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Abstract: A deeper insight into the mechanisms responsible for athlete performance that may serve
as specific and detailed training indicators is still desired, because conventionally used biomarkers
provide limited information about the adaptive processes that occur during exercise. The objective
of our study was to assess insulin-like growth factor 1 receptors (IGF1R) gene expression and
evaluate plasma concentration of selected microRNAs (miRNAs) during a 10-week training period
(sampling times: week 1, 4, 7, and 10) in a group of 12 professional female volleyball players.
Circulating miRNAs (miR-223, miR-320a, and miR-486) with established concentration in plasma and
documented association with the IGF1 signaling pathway, which is involved in muscle development
and recovery, were tested. The levels of analyzed miRNAs, tested by one-way ANOVA, were
significantly different between four training periods during a 10-week training cycle (miR-223
p < 0.0001, miR-320a p = 0.00021, miR-486 p = 0.0037, respectively). The levels of IGF1R also appeared
to be different (p = 0.00092), and their expression showed a trend to increase between the first and
third periods. In the fourth period, the expression decreased, although it was higher compared
with the baseline. Correlations between concentration levels of miR-223 and miR-320a (rs = 0.54,
p < 0.001), as well as between miR-320a and miR-486 (rs = 0.73, p < 0.001) were also found. In the
fourth period, a negative correlation between miR-223 plasma level and leucocyte IGF1R expression
was found (rs =−0.63, p = 0.028). Multiple linear regression analysis showed that miR-320a (p = 0.024)
and creatine kinase (p = 0.028) had the greatest impact on the expression levels of the IGF1R gene.
Future studies are required to define whether these miRNAs, especially miR-320a, as well as IGF1R
expression could be useful biomarkers of physiological changes during exercise and to discover their
detailed biological roles in mode-specific exercise training adaptations of professional athletes.

Keywords: miRNA; athletes; training biomarkers; IGF1R

1. Introduction

The recognition of epigenetic mechanisms may serve as a new factor for better un-
derstanding, monitoring, and optimizing athlete performance during training and season
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periods. Optimizing the training process is related to the appropriate monitoring of anabolic
and catabolic responses following different types of physical exercise. Many biomarkers
of physical condition have been identified, such as creatine kinase (CK), lactic dehydroge-
nase, creatine kinase-MB isoenzyme, troponin T and NH2-terminal prohormone of brain
natriuretic peptide, cortisol, and inflammatory marker—high-sensitivity C-reactive protein;
however, all of them give only limited insight into exercise-induced adaptive processes
and they do not render the full molecular changes arising during and after physical ex-
ercise [1–3]. Hence, new biomarkers capable of providing detailed knowledge about the
changes in physical performance and evaluating exercise physiology are critically needed.

Insulin-like growth factor 1 (IGF-1) pathway is an evolutionary conserved regulatory
module that is implicated in the metabolism of glucose, lipid, and protein [4]. IGF-1
affects almost every tissue in the human body by promoting cell proliferation, growth,
and maturation through upregulation of anabolic processes [5,6]. Disruption of the IGF-1
signaling pathway has been associated with the onset of a variety of age-related diseases,
including muscle disease, metabolic, cardiovascular, and neurodegenerative diseases, and
cancer [7,8]. IGF-1 is also involved in muscle development, differentiation, regeneration
and muscle mass increase, as well as inhibition of protein degradation [9,10]. IGF-1 acts
by IGF-1 receptors that have a highly similar structure to that of insulin receptor [11]. The
IGF1R gene occurs in large concentration in the skeletal muscle, liver, brain, and adipose
tissue and plays a crucial role in IGF-1 pathway regulation [12,13]. Insufficient stimulation
of IGF-1R due to low availability of its ligands is detrimental for the development of skeletal
muscles. IGF1R is activated by ligand binding and initiation of receptor tyrosine kinase that
leads to conformational changes of the receptor. This results in the activation of downstream
signaling pathways of IGF-1, including Ras-mitogen-activated protein kinase pathway and
phosphatidylinositol 3-kinase pathway, and finally, cell proliferation, differentiation, and
survival [14]. IGF1R molecules are present on the surface of leucocytes, also known as cell
differentiation marker CD221. They mediate communication within the immune system in
the muscle regeneration process. Secretion of the IGF-1 and expression of its receptor in
the blood by monocytes and granulocytes were identified as an important process related
to muscle repair [15]. A role in IGF1R-related pathways in blood lymphocytes has also
been confirmed. The combination of dihydrotestosterone and stimulation of IGF-1 affects
cells adhesion, migration, and cytokines production, as well as modification expression of
focal adhesion kinases [16]. Meta-analysis of the whole blood genes expression has shown
that IGF1R gene is related to muscle strength [17]. Another study reported that IGF1R was
overexpressed in the whole blood after high-intensity exercise in old champion athletes [18].
The study conducted by Abbasi et al. also confirmed the altered expression of IGF1R in
the whole blood after intensive exercise [19]. MiRNAs inhibit IGF1R expression by directly
targeting the 3′ untranslated region [6,12,20,21]. Due to its proliferation-promoting action,
IGF1R has been investigated in many studies as a target in anticancer therapy [22,23].

Epigenetic mechanisms concern DNA methylation, histone modifications such as
methylation, ubiquitination, phosphorylation, and acetylation, changes in higher-order
chromatin structure, and a large variety of noncoding RNAs (ncRNAs). In the group of
ncRNAs, long noncoding RNAs and small noncoding RNAs are distinguished [24,25].
The most important representatives of the second group are microRNAs (miRNAs) that
range from 18 to 22 nucleotides in length mainly targeted to 3’-untranslated region of the
gene [26]. In humans, more than 2500 miRNAs have been discovered that have been shown
to play a fundamental role in regulation of gene expression at the post-transcriptional
level by promoting mRNA degradation and inhibiting mRNA translation, which results in
decreased expression levels of target proteins [27]. MiRNAs have been found in various
human tissues and body fluids such as serum, plasma, cerebrospinal fluid, and urine, and
they play crucial roles in a wide range of physiological and pathological processes [28,29].
MiRNAs that occur in biofluids, called circulating miRNAs, are transported to target cells
within exosomes, microvesicles, and protein complexes and may derive from dead cells
or be the products of cell secretion [30,31]. Circulating miRNAs are easily detectable,
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stable, and sensitive biomarkers that response superbly to metabolomic changes [32].
MiRNAs are stably secreted at rest in response to tissue damage and other pathological
conditions [33,34]. Furthermore, miRNAs may also regulate muscle hypertrophy, as well
as postexercise regeneration, and might be potentially a biomarker of overtraining and
muscle fatigue, or an injury predictor [35–37].

The aim of the present study was to determine the expression of the IGF1R gene in
the whole blood, as well as plasma concentration changes of selected miRNAs (miR-223,
miR-320a, and miR-486) during a 10-week training period in a group of professional female
volleyball players. All of the above-mentioned miRNAs are involved in regulation of IGF-1
signaling pathway [8,38–40]. We tried to find an easily accessible relatively noninvasive
biomarker capable of providing a deeper insight into the physiological changes during
training and that could be useful in determination of optimal training loads, as well as
better recognition of the role of IGF1R in training adaptation, understood as body response
related to the volume of exercise undertaken [41]. We assumed that IGF1R gene expression
in total leucocytes and concentration of analyzed miRNAs in plasma would change within
the study and show a constant trend as a response to the training program. To best of our
knowledge, there is no study describing the influence of long-term training on miRNAs
plasma quantity associated with IGF1R expression levels in professional athletes [42].

2. Materials and Methods
2.1. Subjects and Study Design

Blood samples were taken in the morning, on the same day of the week, after fasting,
from the median cubital vein of 12 professional female volleyball players, who are multiple
medalists of national and international competitions, at four time-points during a 10-week
training cycle. Intervals between the sample collections were 3 weeks and coincided with
the routine laboratory blood test schedule. The measurement at week 1 reflects period I,
week 4 period II, week 7 period III, and week 10 period IV.

The participants had trained regularly for many years (13.8 years ± 6 months) before
enrolling in our study. The average training experience of the study participants was
13 years and 8 months ± 6 years 5 months. The experiment was designed in such a way
as to monitor the changes in sought biomarkers during the intensive preparation for a
new season after a few weeks of nontraining during the summer break. The participants
were not taking any medicines. The average age of the female players was 27 ± 5 years
and 4 months (mean ± SD), the average height was 184.61 ± 9.37 cm, and the average
body weight was 76.27 ± 12.76 kg. The Medical Ethics Committee the University of
Rzeszow approved the study (protocol number 3/11/2017), and individuals provided
written informed consents.

2.2. Training Cycle Characterization

The 10-week preparation period caused training effects assumed in the plan. No
injuries that would have interrupted the players’ training cycle occurred during the prepa-
ration time.

The recording of training loads in the preparatory period based on the notation used
by club coaches as part of the set training program consisted of 10 microcycles (weekly), in
which 131 training units were carried out. The first 2 weeks were introductory, followed
by a 6-week preparation period and finally, 2 weeks of specialist training. In the following
training weeks, the percentage proportions of the type of training loads were as follows:
weeks 1–3—aerobic effort (80%) and strength-resistance effort (20%); weeks 4–6—aerobic
effort (60%) and resistance (40%); weeks 7–10—power-oriented training (80%), and 20%
was aerobic in nature. During these periods, a total of 1320 min within 11 time units were
allotted for biological regeneration and physiotherapeutic procedures in the preparatory
period, such as classes at the pool, sauna, massage, and recovery pump. The time devoted
to the implementation of 131 training units was 13,100 min, which amounted to 218.3 h.
The highest training load time was planned in the 4th microcycle, in which 1800 min were
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carried out in 12 training units, and the smallest in the 8th microcycle, 780 min in 12 training
units. Information about training loads and construction is presented in the Supplementary
Files (Tables S1–S3, Figures S1–S3).

The maximum rate of oxygen (VO2 max), and levels of creatine kinase and cortisol in
the blood were also regularly tested, as well as body composition parameters. VO2 max
was calculated from the results obtained with the Beep Test [43].

Body composition analysis was performed using a Tanita BC-418 MA analyzer (Tanita
Corporation, Tokyo, Japan), and the following parameters were recorded: height, body
mass, fat mass in kilograms, percentage of body fat, total body water (TBW), fat-free mass
in kilograms (FFM), basic metabolic rate (BMR), and body mass index (BMI). Cortisol and
creatine kinase were determined using Alinity analyzer (Abbot, Abbott Park, IL, USA)
by chemiluminescent microparticle immunoassay method and Alinity c creatine kinase
reagent kit (Abbot, Abbott Park, IL, USA), respectively.

2.3. MicroRNAs Concentration Analysis

MicroRNAs were selected after reviewing current literature. Three miRNAs (miR-223,
miR-320a, and miR-486) with an established concentration in plasma and documented asso-
ciation with the IGF1 signaling pathway were tested [8,38–40]. Blood samples with EDTA
were collected and centrifuged at 3000 rpm for 10 min at 4 ◦C to separate plasma from cel-
lular blood components. Plasma samples were aliquoted and stored at −80 ◦C until further
analysis. After thawing, the samples were centrifuged at 3000× g for 5 min to pellet the cellu-
lar debris. MiRNAs were extracted from 200 µL of plasma using miRNeasy Serum/Plasma
Advanced Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. At
the beginning, 5.6 × 108 copies of mimic cel-miR-39 (miRNeasy Serum/Plasma Spike-In
Control, Qiagen, Hilden, Germany) and 1 µg of carrier RNA (MS2 RNA, Roche, Mannheim,
Germany) were added to each sample. After extraction, the miRNAs samples were stored
at −80 ◦C until downstream analysis. To perform the reverse transcription of miRNAs
to complementary DNA (cDNA), the miRCURY LNA RT Kit (Qiagen, Hilden, Germany)
was used according to the manufacturer’s recommendation. After that, cDNA was stored
at −20 ◦C until expression analysis. Before polymerase chain reaction (PCR), cDNA was
30-fold diluted, and the reaction was performed using miRCURY LNA SYBR Green PCR
Kit (Qiagen, Hilden, Germany) in the COBAS z480 Real Time PCR System under the
thermal cycling conditions described in the mix manual. PCR was followed by a melt
curve analysis. MiRNAs quantities were assessed by the following sets of primers: hsa-
miR-486-3p miRCURY LNA miRNA PCR Assay; hsa-miR-320a miRCURY LNA miRNA
PCR Assay; cel-miR-39-3p miRCURY LNA miRNA PCR Assay; product ID—QG-339306,
Qiagen, Hilden, Germany. The expression levels of hsa-miR-223-3p were assessed by the
primers designed by miRprimer software [44]. Primers had the following sequence (5′→3′):
forward: GCCGCAGTGTCAGTTTGTCA, reverse: ACAGTTTTTTTTTTTTTTTGGGGTA,
and were used at 450 nM final concentration. All samples were evaluated in duplicate. Due
to the lack of consensus regarding which micro-RNA has a stable expression in plasma,
the mimic cel-miR-39-3p was used for expression normalization [42,45–48]. Mimic cel-
miR-39-3p was used for expression normalization. MiRNAs concentration levels were
evaluated using the advanced relative quantification method using the maximum second
derivative as the calculation model. Amplification efficiency for all targets was evaluated
as previously described [49,50]. The expression results are presented as a normalized ratio.

2.4. IGF1R Expression Analysis

One milliliter of whole blood was used for IGF1R expression analysis. Erythrocytes
were lysed using Lyse RBC 1 × buffer (Eurx, Gdansk, Poland). Briefly, 1 mL of blood
was mixed with 4 mL of lysis buffer and left on ice for 10 min. After that, samples were
centrifuged at 400× g for 10 min to pellet the cells. Leucocytes were washed with 5 mL of
1 × phosphate-buffered saline (PBS, Eurx, Gdansk, Poland) and centrifuged. Cells were
washed a second time with PBS and centrifuged as described above. After that, leucocytes
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were mixed with 1 mL of RNA Extracol (Eurx, Gdansk, Poland) and stored at −80 ◦C until
analysis. Total RNA was extracted by chloroform—isopropanol (Chempur, Piekary Slaskie,
Poland) by a method previously described [51]. RNA pellets were resuspended in 15 µL
RNase-free water. Then, 200 ng of RNA was reverse-transcribed using smART First Strand
cDNA Synthesis Kit (Eurx, Gdansk, Poland) according to the manufacturer’s instruction
in a final volume of 15 µL, using random hexamer primers. CDNA was stored at −20 ◦C
until downstream analysis. Before PCR, cDNA was 2-fold diluted, and the reaction was
performed using SG qPCR Master Mix (Eurx, Gdansk, Poland). The reaction was performed
in the conditions given in the mix manual with annealing at 60 ◦C/30 s and extension at
72 ◦C/30 s. Melt curve analysis was performed after each reaction. PCR reaction was per-
formed in 40 cycles in 10 µL of total volume. Expression of IGF1R gene was assessed by the
following set of primers: (5′→3′): forward GCCGACGAGTGGAGAAATCTG and reverse
TGGAGGTAGCCCTCGATCAC. For expression normalization, GAPDH gene was used,
with the following primers sequences (5′→3′): forward AGAAGGCTGGGGCTCATTTG
and reverse TGATGGCATGGACTGTGGTCAT. Primers were designed by the Primer-
BLAST online tool [52]. The final concentration of all primers was 450 nM. Samples were
evaluated in duplicate. Data analysis was performed as described above. PCR product
specificity was evaluated by 1.5% agarose gel electrophoresis.

2.5. Statistical Analysis

Depending on the distribution, which was assessed by Shapiro–Wilk W test, the quan-
titative values with a normal distribution are presented as mean± SD, otherwise as median
with (25th–75th percentile). The miRNAs plasma concentration, IGFR1 expression, as well
as creatine kinase level were transformed using the logarithm function to obtain a normal or
near-normal distribution. The body composition parameters were also transformed using
the logarithm function, but only fat mass showed a normal distribution. Consequently,
and because of an equal number of measurements between the periods, repeated-measures
ANOVA and HSD Tukey’s post hoc tests were used to evaluate the differences in level of
expression of each gene in the studied terms (matched repeats), as well as body composition
parameters. The relationships between continuous variables were analyzed by Spearman’s
rank correlation. Multiple linear regression analysis was performed to estimate the impact
of miRNAs quantity and creatine kinase and cortisol on the expression levels of IGF1R.

A p-value less than 0.05 was considered statistically significant. The analyses were
performed with STATISTICA version 13 (Dell Inc. 2016, Tulsa, OK, USA).

3. Results

The levels of three miRNAs (miR-223, miR-320a, and miR-486) were significantly
different between the training periods (p < 0.0001, p = 0.00021, and p = 0.0037, respectively).
MiR-223 showed a variable quantity between the intervals. After the first period (baseline),
the concentration was decreased; however, in the third period it increased and then in
period IV, decreased again. MiR-320a showed only elevated concentration in the third
period. MiR-486 level showed an increasing trend during the training, but only significant
changes were observed between the first and third periods (p = 0.0018). The levels of
IGF1R showed to be different between the trainings (p = 0.00092), and expression of the
mentioned gene showed a trend to increase between the first and third periods. In the
fourth period, its expression was decreased, although it was higher compared with the
baseline. Creatine kinase levels increased during the training (p < 0.0001), opposite to
cortisol levels, which decreased (p < 0.0001). The detailed results are presented in Table 1.
The graphical representation of differences in mentioned variables between periods is
shown in Figure 1.
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Table 1. Differences in targets expression levels and laboratory parameters between studied periods.

Parameter Period I Period II Period III Period IV p-Value

miR-223 0.73 ± 0.37 0.18 ± 0.05 0.98 ± 0.57 0.37 ± 0.18 <0.0001
miR-320a 0.74 ± 0.43 0.62 ± 0.2 1.19 ± 0.44 0.67 ± 0.24 0.00021
miR-486 0.75 ± 0.38 1.07 ± 0.42 1.44 ± 0.58 1.04 ± 0.49 0.0037
IGF1R 1.91 ± 1.57 3.15 ± 1.76 3.84 ± 2.55 2.41 ± 1.08 0.00092

CK (U/L) 101.82 ± 51.12 126.92 ± 96.27 145.25 ± 61.12 210.58 ± 80.91 <0.0001
Cortisol (µg/dL) 25.57 ± 7.45 19.36 ± 3.97 17.27 ± 4.09 16.66 ± 4.26 <0.0001

Data are presented by mean± SD. Abbreviations: CK, creatine kinase; IGF1R, insulin-like growth factor 1 receptor
gene; miR, microRNA. A p-value was estimated by repeated-measures ANOVA. Statistically significant differences
are in bold.

The body composition parameters BMR, fat mass (%), FFM, and TBW changed during
the training periods. Detailed results are presented in Table 2. The fat percentage and
fat mass tended to decrease during the training, in opposition to FFM and TBW, which
increased. Furthermore, BMR also increased during the study. A graphical representation
of these data is shown in Supplementary Figures (Figures S4–S10).

Table 2. The differences in body composition parameters between studied periods.

Body
Composition

Parameter
Period I Period II Period III Period IV p-Value

Weight, kg 77.3 ± 10.08 77.83 ± 10.12 77.98 ± 10.61 78.17 ± 10.49 0.064

BMI, kg/m2 22.68 ± 2.18 22.8 ± 2.21 22.83 ± 2.22 22.85 ± 2.18 0.33

Fat, % 20.83 ± 3.77 19.38 ± 3.08 19.14 ± 3.71 18.66 ± 3.58 0.00001 A

Fat mass, kg 16.33 ± 4.76 15.28 ± 4.22 15.09 ± 4.73 14.89 ± 4.7 0.00048 B

FFM, kg 60.98 ± 6.38 62.56 ± 6.57 62.96 ± 6.64 63.53 ± 6.85 <0.00001 C

TBW, kg 44.63 ± 4.66 45.81 ± 4.81 46.16 ± 4.9 46.45 ± 5.05 <0.00001 D

BMR, kJ 7568.75± 848.73 7740.33± 881.37 7835.58± 959.55 7828.5 ± 910.59 0.00015 E

Body composition data are presented as mean ± SD. Abbreviations: BMI, body mass index; BMR, basic metabolic
rate; FFM, fat-free mass; TBW, total body water. A p-value was estimated by repeated-measures ANOVA.
Statistically significant differences are in bold. The time point differences were as follows: A: differences were
found between period I and period II (p = 0.002), between period I and period III (p = 0.0004), and between period
I and period IV (p = 0.0002). B: differences were found between period I and period II (p = 0.037), between period
I and period III (p = 0.003), and between period I and period IV (p = 0.0006). C: differences were found between
period I and period II (p = 0.0008), between period I and period III (p = 0.0002), and between period I and period
IV (p = 0.0002). D: differences were found between period I and period II (p = 0.0014), between period I and period
III (p = 0.0002), and between period I and period IV (p = 0.0002). E: differences were found between period I and
period II (p = 0.028), between period I and period III (p = 0.0005), and between period I and period IV (p = 0.0006).

Taking into consideration the whole training cycle (10-week period), the correlations
between concentration levels of miR-223 and miR-320a (Spearman’s rank correlation co-
efficient (rs) rs = 0.54), as well as between miR-320a and miR-486 (rs = 0.73) were found.
A negative correlation between miR-320a and cortisol (rs = −0.29), as well as between
miR-486 and cortisol (rs = −0.49) was observed. No significant correlations between stud-
ied miRNAs and IGF1R expression were found. A negative correlation between IGF1R
expression and BMI (rs = −0.37) was found. Detailed results are presented in Table 3.

In the first and second periods, no correlation between studied miRNAs and IGF1R
and body composition parameters, as well as between CK and cortisol were found. In
the third period, a strong negative correlation between IGF1R expression and BMI was
observed (rs = −0.62). In the fourth period, a negative correlation between miR-223
plasma level and leucocyte IGF1R expression was found (rs = −0.63). Moreover, a positive
correlation between miR-223 and CK (rs = 0.59) was found. Detailed results are presented
in Supplementary Tables S4–S7.
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Table 3. Spearman’s rank correlation between studied markers in the whole training period.

miR-
223

miR-
320a

miR-
486 IGF1R WEIGHT BMI BMR FAT% FAT

MASS FFM TBW CK Cortisol

miR-
223 1 0.54

(p < 0.001) 0.06 −0.16 −0.19 −0.03 −0.16 −0.11 −0.18 −0.18 −0.18 0.004 0.02

miR-
320a

0.54
(p < 0.001) 1 0.73

(p < 0.001) 0.2 0.03 −0.12 0.06 0.02 −0.01 0.06 0.05 0.09 −0.29
(p = 0.048)

miR-
486 0.06 0.73

(p < 0.001) 1 0.23 0.17 −0.09 0.21 0.03 0.09 0.21 0.2 0.05 −0.49
(p < 0.001)

IGF1R −0.16 0.2 0.23 1 −0.13 −0.37
p = 0.01 −0.09 −0.1 −0.08 −0.06 −0.06 −0.19 −0.23

Statistically significant values of Spearman’s rank correlation coefficients (rs) are bold, and the p-values are
provided. In cases without the p-values, the rs coefficient represents insignificant data. Abbreviations: BMI, body
mass index; BMR, basic metabolic rate; CK, creatine kinase; FFM, fat-free mass; IGF1R, insulin-like growth factor 1
receptor gene; miR, micro-RNA; TBW, total body water.

Multiple linear regression analysis (R = 0.51; R2 = 0.26 and R2 (adjusted) = 0.17)
showed that miR-320a (p = 0.024) and creatine kinase (p = 0.028) had the greatest impact on
the expression levels of the IGF1R gene.

Detailed results of the analysis are presented in Supplementary Table S8.
After the preparatory period, all the participants improved their maximal oxygen

uptake (VO2 max). The mean values of VO2 max rate in the group significantly increased
from 42.22 mL/kg/min to 45.97 mL/kg/min (p < 0,00001) (Figure S11). Changes in the body
composition parameters that were discovered by Tanita measurement after the training
period include a decrease in fat mass and an increase in muscle mass with slight changes in
body weight (Table 2).

4. Discussion

The objective of the present study was to determine the changes in levels of the
circulating miR-223, miR-320a, and miR-486 and expression of IGF1R during a 10-week
training period in a group of professional female volleyball players. The correlation
analysis between circulating miRNAs changes with some biochemical as well as physical
(CK, cortisol, BMI) parameters was also performed. It showed the potential of circulating
miRNAs as possible biomarkers for assessing the exercise response.

The main finding of the study shows the alterations in the levels of all miRNAs and
IGF1R expression within the training cycles, which reveals that miRNAs can be sensitive
and reliable biomarkers of physical alteration. We have also shown that expression levels of
miR-223 and miR-320a, as well as miR-320a and miR-486 were positively correlated during
the whole training cycle. The miR-320 regulates glucose and lipid metabolism, as well as
responses to oxidative stress-induced glycolysis [53,54]. Increased concentration of miR-320
in skeletal muscles reduces the lactate level, whereas its decreased concentration predis-
poses to the development of type II diabetes and may serve as a predictor biomarker of this
condition because reduced circulating level of miR-320 precedes disease symptoms [55]. In
a rat model of myocardial ischemia–reperfusion injury, the expression level of miR-320 is
significantly upregulated and leads to mitochondrial apoptosis in cardiomyocytes [54,56].
MiR-320a regulates skeletal muscle mitochondrial metabolism and mitochondrial oxidative
capacity [57]. MiR-486 is one of the muscle-specific miRNAs, called myomiRNAs, that
positively regulates skeletal muscle growth, and its circulating level is altered during acute
and chronic exercise. Decreased expression of miR-486 may be associated with metabolic
changes during exercise and body adaptation induced by training [58,59]. This miRNA
promotes myoblast differentiation and migration through the inhibition of Pax7 and Pax3
expression [60]. MiR-486 positively regulates the IGF-1/Akt pathway and myostatin sig-
naling by targeting negative regulators of that process including phosphatase and tensin
homolog, forkhead box O1, muscle RING-finger protein-1, and Atrogin1 [61,62]. Similar
to miR-320a, it is involved in glucose metabolism, and both miRNAs were increased in
insulin-resistant compared to insulin-sensitive individuals [38]. Involvement in similar
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biological processes may explain positive correlation between miR-320a and miR-486, as
well as between miR-320a and miR-223. The last two miRNAs may precede thrombus
formation in heart vessels resulting in acute myocardial infarction and may serve as useful
tool to predict this condition [63]. A recent study has shown the level of miR-320a increased
after 12 weeks exercise training in obese children and adolescents, which minimized risk
of endothelial dysfunction and finally cardiovascular diseases. This correlation was not
confirmed in our experiment, which might be explained by the difference between the
compared groups [64].

We have also found relationships between the miR-320a level and creatine kinase
and the expression levels of the IGF1R gene. Overexpression of miR-320a was reported
to significantly downregulate the protein expression of IGF1R in cancer [39,65]. Studies
on the direct influence of CK on IGF1R are scarce, but it seems likely that expression of
IGF1R increases to counteract muscle damage, which is measured by higher serum CK
concentration. It was indicated that only IGF1 and CK increased after a resistance exercise
with different rest intervals [66,67]. Further examination of this issue is required, but the
presented findings may suggest that miR-320a seems to be the most promising biomarker
of training adaptation.

As we mentioned before, miR-223, miR-320a, and miR-486 are involved in the regula-
tion of insulin-like growth factor 1 signaling pathway. Serum total IGF-1 levels increase
with strength and endurance exercise [68,69], and the release of IGF-1 by macrophages
plays an important role in recovery from muscle atrophy [70]. It has been also observed that
VO2 max and physical activity correlate positively to resting plasma levels of IGF-1 [71,72].
Whereas, decreased IGF-1 levels were associated with various pathological conditions,
including chronic diseases, such as muscle dystrophy, rheumatoid arthritis (RA), inflam-
mation, and malnutrition [73–75]. Fragala and colleagues have reported that resistance
exercise seems to increase IGF1R expression on monocytes and granulocytes, and suggested
that IGF-1 may contribute to the communication with immune cells and muscle tissue
regeneration [15]. It has been also shown that inflammation is directly associated with a
high expression of IGF1R in leukocytes [76] and with systemic inflammation expansion
of the inflamed synovia in RA patients [75]. Another study suggested a positive impact
of progressive resistance training on enhancement of IGF1R density in elderly human
skeletal muscle and markers of tissue regeneration [77]. This may explain the fact that
the expression of leukocyte IGF1R remained at a more or less consistently elevated level
compared to its initial value to counteract muscle tissue damage. IGF1R is also a factor
in muscle hypertrophy induced by androgen receptor stimulation after resistance and
endurance trainings [78]. Previous reports have shown IGF1R in the whole blood was
differentially expressed after intensive exercise. In the presented study, we indicate changes
in IGF1R gene in relation to long-term training. It is necessary to mention that we evalu-
ated the expression in total blood leucocytes due to the fact that altered concentration of
this molecule had been reported on monocytes, granulocytes, and lymphocytes and that
blood is an easily accessible material to use in cyclical analyses [15,16]. The wide range of
expression in major subpopulations of white blood cells allows to use this molecule as a
peripheral marker of training. An additional advantage is that IGF1R expression in blood
can be associated with intensive exercise [18,19] and muscle strength [17]. It is also proven
that suppression of IGF1R by natural autoantibodies impairs physical strength [79].

MiRNAs have been reported as potential extracellular biomarkers of various con-
ditions and may be easily evaluated in body fluids such as plasma, serum, urine, and
saliva [29]. There is growing evidence showing that microRNAs significantly impact
muscle growth, regeneration, and metabolism [80]. MicroRNAs have a great potential to
become diagnostic and/or prognostic markers. Their separation from cellular ribonucleases
protects them against rapid degradation and causes miRNAs to have stable concentration,
making them suitable as biomarkers [48]. In addition, miRNAs in plasma are noninva-
sive and inexpensive to quantify. Furthermore, PCR is a highly specific and sensitive
method, which means cycle amplification can be used as a powerful tool for evaluating
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new biomarkers [29]. We have found that quantification of circulating miRNAs in plasma
may be a more desirable marker than the assessment of the level of transcripts (messenger
RNA) due to the fact that it is a less complicated methodology and has a stable expression
of miRNAs in biofluids. Evaluation of messenger RNA (mRNA) should be normalized
(in the first step of normalization) on total blood count and proportion of white blood
cell subpopulations, which causes some inconvenience. Circulating biomarkers can be
simply normalized by sample volume. Thus, initial determination of the associations
between these molecules and targeted transcripts is necessary, which is shown in our study.
Moreover, quantitative changes in mRNA expression require the presence of a reference
gene (comparative method). The quantity of miRNAs can be evaluated easily by standard
curve method with the use of mimic miRNAs as a standard. This approach can increase
the precision and comparability of the measurements, and may reduce the costs.

Moreover, we observed a negative correlation between cortisol and miR-320a, as well
as miR-486. Resting cortisol level generally reflects a long-term training stress. Cortisol
plays a crucial role in regulation of energy homeostasis and metabolism. It reveals catabolic
functions and has great impact on type II muscle fibers. During and after acute exercise,
cortisol concentration increases as a result of adaptation to the efforts that counteract the
cytokine synthesis, muscle inflammation, and damage [81,82]. Long-term training does not
appear to produce consistent patterns of cortisol secretion, but chronically elevated cortisol
levels impair anabolic processes and decrease skeletal IGF-I synthesis by reducing IGF-I
transcript levels [83–86].

We have also indicated that CK increased continuously during the training period
and in the fourth period was positively correlated with miR-223. This miRNA is a well-
known proinflammatory molecule that promotes skeletal muscle regeneration by regulating
inflammation [87]. It is also involved, inter alia, in the regulation of hematopoiesis, glucose
uptake by cardiomyocytes, and cholesterol uptake [88–90]. Recent studies reveal that
miR-223 is significantly upregulated in the early stage of muscle regeneration after skeletal
injury, which explains the positive correlation with the increased value of CK—the marker
of muscle destruction [87]. This suggests that a high level of miR-223 in plasma may be
associated with muscle destruction and potential injury. Recently, negative correlation
between mir-223 and IGF1R expression has been observed, which may suggest that exercise-
related inflammation is reduced due to lower resistance training load.

The participants’ exercise and fitness capacities were improved after the 10-week train-
ing program. The studies conducted so far indicate that the results achieved in Beep Test
have a moderate-to-high accuracy in estimating VO2 max (rp = 0.66–0.84) and are higher
when other variables are taken into consideration, such as gender, age, and body weight
(rp = 0.78–0.95). Beep Test results (indirect and noninvasive test) are strong indicators
of cardiorespiratory performance in adults [91]. Physical exercise affect many signaling
pathways that influence energy metabolism, inflammation, regeneration, and remodeling
of myocardial and skeletal muscles [92,93]. Performance volleyball is characterized by inter-
mittent exercise with repeated and repetitive episodes of high-intensity and short-duration
effort. The energy demand of volleyball comes from both aerobic and anaerobic energy
systems. These features of volleyball make the signature of circulating miRNAs different
from that of other aerobic and anaerobic exercise types.

Exercise adaptation is a very complex process, and it is not easy to find a distinct
factor that could reflect accurately the physiological changes during training. There are
numerous genes, more than 200, involved in muscle growth and training adaptation [94].
Alterations in gene expression occur in response to multiple stimuli associated with adap-
tation of the biological system to exercise training. Skeletal and cardiac muscles contraction
results in releasing of various signaling kinases and the activation of many molecular
processes mediating oxidative and nonoxidative metabolism and angiogenesis. In addition,
gene expression can be altered via epigenetic mechanisms, such as DNA methylation,
histone acetylation and phosphorylation, and micro-RNAs, which can alter the gene ex-
pression [95–97]. It has been also proven that repeated exercise stimuli cause longer-lasting



J. Clin. Med. 2022, 11, 263 11 of 15

effects on gene transcription and protein expression compared to an acute, single exercise
bout [98,99].

We are aware that our study, like any other initial study, has several limitations. First,
the number of tested athletes should be increased. Alterations caused by, for example,
disease, inflammation, or menstruation in one of the participants may disrupt the proper
interpretation of the results. Second, to observe the difference of exercise abilities between
female and male, it would be interesting to investigate the miRNAs and IGF1R expression
changes in response to long-term training by using also male athletes as subjects. Third,
the data that could describe in detail the athletes’ physical performance, such as vertical
jump ability, agility, sprint ability, and anaerobic capacity, at each training cycle were not
acquired. Four, the presented study was restricted to volleyball players. Future studies
are required to determine whether the changes of sought biomarkers are applicable to
other similar sport disciplines. Finally, quantitative analysis was limited to a subset of
the relevant miRNAs involved in the regulation of IGF1, and high-throughput screening
is needed to acquire a more complete profile of circulating miRNAs within a long-term
volleyball training.

5. Conclusions

Long-term exercise alters the plasma miRNAs levels and IGF1R expression in volley-
ball athletes, which may provide significant information about the physical and molecular
condition of sportspersons. Our study describes an overall effect of exercise on circulating
miRNAs profiles in plasma and IGF1R expression of highly trained women. MiR-320a
seems to be the most valuable molecule for further investigation due to its association
with IGF1R expression, positive correlation with other studied miRNAs, and relationship
with creatine kinase and cortisol. Future studies are required to define whether these
miRNAs, especially miR-320a, as well as IGF1R expression could be useful biomarkers
of physiological changes during exercise and discover their detailed biological roles in
mode-specific exercise training adaptations of professional athletes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcm11010263/s1, Figure S1: Time volume (minutes) in respective microcycles; Figure S2: The
volume of training load (kilograms) for the team in respective microcycles; Figure S3: Total distance
(kilometers) covered by the team in respective microcycles; Figure S4: The changes in weight between
training periods; Figure S5: The changes in body mass index between training periods; Figure S6: The
changes in percentage of fat between training periods; Figure S7: The changes in fat mass between
training periods; Figure S8: The changes in fat-free mass between training periods; Figure S9: The
changes in total body water between training periods; Figure S10: The changes in basic metabolic rate
between training periods; Figure S11: The changes in VO2 max rate between first and last training
period. (Statistical differences were calculated by the t-test for dependent samples.); Table S1: Dates
and number of training units carried out in the preparatory period; Table S2: The volume of training
load (kilograms) for the team in respective microcycles; Table S3: Average distances covered by
players during the preparation period (km); Table S4: The Spearman’s rank correlation between
studied markers in the first training period (baseline); Table S5: The Spearman’s rank correlation
between studied markers in the second training period; Table S6: The Spearman’s rank correlation
between studied markers in the third training period; Table S7: The Spearman’s rank correlation
between studied markers in the fourth training period; Table S8: The multiple linear regression
analysis using insulin-like growth factor 1 receptor gene expression levels as outcome.

Author Contributions: Conceptualization, P.K. and R.P.; methodology, M.C.; software, A.P.; valida-
tion, M.C., W.B. and D.P.; formal analysis, W.B.; resources, D.P.; data curation, M.C.; writing—original
draft preparation, R.P.; writing—review and editing, R.T. and M.C.; visualization, A.P.; supervision,
P.K.; funding acquisition, W.C. and P.K. All authors have read and agreed to the published version of
the manuscript.

Funding: The study was supported and funded by the statutory research of University of Rzeszow.

https://www.mdpi.com/article/10.3390/jcm11010263/s1
https://www.mdpi.com/article/10.3390/jcm11010263/s1


J. Clin. Med. 2022, 11, 263 12 of 15

Institutional Review Board Statement: The study protocol was approved by the Bioethics Commit-
tee for Scientific Research, at the University of Rzeszow, Poland (protocol number 3/11/2017), and
performed according to the ethical standards of the Declaration of Helsinki, 2013.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Acknowledgments: The authors would like to thank David Aebisher for proofreading and English
language correction.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Davis, L.; Appleby, R.; Davis, P.; Wetherell, M.; Gustafsson, H. The Role of Coach-Athlete Relationship Quality in Team Sport

Athletes’ Psychophysiological Exhaustion: Implications for Physical and Cognitive Performance. J. Sports Sci. 2018, 36, 1985–1992.
[CrossRef]

2. Clyne, B.; Olshaker, J.S. The C-Reactive Protein11Clinical Laboratory in Emergency Medicine Is Coordinated by Jonathan S.
Olshaker, MD, of the University of Maryland Medical Center, Baltimore, Maryland. J. Emerg. Med. 1999, 17, 1019–1025. [CrossRef]

3. Hekimsoy, Z.; Oktem, I.K. Serum Creatine Kinase Levels in Overt and Subclinical Hypothyroidism. Endocr. Res. 2005, 31, 171–175.
[CrossRef]

4. Dall, R.; Lange, K.H.W.; Kjær, M.; Jørgensen, J.O.L.; Christiansen, J.S.; Ørskov, H.; Flyvbjerg, A. No Evidence of Insulin-Like
Growth Factor-Binding Protein 3 Proteolysis during a Maximal Exercise Test in Elite Athletes. J. Clin. Endocrinol. Metab. 2001, 86,
669–674. [CrossRef] [PubMed]

5. Wrigley, S.; Arafa, D.; Tropea, D. Insulin-Like Growth Factor 1: At the Crossroads of Brain Development and Aging. Front. Cell.
Neurosci. 2017, 11, 14. [CrossRef]

6. Yuan, J.; Yin, Z.; Tao, K.; Wang, G.; Gao, J. Function of Insulin-like Growth Factor 1 Receptor in Cancer Resistance to Chemotherapy
(Review). Oncol. Lett. 2018, 15, 41–47. [CrossRef] [PubMed]

7. Johanna, Z.; Markus, S. Central Insulin and Insulin-Like Growth Factor-1 Signaling—Implications for Diabetes Associated
Dementia. Curr. Diabetes Rev. 2011, 7, 356–366.

8. Jung, H.J.; Suh, Y. Regulation of IGF -1 Signaling by MicroRNAs. Front. Genet. 2015, 5, 472. [CrossRef]
9. Velloso, C.P. Regulation of Muscle Mass by Growth Hormone and IGF-I. Br. J. Pharmacol. 2008, 154, 557–568. [CrossRef]
10. Crown, A.L.; He, X.L.; Holly, J.M.; Lightman, S.L.; Stewart, C.E. Characterisation of the IGF System in a Primary Adult Human

Skeletal Muscle Cell Model, and Comparison of the Effects of Insulin and IGF-I on Protein Metabolism. J. Endocrinol. 2000, 167,
403–415. [CrossRef]

11. Forbes, B.E.; Blyth, A.J.; Wit, J.M. Disorders of IGFs and IGF-1R Signaling Pathways. Mol. Cell. Endocrinol. 2020, 518, 111035.
[CrossRef]

12. Singh, P.; Alex, J.M.; Bast, F. Insulin Receptor (IR) and Insulin-like Growth Factor Receptor 1 (IGF-1R) Signaling Systems: Novel
Treatment Strategies for Cancer. Med. Oncol. 2014, 31, 805. [CrossRef] [PubMed]

13. Lin, J.-Y.; Kuo, W.-W.; Baskaran, R.; Kuo, C.-H.; Chen, Y.-A.; Chen, W.S.-T.; Ho, T.-J.; Day, C.H.; Mahalakshmi, B.; Huang, C.-Y.
Swimming Exercise Stimulates IGF1/ PI3K/Akt and AMPK/SIRT1/PGC1α Survival Signaling to Suppress Apoptosis and
Inflammation in Aging Hippocampus. Aging 2020, 12, 6852–6864. [CrossRef] [PubMed]

14. Hakuno, F.; Takahashi, S.-I. 40 YEARS OF IGF1: IGF1 Receptor Signaling Pathways. J. Mol. Endocrinol. 2018, 61, T69–T86.
[CrossRef] [PubMed]

15. Fragala, M.S.; Jajtner, A.R.; Townsend, J.R.; Gonzalez, A.M.; Wells, A.J.; Oliveira, L.P.; Hoffman, J.R.; Stout, J.R.; Fukuda, D.H.
Leukocyte IGF-1 Receptor Expression during Muscle Recovery. Med. Sci. Sports Exerc. 2015, 47, 92–99. [CrossRef] [PubMed]

16. Imperlini, E.; Spaziani, S.; Mancini, A.; Caterino, M.; Buono, P.; Orrù, S. Synergistic Effect of DHT and IGF-1 Hyperstimulation in
Human Peripheral Blood Lymphocytes. Proteomics 2015, 15, 1813–1818. [CrossRef]

17. Pilling, L.C.; Joehanes, R.; Kacprowski, T.; Peters, M.; Jansen, R.; Karasik, D.; Kiel, D.P.; Harries, L.W.; Teumer, A.; Powell, J.; et al.
Gene Transcripts Associated with Muscle Strength: A CHARGE Meta-Analysis of 7,781 Persons. Physiol. Genom. 2016, 48, 1–11.
[CrossRef]

18. Mukherjee, K.; Edgett, B.A.; Burrows, H.W.; Castro, C.; Griffin, J.L.; Schwertani, A.G.; Gurd, B.J.; Funk, C.D. Whole Blood
Transcriptomics and Urinary Metabolomics to Define Adaptive Biochemical Pathways of High-Intensity Exercise in 50–60 Year
Old Masters Athletes. PLoS ONE 2014, 9, e92031. [CrossRef]

19. Abbasi, A.; de Paula Vieira, R.; Bischof, F.; Walter, M.; Movassaghi, M.; Berchtold, N.C.; Niess, A.M.; Cotman, C.W.; Northoff, H.
Sex-Specific Variation in Signaling Pathways and Gene Expression Patterns in Human Leukocytes in Response to Endotoxin and
Exercise. J. Neuroinflamm. 2016, 13, 289. [CrossRef] [PubMed]

20. Farabaugh, S.M.; Boone, D.N.; Lee, A.V. Role of IGF1R in Breast Cancer Subtypes, Stemness, and Lineage Differentiation. Front.
Endocrinol. 2015, 6, 59. [CrossRef]

http://doi.org/10.1080/02640414.2018.1429176
http://doi.org/10.1016/S0736-4679(99)00135-3
http://doi.org/10.1080/07435800500371706
http://doi.org/10.1210/jc.86.2.669
http://www.ncbi.nlm.nih.gov/pubmed/11158029
http://doi.org/10.3389/fncel.2017.00014
http://doi.org/10.3892/ol.2017.7276
http://www.ncbi.nlm.nih.gov/pubmed/29285186
http://doi.org/10.3389/fgene.2014.00472
http://doi.org/10.1038/bjp.2008.153
http://doi.org/10.1677/joe.0.1670403
http://doi.org/10.1016/j.mce.2020.111035
http://doi.org/10.1007/s12032-013-0805-3
http://www.ncbi.nlm.nih.gov/pubmed/24338270
http://doi.org/10.18632/aging.103046
http://www.ncbi.nlm.nih.gov/pubmed/32320382
http://doi.org/10.1530/JME-17-0311
http://www.ncbi.nlm.nih.gov/pubmed/29535161
http://doi.org/10.1249/MSS.0000000000000392
http://www.ncbi.nlm.nih.gov/pubmed/24870578
http://doi.org/10.1002/pmic.201400242
http://doi.org/10.1152/physiolgenomics.00054.2015
http://doi.org/10.1371/journal.pone.0092031
http://doi.org/10.1186/s12974-016-0758-5
http://www.ncbi.nlm.nih.gov/pubmed/27832807
http://doi.org/10.3389/fendo.2015.00059


J. Clin. Med. 2022, 11, 263 13 of 15

21. Xu, Z.; Xiang, W.; Chen, W.; Sun, Y.; Qin, F.; Wei, J.; Yuan, L.; Zheng, L.; Li, S. Circ-IGF1R Inhibits Cell Invasion and Migration in
Non-Small Cell Lung Cancer. Thorac. Cancer 2020, 11, 875–887. [CrossRef] [PubMed]

22. Zha, J.; Lackner, M.R. Targeting the Insulin-like Growth Factor Receptor-1R Pathway for Cancer Therapy. Clin. Cancer Res. 2010,
16, 2512–2517. [CrossRef] [PubMed]

23. Ekyalongo, R.C.; Yee, D. Revisiting the IGF-1R as a Breast Cancer Target. NPJ Precis. Oncol. 2017, 1, 14. [CrossRef] [PubMed]
24. Kolarz, B.; Ciesla, M.; Dryglewska, M.; Rosenthal, A.K.; Majdan, M. Hypermethylation of the MiR-155 Gene in the Whole Blood

and Decreased Plasma Level of MiR-155 in Rheumatoid Arthritis. PLoS ONE 2020, 15, e0233897. [CrossRef]
25. Jin, Z.; Liu, Y. DNA Methylation in Human Diseases. Genes Dis. 2018, 5, 1–8. [CrossRef]
26. Choudhuri, S. Small Noncoding RNAs: Biogenesis, Function, and Emerging Significance in Toxicology. J. Biochem. Mol. Toxicol.

2010, 24, 195–216. [CrossRef] [PubMed]
27. Alles, J.; Fehlmann, T.; Fischer, U.; Backes, C.; Galata, V.; Minet, M.; Hart, M.; Abu-Halima, M.; Grässer, F.A.; Lenhof, H.-P.; et al.

An Estimate of the Total Number of True Human MiRNAs. Nucleic Acids Res. 2019, 47, 3353–3364. [CrossRef] [PubMed]
28. Blondal, T.; Nielsen, S.J.; Baker, A.; Andreasen, D.; Mouritzen, P.; Teilum, M.W.; Dahlsveen, I.K. Assessing Sample and MiRNA

Profile Quality in Serum and Plasma or Other Biofluids. Methods 2013, 59, S1–S6. [CrossRef]
29. Weber, J.A.; Baxter, D.H.; Zhang, S.; Huang, D.Y.; Huang, K.H.; Lee, M.J.; Galas, D.J.; Wang, K. The MicroRNA Spectrum in 12

Body Fluids. Clin. Chem. 2010, 56, 1733–1741. [CrossRef]
30. Turchinovich, A.; Weiz, L.; Burwinkel, B. Extracellular MiRNAs: The Mystery of Their Origin and Function. Trends Biochem. Sci.

2012, 37, 460–465. [CrossRef]
31. Xu, T.; Liu, Q.; Yao, J.; Dai, Y.; Wang, H.; Xiao, J. Circulating MicroRNAs in Response to Exercise. Scand. J. Med. Sci. Sports 2015,

25, e149–e154. [CrossRef] [PubMed]
32. Felekkis, K.; Papaneophytou, C. Challenges in Using Circulating Micro-RNAs as Biomarkers for Cardiovascular Diseases. Int. J.

Mol. Sci. 2020, 21, 561. [CrossRef] [PubMed]
33. Baggish, A.L.; Hale, A.; Weiner, R.B.; Lewis, G.D.; Systrom, D.; Wang, F.; Wang, T.J.; Chan, S.Y. Dynamic Regulation of Circulating

MicroRNA during Acute Exhaustive Exercise and Sustained Aerobic Exercise Training. J. Physiol. 2011, 589, 3983–3994. [CrossRef]
34. Mitchell, P.S.; Parkin, R.K.; Kroh, E.M.; Fritz, B.R.; Wyman, S.K.; Pogosova-Agadjanyan, E.L.; Peterson, A.; Noteboom, J.; O’Briant,

K.C.; Allen, A.; et al. Circulating MicroRNAs as Stable Blood-Based Markers for Cancer Detection. Proc. Natl. Acad. Sci. USA
2008, 105, 10513–10518. [CrossRef]

35. Qipshidze Kelm, N.; Piell, K.M.; Wang, E.; Cole, M.P. MicroRNAs as Predictive Biomarkers for Myocardial Injury in Aged Mice
Following Myocardial Infarction. J. Cell. Physiol. 2018, 233, 5214–5221. [CrossRef]

36. Alexander, M.S.; Kunkel, L.M. Skeletal Muscle MicroRNAs: Their Diagnostic and Therapeutic Potential in Human Muscle
Diseases. J. Neuromuscul. Dis. 2015, 2, 1–11. [CrossRef]

37. Güller, I.; Russell, A.P. MicroRNAs in Skeletal Muscle: Their Role and Regulation in Development, Disease and Function. J.
Physiol. 2010, 588, 4075–4087. [CrossRef]

38. Flowers, E.; Aouizerat, B.E.; Abbasi, F.; Lamendola, C.; Grove, K.M.; Fukuoka, Y.; Reaven, G.M. Circulating MicroRNA-320a and
MicroRNA-486 Predict Thiazolidinedione Response: Moving Towards Precision Health for Diabetes Prevention. Metabolism 2015,
64, 1051–1059. [CrossRef] [PubMed]

39. Shu, S.; Liu, X.; Xu, M.; Gao, X.; Chen, S.; Zhang, L.; Li, R. MicroRNA-320a Acts as a Tumor Suppressor in Endometrial Carcinoma
by Targeting IGF-1R. Int. J. Mol. Med. 2019, 43, 1505–1512. [CrossRef] [PubMed]

40. Song, C.-L.; Liu, B.; Diao, H.-Y.; Shi, Y.-F.; Zhang, J.-C.; Li, Y.-X.; Liu, N.; Yu, Y.-P.; Wang, G.; Wang, J.-P.; et al. Down-Regulation
of MicroRNA-320 Suppresses Cardiomyocyte Apoptosis and Protects against Myocardial Ischemia and Reperfusion Injury by
Targeting IGF-1. Oncotarget 2016, 7, 39740–39757. [CrossRef]

41. Hawley, J.A. Specificity of Training Adaptation: Time for a Rethink? J. Physiol. 2008, 586, 1. [CrossRef]
42. Li, Y.; Yao, M.; Zhou, Q.; Cheng, Y.; Che, L.; Xu, J.; Xiao, J.; Shen, Z.; Bei, Y. Dynamic Regulation of Circulating MicroRNAs During

Acute Exercise and Long-Term Exercise Training in Basketball Athletes. Front. Physiol. 2018, 9, 282. [CrossRef]
43. Ramsbottom, R.; Brewer, J.; Williams, C. A Progressive Shuttle Run Test to Estimate Maximal Oxygen Uptake. Br. J. Sports Med.

1988, 22, 141–144. [CrossRef]
44. Busk, P.K. A Tool for Design of Primers for MicroRNA-Specific Quantitative RT-QPCR. BMC Bioinform. 2014, 15, 29. [CrossRef]
45. Faraldi, M.; Gomarasca, M.; Sansoni, V.; Perego, S.; Banfi, G.; Lombardi, G. Normalization Strategies Differently Affect Circulating

MiRNA Profile Associated with the Training Status. Sci. Rep. 2019, 9, 1584. [CrossRef]
46. Donati, S.; Ciuffi, S.; Brandi, M.L. Human Circulating MiRNAs Real-Time QRT-PCR-Based Analysis: An Overview of Endogenous

Reference Genes Used for Data Normalization. Int. J. Mol. Sci. 2019, 20, 4353. [CrossRef] [PubMed]
47. McDonald, J.S.; Milosevic, D.; Reddi, H.V.; Grebe, S.K.; Algeciras-Schimnich, A. Analysis of Circulating MicroRNA: Preanalytical

and Analytical Challenges. Clin. Chem. 2011, 57, 833–840. [CrossRef] [PubMed]
48. Murata, K.; Furu, M.; Yoshitomi, H.; Ishikawa, M.; Shibuya, H.; Hashimoto, M.; Imura, Y.; Fujii, T.; Ito, H.; Mimori, T.; et al.

Comprehensive MicroRNA Analysis Identifies MiR-24 and MiR-125a-5p as Plasma Biomarkers for Rheumatoid Arthritis. PLoS
ONE 2013, 8, e69118. [CrossRef] [PubMed]

49. Pfaffl, M.W. A New Mathematical Model for Relative Quantification in Real-Time RT–PCR. Nucleic Acids Res. 2001, 29, e45.
[CrossRef] [PubMed]

http://doi.org/10.1111/1759-7714.13329
http://www.ncbi.nlm.nih.gov/pubmed/32107851
http://doi.org/10.1158/1078-0432.CCR-09-2232
http://www.ncbi.nlm.nih.gov/pubmed/20388853
http://doi.org/10.1038/s41698-017-0017-y
http://www.ncbi.nlm.nih.gov/pubmed/29152592
http://doi.org/10.1371/journal.pone.0233897
http://doi.org/10.1016/j.gendis.2018.01.002
http://doi.org/10.1002/jbt.20325
http://www.ncbi.nlm.nih.gov/pubmed/20143452
http://doi.org/10.1093/nar/gkz097
http://www.ncbi.nlm.nih.gov/pubmed/30820533
http://doi.org/10.1016/j.ymeth.2012.09.015
http://doi.org/10.1373/clinchem.2010.147405
http://doi.org/10.1016/j.tibs.2012.08.003
http://doi.org/10.1111/sms.12421
http://www.ncbi.nlm.nih.gov/pubmed/25648616
http://doi.org/10.3390/ijms21020561
http://www.ncbi.nlm.nih.gov/pubmed/31952319
http://doi.org/10.1113/jphysiol.2011.213363
http://doi.org/10.1073/pnas.0804549105
http://doi.org/10.1002/jcp.26283
http://doi.org/10.3233/JND-140058
http://doi.org/10.1113/jphysiol.2010.194175
http://doi.org/10.1016/j.metabol.2015.05.013
http://www.ncbi.nlm.nih.gov/pubmed/26031505
http://doi.org/10.3892/ijmm.2019.4051
http://www.ncbi.nlm.nih.gov/pubmed/30628637
http://doi.org/10.18632/oncotarget.9240
http://doi.org/10.1113/jphysiol.2007.147397
http://doi.org/10.3389/fphys.2018.00282
http://doi.org/10.1136/bjsm.22.4.141
http://doi.org/10.1186/1471-2105-15-29
http://doi.org/10.1038/s41598-019-38505-x
http://doi.org/10.3390/ijms20184353
http://www.ncbi.nlm.nih.gov/pubmed/31491899
http://doi.org/10.1373/clinchem.2010.157198
http://www.ncbi.nlm.nih.gov/pubmed/21487102
http://doi.org/10.1371/journal.pone.0069118
http://www.ncbi.nlm.nih.gov/pubmed/23874885
http://doi.org/10.1093/nar/29.9.e45
http://www.ncbi.nlm.nih.gov/pubmed/11328886


J. Clin. Med. 2022, 11, 263 14 of 15

50. Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402–408. [CrossRef]

51. Foroni, L.; Wilson, G.; Gerrard, G.; Mason, J.; Grimwade, D.; White, H.E.; de Castro, D.G.; Austin, S.; Awan, A.; Burt, E.; et al.
Guidelines for the Measurement of BCR-ABL1 Transcripts in Chronic Myeloid Leukaemia. Br. J. Haematol. 2011, 153, 179–190.
[CrossRef] [PubMed]

52. Ye, J.; Coulouris, G.; Zaretskaya, I.; Cutcutache, I.; Rozen, S.; Madden, T.L. Primer-BLAST: A Tool to Design Target-Specific
Primers for Polymerase Chain Reaction. BMC Bioinform. 2012, 13, 134. [CrossRef]

53. Tang, H.; Lee, M.; Sharpe, O.; Salamone, L.; Noonan, E.J.; Hoang, C.D.; Levine, S.; Robinson, W.H.; Shrager, J.B. Oxidative
Stress-Responsive MicroRNA-320 Regulates Glycolysis in Diverse Biological Systems. FASEB J. 2012, 26, 4710–4721. [CrossRef]

54. Du, H.; Zhao, Y.; Yin, Z.; Wang, D.W.; Chen, C. The Role of MiR-320 in Glucose and Lipid Metabolism Disorder-Associated
Diseases. Int. J. Biol. Sci. 2021, 17, 402–416. [CrossRef] [PubMed]

55. Anna, Z.; Stefan, K.; Ignat, D.; Peter, W.; Ursula, M.; Marianna, P.; Agnes, M.; Siegfried, W.; Friedrich, O.; Enzo, B.; et al. Plasma
MicroRNA Profiling Reveals Loss of Endothelial MiR-126 and Other MicroRNAs in Type 2 Diabetes. Circ. Res. 2010, 107, 810–817.
[CrossRef]

56. Song, C.-L.; Liu, B.; Diao, H.-Y.; Shi, Y.-F.; Li, Y.-X.; Zhang, J.-C.; Lu, Y.; Wang, G.; Liu, J.; Yu, Y.-P.; et al. The Protective Effect of
MicroRNA-320 on Left Ventricular Remodeling after Myocardial Ischemia-Reperfusion Injury in the Rat Model. Int. J. Mol. Sci.
2014, 15, 17442–17456. [CrossRef]

57. Dahlmans, D.; Houzelle, A.; Andreux, P.; Jörgensen, J.A.; Wang, X.; de Windt, L.J.; Schrauwen, P.; Auwerx, J.; Hoeks, J. An
Unbiased Silencing Screen in Muscle Cells Identifies MiR-320a, MiR-150, MiR-196b, and MiR-34c as Regulators of Skeletal Muscle
Mitochondrial Metabolism. Mol. Metab. 2017, 6, 1429–1442. [CrossRef] [PubMed]

58. Aoi, W.; Ichikawa, H.; Mune, K.; Tanimura, Y.; Mizushima, K.; Naito, Y.; Yoshikawa, T. Muscle-Enriched MicroRNA MiR-486
Decreases in Circulation in Response to Exercise in Young Men. Front. Physiol. 2013, 4, 80. [CrossRef]

59. Dey, B.K.; Gagan, J.; Dutta, A. MiR-206 and -486 Induce Myoblast Differentiation by Downregulating Pax7. Mol. Cell. Biol. 2011,
31, 203–214. [CrossRef]

60. Olguin, H.C.; Olwin, B.B. Pax-7 up-Regulation Inhibits Myogenesis and Cell Cycle Progression in Satellite Cells: A Potential
Mechanism for Self-Renewal. Dev. Biol. 2004, 275, 375–388. [CrossRef]

61. Hitachi, K.; Tsuchida, K. Role of MicroRNAs in Skeletal Muscle Hypertrophy. Front. Physiol. 2014, 4, 408. [CrossRef] [PubMed]
62. Stambolic, V.; Suzuki, A.; de la Pompa, J.L.; Brothers, G.M.; Mirtsos, C.; Sasaki, T.; Ruland, J.; Penninger, J.M.; Siderovski, D.P.;

Mak, T.W. Negative Regulation of PKB/Akt-Dependent Cell Survival by the Tumor Suppressor PTEN. Cell 1998, 95, 29–39.
[CrossRef]

63. Devaux, Y.; Mueller, M.; Haaf, P.; Goretti, E.; Twerenbold, R.; Zangrando, J.; Vausort, M.; Reichlin, T.; Wildi, K.; Moehring, B.; et al.
Diagnostic and Prognostic Value of Circulating MicroRNAs in Patients with Acute Chest Pain. J. Intern. Med. 2015, 277, 260–271.
[CrossRef]

64. Zhao, W.; Yin, Y.; Cao, H.; Wang, Y. Exercise Improves Endothelial Function via the LncRNA MALAT1/MiR-320a Axis in Obese
Children and Adolescents. Cardiol. Res. Pract. 2021, 2021, 8840698. [CrossRef] [PubMed]

65. Wang, J.; Shi, C.; Wang, J.; Cao, L.; Zhong, L.; Wang, D. MicroRNA-320a Is Downregulated in Non-Small Cell Lung Cancer and
Suppresses Tumor Cell Growth and Invasion by Directly Targeting Insulin-like Growth Factor 1 Receptor. Oncol. Lett. 2017, 13,
3247–3252. [CrossRef] [PubMed]

66. Rahimi, R.; Ghaderi, M.; Mirzaei, B.; Faraji, H. Acute IGF-1, Cortisol and Creatine Kinase Responses to Very Short Rest Intervals
Between Sets During Resistance Exercise to Failure in Men. World Appl. Sci. J. 2010, 8, 1287–1293.

67. Bamman, M.M.; Shipp, J.R.; Jiang, J.; Gower, B.A.; Hunter, G.R.; Goodman, A.; McLafferty, C.L.; Urban, R.J. Mechanical Load
Increases Muscle IGF-I and Androgen Receptor MRNA Concentrations in Humans. Am. J. Physiol.-Endocrinol. Metab. 2001, 280,
E383–E390. [CrossRef]

68. Cappon, J.; Brasel, J.A.; Mohan, S.; Cooper, D.M. Effect of Brief Exercise on Circulating Insulin-like Growth Factor I. J. Appl.
Physiol. 1994, 76, 2490–2496. [CrossRef]

69. Kraemer, W.J.; Marchitelli, L.; Gordon, S.E.; Harman, E.; Dziados, J.E.; Mello, R.; Frykman, P.; McCurry, D.; Fleck, S.J. Hormonal
and Growth Factor Responses to Heavy Resistance Exercise Protocols. J. Appl. Physiol. 1990, 69, 1442–1450. [CrossRef]

70. Dumont, N.; Frenette, J. Macrophages Protect against Muscle Atrophy and Promote Muscle Recovery in Vivo and in Vitro: A
Mechanism Partly Dependent on the Insulin-Like Growth Factor-1 Signaling Molecule. Am. J. Pathol. 2010, 176, 2228–2235.
[CrossRef]

71. Poehlman, E.T.; Copeland, K.C. Influence of Physical Activity on Insulin-like Growth Factor-I in Healthy Younger and Older Men.
J. Clin. Endocrinol. Metab. 1990, 71, 1468–1473. [CrossRef]

72. Koziris, L.P.; Hickson, R.C.; Chatterton, R.T.; Groseth, R.T.; Christie, J.M.; Goldflies, D.G.; Unterman, T.G. Serum Levels of Total
and Free IGF-I and IGFBP-3 Are Increased and Maintained in Long-Term Training. J. Appl. Physiol. 1999, 86, 1436–1442. [CrossRef]

73. Puche, J.E.; Castilla-Cortázar, I. Human Conditions of Insulin-like Growth Factor-I (IGF-I) Deficiency. J. Transl. Med. 2012, 10, 224.
[CrossRef]

74. Maggio, M.; De Vita, F.; Lauretani, F.; Buttò, V.; Bondi, G.; Cattabiani, C.; Nouvenne, A.; Meschi, T.; Dall’Aglio, E.; Ceda, G.P. IGF-1,
the Cross Road of the Nutritional, Inflammatory and Hormonal Pathways to Frailty. Nutrients 2013, 5, 4184–4205. [CrossRef]

http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1111/j.1365-2141.2011.08603.x
http://www.ncbi.nlm.nih.gov/pubmed/21382019
http://doi.org/10.1186/1471-2105-13-134
http://doi.org/10.1096/fj.11-197467
http://doi.org/10.7150/ijbs.53419
http://www.ncbi.nlm.nih.gov/pubmed/33613101
http://doi.org/10.1161/CIRCRESAHA.110.226357
http://doi.org/10.3390/ijms151017442
http://doi.org/10.1016/j.molmet.2017.08.007
http://www.ncbi.nlm.nih.gov/pubmed/29107290
http://doi.org/10.3389/fphys.2013.00080
http://doi.org/10.1128/MCB.01009-10
http://doi.org/10.1016/j.ydbio.2004.08.015
http://doi.org/10.3389/fphys.2013.00408
http://www.ncbi.nlm.nih.gov/pubmed/24474938
http://doi.org/10.1016/S0092-8674(00)81780-8
http://doi.org/10.1111/joim.12183
http://doi.org/10.1155/2021/8840698
http://www.ncbi.nlm.nih.gov/pubmed/34123418
http://doi.org/10.3892/ol.2017.5863
http://www.ncbi.nlm.nih.gov/pubmed/28521431
http://doi.org/10.1152/ajpendo.2001.280.3.E383
http://doi.org/10.1152/jappl.1994.76.6.2490
http://doi.org/10.1152/jappl.1990.69.4.1442
http://doi.org/10.2353/ajpath.2010.090884
http://doi.org/10.1210/jcem-71-6-1468
http://doi.org/10.1152/jappl.1999.86.4.1436
http://doi.org/10.1186/1479-5876-10-224
http://doi.org/10.3390/nu5104184


J. Clin. Med. 2022, 11, 263 15 of 15

75. Erlandsson, M.C.; Silfverswärd, S.T.; Nadali, M.; Turkkila, M.; Svensson, M.N.D.; Jonsson, I.-M.; Andersson, K.M.E.; Bokarewa,
M.I. IGF-1R Signalling Contributes to IL-6 Production and T Cell Dependent Inflammation in Rheumatoid Arthritis. Biochim. Et
Biophys. Acta (BBA)-Mol. Basis Dis. 2017, 1863, 2158–2170. [CrossRef] [PubMed]

76. Laurberg, T.B.; Ellingsen, T.; Thorsen, J.; Møller, B.K.; Hansen, I.; Tarp, U.; Hetland, M.L.; Hørslev-Petersen, K.; Flyvbjerg,
A.; Frystyk, J.; et al. Insulin-like Growth Factor I Receptor Density on CD4+T-Lymphocytes from Active Early Steroid- and
DMARD-Naïve Rheumatoid Arthritis Patients Is up-Regulated and Not Influenced by 1 Year of Clinically Effective Treatment.
Rheumatol. Int. 2012, 32, 501–504. [CrossRef]

77. Urso, M.L.; Fiatarone Singh, M.A.; Ding, W.; Evans, W.J.; Cosmas, A.C.; Manfredi, T.G. Exercise Training Effects on Skeletal
Muscle Plasticity and IGF-1 Receptors in Frail Elders. Age 2005, 27, 117–125. [CrossRef] [PubMed]

78. Yin, L.; Lu, L.; Lin, X.; Wang, X. Crucial Role of Androgen Receptor in Resistance and Endurance Trainings-Induced Muscle
Hypertrophy through IGF-1/IGF-1R- PI3K/Akt- MTOR Pathway. Nutr. Metab. 2020, 17, 26. [CrossRef]

79. Schwiebert, C.; Kühnen, P.; Becker, N.-P.; Welsink, T.; Keller, T.; Minich, W.B.; Wiegand, S.; Schomburg, L. Antagonistic
Autoantibodies to Insulin-Like Growth Factor-1 Receptor Associate with Poor Physical Strength. Int. J. Mol. Sci. 2020, 21, 463.
[CrossRef] [PubMed]

80. Wang, X.H. MicroRNA in Myogenesis and Muscle Atrophy. Curr. Opin. Clin. Nutr. Metab. Care 2013, 16, 258–266. [CrossRef]
[PubMed]

81. Kraemer, W.J.; Ratamess, N.A. Hormonal Responses and Adaptations to Resistance Exercise and Training. Sports Med. 2005, 35,
339–361. [CrossRef] [PubMed]

82. Kraemer, W.J.; Ratamess, N.A.; Hymer, W.C.; Nindl, B.C.; Fragala, M.S. Growth Hormone(s), Testosterone, Insulin-Like Growth
Factors, and Cortisol: Roles and Integration for Cellular Development and Growth With Exercise. Front. Endocrinol. 2020, 11, 33.
[CrossRef]

83. McCarthy, J.J.; Esser, K.A. Anabolic and Catabolic Pathways Regulating Skeletal Muscle Mass. Curr. Opin. Clin. Nutr. Metab. Care
2010, 13, 230–235. [CrossRef] [PubMed]

84. Fry, A.C.; Kraemer, W.J.; Stone, M.H.; Warren, B.J.; Fleck, S.J.; Kearney, J.T.; Gordon, S.E. Endocrine Responses to Overreaching
before and after 1 Year of Weightlifting. Can. J. Appl. Physiol. 1994, 19, 400–410. [CrossRef]

85. McCall, G.E.; Byrnes, W.C.; Fleck, S.J.; Dickinson, A.; Kraemer, W.J. Acute and Chronic Hormonal Responses to Resistance
Training Designed to Promote Muscle Hypertrophy. Can. J. Appl. Physiol. 1999, 24, 96–107. [CrossRef] [PubMed]

86. Schwanbeck, S.R.; Cornish, S.M.; Barss, T.; Chilibeck, P.D. Effects of Training With Free Weights Versus Machines on Muscle Mass,
Strength, Free Testosterone, and Free Cortisol Levels. J. Strength Cond. Res. 2020, 34, 1851–1859. [CrossRef]

87. Cheng, N.; Liu, C.; Li, Y.; Gao, S.; Han, Y.-C.; Wang, X.; Du, J.; Zhang, C. MicroRNA-223-3p Promotes Skeletal Muscle Regeneration
by Regulating Inflammation in Mice. J. Biol. Chem. 2020, 295, 10212–10223. [CrossRef]

88. Johnnidis, J.B.; Harris, M.H.; Wheeler, R.T.; Stehling-Sun, S.; Lam, M.H.; Kirak, O.; Brummelkamp, T.R.; Fleming, M.D.; Camargo,
F.D. Regulation of Progenitor Cell Proliferation and Granulocyte Function by MicroRNA-223. Nature 2008, 451, 1125–1129.
[CrossRef] [PubMed]

89. Greco, S.; Fasanaro, P.; Castelvecchio, S.; D’Alessandra, Y.; Arcelli, D.; Donato, M.D.; Malavazos, A.; Capogrossi, M.C.; Menicanti,
L.; Martelli, F. MicroRNA Dysregulation in Diabetic Ischemic Heart Failure Patients. Diabetes 2012, 61, 1633–1641. [CrossRef]

90. Meyer, J.M.; Graf, G.A.; van der Westhuyzen, D.R. New Developments in Selective Cholesteryl Ester Uptake. Curr. Opin. Lipidol.
2013, 24, 386–392. [CrossRef]

91. Mayorga-Vega, D.; Aguilar-Soto, P.; Viciana, J. Criterion-Related Validity of the 20-M Shuttle Run Test for Estimating Cardiorespi-
ratory Fitness: A Meta-Analysis. J. Sports Sci. Med. 2015, 14, 536–547. [PubMed]

92. Tao, L.; Bei, Y.; Zhang, H.; Xiao, J.; Li, X. Exercise for the Heart: Signaling Pathways. Oncotarget 2015, 6, 20773–20784. [CrossRef]
[PubMed]

93. Egan, B.; Zierath, J.R. Exercise Metabolism and the Molecular Regulation of Skeletal Muscle Adaptation. Cell Metab. 2013, 17,
162–184. [CrossRef]

94. Guth, L.M.; Roth, S.M. Genetic Influence on Athletic Performance. Curr. Opin. Pediatr. 2013, 25, 653–658. [CrossRef]
95. Hargreaves, M. Exercise and Gene Expression. Prog. Mol. Biol. Transl. Sci. 2015, 135, 457–469. [CrossRef] [PubMed]
96. Soci, U.P.R.; Melo, S.F.S.; Gomes, J.L.P.; Silveira, A.C.; Nóbrega, C.; de Oliveira, E.M. Exercise Training and Epigenetic Regulation:

Multilevel Modification and Regulation of Gene Expression. Adv. Exp. Med. Biol. 2017, 1000, 281–322. [CrossRef]
97. Widmann, M.; Nieß, A.M.; Munz, B. Physical Exercise and Epigenetic Modifications in Skeletal Muscle. Sports Med. 2019, 49,

509–523. [CrossRef] [PubMed]
98. Egan, B.; O’Connor, P.L.; Zierath, J.R.; O’Gorman, D.J. Time Course Analysis Reveals Gene-Specific Transcript and Protein Kinetics

of Adaptation to Short-Term Aerobic Exercise Training in Human Skeletal Muscle. PLoS ONE 2013, 8, e74098. [CrossRef]
99. Perry, C.G.R.; Lally, J.; Holloway, G.P.; Heigenhauser, G.J.F.; Bonen, A.; Spriet, L.L. Repeated Transient MRNA Bursts Precede

Increases in Transcriptional and Mitochondrial Proteins during Training in Human Skeletal Muscle. J. Physiol. 2010, 588,
4795–4810. [CrossRef]

http://doi.org/10.1016/j.bbadis.2017.06.002
http://www.ncbi.nlm.nih.gov/pubmed/28583713
http://doi.org/10.1007/s00296-010-1683-z
http://doi.org/10.1007/s11357-005-1629-7
http://www.ncbi.nlm.nih.gov/pubmed/23598617
http://doi.org/10.1186/s12986-020-00446-y
http://doi.org/10.3390/ijms21020463
http://www.ncbi.nlm.nih.gov/pubmed/31940750
http://doi.org/10.1097/MCO.0b013e32835f81b9
http://www.ncbi.nlm.nih.gov/pubmed/23449000
http://doi.org/10.2165/00007256-200535040-00004
http://www.ncbi.nlm.nih.gov/pubmed/15831061
http://doi.org/10.3389/fendo.2020.00033
http://doi.org/10.1097/MCO.0b013e32833781b5
http://www.ncbi.nlm.nih.gov/pubmed/20154608
http://doi.org/10.1139/h94-032
http://doi.org/10.1139/h99-009
http://www.ncbi.nlm.nih.gov/pubmed/9916184
http://doi.org/10.1519/JSC.0000000000003349
http://doi.org/10.1074/jbc.RA119.012263
http://doi.org/10.1038/nature06607
http://www.ncbi.nlm.nih.gov/pubmed/18278031
http://doi.org/10.2337/db11-0952
http://doi.org/10.1097/MOL.0b013e3283638042
http://www.ncbi.nlm.nih.gov/pubmed/26336340
http://doi.org/10.18632/oncotarget.4770
http://www.ncbi.nlm.nih.gov/pubmed/26318584
http://doi.org/10.1016/j.cmet.2012.12.012
http://doi.org/10.1097/MOP.0b013e3283659087
http://doi.org/10.1016/bs.pmbts.2015.07.006
http://www.ncbi.nlm.nih.gov/pubmed/26477926
http://doi.org/10.1007/978-981-10-4304-8_16
http://doi.org/10.1007/s40279-019-01070-4
http://www.ncbi.nlm.nih.gov/pubmed/30778851
http://doi.org/10.1371/journal.pone.0074098
http://doi.org/10.1113/jphysiol.2010.199448

	Introduction 
	Materials and Methods 
	Subjects and Study Design 
	Training Cycle Characterization 
	MicroRNAs Concentration Analysis 
	IGF1R Expression Analysis 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

