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Abstract

Recent studies have revealed a new aspect of physiological regulation in which microRNAs (miRNAs) play fundamental roles
in diverse biological and pathological processes. Furthermore, it was recently discovered that miRNAs are stably secreted
into blood and that circulating miRNAs may play important roles in cell–cell communication. Here, we examined whether
the circulating miRNA profile is affected by acute resistance exercise. Twelve males performed a resistance exercise session
(bench press and leg press), consisting of five sets of 10 repetitions at 70% of maximum strength, with a 1 min rest between
sets. Blood samples were taken before exercise, and at 0 and 60 min, 1 day, and 3 days after exercise. The circulating miRNA
profile was determined by microarray analysis. Quantitative real-time PCR confirmed that the miR-149* level increased three
days after resistance exercise. In contrast, the miR-146a and miR-221 levels decreased three days after resistance exercise.
Our findings suggest that circulating miRNA levels change in response to acute resistance exercise, and miRNAs may play
important roles in resistance-exercise-induced adaptation.
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Introduction

Recent studies have revealed a new aspect of physiological

regulation in which small, non-coding RNAs, known as micro-

RNAs (miRNAs), play fundamental roles in diverse biological and

pathological processes, including differentiation and morphogen-

esis [1]. miRNAs are approximately 22 nucleotides long and

inhibit the expression of the target mRNAs through translational

repression or mRNA decay by interacting with the 39 untranslated

regions (UTRs) of target mRNAs [2], [3]. A single miRNA can

regulate multiple mRNAs and can alter the levels of critical

regulators. It was estimated that miRNAs regulate nearly two-

thirds of the mammalian genome [4]. Thus, miRNAs play

fundamental roles in diverse biological and pathological processes

[5], [6].

It was recently discovered that miRNAs are stably secreted into

and circulate via the bloodstream [7]. The circulating miRNAs

may be protected from degradation in blood by several

complementary mechanisms, including their incorporation into

phospholipid bilayer-encapsulated vesicles, the ‘‘exosome’’ [8], or

by the formation of RNA-binding protein complexes [9]. The

discovery of stable circulating miRNAs raises questions over the

function of these miRNAs. In fact, recent studies suggested that

miRNAs are involved in cell–cell communication [10], [11], [12]

and that circulating miRNAs, like hormones and cytokines,

mediate gene expression in the target cells.

Resistance exercise is a potent stimulator of muscle protein

synthesis and muscle cell growth. The exercise-induced increase in

protein synthesis is associated with morphological and functional

adaptations of skeletal muscle [13], [14] via the induction of

hormones and cytokines, including testosterone, dehydroepian-

drosterone, and insulin-like growth factor-1 (IGF-1) [15], [16],

[17]. In fact, acute resistance exercise increases some of these

hormones. It appears that this acute response is more critical to

muscle adaptation than are chronic changes in resting hormonal

concentrations [18]. However, it has not been determined whether

resistance exercise affects circulating miRNAs, even though

circulating miRNAs have been extensively studied as biomarkers

of various diseases, such as cancer [19]. The identification of

circulating miRNAs that are specifically regulated by exercise

could reveal unique biomarkers of exercise physiology and would

provide further insight into the molecular control of exercise

adaptations [20]. Therefore, we performed a comprehensive

microarray analysis of circulating miRNAs and their responses to

acute resistance exercise. We then performed quantitative real-

time reverse-transcriptase polymerase chain reaction (RT-PCR) to

quantify the expression of specific resistance-exercise-induced

miRNAs.
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Methods

Ethical approval and study participants
Twelve healthy nonsmoking males participated in this study.

The physical characteristics of the subjects are shown in Table 1.

All of the subjects were physically active and had experience of

recreational exercise training. None of the subjects was partici-

pating in a regular training program at the start of the study. The

subjects reported that they did not use any medications (e.g.,

anabolic steroids and sympathoadrenal drugs) during the exper-

imental trials. Written informed consent was obtained from all of

the subjects. Ethical approval for this study conformed to the

standards of the Declaration of Helsinki and the protocol was

approved by the Japan Institute of Sports Sciences Ethics

Committee.

Exercise trials
The subjects visited the laboratory 1–2 weeks before the

experimental trials. The one repetition maximum (1 RM) for the

bench press and bilateral leg press exercises were measured using

weight-stack machines. Before assessing the 1 RM, the subjects

were invited to stretch for several minutes; they then performed

two warm-up sets of ten repetitions. The load was increased until

the subjects were unable to lift the load. The subjects rested for

$3 min between each trial to avoid fatigue. Three to five trials

were conducted to determine 1 RM.

The resistance exercise consisted of two consecutive exercises

(bench press and bilateral leg press), consisting of five sets of 10

repetitions at 70% of 1 RM. The subjects were allowed to rest for

1 min between each set and exercise. The subjects were instructed

to lift and lower the load at a constant velocity, taking about 2 s for

each repetition. If the load became too heavy, the subject was

assisted. The range of motion in each exercise was from 90u to 0u
(0u at full extension). The trials were performed between 08:00 and

11:30 a.m. to avoid diurnal variations in metabolic and hormonal

responses.

Blood sampling and biochemical analysis
After an overnight fast, the subjects attended the laboratory and

rested for 30 min before the first blood collection. Venous blood

samples were obtained from the subject’s forearm before (Pre), and

at 0 min (immediately after exercise; Post 0 min), 60 min (Post

1 h), 1 day (Post 1d), and 3 days (Post 3d) after exercise. Serum

and plasma samples were prepared by centrifuging the samples at

3000 rpm for 15 min, and were stored at –80uC until analysis.

Creatine kinase (CK) activity was measured by the UV (NAC)

method, as recommended by GSCC [21], and C-reactive protein

(CRP) concentrations were measured by nephelometry. Blood

samples were also obtained from the fingertip to measure lactate

concentrations using an automatic lactate analyzer (Lactate Pro;

ARKRAY, Kyoto, Japan).

Assessment of subjective fatigue during exercise trial
A visual analogue scale was used to assess fatigue subjectively.

The subjects were asked to rate their degree of fatigue and tension

by marking a 100 mm line with a pen at some point between 0 on

the left end (no fatigue) and 100 on the right end (maximum

fatigue). The visual analogue score was recorded at the time of

blood sampling. The heart rates and subjective fatigue of the

subjects are shown in Table 2.

RNA isolation
RNA was isolated from serum samples as previously described

[19], with some modifications. Briefly, 400 ml of human serum was

thawed and mixed with five volumes of QIAzol reagent and

vortexed for 10 s. The samples were then incubated at room

temperature for 5 min to inactivate RNases. To allow for

normalization of sample-to-sample variation in RNA isolation,

synthetic C. elegans miRNAs cel-miR-39, cel-miR-54, and cel-miR-

238 (synthetic RNA oligonucleotides synthesized by Fasmac,

Odawara, Japan) were added (25 fmol of each oligonucleotide in a

5 ml total volume) to each sample. The samples were then stored at

–80uC until use. After thawing the samples, one volume of

chloroform was added. We then followed the manufacturer’s

protocol, and the entire aqueous phase from each sample was

loaded onto a single affinity column. RNA was eluted with 50 ml of
elution solution.

miRNA profiling
For microarray expression profiling of miRNAs, total RNA

from serum samples were labeled and hybridized to a miRCUR-

YTM LNA miRNA Array (Exiqon, Vedbaek, Denmark) in

accordance with the manufacturer’s instructions. The miRCUR-

YTM LNA miRNA Array contains control probes, mismatch

probes, and capture probes, which match all the miRNAs in

human, mouse and rats, as annotated in miRBase Release 17.0.

The control probes include 10 spike-in control probes to ensure

optimal labeling and hybridization, as well as 8 negative capture

probes and 12 capture probes that hybridize small nuclear RNAs.

RNA labeling and hybridization was completed according to the

manufacturer’s instructions. Briefly, the RNAs from each sample

were labeled with Hy3 using the miRCURYTM LNA miRNA

Array labeling kit. After labeling, the samples were loaded onto the

microarray slide and incubated for 16–18 h at 60uC. After

hybridization, the slides were washed, dried by centrifugation, and

scanned using an Agilent Microarray Scanner (model G2565B).

The mean values of the replicate spots of each miRNA on the

microarray were normalized using a global normalization

procedure. The correction factor was calculated by dividing the

sum intensity of each sample by the mean intensity of all samples.

The normalized values were calculated by multiplying the mean

Table 1. Subject characteristics.

Height (cm) 172.461.2

Body mass (kg) 68.962.0

BMI (kg/m2) 23.261.2

Age (years) 29.961.2

BMI, body mass index. Data are presented as means 6 SE.
doi:10.1371/journal.pone.0070823.t001

Table 2. Changes in heart rate and subjective fatigue during
the exercise trial.

Pre Post 0h Post 1h Post 1d Post 3d

Heart rate
(beat/min)

67.4667.4 92.264.7 67.263.2 ND ND

Subjective
fatigue
(0–100)

5.662.2 6667.7 16.163.3 18.464.0 7.162.3

Subjective fatigue was assessed on a visual analogue scale. ND: not determined.
Data are presented as means 6 SE (n = 12).
doi:10.1371/journal.pone.0070823.t002
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intensity of each miRNA by the correction factor. The expression

levels for each serum sample were then computed relative to the

expression level observed in the universal control.

The Hy5:Hy3 ratio (universal control/sample) was first

converted to a log2 value. The gene expression signatures in

response to a bout of resistance exercise were then evaluated using

the following selection criteria; fold-change .1.5, coefficient of

variation ,50%, and high Hy3 signal .1.56 the median signal.

We chose targets that met the fold-change criterion in at least one

sample. The target was then removed if multiple samples did not

meet the criteria or if the validation tendency was not matched.

miRNA quantification
The TaqMan MicroRNA Reverse Transcription Kit and

TaqMan MicroRNA assays (Applied Biosystems, Foster City,

CA) were used for real-time PCR quantification of mature miRNA

expression [22]. To quantify miRNAs, each RT reaction

contained 10 ng of purified total RNA. The reactions were

incubated for 30 min at 16uC, 30 min at 42uC, and 5 min at

85uC. Real-time PCR reactions for each miRNA (10 ml reaction
volume) were performed in triplicate, and each 10 ml reaction
mixture included 0.67 ml of the RT product. Reactions were

performed using an Applied Biosystems 7500 Fast Real-Time

PCR system in 96 well plates at 95uC for 10 min, followed by 40

cycles of 95uC for 15 s and 60uC for 1 min.

The target miRNAs were selected in two ways: we first selected

four miRNAs based on the microarray analysis, as described

above. We also selected the following eight miRNAs that were

validated in an earlier study: miR-20a, miR-21, miR-133a, miR-

146a, miR-210, miR-221, miR-222, and miR-328 [20].

The results of real-time PCR were first presented as Ct values,

so we calculated the DDCt value for each miRNA using the Ct

value of cel-miR-39 and the Ct value at Pre. Using this, we

calculated the fold-change for times Post 0 min, Post 1h, Post 1 d,

and Post 3 d, relative to Pre. We evaluated miR-16, a stable and

abundant miRNA in blood, and confirmed the accuracy of

miRNA isolation and quantification of circulating miRNAs.

Statistical analysis
Before statistical analysis, all data, except hemoglobin values,

were corrected for changes in serum volume using the method of

Costill and Fink [23], [24]. All data were analyzed by one-way

analysis of variance with repeated measures. If significant

differences existed, post hoc analyses (Bonferroni multiple compar-

ison test) were performed. We also used Spearman’s rank

correlation coefficient to analyze the changes in miRNA levels

and resistance-exercise-related blood parameters. The level of

statistical significance was set at P,0.05. Data are expressed as

means 6 standard error (SE).

Results

Global identification of circulating miRNAs in response to
resistance exercise
We randomly selected three individuals (12 samples; three

individuals 6 four time points) to determine their miRNA

expression profiles. Pooled total RNA from the 12 samples was

used as a universal reference. The expression profiles were

determined using miRCURYTM LNA miRNA Arrays (GEO

accession numbers: GSE48405, Gene Expression Omnibus).

LNAs are a class of conformationally restricted nucleotide

analogues that increase the affinity of an oligonucleotide for its

complementary RNA or DNA target. The Exiqon miRNA array is

one of the most comprehensive probe sets available on an array

platform [25], and allows for in-depth analysis of miRNA

expression (Fig. 1A). After RNA hybridization and array analysis,

K-means clustering and self-organization map [26] were used to

analyze and assemble the data. These methods group the miRNAs

with similar expression patterns. Eight cluster groups were used in

this study (Fig. 1B). Based on the criteria described in the Method

(fold-change .1.5, coefficient of variation ,50%, and high Hy3

signal .1.56 the median signal), only four miRNAs (miR-149*,

miR-299-5p, miR-1469 and miR-1908) were selected.

Quantification of changes in circulating miRNA levels in
response to resistance exercise
We then attempted to determine the changes in the four

miRNAs identified from the microarray data and eight miRNAs

that were reported to change in response to endurance exercise

[20]. Among these miRNAs, we could not measure miR-1469

because the TaqMan MicroRNA assays for miR-1469 was not

available.

The quantitative analysis showed that the expression levels of

miR-149* were significantly increased at Post 3d of resistance

exercise (Fig. 2). The analysis also showed that the expression

levels of miR-146a and miR-221 were significantly reduced at Post

3d of exercise (Fig. 2). Unfortunately, we could not detected miR-

299-5p, possibly because only a small amount was expressed. The

other miRNAs (miR-1908, miR-20a, miR-21, miR-133a, miR-

210, miR-222, and miR-328) did not change significantly

following resistance exercise (Fig. 2). The Ct values for the

miRNAs were approximately 28 (miR-21), 29 (miR-20a), 30 (miR-

146a, miR-221), 31 (miR-222), 33 (miR-149*, miR-210, miR-328,

miR-1908), and 34 (miR-133a).

Correlations between miRNA levels and resistance-
exercise-related blood parameters
We analyzed the correlations between changes in miRNA levels

and resistance-exercise-related blood parameters, including

growth hormone (GH), IGF-1, cortisol, adrenaline, noradrenaline,

testosterone, CK activity, myoglobin, and interleukin-6 (IL-6)

(Table 3). We found some significant but weak correlations

between the changes in plasma catecholamine levels and miR-21

(Fig. 3A). Furthermore, IGF-1 and free testosterone levels

correlated weakly with miR-222 levels (Fig. 3B).

Discussion

In the present study, we confirmed that some circulating

miRNAs were influenced by acute resistance exercise. These

results may imply that circulating miRNA could be used as

possible biomarkers of exercise physiology, and provide novel

Figure 1. Microarray analysis of circulating miRNAs following acute resistance exercise. (A) Accuracy of hybridization of miRNA
microarray. The levels of very few miRNAs changed by .1.5-fold change at any time. (B) Self-organization map clusters generated using the 843
regulated expression profiles. We specified eight clusters and an algorithm grouped them into discrete clusters. Expression profiles were determined
at before, 60 min after (Post 1h), one day after (Post 1d), and three days after exercise (Post 3d), and are designated by black dots from left to right,
where Pre is set as 0 in the log2 ratio between control samples. The thick and thin lines represent the mean expression level and standard deviation,
respectively.
doi:10.1371/journal.pone.0070823.g001
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Figure 2. Changes in circulating miRNA levels following acute resistance exercise. The miR-149* level had increased significantly three
days after resistance exercise. miR-146a and miR-221 levels had decreased significantly five days after resistance exercise. Levels of the other miRNAs
did not change significantly. *P,0.05, **P,0.01.
doi:10.1371/journal.pone.0070823.g002
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insight into the regulatory roles of circulating miRNAs in

physiological adaptations to resistance exercise.

Several studies have determined the impact of acute exercise on

circulating miRNAs, and some studies have reported the effects of

exercise on miRNAs in skeletal muscle in humans [27], [28]. In

fact, one study evaluated the effects of endurance exercise on

circulating miRNAs. For example, Baggish et al. (2011) reported

that the circulating levels of the miRNAs miR-146a, miR-21, miR-

221, and miR-222 increased significantly after a bout of acute

aerobic exercise [20]. Although that study provided the first

evidence that acute endurance exercise affected the circulating

levels of miRNA, there were some limitations. In particular, they

did not correct for changes in plasma volume to exclude the effect

of endurance-exercise-induced hemoconcentration [23], [24].

Uhlemann et al. (2012) determined changes in 2 miRNAs and

reported that miR-126 levels increased after acute endurance

exercise, miR-133 levels increased after acute resistance exercise,

and levels of both miR-126 and miR-133 increased after a

marathon [29].

We initially hypothesized that some circulating miRNAs,

particularly muscle-specific miRNAs (e.g., miR-1 and miR-133),

were highly responsive to a bout of resistance exercise because of

muscle recruitment during resistance exercise. Unexpectedly,

however, the microarray analysis revealed no changes in

Figure 3. Correlations between circulating miRNA levels and resistance-exercise-related blood parameters following acute
resistance exercise. (A) Adrenaline and noradrenaline levels correlated weakly but significantly with miR-21 levels, yielding correlation coefficients
of 0.491 and 0.455, respectively; (B) miR-222 levels correlated weakly with IGF-1 and free testosterone levels, yielding correlation coefficients of 0.488
and 0.477, respectively. NA, noradrenaline.
doi:10.1371/journal.pone.0070823.g003
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circulating levels of muscle-specific miRNAs following acute

resistance exercise. These results are consistent with those of an

earlier study of acute endurance exercise [20]. These results

suggest that tissue-specific miRNAs are not secreted into blood by

passive transport; instead, some miRNAs may be selectively

released to exert their roles in other tissues or cells.

Until now, no systematic study has evaluated the circulating

miRNA profile after acute resistance exercise. We, for the first

time, examined the effects of acute resistance exercise on the

miRNA profile by comprehensive microarray analysis and

performed quantitative analysis. To achieve this, we first

performed a comprehensive, high-throughput screening of thou-

sands of miRNAs using an LNA-based microarray, focusing on

three subjects at four time points, rather than examining a large

sample. To confirm the profiles using a more reliable quantitative

method, we used TaqMan real-time RT-PCR assays to examine

the miRNA profiles in 12 subjects at five time points. These

analyses showed that the circulating levels of miR-149* increased,

whereas those of miR-146a and miR-221 decreased significantly

after acute resistance exercise. To our surprise, only three of the

1458 miRNAs were affected by acute resistance exercise. The

specific changes in these circulating miRNAs suggest that they play

some roles in resistance-exercise-induced muscle adaptation.

However, we did not elucidate the physiological significance of

the changes in circulating miRNAs.

Some studies have revealed changes in circulating miRNAs in

pathological conditions. For example, serum miR-146a levels were

significantly decreased in septic patients [30] and in patients with

systemic lupus erythematosus [31], but were increased in patients

with liver cirrhosis or hepatocellular carcinoma [32], and in

patients infected with hepatitis C virus [33]. In addition, it was

recently reported that the circulating levels of miR-146a were

significantly elevated in patients with acute coronary syndrome

[34]. Meanwhile, circulating miR-221 levels were significantly

increased in patients with pancreatic cancer [35], colorectal cancer

[36], gastric cancer [37], and hepatocellular carcinoma [38].

Consequently, these miRNAs might be related to the pathogenesis

of these diseases. In contrast, no report has documented changes in

circulating miR-149*. Further studies should focus on the

physiological meaning of this increase in circulating miR-149*.

We found that the circulating miR-146a level had decreased

three days after acute resistance exercise, but it is reported that

acute aerobic exercise increased circulating miR-146a levels in an

earlier study [20]. In contrast, we found that the miR-21 and miR-

222 levels did not change after a bout of resistance exercise,

although these miRNAs have been reported to increase after a

bout of endurance exercise [20]. These differences suggest that the

changes in circulating miRNAs may be influenced by the types of

exercise. Therefore, further systematic studies should be conduct-

ed to investigate the effects of exercise type, duration, and intensity

on the circulating miRNA profile.

To determine the relationship between changes in miRNA

levels and those in resistance-exercise-induced blood parameters,

we performed correlation analysis and found some significant but

weak correlations between the changes in several circulating

miRNAs and the changes in plasma catecholamines (Fig. 3A),

IGF-1, and free testosterone (Fig. 3B). These results suggest that

these hormones may be associated with the circulating miRNAs.

Therefore, future studies should determine whether these miRNAs

were generated in skeletal muscle or in other tissues after resistance

exercises, and therefore clarify the effects of acute resistance

exercise on the biogenesis of circulating miRNAs. It is also

necessary to study the function of these circulating miRNAs in

relation to muscle hypertrophy.

Circulating miRNAs are easily sampled in humans using blood

samples, and stable following freezing, thawing, and temperature

changes [19]. This explains why circulating miRNA levels are

frequently examined in epidemiologic studies. However, a

standardized detection method of circulating miRNAs has not

been established.

Finally, the inconsistency between the results of the compre-

hensive analysis and the quantitative analysis has to be discussed.

We chose four miRNAs based on the changes observed in the

LNA-based microarray, and quantitative real-time RT-qPCR

confirmed the changes in miR-149* following resistance exercise.

However, we could not determine the changes in miR-1469

because no TaqMan miRNA assay kit was available; nor miR-

299-5p, possibly because it was only expressed at low levels. We

failed to confirm the changes in miR-1908 following resistance

exercise. One possible explanation for this inconsistency may be

the individual variations of the miRNAs because we subjected 12

serum samples (three individuals6 four time points) to microarray

analysis, whereas we measured miRNA expression in 60 samples

(12 individuals 6 five time points) by real-time RT-qPCR.

Another possibility may be the difference in detection methods

used. Three principal methods are currently used to measure the

levels of miRNA expression: real-time RT-PCR, microarray

hybridization, and massively parallel/next-generation sequencing.

Table 3. Correlations between changes in miRNAs and resistance-exercise-related blood parameters.

GH IGF-1 Cortisol Adrenaline NA Testosterone CK Mb IL-6

miR-149* –0.268 –0.015 0.068 0.084 0.158 –0.145 0.010 –0.160 0.229

miR-1908 –0.373 0.137 0.029 0.086 0.003 –0.009 –0.057 –0.194 0.055

miR-20a –0.141 0.220 0.221 0.320 0.389 –0.021 0.217 0.040 0.216

miR-21 –0.037 0.357 0.250 0.491* 0.455* 0.052 0.228 0.061 –0.013

miR-133a –0.246 –0.096 0.245 0.180 0.143 –0.300 0.186 0.166 0.143

miR-146a –0.154 0.336 0.162 0.222 0.270 0.208 0.084 –0.096 –0.136

miR-210 –0.303 0.284 0.107 0.296 0.183 0.128 0.096 –0.060 –0.092

miR-221 –0.329 0.213 0.101 0.256 0.136 0.042 0.037 –0.167 –0.128

miR-222 –0.090 0.487* 0.159 0.311 0.293 0.477* 0.191 0.036 –0.133

miR-328 –0.214 0.282 0.080 0.246 0.223 0.217 0.118 –0.207 –0.068

GH, growth hormone; IGF-1, insulin-like growth factor 1; NA, noradrenaline; CK, creatine kinase; Mb, myoglobin; IL-6, interleukin-6. *: p,0.05.
doi:10.1371/journal.pone.0070823.t003
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Their relative performances are still being evaluated [39]. In this

study, the LNA-based microarray was used for the comprehensive

analysis, while TaqMan DNA probe-based real-time PCR assays

were used for quantitative analysis. Real-time RT-PCR is a well-

accepted technique in the field and is often used to validate the

results of microarray and sequencing analyses, although micro-

arrays are still the best choice as a standardized genome-wide

assay that is amenable to high-throughput applications [40]. It has

been reported that each of these three platforms performs similarly

in terms of intraplatform reproducibility and the reproducibility of

data within one platform, whereas the interplatform reproducibil-

ity of different platforms is low [39]. Several studies have also

compared the use of microarray and real-time RT-PCR for

establishing miRNA profiles and have reported that the actual

overlap between differentially expressed miRNAs was low when

microarray and real-time RT-PCR data were compared [40],

[41]. Multiple factors could contribute to this low interplatform

consistency, such as data collection, mining, and noise subtraction

[39]. Further methodological studies are required to improve

interplatform reproducibility and address this limitation of miRNA

studies.
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