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Introduction

Pulmonary hypertension (PH) is a pathophysiological 
disorder with high mortality. It causes a progressive increase 
in pulmonary vascular resistance that induces an increase in 
right ventricular (RV) pressure [1] and hypertrophy. Despite 
the advances in the pharmacological treatment [2], patients 
still suffer from dyspnea, often the most distressing symptom 
[3]. 

Studies have been demonstrating the bene icial effects 
of exercise training (ET) in PH patients[4]. These indings 
not only changed the conception that exercise is unsafe, but 
provided evidence that ET could be bene icial also to PH 
patients. 

It is well known that exercise therapy improves quality of 
life in several conditions. Speci ic exercise therapy guideline 
is available for some chronic pulmonary disease [5] but, 
unfortunately, such robust recommendation is not established 
for PH. Information about crucial aspects of an exercise 
intervention, such as frequency and intensity, is mandatory 
for its safe implementation [6]. Therefore, to study and 
understand the ET on this disease is essential for developing 
adequate guidance. 

The lungs and chest are formed by tissue with elastic 
properties. These properties have a fundamental role in the 
pulmonary ability to expand and retract [7], and consequently, 
in the ability to provide oxygen for the proper gas exchange 
in the lungs. Frequently, the lung injury is accompanied by 

Abstract 

Objective: To investigate in an animal model of Pulmonary Hypertension (PH) by 
monocrotaline whether a lower exercise intensity, which has lower potential to provoke dyspnea 
symptoms, could prevent the increase the right ventricle pressure and the decrease in respiratory 
compliance. 

Setting: A research laboratory. ANIMALS: twenty-one Wistar rats were randomized to the 
groups: Control (CO; saline solution); PH-sedentary; PH-low and PH-moderate intensity of 
exercise training (ET). 

Interventions: They received a single saline or monocrotaline subcutaneous injection (50 
mg/kg). The exercise program was performed during 3-weeks. 

Main Outcome Measures: Rats were evaluated by their morphometric and hemodynamic 
changes and by the respiratory mechanic responses induced by the exercise protocols. 

Results: Both protocols of ET signifi cantly (p < 0.05) attenuated the increase in the right 
ventricular systolic pressure. However, the lower intensity was more effective to prevent the 
impairment in the respiratory and quasi-static compliance. 

Conclusion: Collectively, our results showed for the fi rst time the benefi ts of ET to the 
respiratory system mechanics. We also demonstrated that intensity is crucial in PH, probably 
due to the diffi  culty to match VO2 capacity and O2 demand during exercise. The improvement in 
quasi-static compliance not only might improve the ability to breathe, and capture oxygen, but 
also welfare. 
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alteration in the lung’s mechanical properties, that can be very 
speci ic to the degree and nature of this injury [8]. According 
to the literature, PH is accompanied by structural changes in 
pulmonary vasculature [9], which might be associated with an 
increase in lung resistance and a decrease in its compliance. 

Although the mechanism is unknown, ET’s improvement in 
patients’ functional capacity and quality of life is clear [10,11]. 
Also, the improvement of different outcomes in rats with PH 
have been associated with ET [12,13]. On the other hand, 
the ideal intensity, frequency, timing, duration, or exercise 
modality for the PH treatment remains unclear. The most 
common prescription in clinical trials is based on aerobic and 
strength training in highly supervised programs [12]. 

In addition, ET is bene icial in stable PH, although the 
outcome was adverse in progressive PH rats [14]. There 
are multiple modalities of ET that show different results in 
humans [11,15,16] but, surprisingly, even though it is crucial 
to adjust the availability of oxygen to the lungs, there are 
no reports addressing respiratory mechanics and exercise 
training in PH. Thus, our goal was to investigate in a PH animal 
model whether the intensity of ET may change differently the 
properties of respiratory mechanics. 

Methods 

Ethics requirements 

The Ethics Committee approved the protocol (number: 
069/11) in accordance with the Guidance for the Description 
of Animal Research in Scienti ic Publications [17]. 

Experimental procedures 

The experiments follow the sequence presented in igure 1. 

Male Wistar rats (70 days old; ~170 g) from the animal 
facility were housed in a temperature controlled room (22 
± 1°C), 12:12hour light/dark cycle with free access to water 
and standard food. From day 0 to 7 rats were adapted to the 
treadmill. To determine the intensity of the ET protocol, in 
day 5, rats were subjected to the incremental test [18] on a 
treadmill with electrical stimulation (AVS®). The test started 
at 0.3 km/h increasing 0.3 km/h every 3 min. The exhaustion 
was considered the moment at which the rats remained for 
15s under electrical stimulation (2 mV). In day 7, they were 
randomly assigned to four groups: a control healthy sedentary 
group (CO; n = 4), which received a saline injection; a PH-
Sedentary rats group (PH-S; n = 5), a PH-Low intensity ET 

group (PH-L; average = 10.8 meters/minute; n = 6) and a PH-
moderate intensity ET group (PH-M; average = 16.3 meters/
minute; n = 6). The PH was induced by a single subcutaneous 
injection of monocrotaline (MCT; 50 mg/kg; Sigma-Aldrich®) 
in sterile saline. One sedentary rat died during the experiment, 
probably due to its sensitivity. 

Exercise training program 

The exercise program was based on Fenning, et al. protocol 
[14] and performed during the next 3 weeks (from day 7 to 
day 28). The trained rats were placed on the treadmill (50 
min/d-5 times/week); the PH-M and PH-L groups ran with 
a constant speed of 60% and 40% of the maximum capacity, 
respectively, according to the incremental test [19]. The CO 
and PH-S groups were placed on a stopped treadmill while ET-
groups were training. In day 29, rats were evaluated in the 
treadmill incremental test for the second time. 

Respiratory mechanics 

Two days after the last exercise session (day 30), rats were 
anesthetized with ketamine (90 mg/kg) and xylazine (10 mg/
kg). They were tracheostomized using a rigid-type cannula 
(2 -mmID) connected to an animal ventilator (Flexi Vent, 
SCIREQ®, Montreal, PQ, Canada), for mechanical ventilation 
(90 breaths/min), with a tidal volume of 10 ml/kg using 5 cm 
H2O positive end-expiratory pressure established by a water 
column. The constant-phase model was itted as follows: 
Zrs=R+jωI+(G-jH)/ωα, where “R”=Newtonian resistance, 
primarily located in the airways but containing a contribution 
from the chest wall, “I”=inertance, “G”=coef icient of tissue 
damping, “H”=co-ef icient of tissue elastance, “ω”=angular 
frequency and “α”=reciprocal frequency-dependent behavior 
of G & H [20]. 

Quasi-static elastance (Est) re lects the static elastic recoil 
pressure of the lungs at a given lung volume, and it was 
measured by applying the pressure-volume curve technique 
(the Salazar-Knowles equation), as described by the lexi Vent 
manufacturer. The respiratory system quasi-static compliance 
(Cst) re lects the inverse of elastance, measured as the change 
in volume per unit changed in applied quasi-static pressure 
[21]. 

RV pressure evaluation 

Immediately after the respiratory mechanics measurements 
collection, still under ketamine and xylazine anesthesia, the RV 
pressure was measured using a polyethylene catheter inserted 
into the right descending jugular vein to reach the RV. To record 
the RV pressure (sample rate = 2000 Hz/channel), the catheter 
was connected to a pressure transducer (Strain Gauge Narco 
Bio-systems Miniature Pulse Transducer RP155, Houston, 
Texas, USA), coupled to a pressure ampli ier (Stemtec®). After 
tracing stabilization, the pressure was recorded over a 5-min 
period (CODAS, 1 kHz sampling rate, Dataq® Instruments, Inc., 
Akron, OH, USA). Data were analyzed on a beat-to-beat basis 

Figure 1: Experimental sequence. CO: Control Group; PH-S: Sedentary Group; PH-L: 
Low Intensity Training; PH-M: Moderate Intensity Training; MCT: Monocrotaline; 
RV: Right Ventricle
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to determine right ventricular systolic pressure (RVSP) and 
right ventricular end diastolic pressure (RVDP). Still under 
anesthesia, rats were killed by decapitation to collect the 
heart, lungs, and liver for subsequent analyses. The RV and left 
ventricle were dissected and weighed. The individual ratios of 
lungs and liver to body weight were calculated to determine 
the viscera congestion. 

Statistical analysis 

Data (mean ± SD) were tested for the normal distribution 
by Shapiro-Wilk test. When con irmed, data were analyzed 
by one-way ANOVA, followed by the Tukey post hoc test. 
To detect associations, Pearson or Spearman correlation 
coef icients were used. The software GraphPad Prism 5 for 
Windows (GraphPad® Software, San Diego, CA) was used for 
data analysis. p ≤ 0.05 was considered signi icant. 

Results 

Respiratory mechanics 

The respiratory system elastance [CO = 1.62 ± 0.43, (n = 4); 
PH-S = 1.91 ± 0.32, (n = 4); PH-L = 1.48 ± 0.14, (n = 5) and PH-M 
= 1.75 ± 0.18, (n = 5); F(2.03), p = 0.156] and compliance [CO 
= 0.68 ± 0.17; PH-S = 0.54 ± 0.09; PH-L = 0.68 ± 0.06 and PH-M 
= 0.58 ± 0.06; F(2.03), p = 0.121] was similar among groups. 

On the other hand, the respiratory system quasi-static 
elastance [CO = 0.72 ± 0.16; PHS = 0.88 ± 0.11; PH-L = 0.72 
± 0.06 and PH-M = 0.98 ± 0.16; F(4.80), p = 0.01] and quasi-
static compliance [ml/cm of water; CO = 1,56 ± 0,31; PH-S = 
1,18 ± 0,15; PH-L = 1,41 ± 0,11 and PHM = 1,06 ± 0,16; F(6.40)] 
were statistically different (p = 0.005). Compared to CO group, 
the quasi-static compliance was decreased in PH-S and PH-M 
group; and in PH-M vs PH-L group (p < 0.05). As expected, the 
quasi-static elastance was increased in the PH-M group versus 
CO and PH-L (Figure 2). 

RV hemodynamic 

The RVDP was similar among ET groups (Table 1, Figure 3). 
But, ET signi icantly prevented the increase in RVSP (PH-L = 37%, 
and PH-M = 27%) compared with the PH-S group. The heart rate 
was not signi icantly different among groups (Table 1). 

Correlations 

There were a signi icant negative and positive correlation 
between RVSP and Cst (r = -0.587, p = 0.02), and RVSP and Est 
(r = 0.572, p = 0.03), respectively. 

Body and organs data 

Before ET, body weight and incremental test performance 
were similar among groups, but, as expected, the ET increased 
the speed in the incremental test. Moreover, ET did not change 
body weight, hepatic congestion and pulmonary congestion 
[Wet/Dry ratio: CO = 4.01 ± 0.12; PH-S = 5.99 ± 1.52; PH-L 
= 6.15 ± 1.12 and PH-M = 5.57 ± 0.57; F(0.125), p = 0.943]. 
On the other hand, signi icantly (p < 0.05) attenuated right 
ventricle hypertrophy (Table 2). 

Figure 2: Panel A: Results of the respiratory system quasi-static compliance; Panel 
B: The respiratory system quasi-static elastance data. CO: Control Group (n = 4); 
PH-S: Sedentary Group (n = 4); PH-L: Low Intensity Training (n = 5); PH-M: Moderate 
Intensity Training (n = 5). Values expressed as mean ± standard deviation; Data 
were compared by one-way ANOVA followed by Student-Neuman-Keuls test (p < 
0.05); +vs CO and ★vs PH-L. 

Figure 3: Panel A: RVSP: Results of the right Ventricle Systolic Pressure; Panel 
B: RV: The ratio between Right Ventricle; weight in mg and the tibia (T) length in 
mm. CO: Control Group (n = 4); PH-S: Sedentary Group (n = 4); PH-L: Low Intensity 
Training (n = 5); PH-M: Moderate Intensity Training (n = 5). Values expressed as 
mean ± standard deviation; Data were compared by one-way ANOVA followed by 
Student-Neuman-Keuls test (p < 0.05); vs all groups.

Table 1: Right ventricle hemodynamic parameters.
Variables CO (n = 4) PH-S (n = 5) PH-L (n = 6) PH-M (n = 6)

RVSP (mmHg) 19 ± 6.0 40 ± 8.6 25 ± 2.6 29 ± 5.1
RVDP (mmHg) 3 ± 3.0 7.4 ± 1.5 3.5 ± 0.2 3.9 ± 0.8

HR (bpm) 290 ± 35 283 ± 114 321 ± 98 315 ± 56
PH: Pulmonary Hypertension; RVSP: Right Ventricular Systolic Pressure; RVEDP: 
Right Ventricular End Diastolic Pressure; HR: Heart Rate; CO: Control Group; PH-S: 
Sedentary Group; PH-L: Low Intensity Training; PH-M: Moderate Intensity Training. 
Values represent means ± standard deviation. p < 0.05 vs. all groups.

Table 2: Morphometric data, Pulmonary and Hepatic Congestion, and Heart 
Hypertrophy index.

Data/groups CO (n = 4) PH-S (n = 5) PH-L (n = 6) PH-M (n = 6)
BW in the beginning (g) 182 ± 26 145 ± 21 128 ± 16 138 ± 14

BW in the end (g) 259 ± 42 331 ± 23 320 ± 29 302 ± 29
IT Before (km/h) 1.5 ± 0.50 1.5 ± 0.21 1.4 ± 0.15 1.4 ± 0.14
IT After (km/h) 1.5 ± 0.80 1.1 ± 0.39 1.8 ± 0.22✚ 1.8 ± 0.19✚

Lungs/BW (mg/g) 5.1 ± 1.1 9.4 ± 2.9* 7.4 ± 1.2 8.1 ± 1.9
Liver/BW (mg/g) 32 ± 13 41 ± 4 41 ± 5 40 ± 4

*LV (mg) 594 ± 121 627 ± 62 589 ± 79 587 ± 80
RV (mg) 150 ± 24 256 ± 83 183 ± 41 185 ± 46

LV/T (mg/mm) 16.8 ± 3.3 17.4 ± 2.4 16.4 ± 1.8 16.4 ± 1.8
RV/T (mg/mm) 4.3 ± 0.7 7.2 ± 2.4 5.1 ± 1.3 5.2 ± 1.4

BW: Body Weight; PH: Pulmonary Hypertension; IT: Incremental Test; Lungs/BW: 
Lungs Weight/BW Ratio; Liver/BW: Liver Weight/BW Ratio; LV/T: Left Ventricle 
Weight/Tibia Length Ratio, *Weighed With The Septum; RV/T: Right Ventricle/
Tibia Length Ratio. CO: Control Group; PH-S: Sedentary Group; PH-L: Low Intensity 
Training; PH-M: Moderate Intensity Training. The “n” Represents the rats from both 
sets and also, the ones that died due to anesthesia. Values represent means ± 
standard deviation. *p < 0.05 vs CO; ✚p < 0.03 vs PH-S; p < 0.05 vs All Groups
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Discussion 

The main result noticed on this study is the difference 
between the two ET groups: although both were well 
tolerated, only the lower intensity prevented a signi icant 
decrease in respiratory and quasi static compliance. This 
indicates a importance in the intensity of ET in PH to attenuate 
the impairment of respiratory mechanics. PH is associated 
with progressive destruction of the pulmonary vascular bed 
and increased right ventricular pressure and failure. It has 
been suggested that ET modulates the vasculature and may 
induce different responses according to the stage of PH [14]. 
In addition, PH leads to an impairment of exercise capacity 
[3,13], which should be considered for establishing an ET 
protocol. 

In fact, Handoko, et al. [14] demonstrated in rats treated 
with MCT that the ET was bene icial in stable, but detrimental 
in progressive PH. This study showed an increase in wet 
lung weights in the progressive phenotype without effect in 
the stable PH. According to these authors, the severity of PH 
induces different responses to an exercise protocol. Moreover, 
similarly to our results, no differences were found among PH 
groups in the lungs wet/dry mass ratio, suggesting that the 
pulmonary vascular remodeling is modulated by exercise, not 
by the edema. 

ET also attenuated RVSP and RV hypertrophy, as indicated 
by the RV/T ratio. This attenuation is crucial to reduce the 
pressure and, thus, the risk of death associated with PH 
[22]. This could be due to the improvement in arterial vessel 
morphology. The dyspnea and the fatigue associated with 
ischemia, in lammation, pulmonary edema and progressive 
RV failure found in dogs [23] were also probably present in 
our study seen by the negative correlation between RVSP and 
Cst, con irmed by a positive correlation with Est. These results 
were close to that found by Reis, et al. [24] that also showed, 
in a model of acute lung injury, the decrease in pulmonary 
resistance and elastance associated with low-intensity of ET. 
We believe the exercise intensity, in PH, is probably crucial 
for the respiratory mechanics to match O2 uptake to the O2 
demand. The respiratory system dif iculties to perform gas 
exchanges could impair the exercise performance and should 
be considered to decide the best ET protocol in PH. 

Our protocol is the irst to compare the effect of two 
intensities of ET on respiratory mechanics in a MCT model of 
PH. The quasi-static compliance was lower and the quasistatic 
elastance was higher in PH-M group, compared to CO and PH-L 
groups. This result indicates low-intensity ET is more suitable 
to the respiratory system because it permits to adjust the gas 
exchange to the metabolism with more ef iciency. 

In addition, importantly, compared with the PH-S group, 
the PH-L also presented higher quasi-static compliance 
and re-established the elastance, improving the respiratory 

system mechanics in PH. These indings agree with Reis, 
et al. [24], who demonstrated, in a model of acute lung 
injury, that low-intensity aerobic ET decreases pulmonary 
resistance. This effect was not observed in the PH-M group, 
drawing the attention to the importance of recommending 
an individualized ET protocol. Therefore, we believe the 
intensity of ET is crucial to match oxygen blood availability 
with tissue oxygen uptake during exercise, especially when 
the pulmonary system is compromised. 

Considering that the degree of respiratory mechanics 
compromise might re lect the severity of pulmonary injury 
[25] and that the lower exercise intensity attenuated the 
decrease in complacency, our results do con irm the bene its 
of ET also over the respiratory mechanics and emphasize 
the importance of establishing a more effective personalized 
exercise protocol in PH. On the other hand, we did not 
explore the mechanism by which the exercise improved the 
respiratory mechanics. Tshis represents a limitation of our 
study. However, our irst goal is to contribute for improving 
patient’s functional capacity and quality of life using simple 
methods, available for everyone. In the future, whether these 
data are con irmed in PH patients, the reduction in ET intensity 
might increase the adhesion and the bene its of treatment. 
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