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A B S T R A C T

Aim: Analyze the effects of voluntary running during the development of pulmonary arterial hypertension (PAH)
induced by monocrotaline (MCT) on the right ventricle (RV) structure, RV myocyte contractility and in-
tracellular Ca2+ transient in rats with MCT-induced PAH.
Main methods: Male Wistar rats were housed sedentary or with free access to a running wheel after MCT or saline
injection for until HF or median end-point day of HF in sedentary animals (24 days). Echocardiographic ex-
amination and exercise tolerance test were carried out at specific time points of the experimental period. After
euthanasia, the heart was dissected, weighed and processed for either histological or single myocyte contractility
and intracellular Ca2+ transient analyzes.
Key findings: Voluntary running delayed the onset of HF (29 days) and the increase in pulmonary artery re-
sistance, and improved exercise tolerance. In the median end-point day of HF, exercise retarded RV adverse
remodeling (i.e. increase in extracellular matrix and collagen content). At this stage, exercise also delayed im-
pairments in cell contractile function (i.e. amplitude and times to peak and to half relaxation) and intracellular
calcium cycling (i.e. amplitude and times to peak and to half decay) in RV single myocytes.
Significance: Along with HF onset delay and physical effort tolerance enhancement, voluntary running during
the development of PAH postpones pulmonary artery resistance increases, RV adverse remodeling and myocyte
contractility and intracellular calcium cycling deterioration in rats. Therefore, self-paced intermittent exercise of
high intensity may contribute positively to the health and survival of individuals with PAH.

1. Introduction

Pulmonary arterial hypertension (PAH) is characterized by a pro-
gressive increase in pulmonary vascular resistance which leads to right
ventricular adverse remodeling, dysfunction and hence failure [1]. The
functional capacity and tolerance to physical effort also are gradually
reduced in PAH patients since the ability of their RV to increase stroke
volume during exercise is impaired [2,3]. At the tissue level, in the
model of progressive PAH induced by monocrotaline (MCT), the right
ventricle (RV) undergoes hypertrophy and dilation associated with in-
creased collagen deposition in the extracellular matrix, inflammation,
apoptosis and fibrosis, which contributes to the impairment of RV
function [4,5]. At the cellular level, RV myocytes commonly exhibit

excitation-contraction coupling abnormalities [6,7], in which con-
tractility and the intracellular Ca2+ transient often displays smaller
amplitude and slower timecourses, leading to contractile dysfunction
and reduced ability to respond to increased contractile demands [8]. It
is acknowledged that these mechanical and structural factors are fun-
damental for the cardiac pump [9,10] and RV functional stability in
heart failure [7,11].

The available therapies for the treatment of PAH comprise suppor-
tive (anticoagulants, diuretics and supplementary oxygen) and disease-
targeted (vasodilators and antiproliferative agents) therapies, aiming at
reducing the pulmonary arterial pressure and hence the afterload in the
RV [12]. Therapeutic strategies capable of maintaining cardiac function
are of clinical relevance, and one such strategy is physical exercise.
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Despite the limitations imposed by PAH to physical exertion, there is
growing evidence in humans [13–15] and in animal models [16–18],
that physical exercise can promote beneficial effects to individuals with
PAH.

Regarding exercise mode, it is recognized that it may influence
study outcomes. For instance, continuous aerobic exercise (i.e. tread-
mill running) of different intensities (i.e. 60–80% VO2max) was shown to
diminish collagen deposition, fibrosis and inflammation [4,19] in the
myocardium of rats with MCT-induced PAH, which positively impacted
ventricular function. Despite that, low-intensity treadmill running (i.e.
50% VO2max) was detrimental (i.e. increased pulmonary vascular ad-
verse remodeling) to rats in this model [20]. In patients with left ven-
tricular heart failure, the greatest benefits of exercise are seen with
high-intensity training [21]. Even in MCT-induced PAH, high-intensity
interval training in an electric treadmill [i.e. 2 min at 85–90% VO2 re-
serve (∼14m/min) interspersed with 3min at 30% VO2 reserve
(∼5m/min), for 30min], but not low-intensity continuous training
[i.e. 50% VO2 reserve (∼9m/min) for 60min], decreased RV systolic
pressure, hypertrophy and fibrosis in rats [18]. However, with enforced
regimes, the loss of control over locomotion and use of a reinforcement
stimulus can trigger stress responses [22–24]. Moreover, continuous
running is an unnatural mode of locomotion for rodents [22,24]. Fur-
thermore, stress has a negative effect on heart failure prognosis [25,26],
and enforced exercise is not used with humans.

In this way, it is important that we test voluntary exercise in our
animal PAH models, since this more closely resembles how patients
exercise, and previous studies have examined mostly forced exercise
(e.g. treadmill running) which has known associated stress responses
[22–24]. Though normal rats in voluntary running can attain speeds of
∼45m/min, the running is intermittent and carried out in short bursts
[27]. Our group demonstrated that voluntary running performed during
the development of MCT-induced PAH improved RV myocyte con-
tractile function in rats and they kept exercising when heart failure
signs developed [16], though the effects on the intracellular Ca2+ dy-
namics and RV structure and function have yet to be determined.
Therefore, the aim of this study was to examine the effects of voluntary
running during the development of MCT-induced PAH on the RV
structure, and on the RV myocyte contractility and intracellular Ca2+

transient in rats.

2. Methods

2.1. Study design and voluntary running

Male Wistar rats [Body weight (BW): ∼200 g] were housed in-
dividually in transparent polycarbonate cages (Model 80859S,
Lafayette Instrument Company, Indiana, USA) equipped with stainless
steel wheels of activity (diameter: 14" (35.56 cm), width: 4.3"
(10.92 cm) of free access. The number of spins was recorded using di-
gital magnetic counter (Cycle Computer-AS820 – Assize (Machine
Motors LTDA; Camaquã – RS, Brazil), which allowed the calculation of
the daily distance traveled and maximum running speed. These animals
were randomly divided into three experimental groups: exercised con-
trol (EC, n=12), exercised failure (EF, n=12) and exercised median
end-point (EM, n=12). Because voluntary running is known to delay
the onset of heart failure [16], animals from EM group had the para-
meters evaluated in the mean survival (± 1 day) of SF animals. Such
strategy allowed us to point out the effects of voluntary running per-
formed during the development of MCT-induced PAH at the same time
point of non-exercised animals (SF group). All exercised animals were
introduced to the running wheels 2 days before treatment with mono-
crotaline (MCT) or saline. Another group of rats of the same strain and
weight did not have access to the running wheel and were housed in
transparent polycarbonate cages, 4 animals per cage, and were divided
into two groups: sedentary control (SC, n= 12) and sedentary failure
(SF, n= 12).

All animals were kept in a room with controlled temperature
(∼22 °C) and ∼60% relative humidity, under a 12/12 h light/dark
cycles, and had free access to water and standard rodent chow. The
distance and duration of running were recorded daily. After the MCT
injection, the body weight (BW) was recorded once a week in the first
three weeks and daily from the third week on until euthanasia. The
Ethic Committee in Animal Use from Federal University of Viçosa ap-
proved the experimental protocol (protocol nº 81/2016) in accordance
with the Guide for the Care and Use of Laboratory Animals.

2.2. Induction of pulmonary arterial hypertension

Animals from EF, SF and EM groups received a single in-
traperitoneal injection of 60mg/kg BW of MCT (Sigma-Aldrich, St.
Louis, MO, EUA) dissolved in saline (140mM NaCl; pH 7.4) to induce
PAH and heart failure [28]. Control animals (EC and SC) received the
same volume of saline solution (140mM NaCl; pH 7.4).

2.3. Physical effort tolerance test

The total exercise time until fatigue (TTF) was used as an index of
physical effort tolerance. A protocol proposed by Koch and Britton [29],
was adapted to measure exercise time until fatigue [30,31]. Succinctly,
prior to the start of the physical training program, the animals were
placed on an electric treadmill (AVS Projects®, SP, Brazil) for adapta-
tion (10min/day, 0° inclination, 5 m/min) for 3 days. Forty-eight hours
after the adaptation period, the test was performed, where the animals
started the exercise at 5m/min, 0° inclination. Increases of 3m/min
were made every 3min until fatigue. Fatigue was determined and the
test was interrupted when the animal could no longer keep pace with
the speed of the treadmill and remained for 10 s on the shock grid
(0.28 mA) at the back of the treadmill rather than run [17]. The test was
performed in all animals one week prior to the injection. On the 21st
post injection the test was repeated in all animals; and on the 27th day
after injection the test was repeated in animals from EC, EF, SC and SF
groups.

2.4. Echocardiography

The echocardiographic evaluation was performed on the 22nd and
28th days after injection in animals from EC, EF, SC and SF groups, and
on the 24th day in animals from EM group. The animals were an-
esthetized (Isoflurane 1.5% and 100% oxygen in a constant flow of 1L/
min; Isoflurane, BioChimico, RJ, Brazil). The images were obtained
while the animals remained in the lateral decubitus position. Two-di-
mensional studies with a fast sampling rate of 120 fps in M mode were
performed using the MyLabTM30 ultrasound system (Esaote, Genoa,
Italia) and 11MHz nominal frequency transducers. The two-dimen-
sional transthoracic echocardiography and M-mode was obtained at a
scanning speed of 200mm adjusted according to heart rate. Pulmonary
artery flow was obtained by pulsatile Doppler. The acceleration (AT)
and ejection (ET) times in the pulmonary artery were evaluated and its
ratio (AT/ET) was calculated. The images were collected according to
the recommendations of the American Society of Echocardiography and
stored for further analysis [32].

2.5. Animal survival

Animals from SF and EF groups had their survival time registered at
the euthanasia day, which took place upon the presence of heart failure.
Heart failure was inferred based on the presentation of 10 g or more loss
of BW overnight and/or dyspnea, cyanosis and lethargy by the animal.
The median survival time represented the time after MCT treatment
when more than 50% of the group reached the inferred heart failure
end point.
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2.6. Sample collection

Animals from EF and SF groups were euthanized by decapitation
upon showing inferred heart failure, and on equivalent days for their
respective controls (EC and SC). Animals from EM group were eu-
thanized in median end-point (± 1 day) of the animals from SF group
(i.e. on the 24th day after MCT injection). After euthanasia, the heart,
ventricles and lungs were dissected, weighed and processed for ana-
lyzes of interest, as described below.

2.7. Histological analyzes

The histological analyzes of the RV were performed as previously
described [33]. Briefly, immediately after collection, the RV was fixed
in 10% formaldehyde for 48 h. Then, it was dehydrated in ethanol,
clarified in xylol and embedded in paraffin. Blocks were cut into 5 μm-
thick sections that were mounted on histological slides and stained with
hematoxylin & eosin to count myocytes and extracellular matrix; or
Sirius Red to count collagen fibers. To avoid repeated analyzes of the
same histological area, the sections were evaluated in semi-series, using
one in every 10 sections. Digital images from hematoxylin-eosin stained
slides were captured using a light microscope (Olympus BX-50, Tokyo,
Japan), whereas images from Sirius Red stained slides were obtained
using a polarized light microscope (Olympus AX-70, Tokyo, Japan)
connected to a digital camera (Olympus Q Color-3, Tokyo, Japan). For
quantification of extracellular matrix, myocytes and collagen, a grid
with 266 intersections was superimposed to the slides, and the inter-
sections in specific tissue were counted and then the percentage was
calculated. For all measures, twelve random images from each animal
were used. All these measurements were performed using Image-pro
Plus 4.5 software (Media Cybernetics, Silver Spring, MD, USA). The
myocyte cross-sectional area (CSA) was measured using a specific tool
(manual measurement) in the software Image-pro Plus.

2.8. Isolation of myocytes

Myocytes from the RV were enzymatically isolated as previously
described [34]. In short, after euthanasia, the heart was rapidly dis-
sected, blotted dry and weighed. The heart as then attached to a Lan-
gendorff-retrograde perfusion system via aorta and perfused with
Tyrode solution containing (in mM): 130 NaCl, 1.43 MgCl2, 5.4 KCl,
0.75 CaCl2, 5.0 Hepes, 10.0 glucose, 20.0 taurine and 10.0 creatine, pH
7.4 until for about 5min. The Tyrode solution was thus exchanged to
Tyrode solution containing EGTA (0.1mM) for 5min. Thereafter, the
heart was perfused with Tyrode solution containing 1mg/ml col-
lagenase type II (Worthington, USA) and 0.1mg/ml protease (Sigma-
Aldrich, USA) for about 12min. Following, the ventricles of the di-
gested heart were removed, blotted dry and weighed. The entire RV
also was separated, weighed and cut into small fragments. Such frag-
ments were placed into a conical flask containing the enzymatic solu-
tion (collagenase and protease). The cells were mechanically separated
by shaking the flask for 5min. Thereafter, the dispersed cells were se-
parated from the non-dispersed tissue by filtration. After centrifugation
the resulting cells were suspended in Tyrode solution. The non-dis-
persed tissue was again subjected to the mechanical dispersion process.
The solutions used in the isolation procedure were oxygenated (O2

100% - White Martins, Brazil) and maintained at 37 °C. The isolated
cells were stored at 5 °C until use. Isolated myocytes were used within 2
to 3 h after isolation.

2.9. Measurement of myocyte contractility and intracellular Ca2+ transient

The contractions of RV myocytes were measured by using an edge
detection system (Ionoptix, Milton, USA) mounted on an inverted mi-
croscope (Nikon Eclipse - TS100, Japan) as previously described [30].
In summary, myocytes were accommodated in a bath on the stage of the

inverted microscope and superfused with a Tyrode solution containing
(in mM): 137 NaCl, 5.4 KCl, 0.33 NaH2PO4, 0.5 MgCl2, 5 HEPES, 5.6
glucose, e 1.8 CaCl2, (pH 7,4) at 37 ± 1 °C. Myocytes were externally
stimulated (40 V, 5ms) to contract at progressive frequencies (1, 3, 5
and 7 Hz) using an electric field stimulator (Myopacer, Ionoptix, Milton,
USA). Individual myocytes were then visualized on a PC monitor using
a CCD camera (Myocam, Ionoptix, Milton, USA) and the images of cell
contractions were recorded. From the records, the amplitude of cell
shortening (% of resting cell length) and the times to peak and to half
relaxation of shortening were measured using software (IonWizard 6.3;
Ionoptix, Milton, USA). Only myocytes that had clear, regular striated
(sarcomere) pattern and did not spontaneously contract in the absence
of external stimulation and responding to a 1 Hz-stimulation with a
single twitch were analyzed.

The intracellular Ca2+ transient was measured in as previously
described [35]. In brief, myocytes were loaded with calcium sensitive
indicator fura-2 AM (ThermoFisher, Waltham, USA; 3mM for 10min)
for whole cell epi-fluorescence at 37 ± 1 °C (Ionoptix, Milton USA)
during external field stimulation (40 V, 5ms) to contract at progressive
frequencies (1, 3, 5 and 7 Hz) using an electric stimulator (Myopacer,
Ionoptix, Milton, USA). The same inverted microscope and experi-
mental bath and superfusion solution described above for myocyte
contraction were used for the measurement of intracellular Ca2+

transient. The ratio of the emitted fluorescence at 510 nm in response to
excitation at 340 and 380 nm (340 nm/380 nm ratio) was our index of
intracellular Ca2+. From the obtained records, the amplitude (Fura-
2340/380 ratio) and the times to peak and to half decay of the in-
tracellular Ca2+ transient were obtained using software (IonWizard 6.3;
Ionoptix, Milton, MA, USA).

2.10. Statistics

The normality of the data was tested using the Kolmogorov-Smirnov
test. The daily distance traveled data (on representative days 1, 8, 15
and 22) were compared using repeated measures analysis of variance
(ANOVA) and Pearson's correlation was used to evaluate the relation-
ship between total distance traveled, TTF, average speed in the vo-
luntary running and survival. Survival data were compared using the
Kaplan-Meier curve analysis by the Log-rank test. Data on cell para-
meters, body weight and organ weight were compared using ANOVA
one-way or Kruskall-Wallis, according to the distribution of data, fol-
lowed by appropriate post-hoc for multiple comparisons. The statistical
test used is specified in the tables and figures. Data are presented as
mean ± SEM. P < 0.05 was considered for statistically significant
differences. All analyzes were performed using GraphPad Prism, ver-
sion 6.01 (San Diego, CA, USA).

3. Results

3.1. Physical effort tolerance

Details of daily voluntary running and physical effort tolerance test
are presented in Fig. 1. There was no significant difference between
groups of the average daily running distance traveled (∼2–3 km/day)
on representative days (days 1, 7, 14 and 21) (Fig. 1 A). The average
speed of voluntary running is showed in Fig. 1B. Such speed progressed
to and stabilized around 35m/min over the experimental period, but no
significant difference between groups was found on representative
days. Regarding the mean TTF, there was no difference between groups
before MCT injection (Fig. 1C). Likewise, at this point the mean max-
imum speed reached during the physical effort tolerance test (∼30m/
min) was not different between groups (Fig. 1D). However, on the 21st
day after MCT injection, the mean TTF of SF group was not different
from that of SC group, but lower than that of EM and EF groups
(Fig. 1E). At this point, the mean maximum speed followed the same
pattern (Fig. 1F). In addition, on the 27th day after MCT injection
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(Fig. 1G) only animals from EC group showed a higher TTF, compared
to that of SF animals. Again, the mean maximum speed (Fig. 1H) at this
time point followed the mean TTF pattern.

We also calculated the mean change in wheel running distance
between week one and final week for EF (8.77 ± 8.84 km), EC
(9.95 ± 4.42 km), and EM (8.42 ± 4.80 km) rats. There was no sta-
tistical difference between groups, and it did not correlate with other
endpoints measured. Likewise, the mean change in wheel running
speed between week one and final week for EF (0.19 ± 0.32m/min),
EC (0.63 ± 0.13m/min), and EM (0.19 ± 0.11m/min) rats was not
statistically different between groups, and no correlation with other
endpoints measured was found.

3.2. Animal survival

Fig. 2 shows the survival of animals from SF and EF groups. Al-
though all animals in these groups showed signs of heart failure, the
animals in the EF group had a longer average survival (29 days) than
those in the SF group (24 days; p < 0.05). Moreover, significant cor-
relation (p < 0.05) was observed between survival and total distance
traveled (r= 0.75), TTF (r= 0.75) and average speed (r= 0.54).

3.3. Pulmonary artery resistance

Fig. 3 shows the echocardiographic data. The AT/ET was lower
(p < 0.05) in animals from SF group, compared to that of rats from SC
and EC groups, measured on the 21st day after MCT injection (Fig. 3B).
Likewise, when measured on the 24th day after MCT injection, the AT/
ET values were lower in animals from SF and EF groups, compared to
those of rats from SC and EC groups (Fig. 3C). The AT/ET values from
EM group were not different from those of the other groups.

3.4. Right ventricular adverse remodeling

Table 1 exhibits the data for whole animal and organ parameters.
The initial body weight (BW) was not different between groups. The
final BW as well as the BW gain of animals injected with MCT did not
differ from those from their respective controls. Animals from SF and EF
groups had greater RV weight (RVW) than those in rats from their re-
spective control groups. In addition, the RVW of EM group was higher
than that of SC. Likewise, the Fulton Index (RVW to left ven-
tricular + septum weight ratio) of animals from SF and EF groups was
higher than those in rats from their respective control groups and EM
group. The lung weight and its ratio to BW were also higher in animals
from SF and EF groups than those in their respective control groups.

Fig. 4 displays the RV histological data. Animals from SF and EF
groups had a lower percentage of myocytes (indicated by white arrows
in panel A; and mean data in panel B) and higher percentages of ex-
tracellular matrix (indicated by black arrows in panel A; and mean data
in panel C), compared to those in animals from respective control
groups (SC and EC). In addition, RV myocytes in animals from SF and
EF groups exhibited larger CSA (Fig. 4D) than those in rats from re-
spective control groups (SC and EC). Thus, voluntary running was able
to delay these changes, since animals from EF group showed values
better than those for rats in the SF group.

Fig. 5 displays the interstitial collagen in the RV. Animals from SF
and EF groups had a higher percentage of interstitial collagen, com-
pared to those in animals from respective control groups (SC and EC)
(Fig. 5). Voluntary running was able to positively affect these changes,
since animals from EM group had values lower than those from SF
group, and both of these groups were harvested at approximately the

Fig. 1. Effect of voluntary running on physical effort tolerance. (A) Traveled distance of voluntary running. (B) Average speed of voluntary running. (C) Total
exercise time until fatigue (TTF) measured prior to monocrotalin (MCT) injection. (D) Maximum speed in the physical effort tolerance test prior to MCT injection. (E)
TTF measured 21 days after MCT injection. (F) Maximum speed in the physical effort tolerance test measured 21 days after MCT injection. (G) TTF measured 27 days
after MCT injection. (H) Maximum speed in the physical effort tolerance test measured 27 days after MCT injection. Data are mean ± SEM of 7 rats in each group.
SC, sedentary control; EC, exercised control; SF, sedentary failure; EF, exercised failure; EM, exercised median. *P˂0.05 vs. SC; †P˂0.05 vs. EC; §P˂0.05 vs. EF;
‡P˂0.05 vs. EM. One-way repeated measures ANOVA followed by the Tukey post hoc test to compare representative days 1, 8, 15, and 22 (Panels A and B); One-way
ANOVA followed by the Tukey post hoc test for between group comparisons (Panels C, D, E, F, G and H).

Fig. 2. Effect of voluntary running on survival measured on days of onset of
signs of heart failure. SF, sedentary failure. EF, exercise failure. *P˂0.05,
Kaplan-Meier Curve, followed by the Log-rank post-hoc test.
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same time point (i.e. 24 days).

3.5. Right ventricular myocyte contractility and intracellular Ca2+ transient
impairments

Data for RV myocyte contractile function are presented in Fig. 6.
Myocytes from SF and EF animals showed lower amplitude of short-
ening at the stimulation frequencies of 3, 5 and 7 Hz, compared to that
from their respective control (SC and EC) and EM groups (Fig. 6B).

Data are mean ± SEM of 12 images per animal in each group
(n = 4 rats in each group). SC, sedentary control; EC, exercised control;
SF, sedentary failure; EF, exercised failure; EM, exercised median. One-
way ANOVA followed by the Tukey post hoc test: *P˂0.05 vs. SC;
†P˂0.05 vs. EC; §P˂0.05 vs. EF; ‡P˂0.05 vs. EM. White arrow indicate
myocyte; Black arrow indicate extracellular matrix.

Regarding the timecourse of shortening, myocytes from SF and EF
animals presented higher time to peak than those from respective
control groups at all stimulation frequencies assessed (Fig. 6C). Com-
pared to EM group, myocytes from SF rats presented longer time to
peak at 1, 3, 5 and 7 Hz, whereas myocytes from EF rats showed longer
time to peak only at 1, 3 and 5 Hz. Likewise, myocytes from SF and EF

animals exhibited longer time to half relaxation (Fig. 6D), compared to
those of myocytes from rats in respective control (SC and EC) and EM
groups at the frequencies of stimulation of 1, 3 and 5 Hz. It was also
observed that at the frequency of 3 Hz, myocytes from SF animals
presented longer time to half relaxation than those from EF rats.

Figure 6E shows the proportion of cells responding to the stimula-
tion frequency of 7 Hz. It was found that the proportion of myocytes
able to entrain 7 Hz was smaller in the failing groups (SF and EF), than
in their respective controls (SC and EC).

Fig. 7 shows data for the intracellular Ca2+ transient in RV myo-
cytes. The amplitude was higher in EF group than in EC, EM and SF
groups, at the frequencies of 1 and 3 Hz (Fig. 7B). When stimulated at
1 Hz, the amplitude was greater in myocytes from EC and EM groups
than that in cells from SC group. At the stimulation frequency of 5 Hz,
the amplitude in myocytes from EF group was higher (p˂0.05) than
those in myocytes from EM, SC and SF groups; while the amplitude in
EC group was higher than in SC group. When stimulated at 7 Hz, cells
from animals in EM, SC and EF groups presented greater amplitude,
when compared to that in SF group.

Concerning the timecourse of the intracellular Ca2+ transient
(Fig. 7C), at the stimulation frequencies of 1 and 3 Hz myocytes from

Fig. 3. Effect of voluntary running on the pulmonary artery resistance. (A) Representative images of pulmonary artery flow. (B) Ratio of flow acceleration time to
ejection time (AT/ET) in the pulmonary artery measured 22 days after injection of MCT. (C) AT/ET measured 24 days (EM group) and 28 days (other groups) after
injection of MCT. SC, sedentary control; EC, exercised control; SF, sedentary failure; EF, exercised failure; EM, exercised median. Data are mean ± SEM of 5–7 rats in
each group. One-way ANOVA followed by the Tukey post hoc test: *P˂ 0.05 vs. SC; †P˂0.05 vs. EC.

Table 1
Effect of voluntary running on whole animal and organ parameters.

SC EC SF EF EM

BW initial, g 229.85 ± 5.69 227.42 ± 7.35 229.71 ± 6.09 222.14 ± 5.97 222.71 ± 8.15
BW final, g 306.00 ± 12.34 324.14 ± 10.66 273.16 ± 14.26† 284.00 ± 7.40 290.66 ± 11.27
Δ BW, g 76.14 ± 15.26 96.71 ± 8.38 43.45 ± 14.69† 61.86 ± 6.59 67.95 ± 7.00
RVW, g 0.25 ± 0.01 0.29 ± 0.02 0.39 ± 0.02* 0.50 ± 0.04*† 0.40 ± 0.03*
LV + SW, g 0.89 ± 0.03 0.93 ± 0.07 0.92 ± 0.07 0.98 ± 0.05 1.08 ± 0.03
RVW: LV + SW, g/g 0.27 ± 0.01 0.32 ± 0.03 0.43 ± 0.03* 0.51 ± 0.03*†‡ 0.37 ± 0.03
LW, g 1.54 ± 0.12 1.63 ± 0.07 3.18 ± 0.21*†‡ 3.52 ± 0.29*†‡ 2.32 ± 0.12
LW: BW, mg/g 4.05 ± 0.08 5.05 ± 0.14 11.67 ± 0.92*†‡ 12.55 ± 1.27*†‡ 7.96 ± 0.46*

Data are mean ± SEM of 5–7 rats in each group. SC, sedentary control; EC, exercised control; SF, sedentary failure; EF, exercised failure; EM, exercised median. BW,
body weight; RVW, right ventricle weight; LV + SW, left ventricle plus septum weight; LW, lung weight; *P˂0.05 vs. SC; †P˂0.05 vs. EC; ‡P˂0.05 vs. EM. One-way
ANOVA followed by the Tukey post hoc test.
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failure groups (SF and EF) exhibited higher time to peak, compared to
those in myocytes from their respective controls (SC and EC), and those
in myocytes from EM group. When stimulated at 5 and 7 Hz, the time to
peak was higher in myocytes from EF group, compared to that in
myocytes from EC group.

As for the time to half decay of the intracellular Ca2+ transient
(Fig. 7D), cells from failure animals (SF and EF groups) displayed
higher values at stimulation frequencies of 1, 3 and 5 Hz, than those in
myocytes from their respective control (SC, EC) and from EM groups.
Furthermore, when stimulated at 1 Hz, myocytes from SC group had
higher time, compared to that of myocytes from EC and EM groups.

4. Discussion

In the present study we examined the effects of voluntary running
during the development of PAH on the RV structure and on the RV
myocyte contractility and intracellular Ca2+ transient in rats with MCT-
induced PAH. Our findings evidence that along with physical effort
tolerance enhancement (i.e. increased TTF) and inferred HF onset delay
(i.e. increased survival), voluntary running postponed pulmonary ar-
tery resistance increases (i.e. reduced AT/ET), RV adverse remodeling
(i.e. reduced myocyte CSA; % of extracellular matriz and collagen) and
RV myocyte contractility (i.e. increased shortening amplitude; reduced
times to peak and to half relaxation) and intracellular calcium cycling
deterioration (i.e. reduced times to peak and to half decay).

The exercise regime employed during the development of PAH was
able to increase tolerance to physical effort in animals with PAH,
measured 21 days after MCT injection at different time points of PAH
development (i.e. EM and EF). This finding might be explained by the
beneficial effects of exercise training at the level of skeletal muscle [27]
that prevents muscle wasting and dysfunction [36,37], and improves
RV cardiac function [38]. Rats with MCT-induced PAH had their
aerobic capacity and hemodynamics improved by an 8-week high-in-
tensity interval training (HIIT) mainly due to favorable pulmonary
vascular endothelial adaptation (i.e. greater lung endothelial nitric
oxide synthase) to the pulsatile HIIT stimulus [18]. In the present study,
the average speed of voluntary running observed was ∼35m/min,
which is far higher than that used in the HIIT by Brown et al. [18] (i.e.
14m/min). Although we did not monitor the exercise bout duration
and interval between bouts, rats are known to run voluntarily in wheels
in short bursts (∼60 to 120 s) interspersed with intervals [27]. There-
fore, considering that voluntary running is a natural mode of locomo-
tion for rodents, free wheel running may actually be advantageous
when compared to the HIIT training regimen since HIIT utilizes forced
exercise whereas free wheel running does not.

Furthermore, admitting that the beneficial effects of exercise
training on skeletal muscle was not measured here, the positive effects
of exercise training on pulmonary vascular reactivity [39] or on the
efficacy of pulmonary gas exchange and preventing hypoxemia during
the exercise test [40] also has to be considered. In this way, the reduced
pulmonary artery resistance (i.e. increase in AT/ET ratio) found in EM
and EF animals, may infer a more effective transfer of blood from RV to
pulmonary circulation. In fact, physical exercise has been shown to
improve cardiac function, ventilatory efficiency and cardiorespiratory
fitness in individuals with PAH [13,41,42].

Although unexpected, healthy and sick animals had no difference in
TTF and maximum speed at the 21st day after MCT injection. It has to
be considered that the effects of MCT are progressive and being so the
running capacity of sick animals was not affected since in this model the
signs of heart failure are normally observed from the 21st day after
injection on. In fact, the running capacity of sick animals reduced from
the 21st to the 27th day after injection [SF: 21st vs 27th (p=0.0006);
EF: 21st vs 27th (p=0.003)] which did not occur within healthy rats.
Although the positive effects of exercise did not persist until the 27th
day after MCT injection when the signs of inferred heart failure were
present in SF rats, one important finding here was that voluntary run-
ning postponed the appearance of heart failure in EF animals.

Indeed, alongside such increased tolerance, MCT treated animals
who had access to voluntary wheel had the onset of inferred heart

Fig. 4. Effect of voluntary running on right ventricle remodeling. (A) Representative photomicrographs of right ventricle tissue (Hematoxylin & Eosin staining). (B)
Percentage of cardiomyocytes. (C) Percentage of extracellular matrix. (D) Cross-sectional area of cardiomyocytes (CSA).

Fig. 5. Effect of voluntary running on interstitial collagen in the right ventricle.
Data are mean ± SEM of 12 images per animal in each group (n = 4 rats in
each group). SC, sedentary control; EC, exercised control; SF, sedentary failure;
EF, exercised failure; EM, exercised median. One-way ANOVA followed by the
Tukey post hoc test: *P˂0.05 vs. SC; †P˂0.05 vs. EC; ‡P˂0.05 vs. EM.
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failure postponed, augmenting thus their survival (e.g. r= 0.75 be-
tween survival, voluntary running distance and TTF). The survival
prognosis in humans [43] can be significantly improved by exercise
training specially when started in the early stages. The amelioration in
AT/ET ratio observed in our exercised rats have important predictive
value in PAH for the assessment of disease severity and mortality, and
may support the better prognosis that we found in EM group [44–46].

The increase in pulmonary artery resistance is a crucial factor for
the adverse remodeling of the RV [5]; and has been associated with an
unbalance between vasoconstrictors (e.g. endothelin-1; thromboxane)
and vasodilators (e.g. nitric oxide - NO; prostanoids), where vasocon-
strictors augments [47], contributing thus to vascular stiffening and
remodeling. Thus, reductions in pulmonary artery resistance and PVR
are fundamental for reducing RV overload and hence adverse re-
modeling, which is associated with the maintenance of cardiac function
[5]. Our data show that the increase in pulmonary artery resistance (i.e.
increased AT/ET ratio) found in animals from SF group was reduced in
rats from EF and EM groups, which indicates a protective role of vo-
luntary running. The alternate increase in shear stress typical of inter-
mittent exercise triggers the synthesis and release of nitric oxide and
other endothelial vasodilators [48], which in long-term leads to benign

arterial remodeling. For instance, high-intensity interval training was
reported to prevent arterial adverse remodeling and augments in pul-
monary vascular resistance in experimental PAH [18].

Our results revealed that the RV of failing animals (SF and EF)
displayed lower amounts of myocytes and higher amounts of extra-
cellular matrix and collagen than those of control rats (SC and EC).
Such lower percentage of myocytes is characteristic of this disease [49]
and since extracellular matrix and collagen were increased in these
animals it may be due to apoptosis, as demonstrated previously [18].
This finding reflects the adverse remodeling of the RV in response to the
sustained increase in pulmonary vascular resistance [17,33] which
leads to progressive contractile dysfunction and hence failure [1]. In
fact, we demonstrated that the pulmonary artery resistance of animals
from SF and EF was augmented. More important, these negative
changes in the extracellular matrix were attenuated in the RV of ani-
mals from EM group. Such evidence gives support to the defensive ef-
fect of voluntary running performed during the development of MCT-
induced PAH. Exercise training has been shown to oppose the RV ad-
verse remodeling by decreasing the circulating and tissue levels of TNF-
α (tumor necrosis factor alpha), NF-kβ (nuclear factor kappa B) and
caspase-3, as well as the expression of TWEAK (receptors of inductor

Fig. 6. Effect of voluntary running on right ventricular myocyte contractility. (A) Typical cell shortening traces (stimulation 5 Hz). (B) Amplitude of shortening. (C)
Time to peak. (D) Time to 50% relaxation. (E) Proportion of cells responding to stimulation at 7 Hz. SC, sedentary control; EC, exercised control; SF, sedentary failure;
EF, exercised failure; EM, exercised median. Values are means ± SEM of 6–10 cells per animal in each group (n=7 mice in each group). Kruskall-Wallis, followed
by the Dunn's post hoc test: p ˂ 0.05, aEM vs. SF; bEC vs. EF; cSC vs. SF; dEM vs. EF; eEF vs. SF; fEC vs. SC; gEM vs. SC. Panel E: X2 test, *p˂0.05 vs. SC; †p ˂ 0.05 vs. EC.
Number of cardiomyocytes that responded to 1, 3 and 5 Hz are shown in panel E.
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tumor necrosis factor), that are related to oxidative stress, inflammation
and apoptosis in the RV of animals with experimental PAH [4].

Right ventricular hypertrophy also was observed in rats with in-
ferred heart failure - SF and EF groups (greater RVW to LV + SW ratio
and myocyte CSA, compared to SC group). Such remodeling was shown
to be accompanied by adverse changes in the extracellular matrix and
increased pulmonary artery resistance in the present study and else-
where [4,5]. However, in the EM group, the hypertrophic response was
prevented; as was the extracellular matrix deterioration and pulmonary
artery resistance increase. Therefore, again, voluntary running delayed
the progression of the RV adverse remodeling in these animals, mainly
by reducing the pulmonary artery resistance playing thus a protective
role.

We observed that the amplitude of shortening was reduced in RV
myocytes from inferred HF animals (SF and EF), compared to controls
(SC and EC), whereas the times to peak and to half relaxation of
shortening were prolonged. The reduction in cell shortening amplitude
is associated with decreased sensitivity of the myofilaments to Ca2+

and reduced intracellular Ca2+ [7,50]. The prolonged time to peak of
shortening, in turn, is due to a slow release of Ca2+ from the sarco-
plasmic reticulum (SR) via ryanodine receptor 2 (RyR2), while the
longer time to half relaxation is caused mainly by a slow reuptake of

Ca2+ from the cytosol into the RS via SERCA2a (Ca2+-ATPase of the
SR) that is phosphorylated by PLB (phospholamban) [51]. Indeed,
previous studies have shown that SERCA2a and RyR2 proteins are re-
duced in the RV of rats with MCT-induced PAH [17,52].

Furthermore, RV myocytes from rats with inferred HF (SF and EF)
showed a negative contraction-frequency relationship (3, 5 and 7 Hz).
This phenomenon has been observed in this model of PAH [16], which
is accompanied by a fall in the amplitude of the intracellular Ca2+

transient [7,11]. These findings suggest the inability of these myocytes
to respond to increased contractile demands, a characteristic of heart
failure [7]. For example, a lower proportion of cells responding to high
stimulation frequency (i.e. 7 Hz) in these animals, in relation to control
ones, was observed here and elsewhere [16].

On the other hand, voluntary running was demonstrated to coun-
teract the myocyte contractile function impairment by PAH. In this
sense, RV myocytes in animals from EM group presented shortening
and times to peak and to half relaxation similar to those from control
groups (SC and EC). A possible explanation is that exercise prevented
the deterioration of the calcium regulatory proteins in the RV of these
animals. For example, previous studies have shown increased expres-
sion of SERCA2a in the RV of rats with MCT-induced PAH submitted to
moderate intensity aerobic training on a treadmill [17]. Despite that, no

Fig. 7. Effect of voluntary running on right ventricular myocyte intracellular Ca2+ transient. (A) Typical traces of the intracellular Ca2+ transient (stimulation at
5 Hz). (B) Amplitude. (C) Time to peak. (D) Time to 50% decay. (E) Proportion of cells responding to stimulation at 7 Hz. SC, sedentary control; EC, exercised control;
SF, sedentary failure; EF, exercised failure; EM, exercised median. Values are means ± SEM of 6–10 cells per animal in each group (n=7 rats in each group). Panels
B, C, D: Kruskall-Wallis, followed by the Dunn's post hoc test: P ˂ 0.05, aEM vs. SF; bEC vs. EF; cSC vs. SF; dEM vs. EF; eEF vs. SF; fEC vs. SC; gEM vs. SC.
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equivalent effect of aerobic exercise training on SERCA2a, RyR2 and
PLB was found by others [52]. Then, further investigations are needed
to reveal the effects of voluntary running on the Ca2+ regulatory pro-
teins in cardiomyocytes of animals with MCT-induced PAH. Further-
more, the proportion of cells responding to the stimulation frequency of
7 Hz was intermediate between the control and failure groups. These
results reinforce the protective role of voluntary running against the
progression of the PAH-induced functional damage in the right heart.

Concerning the intracellular Ca2+ transient, as expected, data for
the intracellular Ca2+ transient followed those of cell shortening. RV
myocytes from inferred HF group (SF) exhibited lower amplitude (5 and
7 HZ), as well as prolonged times to peak (1, 3, 5 and 7 Hz) and to half
decay (1, 3 e 5 Hz), compared to control groups. These results indicate
the disturbance of the intracellular Ca2+ regulatory proteins caused by
PAH in these animals [8,17], as mentioned above. Moreover, the ne-
gative contraction-frequency relationship was also observed here.

Like in cell shortening, myocytes from EM group displayed the
parameters of the intracellular Ca2+ transient comparable to those from
control groups. This benefit of exercise reflects a better RV contractile
function. It appears thus that voluntary running prevented the dete-
rioration of the calcium regulatory proteins induced by PAH in these
animals. Indeed, the RV of rats with MCT-induced PAH undergoing
moderate-intensity aerobic exercise showed greater increased of
SERCA2a [17].

It is worse to note that myocytes from EF group showed higher
amplitude of the intracellular Ca2+ transient than those from SC and
EM groups at the stimulation frequencies of 1 and 3 Hz, which are
below those physiological ones for rats. Indeed, at physiological fre-
quencies (i.e. 5 and 7 Hz), such alteration has disappeared. Since the
higher amplitude of the intracellular Ca2+ transient at 1 and 3 Hz did
not result in greater cell shortening, it suggests reduction in the myo-
filament sensitivity to Ca2+. Although it is unexpected, it warrants
further studies inasmuch as up to date there is no reports on that.

Finally, the improvements caused by exercise in the tissue and
cellular parameters presented herein are associated with the re-
establishment of pulmonary artery resistance in the attenuation of its
adverse remodeling. Therefore, although the RV function has not been
evaluated, we believe that the enhancement in exercise tolerance and
survival promoted by voluntary running is mediated by the improve-
ment in the RV tissue structure and cellular contractile function, which
positively reflects in the RV function.

4.1. Study limitations

This study has limitations. First, we did not monitor the exercise
bout duration and interval between bouts. Despite that, voluntary
running is known to be performed in short bursts (∼60 to 120 s) in-
terspersed with intervals [27]. Second, our echocardiographic ex-
amination was limited, thus the development of pulmonary hyperten-
sion could not be confirmed by the measurement of RV hemodynamics.
However, we believe that the enhancement in exercise tolerance and
survival promoted by voluntary running is mediated by the improve-
ment in the RV tissue structure and cellular contractile function, which
positively reflects in the RV function; and third, the exercised animals
were housed individually in order to have free access to the running
wheel, different from sedentary animals who were housed in groups.
We acknowledge that solo housing is stressful to rats and mice.
Nevertheless, such stress appears to affect especially female animals as
reviewed by Beery and Kaufer (2015) [53]. Therefore, we believe that
in the present study the isolation of rats with free access to running
wheels had minimum impact on their physiology.

5. Conclusion

In conclusion, along with inferred HF onset delay and physical effort
tolerance enhancement, voluntary running during the development of

PAH postpones pulmonary artery resistance increases, RV adverse re-
modeling and myocyte contractility and intracellular calcium cycling
deterioration in rats. We believe such results are of clinical relevance
insofar as it indicates that self-paced exercise of high intensity may
contribute positively to the health and survival of individuals with PAH.
Furthermore, these results give support to the prescription of high-in-
tensity interval training to individuals with cardiopulmonary disease.

Declaration of competing interest

The authors declare that there are no conflicts of interest.

Acknowledgements

This work was supported in part by the Fundação de Amparo à
Pesquisa do Estado de Minas Gerais - Brasil (FAPEMIG) - grant number
(APQ-00454-17), and Conselho Nacional de Desenvolvimento
Científico e Tecnológico – Brasil (CNPQ) - grant number (306797/
2017-8). AJ Natali is a CNPq fellow. The study supporters had no in-
volvement in the study design; collection, analysis and interpretation of
data; the writing of the manuscript; and the decision to submit the
manuscript for publication.

References

[1] J.J. Ryan, J. Huston, S. Kutty, N.D. Hatton, L. Bowman, L. Tian, et al., Right ven-
tricular adaptation and failure in pulmonary arterial hypertension, Can. J. Cardiol.
31 (4) (2015) 391–406, https://doi.org/10.1016/j.cjca.2015.01.023.

[2] L.A. Dalla Vecchia, M. Bussotti, Exercise training in pulmonary arterial hyperten-
sion, J. Thorac. Dis. 10 (1) (2018) 508–521, https://doi.org/10.21037/jtd.2018.
01.90.

[3] S.A. Desai, R.N. Channick, Exercise in patients with pulmonary arterial hyperten-
sion, J. Cardpulm. Rehabil. Prev. 28 (1) (2008) 12–16, https://doi.org/10.1097/01.
Hcr.0000311502.57022.73.

[4] L.L. Soares, F.R. Drummond, V.N. Lavorato, M.A. Carneiro-Junior, A.J. Natali,
Exercise training and pulmonary arterial hypertension: a review of the cardiac
benefits, Sci. Sport. 33 (2018) 197–206, https://doi.org/10.1016/j.scispo.2018.02.
012.

[5] J.J. Ryan, S.L. Archer, The right ventricle in pulmonary arterial hypertension:
disorders of metabolism, angiogenesis and adrenergic signaling in right ventricular
failure, Circ. Res. 115 (1) (2014) 176–188, https://doi.org/10.1161/circresaha.
113.301129.

[6] Y. Kusakari, T. Urashima, D. Shimura, E. Amemiya, G. Miyasaka, S. Yokota, et al.,
Impairment of excitation-contraction coupling in right ventricular hypertrophied
muscle with fibrosis induced by pulmonary artery banding, PLoS One 12 (1) (2017)
e0169564, , https://doi.org/10.1371/journal.pone.0169564.

[7] E.D. Fowler, D. Benoist, M.J. Drinkhill, R. Stones, M. Helmes, R.C. Wust, et al.,
Decreased creatine kinase is linked to diastolic dysfunction in rats with right heart
failure induced by pulmonary artery hypertension, J. Mol. Cell. Cardiol. 86 (2015)
1–8, https://doi.org/10.1016/j.yjmcc.2015.06.016.

[8] E.D. Fowler, M.J. Drinkhill, R. Norman, E. Pervolaraki, R. Stones, E. Steer, et al.,
Beta1-adrenoceptor antagonist, metoprolol attenuates cardiac myocyte Ca(2+)
handling dysfunction in rats with pulmonary artery hypertension, J. Mol. Cell.
Cardiol. 120 (2018) 74–83, https://doi.org/10.1016/j.yjmcc.2018.05.015.

[9] D.A. Eisner, J.L. Caldwell, K. Kistamás, A.W. Trafford, Calcium and excitation-
contraction coupling in the heart, Circ. Res. 121 (2) (2017) 181–195, https://doi.
org/10.1161/circresaha.117.310230.

[10] J. Mayourian, D.K. Ceholski, D.M. Gonzalez, T.J. Cashman, S. Sahoo, R.J. Hajjar,
et al., Physiologic, pathologic, and therapeutic paracrine modulation of cardiac
excitation-contraction coupling, Circ. Res. 122 (1) (2018) 167–183, https://doi.
org/10.1161/circresaha.117.311589.

[11] D. Benoist, R. Stones, M.J. Drinkhill, A.P. Benson, Z. Yang, C. Cassan, et al., Cardiac
arrhythmia mechanisms in rats with heart failure induced by pulmonary hy-
pertension, Am. J. Physiol. Heart Circ. Physiol. 302 (11) (2012) H2381–H2395,
https://doi.org/10.1152/ajpheart.01084.2011.

[12] A.C. Lajoie, S. Bonnet, S. Provencher, Combination therapy in pulmonary arterial
hypertension: recent accomplishments and future challenges, Pulm. Circ. 7 (2)
(2017) 312–325, https://doi.org/10.1177/2045893217710639.

[13] A.A. Weinstein, L.M. Chin, R.E. Keyser, M. Kennedy, S.D. Nathan,
J.G. Woolstenhulme, et al., Effect of aerobic exercise training on fatigue and phy-
sical activity in patients with pulmonary arterial hypertension, Respir. Med. 107 (5)
(2013) 778–784, https://doi.org/10.1016/j.rmed.2013.02.006.

[14] P. Yuan, X.T. Yuan, X.Y. Sun, B. Pudasaini, J.M. Liu, Q.H. Hu, Exercise training for
pulmonary hypertension: a systematic review and meta-analysis, Int. J. Cardiol. 178
(2015) 142–146, https://doi.org/10.1016/j.ijcard.2014.10.161.

[15] R. Arena, L.P. Cahalin, A. Borghi-Silva, J. Myers, The effect of exercise training on
the pulmonary arterial system in patients with pulmonary hypertension, Prog.
Cardiovasc. Dis. 57 (5) (2015) 480–488, https://doi.org/10.1016/j.pcad.2014.03.

L.L. Soares, et al. Life Sciences 238 (2019) 116974

9

https://doi.org/10.1016/j.cjca.2015.01.023
https://doi.org/10.21037/jtd.2018.01.90
https://doi.org/10.21037/jtd.2018.01.90
https://doi.org/10.1097/01.Hcr.0000311502.57022.73
https://doi.org/10.1097/01.Hcr.0000311502.57022.73
https://doi.org/10.1016/j.scispo.2018.02.012
https://doi.org/10.1016/j.scispo.2018.02.012
https://doi.org/10.1161/circresaha.113.301129
https://doi.org/10.1161/circresaha.113.301129
https://doi.org/10.1371/journal.pone.0169564
https://doi.org/10.1016/j.yjmcc.2015.06.016
https://doi.org/10.1016/j.yjmcc.2018.05.015
https://doi.org/10.1161/circresaha.117.310230
https://doi.org/10.1161/circresaha.117.310230
https://doi.org/10.1161/circresaha.117.311589
https://doi.org/10.1161/circresaha.117.311589
https://doi.org/10.1152/ajpheart.01084.2011
https://doi.org/10.1177/2045893217710639
https://doi.org/10.1016/j.rmed.2013.02.006
https://doi.org/10.1016/j.ijcard.2014.10.161
https://doi.org/10.1016/j.pcad.2014.03.008


008.
[16] A.J. Natali, E.D. Fowler, S.C. Calaghan, E. White, Voluntary exercise delays heart

failure onset in rats with pulmonary artery hypertension, Am. J. Physiol. Heart Circ.
Physiol. 309 (3) (2015) H421–H424, https://doi.org/10.1152/ajpheart.00262.
2015.

[17] D. Moreira-Goncalves, R. Ferreira, H. Fonseca, A.I. Padrao, N. Moreno, A.F. Silva,
et al., Cardioprotective effects of early and late aerobic exercise training in ex-
perimental pulmonary arterial hypertension, Basic Res. Cardiol. 110 (6) (2015) 57,
https://doi.org/10.1007/s00395-015-0514-5.

[18] M.B. Brown, E. Neves, G. Long, J. Graber, B. Gladish, A. Wiseman, et al., High-
intensity interval training, but not continuous training, reverses right ventricular
hypertrophy and dysfunction in a rat model of pulmonary hypertension, Am. J.
Physiol. Regul. Integr. Comp. Physiol. 312 (2) (2017) R197–r210, https://doi.org/
10.1152/ajpregu.00358.2016.

[19] R. Nogueira-Ferreira, D. Moreira-Gonçalves, M. Santos, F. Trindade, R. Ferreira,
T. Henriques-Coelho, Mechanisms underlying the impact of exercise training in
pulmonary arterial hypertension, Respir. Med. 134 (2018) 70–78, https://doi.org/
10.1016/j.rmed.2017.11.022.

[20] M.L. Handoko, F.S. de Man, C.M. Happe, I. Schalij, R.J. Musters, N. Westerhof,
et al., Opposite effects of training in rats with stable and progressive pulmonary
hypertension, Circulation 120 (1) (2009) 42–49, https://doi.org/10.1161/
circulationaha.108.829713.

[21] U. Wisloff, A. Stoylen, J.P. Loennechen, M. Bruvold, O. Rognmo, P.M. Haram, et al.,
Superior cardiovascular effect of aerobic interval training versus moderate con-
tinuous training in heart failure patients: a randomized study, Circulation 115 (24)
(2007) 3086–3094, https://doi.org/10.1161/circulationaha.106.675041.

[22] A. Moraska, T. Deak, R.L. Spencer, D. Roth, M. Fleshner, Treadmill running pro-
duces both positive and negative physiological adaptations in Sprague-Dawley rats,
Am. J. Physiol. Regul. Integr. Comp. Physiol. 279 (4) (2000) R1321–R1329,
https://doi.org/10.1152/ajpregu.2000.279.4.R1321.

[23] D.Y. Seo, S.R. Lee, N. Kim, K.S. Ko, B.D. Rhee, J. Han, Humanized animal exercise
model for clinical implication, Pflueg. Arch. Eur. J. Physiol. 466 (9) (2014)
1673–1687, https://doi.org/10.1007/s00424-014-1496-0.

[24] S.L. Yancey, J.M. Overton, Cardiovascular responses to voluntary and treadmill
exercise in rats, J. Appl. Physiol. 75 (3) (1993) 1334–1340, https://doi.org/10.
1152/jappl.1993.75.3.1334 (Bethesda, Md : 1985).

[25] S. Emani, P.F. Binkley, Mind-body medicine in chronic heart failure: a translational
science challenge, Circulation Heart failure 3 (6) (2010) 715–725, https://doi.org/
10.1161/circheartfailure.110.951509.

[26] K.H. Ladwig, F. Lederbogen, C. Albus, C. Angermann, M. Borggrefe, D. Fischer,
et al., Position paper on the importance of psychosocial factors in cardiology: up-
date 2013, German medical science : GMS e-journal 12 (Doc09) (2014), https://doi.
org/10.3205/000194.

[27] K.J. Rodnick, G.M. Reaven, W.L. Haskell, C.R. Sims, C.E. Mondon, Variations in
running activity and enzymatic adaptations in voluntary running rats, J. Appl.
Physiol. 66 (3) (1989) 1250–1257, https://doi.org/10.1152/jappl.1989.66.3.1250
(Bethesda, Md : 1985).

[28] D. Benoist, R. Stones, A.P. Benson, E.D. Fowler, M.J. Drinkhill, M.E. Hardy, et al.,
Systems approach to the study of stretch and arrhythmias in right ventricular failure
induced in rats by monocrotaline, Prog. Biophys. Mol. Biol. 115 (2–3) (2014)
162–172, https://doi.org/10.1016/j.pbiomolbio.2014.06.008.

[29] L.G. Koch, S.L. Britton, Artificial selection for intrinsic aerobic endurance running
capacity in rats, Physiol. Genom. 5 (1) (2001) 45–52, https://doi.org/10.1152/
physiolgenomics.2001.5.1.45.

[30] M.A. Carneiro-Júnior, J.F. Quintão-Júnior, L.R. Drummond, V.N. Lavorato,
F.R. Drummond, D.N.Q. da Cunha, et al., The benefits of endurance training in
cardiomyocyte function in hypertensive rats are reversed within four weeks of
detraining, J. Mol. Cell. Cardiol. 57 (2013) 119–128, https://doi.org/10.1016/j.
yjmcc.2013.01.013.

[31] A.C. Lacerda, U. Marubayashi, C.H. Balthazar, L.H. Leite, C.C. Coimbra, Central
nitric oxide inhibition modifies metabolic adjustments induced by exercise in rats,
Neurosci. Lett. 410 (2) (2006) 152–156, https://doi.org/10.1016/j.neulet.2006.09.
067.

[32] D.J. Sahn, A. DeMaria, J. Kisslo, A. Weyman, Recommendations regarding quan-
titation in M-mode echocardiography: results of a survey of echocardiographic
measurements, Circulation 58 (6) (1978) 1072–1083.

[33] Z. Wang, J.R. Patel, D.A. Schreier, T.A. Hacker, R.L. Moss, N.C. Chesler, Organ-level
right ventricular dysfunction with preserved Frank-Starling mechanism in a mouse
model of pulmonary arterial hypertension, J. Appl. Physiol. 124 (5) (2018)
1244–1253, https://doi.org/10.1152/japplphysiol.00725.2017 (Bethesda, Md :
1985).

[34] A.J. Natali, D.L. Turner, S.M. Harrison, E. White, Regional effects of voluntary
exercise on cell size and contraction-frequency responses in rat cardiac myocytes, J.
Exp. Biol. 204 (Pt 6) (2001) 1191–1199.

[35] R.P. Kondo, D.A. Dederko, C. Teutsch, J. Chrast, D. Catalucci, K.R. Chien, et al.,
Comparison of contraction and calcium handling between right and left ventricular
myocytes from adult mouse heart: a role for repolarization waveform, J. Physiol.
571 (Pt 1) (2006) 131–146, https://doi.org/10.1113/jphysiol.2005.101428.

[36] J. Correia-Pinto, T. Henriques-Coelho, R. Roncon-Albuquerque Jr., A.P. Lourenco,
G. Melo-Rocha, F. Vasques-Novoa, et al., Time course and mechanisms of left
ventricular systolic and diastolic dysfunction in monocrotaline-induced pulmonary
hypertension, Basic Res. Cardiol. 104 (5) (2009) 535–545, https://doi.org/10.
1007/s00395-009-0017-3.

[37] H. Hwang, P.J. Reiser, G.E. Billman, Effects of exercise training on contractile
function in myocardial trabeculae after ischemia-reperfusion, J. Appl. Physiol. 99
(1) (2005) 230–236, https://doi.org/10.1152/japplphysiol.00850.2004 (Bethesda,
Md : 1985).

[38] N. Ehlken, M. Lichtblau, H. Klose, J. Weidenhammer, C. Fischer, R. Nechwatal,
et al., Exercise training improves peak oxygen consumption and haemodynamics in
patients with severe pulmonary arterial hypertension and inoperable chronic
thrombo-embolic pulmonary hypertension: a prospective, randomized, controlled
trial, Eur. Heart J. 37 (1) (2016) 35–44, https://doi.org/10.1093/eurheartj/
ehv337.

[39] O. Kashimura, A. Sakai, Y. Yanagidaira, Effects of exercise-training on hypoxia and
angiotensin II-induced pulmonary vasoconstrictions, Acta Physiol. Scand. 155 (3)
(1995) 291–295, https://doi.org/10.1111/j.1748-1716.1995.tb09976.x.

[40] F. Favret, K.K. Henderson, J. Allen, J.P. Richalet, N.C. Gonzalez, Exercise training
improves lung gas exchange and attenuates acute hypoxic pulmonary hypertension
but does not prevent pulmonary hypertension of prolonged hypoxia, J. Appl.
Physiol. 100 (1) (2006) 20–25, https://doi.org/10.1152/japplphysiol.00673.2005
(Bethesda, Md : 1985).

[41] D. Mereles, N. Ehlken, S. Kreuscher, S. Ghofrani, M.M. Hoeper, M. Halank, et al.,
Exercise and respiratory training improve exercise capacity and quality of life in
patients with severe chronic pulmonary hypertension, Circulation 114 (14) (2006)
1482–1489, https://doi.org/10.1161/circulationaha.106.618397.

[42] S. Ley, C. Fink, F. Risse, N. Ehlken, C. Fischer, J. Ley-Zaporozhan, et al., Magnetic
resonance imaging to assess the effect of exercise training on pulmonary perfusion
and blood flow in patients with pulmonary hypertension, Eur. Radiol. 23 (2) (2013)
324–331, https://doi.org/10.1007/s00330-012-2606-z.

[43] N. Ehlken, C. Verduyn, H. Tiede, G. Staehler, G. Karger, R. Nechwatal, et al.,
Economic evaluation of exercise training in patients with pulmonary hypertension,
Lung 192 (3) (2014) 359–366, https://doi.org/10.1007/s00408-014-9558-9.

[44] P.R. Forfia, M.R. Fisher, S.C. Mathai, T. Housten-Harris, A.R. Hemnes, B.A. Borlaug,
et al., Tricuspid annular displacement predicts survival in pulmonary hypertension,
Am. J. Respir. Crit. Care Med. 174 (9) (2006) 1034–1041, https://doi.org/10.1164/
rccm.200604-547OC.

[45] S. Ghio, C. Klersy, G. Magrini, A.M. D'Armini, L. Scelsi, C. Raineri, et al., Prognostic
relevance of the echocardiographic assessment of right ventricular function in pa-
tients with idiopathic pulmonary arterial hypertension, Int. J. Cardiol. 140 (3)
(2010) 272–278, https://doi.org/10.1016/j.ijcard.2008.11.051.

[46] L.S. Howard, Prognostic factors in pulmonary arterial hypertension: assessing the
course of the disease, Eur. Respir. Rev. : an official journal of the European
Respiratory Society 20 (122) (2011) 236–242, https://doi.org/10.1183/09059180.
00006711.

[47] P. Crosswhite, Z. Sun, Molecular mechanisms of pulmonary arterial remodeling,
Mol. Med. (Camb.) 20 (2014) 191–201, https://doi.org/10.2119/molmed.2013.
00165.

[48] A.W. Ashor, J. Lara, M. Siervo, C. Celis-Morales, C. Oggioni, D.G. Jakovljevic, et al.,
Exercise modalities and endothelial function: a systematic review and dose-re-
sponse meta-analysis of randomized controlled trials, Sport. Med. 45 (2) (2015)
279–296, https://doi.org/10.1007/s40279-014-0272-9.

[49] N.V. Shults, S.S. Kanovka, J.E. Ten Eyck, V. Rybka, Y.J. Suzuki, Ultrastructural
changes of the right ventricular myocytes in pulmonary arterial hypertension, J.
American. Heart. Assoc. 8 (5) (2019) e011227, , https://doi.org/10.1161/jaha.118.
011227.

[50] S. Rain, M.L. Handoko, P. Trip, C.T. Gan, N. Westerhof, G.J. Stienen, et al., Right
ventricular diastolic impairment in patients with pulmonary arterial hypertension,
Circulation 128 (18) (2013) 2016–2025, https://doi.org/10.1161/circulationaha.
113.001873 1-10.

[51] D.M. Bers, Cardiac excitation-contraction coupling, Nature 415 (6868) (2002)
198–205.

[52] F.L. Pacagnelli, A.K. de Almeida Sabela, K. Okoshi, T.B. Mariano, D.H. Campos,
R.F. Carvalho, et al., Preventive aerobic training exerts a cardioprotective effect on
rats treated with monocrotaline, Int. J. Exp. Pathol. 97 (3) (2016) 238–247, https://
doi.org/10.1111/iep.12166.

[53] A.K. Beery, D. Kaufer, Stress, social behavior, and resilience: insights from rodents,
Neurobiology of stress 1 (2015) 116–127, https://doi.org/10.1016/j.ynstr.2014.10.
004.

L.L. Soares, et al. Life Sciences 238 (2019) 116974

10

https://doi.org/10.1016/j.pcad.2014.03.008
https://doi.org/10.1152/ajpheart.00262.2015
https://doi.org/10.1152/ajpheart.00262.2015
https://doi.org/10.1007/s00395-015-0514-5
https://doi.org/10.1152/ajpregu.00358.2016
https://doi.org/10.1152/ajpregu.00358.2016
https://doi.org/10.1016/j.rmed.2017.11.022
https://doi.org/10.1016/j.rmed.2017.11.022
https://doi.org/10.1161/circulationaha.108.829713
https://doi.org/10.1161/circulationaha.108.829713
https://doi.org/10.1161/circulationaha.106.675041
https://doi.org/10.1152/ajpregu.2000.279.4.R1321
https://doi.org/10.1007/s00424-014-1496-0
https://doi.org/10.1152/jappl.1993.75.3.1334
https://doi.org/10.1152/jappl.1993.75.3.1334
https://doi.org/10.1161/circheartfailure.110.951509
https://doi.org/10.1161/circheartfailure.110.951509
https://doi.org/10.3205/000194
https://doi.org/10.3205/000194
https://doi.org/10.1152/jappl.1989.66.3.1250
https://doi.org/10.1152/jappl.1989.66.3.1250
https://doi.org/10.1016/j.pbiomolbio.2014.06.008
https://doi.org/10.1152/physiolgenomics.2001.5.1.45
https://doi.org/10.1152/physiolgenomics.2001.5.1.45
https://doi.org/10.1016/j.yjmcc.2013.01.013
https://doi.org/10.1016/j.yjmcc.2013.01.013
https://doi.org/10.1016/j.neulet.2006.09.067
https://doi.org/10.1016/j.neulet.2006.09.067
http://refhub.elsevier.com/S0024-3205(19)30901-4/sref32
http://refhub.elsevier.com/S0024-3205(19)30901-4/sref32
http://refhub.elsevier.com/S0024-3205(19)30901-4/sref32
https://doi.org/10.1152/japplphysiol.00725.2017
https://doi.org/10.1152/japplphysiol.00725.2017
http://refhub.elsevier.com/S0024-3205(19)30901-4/sref34
http://refhub.elsevier.com/S0024-3205(19)30901-4/sref34
http://refhub.elsevier.com/S0024-3205(19)30901-4/sref34
https://doi.org/10.1113/jphysiol.2005.101428
https://doi.org/10.1007/s00395-009-0017-3
https://doi.org/10.1007/s00395-009-0017-3
https://doi.org/10.1152/japplphysiol.00850.2004
https://doi.org/10.1152/japplphysiol.00850.2004
https://doi.org/10.1093/eurheartj/ehv337
https://doi.org/10.1093/eurheartj/ehv337
https://doi.org/10.1111/j.1748-1716.1995.tb09976.x
https://doi.org/10.1152/japplphysiol.00673.2005
https://doi.org/10.1152/japplphysiol.00673.2005
https://doi.org/10.1161/circulationaha.106.618397
https://doi.org/10.1007/s00330-012-2606-z
https://doi.org/10.1007/s00408-014-9558-9
https://doi.org/10.1164/rccm.200604-547OC
https://doi.org/10.1164/rccm.200604-547OC
https://doi.org/10.1016/j.ijcard.2008.11.051
https://doi.org/10.1183/09059180.00006711
https://doi.org/10.1183/09059180.00006711
https://doi.org/10.2119/molmed.2013.00165
https://doi.org/10.2119/molmed.2013.00165
https://doi.org/10.1007/s40279-014-0272-9
https://doi.org/10.1161/jaha.118.011227
https://doi.org/10.1161/jaha.118.011227
https://doi.org/10.1161/circulationaha.113.001873
https://doi.org/10.1161/circulationaha.113.001873
http://refhub.elsevier.com/S0024-3205(19)30901-4/sref51
http://refhub.elsevier.com/S0024-3205(19)30901-4/sref51
https://doi.org/10.1111/iep.12166
https://doi.org/10.1111/iep.12166
https://doi.org/10.1016/j.ynstr.2014.10.004
https://doi.org/10.1016/j.ynstr.2014.10.004

	Voluntary running counteracts right ventricular adverse remodeling and myocyte contraction impairment in pulmonary arterial hypertension model
	Introduction
	Methods
	Study design and voluntary running
	Induction of pulmonary arterial hypertension
	Physical effort tolerance test
	Echocardiography
	Animal survival
	Sample collection
	Histological analyzes
	Isolation of myocytes
	Measurement of myocyte contractility and intracellular Ca2+ transient
	Statistics

	Results
	Physical effort tolerance
	Animal survival
	Pulmonary artery resistance
	Right ventricular adverse remodeling
	Right ventricular myocyte contractility and intracellular Ca2+ transient impairments

	Discussion
	Study limitations

	Conclusion
	mk:H1_22
	Acknowledgements
	References




