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Abstract

The aim of this study was to test whether combined physical exercise training of moderate intensity executed during the devel-
opment of monocrotaline (MCT)-induced pulmonary arterial hypertension (PAH) hinders the progression of pulmonary and right
heart harmful functional and structural remodeling in rats. Wistar rats were injected with MCT (60 mg/kg) and after 24 h were
exposed to a combined exercise training program: aerobic exercise (treadmill running—60 min/day; 60% of maximum running
speed); and resistance exercise (vertical ladder climbing—15 climbs; 60% of maximum carrying load), on alternate days, 5 days/
wk, for �3 wk. After euthanasia, the lung and right ventricle (RV) were excised and processed for histological, single myocyte,
and biochemical analyses. Combined exercise increased the tolerance to physical effort (time until fatigue and relative maximum
load) and prevented increases in pulmonary artery resistance (acceleration time (TA)/ejection time (TE)] and reductions in RV
function [tricuspid annular plane systolic excursion (TAPSE)]. Moreover, in myocytes isolated from the RV, combined exercise pre-
served contraction amplitude, as well as contraction and relaxation velocities, and inhibited reductions in the amplitude and max-
imum speeds to peak and to decay of the intracellular Ca2þ transient. Furthermore, combined exercise avoided RV (RV weight,
cardiomyocyte, extracellular matrix, collagen, inflammatory infiltrate, and extracellular matrix) and lung (pulmonary alveoli and al-
veolar septum) harmful structural remodeling. In addition, combined exercise restricted RV [nitric oxide (NO) and carbonyl protein
(CP)] and lung [catalase (CAT), glutathione S-transferase (GST), and NO] oxidative stress. In conclusion, the applied combined
exercise regime hinders the progression of pulmonary and right heart functional and structural harmful remodeling in rats with
MCT-induced PAH.

NEW & NOTEWORTHY This study reveals that combined exercise improves tolerance to physical effort, prevents increases in
pulmonary artery resistance, and conserves the right heart function during the progression of pulmonary arterial hypertension.
Our analyses show that combined exercise hinders harmful right ventricular and lung structural remodeling and oxidative stress,
which reflects in the maintenance of right ventricular myocytes’ contractile function by preserving the intracellular calcium cy-
cling. An attenuated progression of the disease impacts positively on its prognosis.

combined exercise training; isolated myocytes; oxidative stress; pulmonary arterial hypertension; remodeling

INTRODUCTION

Monocrotaline (MCT) has been adopted as an effective
model for the induction of pulmonary arterial hypertension
(PAH) and right heart failure in rats. Whenmetabolized by the
liver, MCT produces dehydromonocrotaline, a toxic metabo-
lite that causes progressive hypertension due to pulmonary
mononuclear vasculitis and hence structural remodeling of

pulmonary vessels including the pulmonary artery (1, 2). As a
result of lung dysfunctions, the right ventricle (RV) is over-
loaded, which generates a pathologic compensatory hypertro-
phy (3) followed by failure and death (4).

Oxidative stress has been considered a key factor in both
pulmonary (5–8) and right heart reshaping (9–12) in the rat
model of MCT-induced PAH. Disruptions in fundamental
elements regulating the redox homeostasis in the lung and
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in the RV have been reported. For instance, in the lung MCT
is known to increase oxygen reactive species (ROS) and to
elevate the production of oxidants [e.g., superoxide, hydrogen
peroxide, and nitric oxide (NO)] and/or decrease the antioxi-
dant defenses [e.g., catalase (CAT), superoxide dismutase
(SOD), and glutathione S-transferase (GST)] (7, 13). Such
imbalance in association with other stimuli (e.g., increased
transmural pressure, shear stress, hypoxia, mediators like an-
giotensin II, endothelin 1, growth factors, and inflammatory
cytokines) leads to endothelial dysfunction and hence vaso-
constriction (5). Increases in lung mass, thickenings of alveo-
lar septum, and reductions in alveolar area, as well as the
presence of collapsed and hemorrhagic alveoli, are observed,
which results in a lower number of alveoli andworsened func-
tionality (13–17). In the RV of rats withMCT-induced PAH, the
redox homeostasis is also disturbed (7, 12, 17–20). Such dis-
turbance causes functional and structural adverse remodeling
as it triggers extracellular matrix remodeling and increases fi-
brosis (21). Furthermore, excessive ROS diminishes the RV
myocyte contractility since it damages the Ca2þ cycling regu-
latory proteins at the cellular level (22, 23). As a result, the
functionality of the right heart is impaired (17).

Regarding nonpharmacological therapies, combined physi-
cal exercise has been recommended for hypertensive individ-
uals (24, 25) and has demonstrated improvements in muscle
power, tolerance to physical effort, and the quality of life of
individuals with PAH (26–28). Studies on the MCT-induced
PAH model in rats have demonstrated that low- to moderate-
intensity aerobic or resistance exercise trainings, when per-
formed individually, increase tolerance to physical effort
and survival, prevent pathological remodeling of the RV
and lungs, and promote benefits to the right heart func-
tionality as well as to contractile function and intracellular
Ca2þ transient in single ventricular myocytes (17, 29, 30).
Concerning oxidative stress, protective effects of aerobic
(11, 13) and resistance exercise of low- to moderate-inten-
sity (17) training executed separately have been reported
in the lung, skeletal muscle, and RV in this experimental
model of PAH. These effects are accompanied by the pres-
ervation of the organ functionality. Regardless of such
benefits, the impact of combined physical training (i.e.,
aerobic plus resistance) of moderate intensity in the func-
tional and structural remodeling of the pulmonary and
right heart remains poorly understood.

METHODS

Study Design

Male Wistar rats at 6 wk of age were randomly distributed
into three experimental groups: sedentary control (SC), sed-
entary hypertensive (SH), and exercise hypertensive (EH),
each consisting of seven animals. All animals were kept in a
temperature-controlled room (�22�C) and relative humidity
of �60%, under a 12/12-h light/dark cycle. They had free
access to water and standard rodent chow. All experimen-
tal procedures were conducted following the Ethical
Principles in Animal Experimentation. The research pro-
ject was approved by the Ethics Committee on the Use of
Animals of the Federal University of Viçosa (CEUA-UFV)
under Protocol No. 02/2021.

Induction of Pulmonary Arterial Hypertension

Animals in groups SH and EH received a single intraperi-
toneal injection (60 mg/kg body weight) of MCT (Sigma-
Aldrich, St Louis, MO) dissolved in saline solution (140 mM
NaCl; pH 7.4) (31). Animals in the SC group received the
same volume of the saline solution.

Combined Physical Training Protocol

The combined moderate-intensity physical training regi-
men consisted of sessions on an electric treadmill (for aero-
bic training) and a ladder adapted for rats (for resistance
training) conducted 5 days a week (Monday to Friday) over a
period of �3 wk. Each type of exercise was performed on
alternate days. The intensities of each type of training were
determined based on pre-evaluation of the rat’s maximum
running speed on the treadmill and maximum load carried
on the vertical ladder.

Aerobic Training and Maximum Running Velocity Test

The rats underwent a 2-wk familiarization period with the
electric treadmill (AVS Projetos, São Paulo, Brazil). During the
first week, they engaged in short periods of light exercise
(5 min, no incline, 5 m/min) for 3 days, alternating with resist-
ance training. In the second week, the duration of exercise
was increased to 10 min per day, still without incline and at a
speed of 5m/min, for 3 days (alternating with resistance train-
ing). Forty-eight hours after the adaptation period, the physi-
cal effort tolerance test was conducted using a progressive
treadmill exercise protocol, as previously described (32).

The initial running velocity was set at 5 m/min, with incre-
ments of 3 m/min every 3 min, and no incline, until fatigue.
Fatigue was defined as the point at which the animals could
no longer maintain the running pace corresponding to the
treadmill speed. The total time and maximum running ve-
locity achieved by each rat were recorded. This test was con-
ducted three times: 2 days after familiarization with the
equipment, on the 12th and 19th days following MCT injec-
tion. The total time to fatigue (TTF) was used as an index of
aerobic physical effort tolerance.

Subsequently, animals in the EH groups underwent a
moderate-intensity running training protocol on a treadmill
(32). The training began 24 h after MCT administration, uti-
lizing an electric treadmill (AVS Projetos, São Paulo, Brazil).
Training sessions were conducted 2 to 3 days per week, alter-
nating with resistance training, with each session lasting
60 min. Each session comprised a warm-up period [5 min;
speed set at 20% of maximum running velocity (MRV)], a
training period (50 min; speed set at 60% of MRV), and a
cool-down period (5 min; speed set at 20% of MRV). During
the first week, the initial speed was set at 5 m/min, with
increments of 3 m/min every 3 min until reaching 60% of
MRV. At the end of the second week of training, running
intensities were readjusted based on the MRV obtained in
the exercise tolerance test.

Resistance Training and Maximal Load Test

Regarding resistance training, the rats underwent a 2-wk
familiarization period with the exercisemodel, which involved
climbing a vertical ladder (height: 1.1 m; width: 0.18m; spacing
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between steps: 2 cm; inclination: 80�) while carrying a load
proportionate to their body weight, attached to an apparatus
fixed to their tail. During the first week, the animals were
encouraged to perform 8–12 climbs (i.e., repetitions) and to
remain at the top of the ladder for 120 s within a polypropylene
box. In the second week, the animals performed three climbs
while carrying an adapted load container (�15 g), without
additional weight, fixed to the proximal part of their tail with
adhesive tape.

For the test, during the initial climb, the rat ascended the
ladder carrying 75% of its body weight. After successfully
completing the climb and following a rest interval of 120 s,
an additional weight of 30 g was added for the subsequent
climb. This procedure was successively repeated until the rat
was unable to climb to the top of the ladder. The maximum
weight with which the rat was able to climb was considered
themaximum load carried. Themaximum load test was con-
ducted at three time points: 4 days after adaptation to the
exercise model, on the 14th day, and on the 21st day after
MCT administration. The maximum carrying load (MCL)
was utilized as another index of tolerance to physical effort
tolerance.

Resistance training commenced 48 h after MCT injection,
employing a vertical ladder adapted for rats (33). Based on
the individual maximum load test results, the animals
underwent resistance training sessions 2 to 3 days per week,
alternating with aerobic training, for�4 wk. Each resistance
training session comprised 15 climbs, with a 1-min rest
period between climbs (34). The training sessions were
conducted at an intensity corresponding to 60% of the
maximum load attained in the maximum tests, thus clas-
sified as moderate.

Echocardiography

The echocardiographic examination was conducted on
the 22nd day following the MCT injection. Animals were im-
mobilized under anesthesia (3% Isoflurane in 100% oxygen
for induction and 1.5% for maintenance, with a constant
flow of 1 L/min Isoflurane (BioChimico, Itatiaia RJ, Brazil),
and images were acquired while the animals remained in lat-
eral decubitus position. Two-dimensional studies with a
rapid sampling rate of 120 fps (frames per second) in
M-mode were performed using the MyLabTM30 ultrasound
system (Esaote, Genoa, Italy) and 10MHz nominal frequency
transducers. Two-dimensional transthoracic echocardiogra-
phy and M-Mode were obtained at a scanning speed of
200mm/s adjusted according to the heart rate. Right ventric-
ular acceleration time (TA) and ejection time (TE) values
were acquired using pulsed Doppler.

The right ventricular systolic function was assessed based
on a systolic excursion in the annular plane of the tricuspid
valve (TAPSE—tricuspid annular plane systolic excursion).
For this purpose, M-mode imaging was utilized with the cur-
sor positioned on the lateral aspect of the annular plane of
the tricuspid valve. Shortening from the base to the apex
during systole was measured, identifying the lateral annulus
of the tricuspid valve, the end-diastolic, and end-systolic dis-
tances. Images were captured in accordance with the recom-
mendations of the American Society of Echocardiography
and subsequently stored for subsequent analysis (35). The

following RV parameters were evaluated: systolic function
using TAPSE, TA, and TE, and subsequently, the TA/TE ratio
was calculated.

Sample Collection

Rats from SC, SH, and EH groups were euthanized by
decapitation on the 23rd day after MCT injection. Twenty-
three days represent the average end point time of non-
treated male Wistar rats injected with 60 mg/kg body weight
in our laboratory (30, 36). After euthanasia, the heart, RV,
and lung were dissected, weighed, and processed for the
analyses of interest as described later.

Isolation of Right Ventricular Myocytes

RV myocytes were enzymatically isolated following a pre-
viously described protocol (31). After euthanasia, the heart
was promptly dissected, dried, and weighed. Subsequently,
the heart was connected to a Langendorff retrograde perfu-
sion system via the aorta and perfused with Tyrode’s solu-
tion containing the following components in millimoles
(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, adjusted to pH
7.4, for �5 min. Tyrode’s solution was then replaced with
Tyrode’s solution containing EGTA (0.1 mM) for an addi-
tional 5 min. Following this, the heart was perfused with
Tyrode’s solution containing 1 mg/mL type II collagenase
(Worthington) and 0.1 mg/mL protease (Sigma-Aldrich) for
�12 min. The digested heart ventricles were then removed,
dried, and weighed. The entire RV was also separated,
weighed, and cut into small fragments. These fragments
were placed in a conical flask containing the enzyme solu-
tion (collagenase and protease). Cells weremechanically sep-
arated by shaking the flask for 5 min. Subsequently, the
dispersed cells were separated from the undispersed tissue
by filtration. After centrifugation, the resulting cells were
suspended in Tyrode’s solution. The undispersed tissue was
subjected to the mechanical dispersion process once again.
The solutions used in the isolation procedure were oxygen-
ated (100% O2—White Martins, Brazil) and maintained at
37�C. Isolated cells were stored at 5�C until use, and they
were used within 2 to 3 h after isolation.

Measurement of Cell Contractility

Cardiomyocyte contractions were measured using the
length change technique, employing the edge detection sys-
tem (Ionwizard, Ionoptix) mounted on an inverted micro-
scope (Nikon Eclipse—TS100, Japan) equipped with an oil
immersion objective lens (S Fluor, �40, Nikon), as previ-
ously described (37). Briefly, isolated myocytes were placed
in the experimental chambermounted on an invertedmicro-
scope and immersed in perfusion buffer solution (HEPES
buffer solution; see Item 4.11.2) at 37�C. Myocytes were exter-
nally stimulated at a frequency of 5 Hz (10 V, 5 ms duration)
using an electrical stimulator (Myopacer, Field Stimulator,
Ionoptix). The image of the myocyte under evaluation
was captured by a camera (Myocam, Ionoptix) attached to
the inverted microscope, using image detection software
(Ionwizard, Ionoptix—frequency of 240 Hz). Myocyte con-
traction and relaxation movements were recorded by the
edge detection system (Ionwizard, Ionoptix) and stored for
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later analysis of mechanical properties. Only myocytes in
good condition, with well-defined borders (right and left)
and sarcomeric striations, relaxed at rest and without invol-
untary contractions, were used in the experiments. The vari-
ables analyzed included contraction amplitude, contraction
velocity, and relaxation velocity.

Measurement of the Intracellular Ca21 Transient

The intracellular Ca2þ transient measurements in myo-
cytes isolated from the RV were performed, as previously
described (38). Briefly, measurements were performed using
an inverted microscope (Nikon Eclipse—TS100) equipped
with an oil immersion objective lens (S Fluor, �40, Nikon).
Isolated myocytes were incubated with the fluorescent Ca2þ

indicator, Fura-2 acetoxymethyl ester (Fura-2AM, Thermo
Fisher, Waltham), which is permeable to the plasma mem-
brane. The indicator was prepared in a stock solution of di-
methyl sulfoxide (DMSO), where 50 μg of Fura-2 AM was
dissolved in 50 μL of DMSO. Then, 10 μL of this solution was
added to 4 mL of cell medium contained in a falcon tube
wrapped in thin aluminum foil. The solution was stirred on a
flat surface for 10 min at a speed of �120 revolutions per mi-
nute. Subsequently, the tube was centrifuged at 3,000 rpm,
the supernatant was removed, and the myocytes were resus-
pended in 4 mL of Tyrode’s solution containing 750 mM
CaCl2 (solution A).

The myocytes were then placed in a refrigerator at 5�C for
30 min. This entire procedure was carried out without
exposing the solution and cells to light. After 30 min of rest,
the intracellular Ca2þ transient was measured using a dual
excitation system that detects fluorescence excited by UV
light with wavelengths of 340 and 380 nm (Ionoptix—USA).
Myocytes incubated with Fura-2 were placed in an experi-
mental chamber mounted on an inverted microscope and
bathed in a perfusion buffer solution (HEPES buffer solu-
tion) at room temperature. Themyocyte under evaluation was
positioned within an adjustable window, with apparent edges,
and stimulated externally at a frequency of 5 Hz (40 V, dura-
tion of 5 ms) using an electrical stimulator (Myopacer, Field
Stimulator, Ionoptix). Fluorescence emission was detected
between 340 and 380 nm by a photomultiplier tube. The
recorded fluorescence is the ratio between the 340 and 380
nm excitations. Only myocytes were used that were in good
condition, with well-defined borders (right and left) and sarco-
meric striations, relaxed at rest and without showing involun-
tary contractions. Records were made up to 4 h after myocyte
isolation. The variables analyzed were amplitude and veloc-
ities to peak and to decay of the intracellular Ca2þ transient.

Histological Analyzes

Histological and morphometric analyses were conducted
following previously established protocols (39). Briefly, tissue
fragments from the RV and right lung were collected, fixed in
10% formalin, dehydrated in ethanol, clarified in xylene, and
embedded in paraffin. The blocks were then transversely sec-
tioned into 5 lm thick histological sections and stained with
hematoxylin-eosin (H&E) before being mounted on histology
slides. To ensure thorough examination without duplication,
sections were evaluated in semiseries, with one section exam-
ined for every 10 sections.

The slides were examined, and images were captured
using an optical microscope (Olympus BX-50, Tokyo, Japan)
equipped with a digital camera (Olympus Q Color-3, Tokyo,
Japan). In the RV, the following parameters were assessed:
percentage of cardiomyocytes (cytoplasm and nucleus),
inflammatory infiltrate, and total collagen. In the lung, the
percentage of alveolar septa and pulmonary alveoli were
evaluated. ImageJ Software (National Institute of Health)
was used for both analyses.

Oxidative Stress Biomarkers

Tissue preparation.
Frozen lung and RV tissue samples (100 mg) were homoge-
nized (using the Tissue Master 125 homogenizer, OMNI) in 1
mL of phosphate buffer (pH 7.4) and centrifuged for 10min at
10,000 g (12,000 rpm), under refrigeration at 4�C. The result-
ing supernatants were collected for analysis of enzymatic
activity of superoxide dismutase (SOD), catalase (CAT),
glutathione S-transferase (GST), malondialdehyde content
(MDA), nitric oxide (NO), and total protein (TP) assays. The
resulting pellets were used for the analysis of carbonyl protein
(CP) content. These analyses were performed in an ELISA
microplate reader (Multiskan GO, Thermo Scientific) or a
spectrophotometer (UV-Mini 1240, Shimadzu).

Catalase activity.
The catalase activity was determined by adapting the Hadwan
method (40), using hydrogen peroxide (H2O2) as a substrate.
For this, 100 μL of hydrogen peroxide (20 mmol/L) was pipet-
ted into 5 μL samples. After 3 min, 150 μL of ammonium mo-
lybdate (32.4 mmol/L) was added to stop the reaction. Blank
samples were prepared by replacing hydrogen peroxide with
sodium potassium phosphate buffer (50 mmol/L, pH 7.0). The
reading was taken at 374 nm on the spectrophotometer. A
standard curvewas preparedwith serial dilution ofH2O2 to cal-
culate the CAT value. Test values were corrected by subtract-
ing control test values to eliminate interference from other
serum compounds that may react with ammonium molyb-
date. CAT activity was expressed as CAT KU/mg protein.

Superoxide dismutase activity.
The superoxide dismutase activity was determined
according to the method described by Dieterich et al. (41).
For this, 99 μL of potassium phosphate buffer (5 mmol/L,
pH 8.0) were pipetted together with 30 μL of the sample
and 15 μL of pyrogallol (100 μmol/L). The reaction mixture
was then measured by absorbance at 570 nm. SOD activity
was calculated as units per milligram of protein, with one
SOD unit defined as the amount that inhibited the autoxi-
dation rate of pyrogallol by 50%. Duplicates of blanks and
standards for SOD activity were prepared without and
with pyrogallol, respectively.

Glutathione S-transferase activity.
The glutathione S-transferase activity was measured using
the method of Habig et al. (42). For this, 10 μL of 2,4-dinitro-
chlorobenzene conjugated with glutathione (CDNB) at a con-
centration of 1 mmol/L was added to 970 μL of buffer a
50 mmol/L, pH 7.0, together with 10 μL of reduced glutathi-
one at 1 mmol/L and a 10 μL aliquot of the sample to be
tested. After the addition of CDNB, the change in absorbance
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wasmonitored at 340 nm for 60 s. Themolar extinction coef-
ficient used for CDNB was e340¼9.6 mmol/L/cm. One unit
of GST activity was defined as the amount of enzyme that
catalyzed the formation of one micromol of product per mi-
nute per milliliter. GST activity was expressed as micromol/
min/g.

Malondialdehyde determination.
Lipid peroxidation was measured according to Buege et al.
(43), through the quantification of MDA, which is a product
of lipid peroxidation. For this, 0.2 mL of tissue supernatant
was homogenized in 0.4 mL of a solution containing 15% tri-
chloroacetic acid, 0.375% thiobarbituric acid, and 0.6% hy-
drochloric acid. The reactions were left for 40 min in a water
bath at 90�C. After cooling on ice, 0.6 mL of butyl alcohol
was added. The solution was vortexed for 2 min and centri-
fuged for 10 min at 9,000 g. The supernatant was used to
measure MDA using absorbance at 540 nm on a microplate
scanning spectrophotometer (Multiskan GO). A standard
curve of known concentrations of 1,1,3,3-tetramethoxypro-
pane was used to determine the concentration of MDA. The
results were expressed asmicromol/L per mg of protein.

Nitric oxide production.
Nitric oxide production was quantified using the standard
Griess reaction, following the method described by Tsikas
(44). In brief, 50 μL of samples were incubated with an equal
volume of Griess reagent, composed of 1% sulfanilamide,
0.1% N-(1-naphthyl) ethylenediamine, and 2.5% phosphoric
acid, at room temperature for 10 min. Absorbance was then
measured at 570 nm using a microplate reader. Micromolar
NO concentrations (μmol/L) were determined from a sodium
nitrite standard curve within the concentration range of 0–
100 μmol/L.

Protein carbonyl determination.
The determination of protein carbonyl (PC) content was con-
ducted using the 2,4-dinitrophenylhydrazine (DNPH) (45).
In summary, pellets obtained from the extraction homoge-
nates were mixed with 0.5 mL of 10 mmol/L DNPH solution
diluted in 7% hydrochloric acid. The resulting solution was
vortexed and incubated at room temperature in the dark
with periodic stirring for 30 min. Subsequently, 0.5 mL of
ice-cold 10% trichloroacetic acid was added to each tube, fol-
lowed by centrifugation at 5,000 g for 10 min at 4�C. After
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Figure 1. Effects of combined physical training on physical effort tolerance. A: total time to fatigue (TTF). B: maximum carrying load. Tests performed
before (day 0), 12, 14, 19, and 21 days after the application of monocrotaline. Data are means ± SD of seven rats in each group. EH, hypertensive exercise;
SC, sedentary control; SH, hypertensive sedentary. �P< 0.05 vs. SC; #P< 0.05 vs. SH. One-way ANOVA followed by Tukey’s post hoc test.

Table 1. Body weight, organ weight, and their ratios

SC SH EH

Initial BW, g 197.4 ± 12.86 192.0 ± 8.64 204.4 ± 11.72
Final BW, g 307.1 ± 13.13 260.3 ± 23.91� 277.6 ± 25.68�
Heart weight, g 1.18 ± 0.10 1.44 ± 0.12�# 1.18 ± 0.07
RV weight, g 0.23 ±0.03 0.41 ± 0.07�# 0.28 ±0.02
RV/LV, g 0,42 ±0,05 0,85 ±0,23�# 0,50 ±0,06
Lung weight, g 1.86 ±0.53 4.36 ±0.60�# 2.43 ±0.04
Heart weight/tibia length, mg/mm 0.35 ±0.01 0.47 ± 0.07�# 0.35 ±0.02
RV weight/tibia length, mg/mm 0.06 ±0.01 0.12 ± 0.03�# 0.08 ±0.01
Lung weight/tibia length, mg/mm 53.52 ± 15.18 129.5 ± 14.80�# 72.49 ± 5.62�
Data are means ± SD of six or seven rats in each group; BW: body weight; EH: exercise hypertension; SC: sedentary control; SH: seden-

tary hypertension; RV: right ventricle. �P < 0.05 vs. SC. #P < 0.05 vs. EH. One-way ANOVA followed by Tukey’s post hoc test.
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centrifugation, the supernatant was discarded, and the pre-
cipitate was washed three times with 1 mL of ethyl acetate
and ethanol (1:1 vol/vol). Finally, 1 mL of 6% sodium dodecyl
sulfate was added, and the tubes were vortexed to dissolve
the sediment. The supernatant was then measured for ab-
sorbance at 370 nm. The results were expressed in nanomol/
mg of protein, based on the molar extinction coefficient of
ɛ370¼ 22mmol/L/cm.

Total protein.
The determination of total protein was carried out following
the method outlined by Lowry et al. in 1951 (46), utilizing bo-
vine serum albumin as the standard. The total protein

concentrations obtained were then used to standardize the
results for CAT, SOD,MDA, and PC.

Statistics

The data were subjected to the Shapiro–Wilk test to verify
its distribution. For parametric data, one-way analysis of var-
iance (one-way ANOVA) was used to evaluate between
groups, followed by Tukey’s post hoc test for multiple com-
parisons, when necessary. For nonparametric data, Kruskal–
Wallis was used, followed by Dunn’s post hoc for multiple
comparisons, when necessary. Quantitative data are pre-
sented as means ± SE, while qualitative data are presented as
percentages. An alpha error probability of up to 5% was

Figure 2. Effects of combined physical training on pulmonary artery resistance and right ventricular systolic function assessed on day 22 after the first
monocrotaline injection. A: representative images of pulmonary artery flow. B: representative image of tricuspid annular plane systolic excursion
(TAPSE). C: acceleration time/ejection time (AT/ET) relationship. D: average TAPSE values. Data are means ± SD of seven mice in each group. EH, hyper-
tensive exercise; SC, sedentary control; SH, hypertensive sedentary. One-way ANOVA followed by Tukey’s post hoc test. �P < 0.05 vs. SC; #P < 0.05
vs. EH.
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considered. The statistical tests and the numbers of animals
and cells used in each parameter evaluated are detailed in
the respective tables and figures. All analyses were per-
formed using GraphPad Prism Software version 8.0.2.

RESULTS

Physical Effort Tolerance

Before MCT injection there was no difference between
groups for TTF (Fig. 1A). However, on the 12th and 19th days af-
ter MCT injection, rats in the SH group showed lower TTF (P<
0.05) compared with those in the SC and EH groups. In addi-
tion, at these same time points, rats in the EH group exhibited
higher TTF (P < 0.05) compared with those in the SC group
(Fig. 1A). Moreover, there was no difference between groups
for MCL before the MCT dose (Fig. 1B). However, on the 14th
and 21st days after MCT needle, rats in the SH group displayed
lower MCL (P < 0.05) than those in the SC and EH groups.
Furthermore, on the 14th day, rats in the EH group had higher
MCL (P< 0.05) comparedwith those in the SC group.

Body and OrganWeights

The initial body weight was not different between groups
(Table 1). However, 23 days after the injection of MCT the

final weight of rats in the SH and EH groups was lower (P <
0.05) compared with those in the SC group. Furthermore,
rats in the SH group had greater heart weight, RV weight,
right lung weight, and their respective ratios (P < 0.05),
when compared with those in the SC and EH groups, while
rats in the EH group presented higher lung weight/tibia
length ratio (P< 0.05) than those in the SC group.

Pulmonary Artery Resistance and Right Ventricular
Function

The pulmonary artery resistance was estimated by the TA/
TE ratio and right ventricular systolic function was evaluated
by the TAPSE (Fig. 2). Fig. 2, A and B display representative
echocardiographic images of pulmonary artery flow obtained
by using pulsed wave Doppler and TAPSE, respectively. On
the 22nd day after the MCT injection, rats in the SH group
exhibited a lower (P < 0.05) TA/TE ratio (Fig. 2C) and TAPSE
(Fig. 2D) compared with those in the SC and EH groups.

Myocyte Contractile Function and the Intracellular Ca21

Transient

Right ventricular myocytes isolated from rats in the SH
group had lower (P < 0.05) amplitudes of contraction
(Fig. 3A), and of the intracellular Ca2þ transient (Fig. 3D)
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Figure 3. Effects of combined physical training on contractility and intracellular Ca2þ transient in single left ventricular myocytes. A: amplitude of con-
traction. B: departure velocity of contraction. C: return velocity of contraction. D: amplitude of the intracellular Ca2þ transient. E: maximum speed to
peak of the intracellular Ca2þ transient. F: maximum speed to decay of the intracellular Ca2þ transient. Data are means ± SD of five cells per animal (six
and seven animals per group). Kruskal–Wallis, test followed by Dunn’s test. EH, hypertensive exercise; SC, sedentary control; SH, hypertensive seden-
tary. �P< 0.05 vs. SC; #P< 0.05 vs. EH.
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than those from rats in the SC group. The departure (Fig. 3B)
and return (Fig. 3C) speeds of contraction as well as the max-
imum speeds to peak (Fig. 3E) and to decay (Fig. 3F) of the
intracellular Ca2þ transient in myocytes from rats in the SC
and EH groups were higher (P < 0.05) compared with those
from rats in the SH group.

Right Ventricular Remodeling and Oxidative Stress

The representative photomicrographs of rats from the SC
and EH showed normal and well-defined RV tissue configu-
ration and organization (Fig. 4A), whereas that of rats from
the SH group presented signs of tissue disorganization, ex-
cessive extracellular matrix (black arrow), and inflammatory
infiltrate (red arrow) in some regions. The presence of type I
collagen was observed in the RV of rats from the SH group
(white arrow) (Fig. 4B). Animals in the SH group had lower
percentage of cardiomyocytes (Fig. 4C) and higher percen-
tages of extracellular matrix (Fig. 4D), inflammatory infil-
trate (Fig. 4E), and type I collagen (Fig. 4F) compared with
those in the SC and EH groups (P< 0.05).

Regarding oxidative stress in the RV, no between-group
differences were found in the activity of CAT (Fig. 5A), SOD
(Fig. 5B), and GST (Fig. 5C), and in the levels of MDA
(Fig. 5D). Nevertheless, rats in the SH group showed a reduc-
tion (P < 0.05) in NO activity (Fig. 5E) and an increase in PC
compared with those in the SC and EH groups (Fig. 5F). In
addition, it was observed that animals in the EH group
showed an increase (P < 0.05) in PC activity compared with
animals in the SC group.

Pulmonary Remodeling and Oxidative Stress

The representative photomicrographs of the right lung
(Fig. 6A) show that rats in the SH group exhibited lung
microarchitecture [e.g., alveolar septum (white arrow);
and alveoli (black arrow)] visibly distinct from those of
animals in the SC and EH groups. The rats from the SH
group had a higher (P < 0.05) percentage of alveolar sep-
tum (Fig. 6B); and a lower (P < 0.05) percentage of pul-
monary alveoli than those in the SC and EH groups
(Fig. 6C).

Figure 4. Effects of combined physical training on the right ventricle. A: representative photomicrographs of tissue stained with H&E. Scale bar¼ 50 lm.
B: representative photomicrographs of tissue stained with picrosirius red. Scale bar¼ 50 lm. C: percentage of cardiomyocytes. D: percentage of extrac-
ellular matrix. E: percentage of inflammatory infiltrate. F: percentage of type I collagen. Data are means ± SD of five rats in each group. EH, exercise hy-
pertensive; H&E, hematoxylin-eosin; SC, sedentary control; SH, sedentary hypertensive. One-way ANOVA followed by Tukey’s post hoc test. �P < 0.05
vs. SC; #P< 0.05 vs. EH.
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Concerning the lung oxidative stress, the rats in the SH
group exhibited a decrease (P < 0.05) in the activity of CAT
(Fig. 7A), GST (Fig. 7C), and NO concentration (Fig. 7E) com-
pared with those in the SC and EH groups. No between-
group differences were observed for the activity of SOD
(Fig. 7B) and the levels of MDA (Fig. 7D) and PC (Fig. 7F).

DISCUSSION

We investigated whether combined physical exercise
training of moderate intensity executed during the develop-
ment of MCT-induced PAH hinders the progression of pul-
monary and right heart harmful functional and structural
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Figure 5. Effects of combined physical training on right ventricular oxidative stress biomarkers. Superoxide dismutase (SOD; A), catalase (CAT; B), gluta-
thione S-transferase (GST; C), nitric oxide (NO; D), malondialdehyde (MDA; E), and protein carbonyl (PC; F). Data are means ± SD of five and six rats in
each group. EH, exercise hypertensive; SC, sedentary control; SH, sedentary hypertensive. One-way ANOVA followed by Tukey’s post hoc test. �P <
0.05 vs. SC; #P< 0.05 vs. EH.

Figure 6. Histomorphometry of the right
lung. A: representative photomicrograph
of the right lung (hematoxylin-eosin, in
cross section). B: percentage of pulmo-
nary alveoli among the tissue elements of
the lung. C: percentage of pulmonary
alveoli among the tissue elements of the
lung. Data are means ± SD of 10 images
per animal in each group (5 to 6 animals
per group). EH, hypertensive exercise; SC,
sedentary control; SH, hypertensive sed-
entary. One-way ANOVA followed by
Tukey’s post hoc test. �P < 0.05 vs. SC;
#P< 0.05 vs. EH.
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remodeling in rats. The hemodynamic findings revealed that
the implemented physical exercise regimen preserved pul-
monary artery resistance (i.e., TA/TE ratio) and right heart
function (i.e., TAPSE), which were negatively affected by the
MCT injection. These data align with prior results reported
by our group, where both aerobic (29, 30) and resistance
exercise training (17, 47) performed independently showed
such beneficial effects. Themitigation of increases in pulmo-
nary artery resistancemight be attributed to the adequate bi-
oavailability of NO, a potent vasodilator whose synthesis is
stimulated by physical exercise (48). Indeed, in the present
study, the levels of NO were conserved in the lung and RV
tissues of exercised rats. Moreover, it is noteworthy that
MCT induces oxidative stress in the cardiopulmonary vascu-
lature resulting in endothelial damages and thus augmented
pulmonary artery resistance (6). Despite not measuring oxi-
dative stress biomarkers in the pulmonary artery, we
observed changes in RV (i.e., increased CP and reduced NO)
and lung (i.e., reduced CAT, GST, and NO) tissues of non-
exercised rats from the SH group. More important, combined
exercise avoided these negative alterations in rats from the
EH group, which may help to explain the preservation of the
pulmonary artery resistance in these animals.

Regarding the maintenance of right heart function in
response to combined exercise observed in rats from the EH
group, it is conceivable that the reduction in their pulmo-
nary artery resistance has influenced such an advantage
since it alleviates the RV pressure and hence adverse remod-
eling (17). To illustrate, our data show that these animals

were protected against RV tissue harmful structural remod-
eling (i.e., reduction in the percentage of cardiomyocytes
and increases in the percentages of extracellular matrix,
inflammatory infiltrate, and total collagen), thus displaying
normal right heart functionality. Moreover, some structural
benefits caused by combined exercise were found in the lung
tissue of these animals like no increases in the percentages
of alveolar septum and alveoli. Although the exact mecha-
nisms underlying such effects are not fully elucidated, it is
possible that exercise has sustained the H2O2/VEGF/p-Akt
signaling for pulmonary angiogenesis (49). Previous studies
have demonstrated that pulmonary angiogenesis is crucial
to adapt the pulmonary vascular system to stressful condi-
tions such as PAH (50, 51). In addition, we noted that com-
bined exercise preserved the activity of antioxidant enzymes
(e.g., CAT and GST), and the production of NO in the lungs
of rats with PAH. These biomarkers are vital components of
the body’s antioxidant defense system to neutralize reactive
oxygen species and shield cells from oxidative damages (52).
Furthermore, our combined exercise program retained the
augment of oxidative stress in the RV of exercised rats by
reducing CP and increasing NO levels. These results line up
with the documented benefits of exercise in reducing oxida-
tive stress (17, 53, 54). NO is well known for its antioxidant
and anti-inflammatory properties playing a pivotal role in
safeguarding the heart against myocardial remodeling (55).
Therefore, both structural and biochemical benefits caused
by combined exercise help to explain the preserved right
heart function in the exercised hypertensive rats.
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Figure 7. Effects of combined physical training on lung oxidative stress biomarkers. Superoxide dismutase (SOD; A), catalase (CAT; B), glutathione
S-transferase (GST; C), nitric oxide (NO; D), malondialdehyde (MDA; E), and protein carbonyl (PC; F). Data are means ± SD of six and seven rats in each
group. EH, exercise hypertensive; SC, sedentary control; SH, sedentary hypertensive. One-way ANOVA followed by Tukey’s post hoc test. �P< 0.05 vs.
SC; #P< 0.05 vs. EH.
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Along with the beneficial changes found in the RV tissue,
at the cellular level, combined exercise kept the contractile
function of isolated RV myocytes, which was impaired by
MCT-induced PAH. Although cardiomyocytes from SH rats
exhibited reduced amplitude and velocities of contraction
and relaxation, as well as decreased amplitude and velocities
to peak and to decay of the intracellular Ca2þ transient than
those from SC rats, such harms were not observed in cardio-
myocytes from exercised rats. These exercise effects may be
linked to some protection to the cellular Ca2þ regulatory
proteins. For example, sarcoplasmic reticulum Ca2þ ATPase
type 2a (SERCA2a) and ryanodine receptor 2 (RyR2) are the
main responsible for removing Ca2þ from the cytosol and
thus regulate the relaxation velocities in cardiomyocytes
(56). Although not analyzed in the present study, previous
investigations reveal that moderate-intensity aerobic exer-
cise increases the expression of SERCA2a and RyR2 in the
RV of rats with MCT-induced PAH (57, 58) which leads to
improved intracellular Ca2þ relaxation’s velocity.

Altogether, these functional, biochemical, and structural
benefits promoted by the applied combined exercise seem to
have resulted in improvements in the tolerance to physical
exertion of the exercised rats. In fact, we observed a decline
in the physical exertion of rats from the SH group, whereas
those undergoing combined exercise exhibited enhanced
tolerance to physical effort. Such increase may also be
assisted by some beneficial effects of the combined exercise
regime on skeletal muscle tissue, which helps avoiding mus-
cle waste and dysfunction (17).

Finally, controlling the rat’s climbing speed in the resist-
ance training protocol was not feasible, and therefore, the
precise regulation of the exercise intensity was limited.
Nevertheless, despite such conditions, this study is ground-
breaking in demonstrating that combined exercise training
of moderate intensity executed during the development of
MCT-induced PAH confers significant benefits to the pulmo-
nary and right heart function and structure in rats.

Conclusions

In conclusion, the applied combined exercise regime hin-
ders the progression of pulmonary and right heart functional
and structural harmful remodeling in rats with MCT-induced
PAH. An attenuated progression of the disease impacts posi-
tively on its prognosis.
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