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Abstr act

High-volume training followed by inadequate recovery may cause 
overtraining. This process may undermine the protective effect of 
regular exercise on the cardiovascular system and may increase the 
risk of pathological cardiac remodelling. We evaluated whether 
chronic overtraining changes cardiac-related microRNA profiles in 
the left and right ventricles. C57BL/6 mice were divided into the con-
trol, normal training, and overtrained by running without inclination, 
uphill running or downhill running groups. After an 8-week treadmill 
training protocol, the incremental load test and training volume re-
sults showed that the model had been successfully established. The 
qRT-PCR results showed increased cardiac miR-1, miR-133a, miR-
133b, miR-206, miR-208b and miR-499 levels in the left ventricle of 
the downhill running group compared with the left ventricle of the 
control group. Similarly, compared with the control group, the down-
hill running induced increased expression of miR-21, miR-17–3p, and 
miR-29b in the left ventricle. Unlike the changes in the left ventricle, 
no difference in the expression of the tested miRNAs was observed 
in the right ventricle. Briefly, our results indicated that overtraining 
generally affects key miRNAs in the left ventricle (rather than the right 
ventricle) and that changes in individual miRNAs may cause either 
adaptive or maladaptive remodelling with overtraining.

*	 These two authors contributed to the work equally and should be 
regarded as co-first authors.
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Introduction
Overall, several physical exercises generate salutary effects on all 
physiological systems within the body [1]. Among parts of the 
body, the heart, the primary pumping organ of the circulatory sys-
tem, powers human blood circulation and carries out many impor-
tant functions [2]. Thus, aerobic fitness is well known to be protec-
tive for the cardiovascular system, but this protection can shift ac-
cording to the type, intensity, frequency and duration of exercise 
[3]. The heart can become fit for chronic exercise by increasing the 
heart volume, the formation of new blood vessels, and reducing 
the collagen content to meet the oxygen requirements of the body 
[4]. Together, these effects are called “athlete’s heart”, which de-
scribes cardiac physiological remodelling that occurs in response 
to an increased workload [5]. Because these adaptations play a sig-
nificant role in improving sports performance and fitness, the mo-
lecular mechanisms underlying exercise-induced cardiac remodel-
ling, including a variety of signalling pathways and downstream 
mediators, in the myocardium have been recognized [6, 7].

Variations in training stimuli have been suggested to be neces-
sary to optimize these adaptations [8]. The optimization of human 
performance is the primary objective of exercise training. High-in-
tensity endurance training is needed to achieve a high level of per-
formance. The widely known law of supercompensation is a key 
principle of physical training required for peak performance. There-
fore, after proper training and recovery periods, a positive adapta-
tion or performance improvement may occur. This process is called 
functional overreaching [9]. However, intense, high-volume train-
ing under conditions of insufficient recovery will increase the cu-
mulative biological burden, eventually leading to breakdown of the 
internal balance and causing activation of the stress response sys-
tem and long-term maladjustments in signs and symptoms [9]. 
This state can manifest as nonfunctional overreaching (NFOR) or 
overtraining (OT), which are on the same spectrum of states that 
may cause the development of overtraining syndrome (OTS), re-
sulting in decreased performance and profound fatigue [9]. Al-
though the mechanism of overtraining in endurance training is un-
clear, pathological cardiac remodelling has been observed in mice 
following excessive treadmill training [10].

The differential expression of microRNAs (miRNAs) in the heart 
is detected in the aerobic training adaptive response during/after 
exercise, which can alter gene expression via posttranscriptional 
adjustment and may also affect translational events, such as car-
diomyocyte growth and proliferation [11–13]. Alterations in car-
diac miRNAs (miR-1, miR-133a/b, miR-208a/b, and miR-499) that 
are abundantly expressed in the myocardium [14] have been im-
plicated as one of the regulatory mechanisms of long-term adverse 
cardiac functional adaptation and remodelling [14]. In addition, 
other miRNAs, such as miR-206, miR-21, miR-17–3p, and miR-29b, 
have been reported to be involved in cardiac cellular reprogram-
ming in response to aerobic exercise [13]. Thus, aerobic training 
promotes heart health. However, long-term excessive exercise may 
increase the risk of pathological heart remodelling. Pathological 
cardiac remodelling is usually a response to pathological conditions 
such as hypertension, heart disease, and aortic stenosis. It mainly 
manifests as eccentric hypertrophy [15, 16], an increasing degree 
of fibrosis [17, 18] and cardiac amyloidosis [19]. Interestingly, sim-
ilar pathological adaptations were also observed in overtrained 

mice, including left ventricle (LV) pathological hypertrophy, signs 
of fibrosis and negative morphological adaptations [10]. At pre-
sent, the miRNAs affected by excessive training remain unclear. 
Furthermore, the right ventricle (RV) differs from the LV in many 
fundamental ways, and the two chambers differ in their morphol-
ogy and metabolism [20]. The RV is connected to the low-pressure 
pulmonary vascular system, which is accompanied by low vascular 
resistance, while the LV is exposed to higher pressure conditions 
with high vascular resistance [20] . Currently, the difference be-
tween LV and RV after overtraining has not been studied. More im-
portantly, mouse overtraining models have been developed to elu-
cidate the effects of different training regimes on numerous struc-
tures and functions of the body [21]. In the present study, changes 
in cardiac miRNAs in response to three treadmill running OT mod-
els were evaluated in mice, and whether chronic excessive exercise 
results in differential responses in the RV and LV was examined.

We hypothesized that OT affects these cardiac miRNAs and that 
changes to the two ventricles differ, providing a reference for un-
derstanding the physiological response to different overtraining 
protocols and determining the best training strategy for optimal 
performance.

Materials and Methods

Experimental animals
A total of 80 male C57BL/6 J mice (8 weeks old) were obtained from 
Beijing Vital Laboratory Animal Technology Co., Ltd. (Beijing, 
China). Twenty cages housing 4 mice each were placed in a tem-
perature-controlled room (22 ± 2 °C) with a 12-h light/dark cycle 
(light: 9 AM to 9 PM, dark: 9 PM to 9 AM) and unlimited water and 
food. The experimental procedures were approved by the Nanjing 
University Animal Care and Use Committee. This protocol met the 
ethical standards of the International Journal of Sports Medicine 
[22]. Eight-week-old C57BL/6 mice were divided into 5 groups: (1) 
control (CON; sedentary mice; n = 16); (2) normal training (NT; 
trained with adequate recovery, n = 16); (3) overtrained by running 
without inclination (OTR; an OT protocol based on running without 
inclination; n = 16); (4) overtrained by uphill running (OTR/up; an 
OT protocol based on uphill running; n = 16); and (5) overtrained 
by downhill running (OTR/down; an OT protocol based on downhill 
running; n = 16) groups. The groups were trained or manipulated 
in a lit room between 1 PM and 5 PM.

Performance evaluations
Incremental load test (ILT)
The mice were exercised on a treadmill (ZH-PT, Zhenghua, Anhui, 
China) with an inclination of 0 % at a speed of 10 m/min for 10 min 
and continued to adapt for 5 days. As described by Pereira BC et al., 
the mice were subjected to the ILT [21]. The initial inclination of the 
treadmill was 0 %, the initial intensity was 6 m/min, and then, the 
speed was increased by 3 m/min every 3 min until the mice were 
exhausted (exhaustion standard: mice touched the end of the 
treadmill 5 times within 1 min.). We used physical stimulation to 
encourage the mice to exercise. If a mouse became exhausted with-
out completing a phase, the exhaustion velocity (EV = V + (n/b) × a, 
where V is the velocity of the last completed phase, n is the dura-
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tion maintained in the incomplete phase, b is the duration of the 
phase, and a is the test enhancement) was calculated using the 
methods described by Kuipers et al. [23]. The EV of the mice was 
used to determine the intensity of the aerobic training and over-
training protocols.

Rotarod test
We used a rotarod treadmill (JLBehv–RRTM, Jiliang, Shanghai, 
China) to evaluate the coordination and balance capabilities of ro-
dents. The initial speed of the mice on the rotarod treadmill was 
3.5 rpm, and then the speed increased evenly and reached 35 rpm 
after 300 s. The time the mice stayed on the top of the rotarod 
treadmill was recorded, and three consecutive experiments were 
performed on each mouse to record its best performance [24].

OT protocols, aerobic training protocol and 
performance evaluation
Briefly, this experiment was performed according to the 8-week OT 
protocol with different inclination angles as previously described 
by Pereira BC et al. [21]. The mice received 5 days of training and  
2 days of recovery during the experimental week (▶Table 1). In the 
first 4 weeks, rodents ran at an inclination of 0 %. From week 5 of 
OT, the rodents ran at an inclination of 0 % (OTR), 14 % (OTR/up) 
or–14 % (OTR/down). These running grades were sustained until 
the end of the OT protocols. During the experiment, we observed 
and recorded the movement of the mice every day. The OT groups 

(including OTR, OTR/up and OTR/down) were unable to complete 
the prescribed training load beginning in the sixth week. We re-
corded the exercise time of these rodents (exhaustion standard: 
mice touched the end of the treadmill 5 times in 1 min), and mice 
in the NT group were able to complete the training according to 
the established training volume. Therefore, we recorded the train-
ing volume (min) in the OT groups from the sixth week. The NT 
group used in the present study adopted an 8-week aerobic train-
ing protocol without inclination (▶Table 2). The mice received  
5 days of training and 2 days of recovery during the experimental 
week.

The ILT test was conducted in week 0 and 48 h after the last OT ses-
sions at the ends of weeks 4 and 8. The rotarod test was performed 
only at the end of the 4th and 8th weeks of training. In week 0, all 
groups (the CON, NT, OTR, OTR/up and OTR/down groups) carried out 
the ILT without inclination. However, 48 h after the end of weeks 4 and 
8, the CON, NT and OTR groups carried out the ILT without inclination, 
the OTR/up group carried out the ILT while running uphill, and the OTR/
down group carried out the ILT while running downhill. Four hours 
after the rotarod test, mice performed the ILT [21].

Extraction of myocardial samples
All mice were euthanized by cervical dislocation 48 h after the last 
ILT. Under sterile RNase-free conditions, the LV myocardium and 
RV myocardium were quickly frozen in liquid nitrogen and stored 
at –80 °C until the experimental analysis.

221

▶Table 1 	 Characteristics of the overtraining protocols used in the present study.

Week Intensity  
( % EV)

Duration 
(min)

Daily sessions Recovery between 
sessions (h)

TR ( %) 
OTR

TR ( %) OTR/
up

TR ( %) OTR/
down

1 60 15 1 24 0 0 0

2 60 30 1 24 0 0 0

3 60 45 1 24 0 0 0

4 60 60 1 24 0 0 0

5 60 60 1 24 0 14 -14

6 70 60 1 24 0 14 -14

7 75 75 1 24 0 14 -14

8 75 75 2 4 0 14 -14

TR: Treadmill grade, OTR: OT protocol based on running without inclination, OTR/up: OT protocol based on uphill running, OTR/down: OT protocol 
based on downhill running.

▶Table 2 	 Characteristics of the aerobic training protocol used in the present study.

Week Intensity( %EV) Duration(min) Daily session Recovery between 
sessions(h)

Treadmill grade( %)

1 60 15 1 24 0

2 60 30 1 24 0

3 60 45 1 24 0

4 60 60 1 24 0

5 60 60 1 24 0

6 60 60 1 24 0

7 60 60 1 24 0

8 60 60 1 24 0

EV: exhaustion velocity.
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RNA isolation and quantification of miRNAs
For total RNA isolation, the frozen ventricular myocardium was ho-
mogenized using RNAiso Plus (Code No. 9109, Takara, Dalian, 
China) according to the corresponding protocol. After all samples 
were processed in the same batch, real-time quantitative polymer-
ase chain reaction (RT-qPCR) was used to measure the abundance 
of miRNAs in myocardial tissue. Nanodrop ND 1000 (Thermo Sci-
entific, Wilmington, USA) was used to measure the RNA concentra-
tion and quality (OD260/280 ratio). The hydrolysis probe for RT-
qPCR was used to generate the corresponding cDNA product, and 
the TaqMan PCR kit (Thermo Fisher Scientific, Waltham, United 
States) was used with a Roche LightCycler®96 (Roche, Basel, Swit-
zerland). The real-time PCR conditions consisted of a preincuba-
tion step at 95 °C for 5 min, 40 cycles of 95 °C for 15 s and 60 °C for 
60 s, and finally cooling at 37 °C for 30 s. The following TaqMan® 
miRNA assays were used: snRNA U6 (ID: 001973), hsa-miR-1 (ID: 
002222), mmu-miR-17–3p (ID: 002543), hsa-miR-21 (ID: 000397), 
hsa-miR-29b (ID: 000413), hsa-miR-133a (ID: 002246), hsa-miR-
133b (ID: 002247), hsa-miR-208 (ID: 000511), hsa-miR-208b (ID: 
002290), hsa-miR-206 (ID: 000510) and mmu-miR-499 (ID: 
001352). The relative expression of miRNAs in the myocardium was 
normalized to endogenous U6 snRNA expression in the tissue, Ct 
values were calculated using the 2 − ΔΔCt method, and each sample 
was analysed three times.

H&E staining and Masson staining
Myocardial tissue was fixed with 4 % paraformaldehyde for 24 h 
(G1101, Servicebio, Wuhan, China), dehydrated using an automat-
ic dehydrator (Donatello, DIAPATH, Milan, Italy) for 16 h, and then 
inserted into a paraffin embedding machine (JB-P5, Wuhan Junjie 
Electronics Co., Ltd., Wuhan, China) to prepare sections.

H&E staining
We immersed the paraffin sections in xylene (I) and (II) (10023418, 
Chemical Reagent Sinopharm Holding Co., Ltd., Beijing, China) for 
20 min for dewaxing. Then, the samples were soaked in a gradient 
of alcohol solutions (100092683, Sinopharm Chemical Reagent Co. 
Ltd., Beijing, China) for 5 min and rinsed with running water. Hae-
matoxylin staining solution (G1003, Servicebio, Wuhan, China) was 
used to stain the tissue sections for 5 min before they were rinsed 
thoroughly with running water and immersed in the differentiation 
solution for 30 s. After the slices were dehydrated and rendered 
transparent, they were sealed with neutral gum (10004160, Sin-
opharm Chemical Reagent Co. Ltd, Beijing, China), observed and 
images were captured under an optical microscope.

Masson staining
The paraffin sections were dewaxed in a xylene solution (10023418, 
Sinopharm Chemical Reagent Co. Ltd, Beijing, China) and then 
soaked in Masson’s pine solution (G1006, Servicebio, Wuhan, 
China) overnight. The sections were incubated in the dye solution 
composed of an equal ration of Masson’s B solution and Masson’s 
C solution for 1 min, and then differentiated with 1 % hydrochloric 
acid alcohol. The slices were soaked in Masson’s pine D solution 
and Masson’s pine E solution for 6 min and 1 min, respectively. After 
immersion in different solutions, all samples were rinsed with run-
ning water. The samples were dried and directly immersed in Mas-

son’s F solution for 30 s. The sections were then rinsed with 1 % gla-
cial acetic acid for differentiation and dehydrated with anhydrous 
ethanol 3 times. Xylene was used to clear the sections for 5 min, 
and the sections were sealed with neutral gum (10004160, Sinop-
harm Chemical Reagent Co. Ltd, Beijing, China), observed and im-
ages were captured under an optical microscope (NIKON ECLIPSE 
E100, Nikon, Tokyo, Japan). We selected the same position of the 
ventricle in each slice from the sample to capture images. Under 
the microscope, the nucleus and collagen fibres were stained blue. 
We used ImageJ [25] software to analyse the images and quanti-
tatively calculate the area percentage of collagen fibres.

Statistical analyses
The results are reported as the means ± standard errors of the 
means (SEM). GraphPad Prism 7 software was used for statistical 
analyses of all data generated in the experiments. In addition, two-
way analysis of variance (ANOVA) was used to examine the effects 
on training volume and exhaustion velocity. One-way ANOVA was 
used to examine changes in body weight and the qRT-PCR results. 
The normality of the data distribution was tested using the Shap-
iro-Wilk W-test. In addition, the nonparametric Kruskal-Wallis test 
was used for values that did not exhibit a normal distribution. The 
significance level was set to P < 0.05.

Results

Body weight
▶Fig. 1a presents the change in body weight (g) of the five groups 
during the experimental period. From the 5th to the 8th weeks, the 
body weight of the NT group was significantly lower than that of 
the CON group (P = 0.0082, P = 0.0014, P = 0.0021, and P = 0.0001). 
At week 8, the weights of the OTR group, OTR/up and OTR/down 
groups were lower than that of the CON group (P = 0.0014, 
P = 0.0001, and P = 0.0010, respectively). As indicated in ▶Fig. 1b, 
the body weights of the NT group (5.30 ± 6.15 %, P < 0.0001), OTR 
group (2.46 ± 6.54 %, P < 0.0001), OTR/up group (3.41 ± 4.72 %, 
P < 0.0001) and OTR/down group (4.25 ± 5.87 %, P < 0.0001) were 
significantly lower than the body weight of the CON group 
(16.18 ± 5.14 %) from weeks 0 to 8. No significant difference in body 
weight was observed between the NT, OTR, OTR/up and OTR/down 
groups.

Incremental load test (ILT)
▶Figure 2 a shows the differences in exhaustion velocity (EV) be-
tween the five groups. The EV in week 4 of the exercise groups was 
higher than the value recorded for this group in week 0 and the value 
of the CON group in week 4 (i. e., NT = 40.79 % and 42.98 %, 
OTR = 15.92 % and 29.61 %, respectively). The OTR/up and OTR/down 
groups had different ILT inclinations in week 4, and thus they were 
not compared with the ILT result recorded in week 0. Based on these 
results, 4 weeks of treadmill training improved exercise perfor-
mance in mice in the experimental groups.

The EV recorded in week 8 for the OT groups was lower than the 
values recorded for these groups in week 4 (i. e., OTR = –19.33 %, OTR/ 
up = –10.91 %, and OTR/down = –30.14 %), but the EV of the NT group 
was increased by 21.56 %. Compared with the EV at week 0, the EV 
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at week 8 was higher in the NT group (71.15 %), and other differ-
ences did not reach statistical significance. Thus, we successfully 
constructed overtraining models that were distinguished from nor-
mal endurance training models.

Training volume
▶Figure 2b shows a significantly lower training volume measured 
in the first session in week 8 than that at week 6 for the OTR (i. e.,–
23.30 %; P < 0.0001), OTR/up (–24.02 %; P < 0.0001), and OTR/down 
(–29.13 %; P < 0.0001) groups, and the value was lower than that 
at week 7 for the three OT groups (i. e., OTR = –16.08 %, P = 0.0116; 

OTR/up = –15.33 %, P = 0.0202 and OTR/down = –18.73 %, P =  
0.0034). Thus, the mice that carried out the OT protocols gradu-
ally accumulated an exercise load.

In addition, compared with the training volume measured in the 
first session of week 8, the value measured in the second session of 
week 8 was lower for the OTR (20.30 %; P = 0.0071), OTR/up 
(17.61 %, P = 0.0245) and OTR/down (31.58 %, P < 0.0001) groups. 
Similarly, the training volume recorded in the second session of 
week 8 was lower than that recorded at week 6 for the OTR 
(–48.33 %; P < 0.0001), OTR/up (–45.86 %; P < 0.0001) and OTR/
down (–69.90 %; P < 0.0001) groups and lower than that recorded 
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at week 7 for the three OT groups (i. e., OTR = –39.64 %, P < 0.0001; 
OTR/up = –35.64 %, P < 0.0001 and OTR/down = –56.22 %, 
P < 0.0001). Interestingly, although the accumulated load consist-
ently increased, the training volumes measured in the same weeks 
did not differ between the three OT groups.

Rotarod test
▶Figure 2c  shows the percent alteration ( %) in the rotarod results 
from week 4 to week 8. Compared with the NT group (10.39 %), the 
rotarod alteration was significantly higher than OTR/up (–35.85 %; 
P = 0.0489) and OTR/down (–40.28 %; P = 0.0159) groups. In addi-
tion, the results of the CON and OTR groups decreased by–1.86 % 

and–27.25 %, respectively, after 4 weeks of training, but the differ-
ences were not statistically significant.

H&E and Masson staining of LV and RV myocardium
We investigated myocardial morphological changes by performing 
H&E staining and cardiac fibrosis using Masson’s trichrome stain-
ing. As shown in ▶Fig. 3a–e, compared with the CON group, the 
number of disordered cells in the LV myocardium of the OTR/down 
group increased, the intercellular space increased and myocardial 
disarray occurred (marked by arrows in the figure), while no simi-
lar difference was observed when comparing the RV myocardium 
between groups (▶Fig. 3f–j). Compared with the CON group, col-

▶Fig. 3	 Representative images of H&E staining (200x) of the left ventricular myocardium (a–e) and right ventricular myocardium (f–j) from the five 
experimental groups. Masson’s trichrome staining (200x) of the left ventricular myocardium (k–o) and right ventricular myocardium (p–t) tissue 
sections from the five experimental groups. Scale bars represent 50 μm. Quantitative analysis of Masson’s trichrome staining for fibrosis in the left 
ventricular myocardium (u). Quantitative analysis of Masson’s trichrome staining for fibrosis in the right ventricular myocardium (v). The data repre-
sent the means ± SEMs of n = 6.  *  * Statistically significant (P < 0.01);  *  *  *  * statistically significant (P < 0.0001).
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lagen precipitation significantly decreased in the LV of the NT group 
after exercise training (P = 0.001); in contrast, the collagen precip-
itation in the LV tissue was significantly increased in the OTR/down 
group after downhill overtraining (P < 0.0001; ▶Fig. 3k–o and 3u). 
However, a similar difference did not appear in the RV (▶Fig. 3p–T 
and 3v).

Changes in cardiac miRNA levels in response to 
treadmill running
As shown in ▶Fig. 4, we examined the expression of cardiac miR-
NAs in the ventricular myocardium after the treadmill running pro-
tocol using qRT-PCR. An analysis of the LV myocardium revealed 
that the expression levels of miR-1, miR-133a, miR-133b, miR-206, 
miR-208b, and miR-499 in the OTR/down group were ~1.84-fold 
(P = 0.0026), ~2.14-fold (P = 0.0015), ~2.02-fold (P = 0.0013), 

~1.82-fold (P = 0.0035), ~1.77-fold (P = 0.0379), and ~2.46-fold 
(P = 0.0026) higher, respectively, than those in the CON group 
(▶Fig. 4a–d and f–g). The expression of miR-1, miR-133a, miR-
133b and miR-206 was increased ~1.69-fold (P = 0.0114), ~1.65-fold 
(P = 0.0346), ~1.67-fold (P = 0.0210), and ~1.40-fold (P = 0.0101), 
respectively, in the OTR/down group compared to the OTR group 
(▶Fig. 4a–d). Moreover, the expression levels of miR-133b and 
miR-1 in the OTR/down group were ~1.63-fold (P = 0.0253) and 
~1.51-fold (P = 0.0404) higher than those in the NT and OTR/up 
groups, respectively. In addition, we were surprised to find no sim-
ilar changes in miRNA expression in the mouse RV myocardium 
(▶Fig. 4h–n). Significant differences in the miRNA expression lev-
els were not observed in the RV myocardium among the five exper-
imental groups. Notably, no difference in miR-208a (▶Fig. 4e) ex-

▶Fig. 4	 Cardiac expression of miR-1 (a), miR-133a (b), miR-133b (c), miR-206 (d), miR-208a (e), miR-208b (f) and miR-499 (g) in the left ventricu-
lar myocardium of the five experimental groups. Cardiac expression of miR-1 (h), miR-133a (i), miR-133b (j), miR-206 (k), miR-208a (l), miR-208b 
(m) and miR-499 (n) in the right ventricular myocardium of the five experimental groups. The data represent the means ± SEMs of 
n = 16.  * Statistically significant (P < 0.05);  *  * statistically significant (P < 0.01).
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pression was detected between the LV myocardium and RV myo-
cardium.

Changes in other miRNA levels in response to the 
treadmill running protocol
The expression levels of other miRNAs in ventricular samples from 
the experimental groups of mice were measured using qRT-PCR, 
and the results showed a similar phenomenon. Levels of miR-21, 
miR-17–3p and miR-29b in the LV myocardium were increased 
~2.05-fold (P = 0.0073), ~1.63-fold (P = 0.0178), and ~2.09-fold 
(P = 0.0023), respectively, in the OTR/down group compared to the 
CON group (▶Fig. 5a–c). Meanwhile, miR-21 and miR-29b levels 
were upregulated ~1.79-fold (P = 0.0292) and ~1.67-fold (P = 0.0291), 
respectively, in the hearts of mice in the OTR/down after treadmill run-
ning compared to those of mice in the NT group, but miR-17–3p ex-
pression remained unchanged. Interestingly, compared to the OTR 
group, the OTR/down group exhibited responses to its training pro-
tocol that were similar to those of the OTR group, and the mice ex-
hibited upregulated expression of miR-21 (~1.89-fold; P = 0.0233), 
miR-17–3p (~1.73-fold; P = 0.0084) and miR-29b (~1.69-fold; 
P = 0.0225). Notably, unlike the effects on the LV myocardium, over-
training and aerobic training did not seem to affect the expression 
of these miRNAs in the RV myocardium (▶Fig. 5d–f).

Discussion
Various molecules in the heart have been studied by researchers to 
better understand the underlying mechanisms associated with 
overtraining during aerobic exercise. In our study, among the three 

OT protocols, only the OTR/down protocol affected cardiac-related 
miRNA levels, but the miR-208a level did not change significantly. 
These changes in miRNA expression may potentially indicate the 
occurrence of overtraining. Excessive treadmill training produces 
distinctly different cardiac-related miRNA profiles in the right and 
left ventricles.

Endurance training plays a very important role in physiological 
cardiac remodelling, which is closely related to the cellular, molec-
ular and metabolic adaptation gene regulation mechanism and cel-
lular signalling [26]. The expression of individual miRNAs, key small 
molecules that regulate gene expression, have been investigated 
in the left ventricle, which revealed the important and critical con-
tributions of many of these miRNAs to acute/chronic exercise 
[27, 28]. For example, the downregulation of miR-1, miR-133a and 
miR-133b in the LV of rats by aerobic training controls target 
mRNAs, such as Ras homologue gene family-A, cell division control 
protein 42, and Wolf-Hirschhorn syndrome candidate 2, which may 
contribute to physiological cardiac hypertrophy [29]. These mRNAs 
are also downregulated in pathological cardiac hypertrophy, and 
their common patterns of expression suggest their involvement in 
general programmes of cardiac hypertrophy [29]. In our study, al-
though the downregulation of miR-1, miR-133a and miR-133b was 
not observed in the NT group, the OTR/down group showed the 
upregulated expression of these miRNAs. Moreover, past studies 
have proven that miR-1 overexpression disrupts myoganglion as-
sembly [30] and increases susceptibility to atrioventricular block 
during myocardial ischaemia [31], suggesting pathological remod-
elling. Thus, our data suggest that the increase in miR-1 levels in-
duced by the OTR/down protocol likely causes maladaptive remod-

▶Fig. 5	 The expression of miR-21 (a), miR-17–3p (b), and miR-29b (c) in the left ventricular myocardium of the five experimental groups and 
miR-21 (d), miR-17–3p (e), and miR-29b (f) in the right ventricular myocardium of the five experimental groups. The data represent the 
means ± SEMs of n = 16.  * Statistically significant (P < 0.05);  *  * statistically significant (P < 0.01).
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elling. The overexpression of miR-133a in the diabetic Akita heart 
decreases cardiac fibrosis, hypertrophy, and diabetic cardiomyo-
pathy [32], and overexpression of miR-133b blocks the alteration 
in the gene expression pattern mediated by β-adrenergic receptor 
stimulation [33]. Notably, β-adrenaline sensitivity induced by oes-
trogen receptor regulation in women may play a special role in vas-
cular changes [34–36]. More importantly, in humans, duration-in-
dependent LV assist device support leads to the decreased expres-
sion of miR-1, miR-133a, and miR-133b in patients with dilated 
cardiomyopathy, while the opposite result is observed in patients 
with ischaemic heart disease [37], suggesting that the activation 
of these miRNA signalling pathways serves as a potential repair 
mechanism for cardiac processes. In addition, inhibition of miR-206 
expression aggravates ischaemia/reperfusion injury and prevents 
cardiac hypertrophy caused by overload [38]. Conversely, miR-206 
overexpression in rats improves ischaemic injury-induced cardio-
myocyte apoptosis by targeting tyrosine phosphatase 1B and thus 
exerts a protective effect [39], and overexpression of miR-206 caus-
es cardiac hypertrophy in mice and protects them from ischaemia/
reperfusion injury [38]. Because exercise can mimic the effect of 
ischaemic preconditioning and may induce pressure or volume 
overload, our data likely suggest that increased miR-133a and miR-
133b levels are linked to cardioprotection/repair.

Moreover, the roles of miR-208a, miR-208b and miR-499, known 
as ‘MyomiRs’, have been identified in physiological models [40]. 
Heavy-load swimming training reduces the expression of miR-208a 
and miR-208b in the mouse heart and regulates the expression of 
hypertrophy/metabolism-related signalling molecules as an adap-
tation to physiological signals [40]. The levels of miR-208b and miR-
499 are upregulated in failing and hypertrophied human hearts 
[41] and in mouse models of pathological hypertrophy [42]. Up-
regulation of miR-499 accelerates the maladaptation to pressure 
overload through direct and indirect cumulative effects on the 
posttranslational modification of myocardial proteins [43]. Thus, 
changes in miR-208b and miR-499 expression induced by the OTR/
down protocol may be related to a pathological condition.

Moreover, the roles of miR-21, miR-17–3p and miR-29b have 
been studied in physiological models of cardiac hypertrophy [13]. 
These studies showed increased cardiac levels of miR-21, miR-17–
3p and miR-29b in swimming-trained mice, and this increase is in-
volved in regulating cardiac hypertrophy [44, 45], myocyte prolif-
eration [45], cardiac apoptosis [45], fibrosis [46] and cardioprotec-
tion [45]. More importantly, wheel exercise or treadmill running 
also increases mouse ventricular miR-17–3p levels [45]. In our 
study, the OTR/down group also presented increased miR-21, miR-
17–3p and miR-29b levels, likely suggesting a protective effect of 
these miRNAs on cardiac adverse remodelling.

Exercise exerts a longer term effect on the structure and func-
tion of the RV [47]. Previous studies have suggested that the in-
creases in load in the RV are greater than those in the LV and that 
the contraction force may not be sufficient to maintain the output 
required for continuous high-intensity exercise, which can place 
the RV under greater stress [47, 48]. For example, the release of 
brain natriuretic peptide (a marker of myocardial strain) is corre-
lated with RV dysfunction only in prolonged endurance training 
[49]. In addition, the degree of RV remodelling in endurance ath-

letes caused by exercise appears to be slightly greater than that of 
LV remodelling. Therefore, some people propose that the RV is the 
key factor that determines aerobic capacity [47]. Currently, few in-
vestigations on miRNAs and physiological RV remodelling have 
been performed. In our study, the levels of selected miRNAs did 
not change in the RV, which encircles the common myocardial fibre, 
in response to the NT and three OT protocols. According to a pre-
vious study, long-term aerobic treadmill exercise training promotes 
distinct metabolic adaptations in the RV and LV of female Sprague-
Dawley rats [50]. This result suggests that the adaptive changes in 
the LV and RV myocardium after exercise appear to be sex-specific. 
Given these differences between the RV and LV, the two chambers 
likely display different miRNA responses under conditions of exer-
cise training. Moreover, while RV-specific expression profiles of miR-
NAs have been identified, further studies are needed to determine 
whether exercise influences the expression of these miRNAs [51].

In addition, the lack of recovery and the continued imbalance 
of excess demand may trigger a series of unfavourable conditions, 
which may lead to decreased performance or weight. In the pre-
sent study, although the weight of mice in the three OT groups did 
not change, their performance showed a significant decrease, 
which is a key sign of OT [9]. These changes were mainly detected 
in the LV, including cardiac fibrosis and pathological hypertrophy 
development [10]. Thus, the rest and recovery characteristics of 
the OTR/down protocol may adequately elicit an overtraining re-
sponse. At present, the overtraining continuum has been modified. 
NFOR and OT have the same spectrum of responses that potential-
ly lead to OTS. Because physiological and pathological redundancy 
plays a key role in the different cardiac stimuli or stresses, these re-
sponses are likely integrated. More importantly, the degree of par-
ticipation of different muscle groups is different in different exer-
cise methods. Previous studies have shown increased levels of pro-
inflammatory cytokines in the serum, hypothalamus, muscle and 
liver of mice subjected to the OTR/down regimen [51, 52]. Addi-
tionally, more fibre damage, soreness and decreased performance 
were reported, which seem to be possible factors contributing to 
the differential expression of miRNAs among the three OT groups 
[53]. Although OT alters cardiac-related miRNA levels, the mecha-
nisms by which OT increases the expression of these miRNAs should 
be further studied. Each of these mechanisms for individual miR-
NAs may affect cardiac remodelling, depending on the intensity, 
duration and frequency with which the signal appears. Defining the 
specific mechanism that mediates OT is an important starting point 
that can be used to develop optimized exercise interventions to 
improve body health.

Conclusions
Taken together, OT generally affects the expression of some key 
miRNAs in the LV and that changes in individual miRNAs may cause 
either adaptive or maladaptive remodelling with OT. In addition, 
the LV and RV were differently affected by OT.
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