE 1 | Heart rate curves for a representative subject performing high-intensity interval exercise or vigorous-intensity continuous exercise (VICE).

Association between Circulating miRNA
Levels and Peak Oxygen Consumption
To explore the feasibility of using c-miRNAs as potential
biomarkers for aerobic capacity, the correlation between the
changes in the plasma levels of these selected miRNAs and
VO2max were analyzed. No correlations were found between the
changes in these selected c-miRNAs and the VO2max (r-values
between−0.391 and 0.252, P > 0.05).

DISCUSSION

It is well documented that each tissue exhibits a particular
miRNA expression profile, suggesting specific functions
(Schneeberger et al., 2015). Our results suggested that the similar
physiological demands of both types of endurance exercise
influenced the c-miRNAs responses to these exercise bouts. The
change of c-miRNAs in response to endurance exercises likely
suggests their important role in evaluating specific adaptations
induced by exercises, which might, in turn, have an impact on
adaptation to training.

Aerobic exercise is typically characterized by lower intensity,
longer-duration contractile activity which has long been tied to
good health (Rowe et al., 2014). A growing body of evidence
demonstrates that HIIE can serve as an effective alternate to
traditional endurance-based training (Buchheit and Laursen,
2013b; Milanovic et al., 2015). The mechanisms involved in this
phenomenon are not yet fully understood. During endurance
exercise, numerous molecular cascades in distant tissues are
affected to handle the stress. The study of c-miRNAsmay provide
additional insight into the internal stress experienced by the
individual and the effects of exercise.

In the present study, the level of some cardiac and skeletal
muscle-enriched miRNAs in the plasma, which were increased

in several prior studies following a full or half-marathon run
(Gomes et al., 2014; Mooren et al., 2014; Uhlemann et al.,
2014), such as miR-1, miR-133a, miR-133b, and miR-206 were
also significantly increased during HIIE and VICE. Both types
of training can effectively improve cardiac and skeletal muscle
metabolic function (Buchheit and Laursen, 2013a). However,
the level of miR-1 in the plasma in VICE showed a significant
increase compared to HIIE, suggesting that VICE may place
more stress on the heart or skeletal muscle. For a long time,
the basic core concept of specificity of training is based in
motor unit recruitment (Kraemer and Szivak, 2012) with the
understanding that the non-activated muscle tissue remains
essentially untrained (Kraemer and Szivak, 2012). In contrast,
high-intensity exercise combines greater recruitment of type
II muscle fibers and a greater stimulation rate of already
recruited fibers (Sale, 1987). Since during competitive games
players have often more space to run and reach higher running
speeds (up to 85–90% of maximal sprinting speed (Di Salvo
et al., 2010; Mendez-Villanueva et al., 2011) for likely similar
metabolic demands (Buchheit and Laursen, 2013a). There are
likely several approaches (i.e., HIIE format) that, considered in
isolation, will achieve a similar metabolic and/or neuromuscular
training adaptation outcome (Buchheit and Laursen, 2013a).
In our study, no changes for muscle enriched c-miRNA levels
between HIIE and VICE, such as miR-133a, miR-133b, and
miR-206, may reflect similar physical demands for peripheral
components. At present, several hundred miRNAs are detectable
in skeletal muscle (McGregor et al., 2014), which limits
our ability to accurately estimate HIIE sessions. However,
it is likely that acute neuromuscular load may be greater
with HIIE.

EightmiRNAs not restricted tomuscle origin also significantly
increased in plasma during this study of HIIE and VICE,
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FIGURE 2 | Muscle-specific c-miRNAs are elevated after high intensity interval exercise and vigorous intensity continuous exercise. Immediately after

high-intensity interval exercise (HIIE) and vigorous-intensity continuous exercise (VICE), plasma levels of miR-1 (A), miR-133a (B), miR-133b (C), miR-206 (D) were

significantly increased. Compared to the HIIE, plasma level of miR-1 in the VICE was increased significantly. c-miRNA levels are displayed as relative levels based on

the formula (2−△Ct × 105). Values represent the mean ± SEM obtained from 26 subjects. *Indicates differences compared to Rest, P < 0.05; **Indicates differences

compared to Rest, P < 0.01; ***Indicates differences compared to Rest, P < 0.001; # Indicates differences compared to VICE, P < 0.05.

suggesting that numerous acute transient responses occur to
enable the body to cope with different stressors, such as thermal,
metabolic, hypoxic, oxidative, and mechanical stress. However,
no significant differences in eight miRNAs levels were found
between HIIE and VICE, indicating that they may have shared
a common response to exercise. The benefit of exercise can be
found in other tissues, which can prevent or effectively treat a
multitude of degenerative conditions, including cardiovascular
disease, cancer, diabetes, depression, and many others (Watson
and Baar, 2014). Non-muscle tissues show exercise-induced
changes including adipose, liver, lung, endothelium, bone and
hence may release miRNAs into circulation (McGregor et al.,
2014). For example, miR-517a is closely associated with nuclear
factor kappa-B (NF-κB) signaling, is conserved, ubiquitously
expressed, and a pivotal regulator of immune response,
inflammation and cell survival (Olarerin-George et al., 2013); The
miR-888 cluster family, exclusively expressed in the reproductive
system of human and non-human primates, is associated with
epididymal physiology and immune cell functions (Belleannee,
2015); miR-518f was preferentially expressed in the bones of
osteoporotic patients (Garmilla-Ezquerra et al., 2015). Some
miRNAs, such as miR-509-5p (Ren et al., 2014), miR-485-5p
(Sun et al., 2015), miR-520f (Harvey et al., 2015), and miR-
522 (Zhang et al., 2015), are normally associated with pathology

of the cancers. The source and function of miR-553 is not
clear.

Taken together, most of the c-miRNAs identified in plasma
had a similar response to both exercises. Moreover, the nature
andmagnitude of the responses of the c-miRNAs were influenced
by exercise type, which likely depends on exercise intensity
or volume (De Gonzalo-Calvo et al., 2015). Given that the
same average intensity and distance for both conditions, it
is likely that the c-miRNAs response might be more closely
related to the relative than absolute metabolic demands. The
identical effects on c-miRNAs likely suggest both exercises might
represent a similar effective and potentially promoting body
health.

At present, the mechanism of exercise induced c-miRNAs
elevation is likely much more complex. A number of plausible,
perhaps complementary suggestions have been proposed, such
as muscle cell damage (Gomes et al., 2014; Uhlemann et al.,
2014), de novo miRNA transcription (Baggish et al., 2014;
Gomes et al., 2014; Mooren et al., 2014) and activate miRNAs
secretory (Aoi and Sakuma, 2014; Gomes et al., 2014; Mooren
et al., 2014). The miRNA pool in the circulation might
be determined by a balance between cellular uptake/release
and intracellular catabolism and anabolism during exercise.
A recent study demonstrated that cells secrete extracellular
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FIGURE 3 | Non-muscle original c-miRNAs are elevated following high intensity interval exercise and vigorous intensity continuous exercise. Some

tissue-related (A–F,H) or unknown originated (G) miRNAs in plasma were significantly increased following high intensity interval exercise (HIIE) and vigorous intensity

continuous exercise (VICE). c-miRNA levels are displayed as relative levels based on the formula (2−△Ct × 105). Values represent the mean ± SEM obtained from 26

subjects. ***Indicates differences compared to Rest, P < 0.001.

vesicles (EVs), which carry proteins characteristic of exosomes,
with a size of 100–130 nm, that can be released into the
circulation following an incremental exercise protocol of cycling
or running until exhaustion (Fruhbeis et al., 2015), likely
suggesting that c-miRNAs, as well as other circulating factors,

e.g., hormones, adipokines, and myokines, may be associated
with exercise-induced benefits (Aoi, 2015). Thus, changed
muscle-specific miRNAs levels in plasma/serum might be useful
as molecular biomarkers for monitoring physiology related body
conditions. For example, although no correlations were found
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between the change in the c-miRNA level and VO2max in our
study, a correlation exists between aerobic exercise performance
and the change of specific miRNAs in circulating blood (Denham
et al., 2014), such as miR-1, miR-133a, and miR-206 (Mooren
et al., 2014).

Furthermore, the biological significance of exercise-induced
c-miRNAs also remains elusive. Recently, studies suggested a
possible role in cell-to-cell communication, where c-miRNAs
might be able to mediate gene expression in target tissues in
a way comparable to hormones and cytokines (Russell and
Lamon, 2015). During exercise, many systems are responsive to
exercise, including skeletal muscle, immune, the cardiovascular
and skeletal system. The corresponding miRNAs changes in
plasma have been observed in our study. It is unknown whether
changes in circulating miRNAs during exercise directly reflect
changes in muscle miRNA expression. Some muscle-related
miRNAs, such as miR-1, miR-133a, miR-133b, are also increased
in human skeletal muscle during exercise (Nielsen et al., 2010;
Russell et al., 2013). Moreover, data from tracer studies in rodents
and humans show that global protein synthesis, involved in
energy metabolism accompanied with alterations of heat shock
and proteasomal proteins, is blunted in working skeletal muscle
(Rose and Richter, 2009; Schild et al., 2015). Thus, we speculate
that some specific c-miRNAs increase during exercise might
reflect the blunting of protein synthesis be controlled by miRNAs
as the upstream signaling molecular. Additional study requires
testifying this hypothesis.

Altogether, our results suggest the ability of exercise to
increase some specific miRNAs in the circulation might underlie
the subsequently beneficial effects of exercise on tissue function.
Additionally, identification of specific molecular biomarkers in

the form of miRNAs might be suitable for monitoring training
interventions.
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