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Abstract

To gain insight on the impact of preventive exercise during pulmonary arterial
hypertension (PAH), we evaluated the gene expression of myosins and gene-encoding

proteins associated with the extracellular matrix remodeling of right hypertrophied
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ventricles. We used 32 male Wistar rats, separated in four groups: Sedentary Control (S;
n=8); Control with Training (T; n=8); Sedentary with Pulmonary Arterial Hypertension
(SPAH; n=8); and Pulmonary Arterial Hypertension with Training (TPAH; n=8). The rats
trained for thirteen weeks on a treadmill. They had two weeks of adaptation training. The
PAH was induced by application of monocrotaline 60 mg/kg. Consequential right
ventricular dysfunction was observed after the 10th week of training. Rats in the control
group received saline application. At the end of the 13th week, echocardiography analysis
confirmed cardiac dysfunction. Collagen content and organization was assessed through
picrosirius red staining and fractal dimension (FD) analysis, respectively. Transcript
abundance was estimated through reverse transcription-quantitative PCR (RT-qPCR).
Cardiac dysfunction was confirmed by the reduction in maximum pulmonary artery
velocity and pulmonary artery acceleration time. Through histomorphometric
assessment, we found no differences in the interstitial collagen FD between groups.
Regarding gene expression, myh7 gene expression was upregulated in the TPAH group.
However, this did not occur with the S group. PAH also increased the mRNA abundance
of collal in the SPAH and TPAH groups. Moreover, the TPAH group showed a higher
abundance of this gene when compared to the S group. With these findings, we concluded
that preventive exercise had a positive impact on compensated hypertrophy during
pulmonary hypertension. This can be explained in part by the modulation of the

extracellular matrix and myosin gene expression in trained rats.

Introduction

Pulmonary Arterial Hypertension (PAH) is a severe and disabling disease that
causes right ventricular (RV) remodeling. This is shown by compensatory hypertrophy
and subsequent right ventricular heart failure (HF), the latter being the main prognostic

determinant and common cause of death [1]. Alterations in myosin and extracellular
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matrix-related genes are possible mechanisms involved in the PAH cardiac hypertrophy
phase. A study of the HF phase in isolated right ventricular myocytes using monocrotaline
demonstrated a reduction in ATPase activity in the myosin head [2]. These changes in
myosin heavy chains are critical in the different forms of HF. The chains are the main
contractile proteins of the heart, and alterations can directly lead to decreased myocardial

contractility [2, 3].

Cardiac collagen increases have been shown in other studies that used
monocrotaline for induced right ventricular HF [4]. Cardiac collagen increases have been
associated with different forms of overload pressure and increases to myosin with lower
ATPase capacity [3]. Right ventricular failure is characterized by extensive fibrosis and
changes to extracellular matrix protein expression, collagen, and metalloproteinases [5].
However, the genetic expressions of myosins, collagen, and metalloproteinases have not

been studied in the compensatory hypertrophy phase of PAH [5].

Exercise is a commonly-used approach to control and limit cardiac damage. It
promotes changes in cardiac remodeling and shows benefits in human and animal models
with RV hypertrophy [6,7]. Preventive exercise promotes a cardioprotective effect on
PAH, as it improves RV function and softens the evolution of the pathological cardiac
remodeling process [8,9]. Various molecular mechanisms have been studied to evaluate
cardiac functional improvement from preventive training. These mechanisms include the
expression of calcium transit genes, regulation of TNF superfamily cytokines, and the
quantification of myosin isoforms. However, the effects of changes to the extracellular
matrix gene expression and myosins on PAH have not been explored. In the HF phase,
pathological remodeling is impossible to reverse by therapy. Thus, approaches to treat

compensatory hypertrophy are important to alleviate dysfunctional impairment [10].
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PAH-compensated right ventricular hypertrophy often evolves to HF and results
in high death rates and frequent hospitalizations. This validates the necessity of
elucidating effects of preventive training and molecular mechanisms on right ventricular
hypertrophy, as this phase precedes HF. This study hypothesizes that preventive aerobic
training mitigates the gene changes in the compensated ventricular hypertrophy phase in
monocrotaline-induced PAH rats. The study investigates the influence of preventive
aerobic training in rats with compensated right ventricular hypertrophy on the gene

expression of myosin heavy chains and the extracellular matrix.

Materials and methods

Ethical approval

The experimental protocols used in this study were approved by the Animal
Experimentation Ethics Committee (CEUA) from the University of Western Sao Paulo,
Presidente Prudente, Sdo Paulo, Brazil (Protocol numbers 2483 and 2484). The rats
received care following the "Laboratory Animal Care Principles" formulated by the
National Society for Medical Research and the Guide for the Care and Use of Laboratory

Animals, prepared by the Laboratory Animal Research Institute [11].

Experimental groups

To conduct this study 32 male Wistar rats were used, 2 months of age and average weight
0of205+17.43 g, from the Central Animal Facility of the University of Western Sao Paulo,
UNOESTE. All animals were housed in a room under temperature control at 23 °C,
relative humidity of 50-60%, and kept on a 12-hour light/dark cycle. Food and water
were supplied ad libitum.

The animals were randomly distributed into four experimental groups of eight animals

each, denominated as Sedentary Control (S; n=8); Control with Training (T; n=8);
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96  Sedentary with Pulmonary Arterial Hypertension (SPAH; n=8); and Pulmonary Arterial

97  Hypertension with training (TPAH; n=8).
98

99  Preventive Training

100 Rats from the T and TPAH groups were submitted to an adapted treadmill aerobic
101 training protocol (model TK 1, IMBRAMED). The protocol consisted of 13 total weeks,
102 five days a week. The first two weeks were for adaptation (pre-training). After, the rats
103  performed the exercises for eight weeks, with gradual increases in intensity, as described
104  previously. The rats were then injected with monocrotaline or saline and performed the

105  exercises for three more weeks. [12, 13].

106 Incremental exercise test

107 The rats in the T and TPAH groups were submitted to incremental stress tests.
108  These were performed 24 hours after monocrotaline administration and at the start of the
109  11th, 12th, and 13th weeks to adjust the exercise speed [13, 14]. All exercise was
110  performed with 0% slope. The tests began with a warm-up at 0.5 km/h, followed by five
111  minutes of rest. The speed was then increased to 0.7 km/h for three minutes, followed by
112 increases of 0.2 km/h every three minutes until lactate reached a 1 mmol/l comparative
113 value or exhaustion [15]. Exhaustion was defined as the moment when rats could not
114  continue running for three consecutive minutes. After each increased load, the rats were
115 manually removed from the exercise area for one minute for blood collection. Blood
116  samples were taken from rat tails every three minutes. We used an Accutrend Plus
117  lactometer (Roche, Barcelona, Spain). The device was calibrated to the manufacturer's
118  specifications. The calculation for stipulating maximum velocity was performed using
119  the arithmetic mean of all experimental group velocities until lactate threshold or

120  exhaustion [16]. Lactate threshold was defined as the rate of rotation without a lactate
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121  increase of 1.0 mmol/l above the blood-lactate concentration [12,17]. We used an adapted

122 version of the protocol created by Carvalho et al. [15].

123 Echocardiographic evaluation

124 Echocardiographic evaluation was performed using an echocardiogram (General
125  Electric Medical Systems, Vivid S6, Tirat Carme, Israel) equipped with a 5-11.5 MHz
126  multifrequency probe. The rats were intraperitoneally anesthetized with ketamine (50mg

127 kg — 1; Dopalen®) and xylazine (0.5 mg kg — 1; Anasedan®).

128 The following LV variables were measured: diastolic (LVDD) and systolic
129  (LVSD) diameters, ratio of E and A waves (E/A), percentage of endocardial shortening
130  (EFS), isovolumetric relaxation time (IVRT), heart rate frequency (HR), ejection fraction
131 (EF), and posterior wall shortening velocity (EPVP). The following RV variables were
132 measured: pulmonary artery flow obtained by doppler, maximum flow velocity time
133 [Acceleration time velocity (PVAT)], pulmonary ejection time (PET), and peak flow
134  velocity (PVF) [12, 18, 19]. Pulmonary velocity acceleration time is an indicator of the
135  severity of pulmonary hypertension. Increases to pulmonary systolic blood pressure
136  levels correspond to decreases in PVAT values. Pulmonary ejection time is a parameter
137  related to systolic function and the degree of PAH. Maximum flow velocity is related to
138 RV systolic function [12, 20, 21].

139  Euthanasia

140 After the echocardiographic evaluation (48 hours), the rats were weighed and then
141  euthanized with an intraperitoneal dose of sodium pentobarbital (50 mg/kg). At
142  euthanasia two observers determined the presence or absence of clinical and
143  pathological congestive heart failure features. The clinical finding suggestive of

144  heart failure was tachypnea/labored respiration. Pathologic assessment of cardiac
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145  decompensation included subjective evaluation of pleuropericardial effusion, atrial
146  thrombi, ascites, and liver congestion.

147  Evaluation of anatomical parameters

148 The heart was removed, dissected into the atria (AT), right ventricles (RV) and left
149  ventricles (LV) and ventricular septum and weighed. The anatomical parameters were
150  normalized by the final body weight (AT/FBW, RV/FBW and LV/ FBW) and were used
151  as the hypertrophy index. The lungs and liver were also removed, weighed and stored in
152  an oven for 48 h. Next, they were weighed again to calculate the wet/dry weight ratio
153  which was used to evaluate signs of cardiac failure [15].

154  Histology and fractal analysis

155 The right ventricle was divided into two parts. One part was fixed in 10% buffered
156  formalin solution for 48 hours, and the other was used for gene expression analysis. After
157  fixation, the tissues were placed on paraffin blocks. Coronal histological sections were
158  viewed using a Leica microtome (RM 2155). The histological sections were stained on
159  slides with haematoxylin—eosin solution (HE) to measure the cross-sectional areas of the
160  cardiomyocytes, using a LEICA microscope (model DM750, Leica Microsystems,
161  Wetzlar, Germany). At least 50 cardiomyocyte diameters were measured from each RV
162  as the shortest distance between borders drawn across the nucleus.

163 Histological sections of the RV myocardial interstitium were stained on
164  histological slides by the Picrosirius technique for collagen visualization. The cardiac
165  tissue images were captured by a computer coupled to a camcorder. Digital images from
166  the LEICA DM LS microscope (model DM750, Leica Microsystems, Wetzlar, Germany)
167  were sent to a computer equipped with Image-Pro Plus (Media Cybernetics, Silver Spring,
168  U.S.). The red collagen color (picrosirius) were turned blue to reveal the percentage of

169  collagen in relation to the total area of the image. Twenty fields of each right ventricle
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170  were analyzed using a 40X objective with 400x magnification. The chosen fields were

171 far from the perivascular region [22].

172 Binarized photographs and the box-counting method using ImageJ software were
173 used for FD analysis. The software used box-counting with two dimensions. This allowed
174  for the quantification of pixel distribution without interference from the texture of the
175 image. This results in two images (binarized and gray level) with the same FD. The
176  analysis of the fractal histological slides was based on the relation between the resolution
177  and the evaluated scale. The result was quantitatively expressed as the FD of the object
178  with DF %4 (Log Nr/Log r_1; Nr as the quantity of equal elements needed to fill the
179  original object with scale applied to the object). FD was calculated using the Imagel
180  software set between 0 and 2, without distinguishing different textures [23, 24, 25].

181

182  Real-time polymerase chain reaction after reverse transcription (RT-qPCR)

183 Total RNA was extracted from RV tissue using TRIzol (ThermoScientific,
184  Waltham, U.S.) and then treated with DNAse deoxyribonuclease I (ThermoScientific)
185  following the manufacturer's instructions. RNA integrity was evaluated by agarose gel
186  electrophoresis for visualization of ribosomal RNAs. The High Capacity Reverse
187  Transcriptional Kit (ThermoScientific) was used for the synthesis of complementary
188  RNA (cDNA) from 1000 ng of total RNA for each sample. Using real-time quantitative
189  PCR (qPCR), cDNA was used to evaluate the relative levels of Rattus norvegicus myosin
190  heavy chain 7 (myh6) mRNA, Rattus norvegicus myosin heavy chain 7 (myh7), Rattus
191  norvegicus myosin heavy chain 7B (myh7b), Rattus norvegicus collagen type I alpha 1
192 chain (col/lal) mRNA, Rattus norvegicus collagen type I alpha 2 chain (colla?2), Rattus
193  norvegicus collagen type 3 alpha 1 chain (co/3al) mRNA, and Rattus norvegicus

194  metalloproteinases 2 (mmp2) mRNA. The Tagman™ Universal Master Mix II
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195  (AppliedBiosystems, Foster City, U.S.) and the StepOne Plus system (ThermoScientific)
196  were used for qPCR. All samples were analyzed in duplicates. The cycling conditions
197  were at 50 °C for two minutes and 95 °C for 10 minutes. This was followed by 40 cycles
198  of denaturation at 95 °C for 15 seconds and the final extension at 60 °C for one minute.
199  Gene expression was quantified relative to the values of the S group after normalization
200 by expression levels of the beta-actin reference gene (Actb) using the 2 » -DDCt method
201  [26]. Primer sequences were selected from GenBank transcript access numbers
202 (http://pubmed.com) and designed wusing Primer Express v.3.0 software
203  (ThermoScientific).

204  Data analysis

205 Statistical analyses were performed using GraphPad Prism software (Graph-Pad
206  Software, La Jolla, U.S.). The Shapiro-Wilk test was used to assess data normality. To
207  analyze the echocardiogram data, Kruskal-Wallis test and Dunn’s post test were used with
208  data from the collagen interstitial fraction and the expression of myh6 and col//al mRNA.
209 ANOVA and Tukey’s post test were used with data from the expression of myh7 and
210  colla2 mRNA. Data were expressed with box plot graphs that showed the first and third
211  quartile, median, minimum, and maximum. The significance level was considered when

212 p <0.05.

213 Results Echocardiographic evaluation

214 The LV echocardiographic evaluation is presented in Table 1. LVDD was lower
215  in the SPAH group when compared to rats in the control group. LVDD was higher in the
216 T group when compared to rats in the control group. The rats treated with monocrotaline

217  presented RV dysfunction due to the decrease in the maximum pulmonary artery velocity
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218  (Vmax-Pulm) and the pulmonary artery acceleration time (TAC-pulm). An improvement

219  of VMmax-Pulm in the TPAH group was recorded (Figure 1).

220

221  Table 1. Left ventricle echocardiographic evaluation.

PARAMETERS S (n=8) SPAH (n=8) T (n=8) TPAH (n=8)
HR (bpm) 310.71+46.58 331.66+35.65 314+38.25 325.44+42 .81
LVDD (mm) 7.84+0.54 7.02+0.73* 8.25+0.50* 7.37+0.94
LVSD (mm) 4.14+0.48 3.59+0.47 4.39+0.39 3.45+0.81
EFS 47.33+£3.56 48.72+ 6.05 46.86+2.28 53.50+ 7.07
E/A 1.55+0.31 1.07£0.36 1.37+£0.19 1.12+£0.37
PWSV (mm/s) 34.21+£0.90 37.37+3.43 37.85+3.30 37.38+3.85
IVRT (ms) 22.57£3.59  31.55£9.40 22+ 3.57 28.66+7.26
Ejection Fraction 0.85+0.030 0.86+0.048 0.84+0.019 0.89+0.043
222 Data are expressed as mean + standard deviation. Heart rate (HR), diastolic

223 (LVDD) and systolic (LVSD) diameters, percentage of endocardial shortening (EFS), the
224  ratio of E and A waves (E/A), posterior wall shortening velocity (PWSV), time
225  isovolumetric relaxation rate (IVRT), ejection fraction (EF). S (n=8): Sedentary Control;
226 T (n=8): Control with Training; SPAH (n=8): Sedentary Pulmonary Arterial

227  Hypertension; TPAH (n=8): Pulmonary Arterial Hypertension with Training.

228  * Statistical difference p <0.05.
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229 FIGURE 1

230  Figure 1. RV echocardiographic evaluation presented in a boxplot. A. PVAT: pulmonary
231 velocity acceleration time; B. PET: pulmonary artery ejection time; C. PVF: peak flow
232 velocity of the pulmonary artery. S (n=8): Sedentary Control; T (n=8): Control with
233 Training; SPAH (n=8): Sedentary Pulmonary Arterial Hypertension; TPAH (n=8):

234 Pulmonary Arterial Hypertension with Training.

235  Group characterization and anatomic parameters

236 In PAH (n=16), all rats presented right ventricular and atria hypertrophy (S= 0,22 +
237 0,03 g; SPAH=0,37 £ 0,18 g; TPAH= 0,36 £ 0,19 g, p < 0,05). There was no clinical or
238  pathological evidence of heart failure.

239  Histological and fractal analysis

240 Fiber cross sectional areas were higher in PAH groups (S= 62,39 + 6,37 um?;
241  SPAH: 104,88 + 21,83 um?; TPAH= 89,23 + 7,99 um?, p < 0,05).Comparisons between
242  rats that performed preventive exercise and sedentary rats did not show statistical
243  difference (p> 0.05) in the percentage of cardiac interstitial collagen (Figure 2) and fractal

244  analysis (Figure 3).

245 FIGURE 2

246 Figure 2. Absence of impact of preventive exercise on cardiac interstitial collagen fraction
247  in PAH. Cross-sections of the cardiac muscle were stained by the Picrosirius Red
248  technique and viewed with 40x objective and 400x magnification. Groups A. S (n=8):
249  Sedentary Control, B. T (n=8): Control with Training; SPAH (n=8): Sedentary
250  Pulmonary Arterial Hypertension; TPAH (n=8): Pulmonary Arterial Hypertension with

251  Training.
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FIGURE 3

Figure 3. Fractal dimension analysis of right ventricle tissue stained with the Picrosirius

Red technique and viewed with 40x objective and 400x magnification.

Relative gene expression

Preventive exercise increased the Myh7 expression gene in the TPAH group when
compared to the control group (S vs. TPAH, p = 0.0242). The expression of collal was
higher in the groups with PAH when compared to the sedentary and trained groups (S vs.
SPAH, S vs. TPAH, T vs. TPAH, p = 0.0008). The other groups did not present

statistically significant differences (Figure 4).

FIGURE 4

Figure 4. The mRNA abundance of A. Myh6 gene expression. B. Myh7 gene expression.
C. Myh7b gene expression. D. Collal gene expression. E. Colla2 gene expression. F.
Col3al gene expression. G. Mmp2 gene expression in right ventricle of experimental
groups. S (n=8): Sedentary Control; T (n=8): Control with Training; SHAP (8): Sedentary
Pulmonary Arterial Hypertension; TPAH (n=8): Pulmonary Arterial Hypertension with

Training. * Statistical difference p <0.05.

Discussion

The main finding of the current study was that preventive physical exercise
increased myh7 and colla in the PAH-compensated ventricular hypertrophy phase. This
interfered in disease progression. Despite persistent right pressure overload,

echocardiography confirmed an increase in cardiac function.
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274 Myosins are the major contractile proteins of muscle. In the heart, there are heavy
275  myosin chains (a-MHC and B-MHC), regulatory light myosin chains, and essential light
276  chain protein C-linked myosin [23, 27]. A-MHC has a higher sliding speed and two to
277  three times higher ATPase activity than B-MHC; but B-MHC can generate force with
278 lower energy expenditure [28]. Our results showed an increase in the myh7 gene

279  responsible for the f-MHC protein in rats from the PAH preventive exercise group.

280 The increase in the myh7 gene may be a compensatory mechanism in the PAH
281  exercise group. The increase of this specific myosin is typically related to poorly adaptive
282  cardiac remodeling [29]. However, our study showed that this increase came with cardiac
283  function improvements. A study from Moreira-Gongalves et al. 2015 [4] also showed an
284  increase of myosin in an exercise-performing group that was without weakened
285  ventricular function. Another study showed that rats with HF (from isoproterenol)

286  preserved cardiac function with increased myh7 and reduced myh6 [29].

287 Early expressed transcription factors are other mechanisms that relate to the
288  regulation of MHC genes. These include GATA transcription factor 4, NK2 homeobox 5
289  (Nkx2-5-gene), MADS-box transcription factor, serum response factor (Srf) (attenuates
290  the expression of myh6 and myh7), myocyte enhancer factor 2 (MEF2) and AT, factors
291  that bind to the Mcat malonyl-CoA-acyl carrier protein transacylase sequence, and
292 forkhead box Ol (Foxol). Foxol can act as an myh6 repressor through histone
293 deacetylase or the N-CoR nuclear suppressor [30]. A purine-rich negative regulatory
294  (PNR) element is present in the first region of the myh6 gene. When increased, it reduces

295  the expression of this myosin by 20 to 30 times [31, 32]

296 In addition to myosins, there is a cardiac collagen network that supports and

297  connects all structures and assists inadequate cardiac function (systolic and diastolic). The
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298 network has a fundamental role in resisting pathological deformations, maintaining
299  structural alignment, regulating distensibility, and forcing transmission during cardiac
300 fiber shortening [7, 33, 34]. In our study, the phase of cardiac dysfunction by PAH
301 increased collal gene expression, demonstrating the role of this gene in the worsening

302  of cardiac functionality.

303 Collagen content and organization were unaltered in our study. FD is a useful
304 method for assessing the organization via images from fractals. These images reveal the
305 amount of space and self-similarity of the structure, detect subtle morphological changes,
306 and perform functional quantitative measurements [25]. Despite alterations to gene

307  expression, fractal evaluation showed that tissue collagen organization was preserved.

308 In pathological situations, such as acute myocardial infarction and pressure
309 overload, one study showed that increased interstitial fibrosis directly relates to the
310 worsening of ventricular contractile function [34]. The authors of this study also used
311  echocardiography to demonstrate the worsening of contractile function. Size increases to
312 the septal thickness, LV posterior wall, and chamber were observed and associated with

313  reduced ejection fraction and increased diastolic pressure.

314 In different forms of HF, the gene expressions of collal, colla2, and col3al
315 increase due to pressure overload or infarction. However, quantity depends on the cause
316  of HF [34-37]. With pressure overload, an increase of type 1 collagen leads to cardiac
317  stiffness. This occurs from diastole and systole alterations, loss of control in structure

318 alignment, and the regulation of cardiac distensibility and force transmission [7, 33, 34].

319 Cardiac collagen is altered by pressure overloads from mechanical stress-
320 activating fibroblasts. This induces an inflammatory process through concomitant

321 increases in the extracellular matrix [38]. In the monocrotaline PAH model, pressure


https://doi.org/10.1101/2020.12.17.423207
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.17.423207; this version posted December 17, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

15

322 overload is from increased pulmonary vascular resistance, with activation of the NF-xB
323  pathway [8]. Our study shows these changes may cause an early increase of the collal

324  gene.

325 In response to an injury, the cardiac extracellular matrix assists in electrical and
326  chemical signals, provides structural support, and facilitates mechanical signals. The
327  matrix has metalloproteinases that play an important role in several cardiac pathologies,
328 including dilated cardiomyopathy, myocardial infarction, and hypertensive cardiac
329  hypertrophy [39]. MMPs 2 and 9 cause damage to cardiomyocytes when increased. This
330 leads to the worsening of the cardiac muscle and HF [39]. We did not find the expected
331 increase in MMP2 in the groups with PAH. This factor may have contributed to cardiac

332 function preservation.

333 Rats with aortic constriction have demonstrated greater increases in the collal
334  gene when compared to col/3al [35]. In acute myocardial infarction, the co/3al gene
335 increases more than col/lal. This is a consequence of the cardiac tissue healing process
336  [34]. One study demonstrated that both types of collagen genes can be attenuated by post-
337 transcriptional inhibition from miR-29b microRNA. In addition, aerobic training alters a
338  set of microRNAs associated with improved heart function [39]. For the hypertension
339  group in our study, increases to collal gene expression and functional worsening were
340 recorded. This gene continued to increase in the exercise group, and functional
341  improvements were recorded. Other cardioprotective factors released in the myocardium
342  from exercise could have neutralized these adverse aspects of cardiac remodeling. These
343  include the expression of genes that control the transport of calcium, regulate TNF
344  superfamily cytokines, improve oxidative function [4, 8], and have anti-fibrotic effects

345  for inflammatory process reduction [40].
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346 Physical exercise is used as a non-pharmacological approach for PAH. Exercise
347  is performed for cardiopulmonary rehabilitation of the disease. However, exercise as a
348  preventive approach for right ventricular dysfunction has not been thoroughly researched
349  [8, 13]. In our study, myh7 and collal genes increased and cardiac function improved
350 (observed by echocardiography) after preventive exercise on a treadmill for up to 60
351 minutes, five days a week for 13 weeks, at speeds until 1.1 km/h [13]. Additional
352  molecular mechanisms should be studied to demonstrate improvements from exercise in

353  the early phase of PAH.

354 Beneficial influences of various types of exercise on myosin and cardiac collagen
355 have already been demonstrated. Aerobic exercise induces physiological cardiac
356  hypertrophy from the volume load imposed on the heart without rest periods. This results
357 in increased biosynthesis of contractile components, including increases to fast myosin

358  heavy chains (a-MHC) and decreases to slow isoforms ( - MHC) [41].

359 Regarding collagen, SOCI et al. [42] demonstrated that swimming increases
360 miRNA-29c expression in healthy rats, reducing the expression of cardiac collagen genes
361 collal and col3al. Another study showed rats with cardiac abnormalities from aging
362  reduced fibrosis and colla2 after exercise on the treadmill for 12 weeks [43]. For acute
363  myocardial infarction, exercise on the treadmill with a moderate inclination of 5° for 45
364 minutes reduced colla2 and col3al [44]. In rats six weeks after acute myocardial
365 infarction, resistance exercise four times a week with 75% of 1RM with 10-12 repetitions
366  combined with treadmill exercise five times a week at 15 meters/minute for 12 weeks
367 improved the interstitial collagen fraction due to the effect of pathological hypertrophy
368 reversal [45, 46]. However, increased interstitial collagen was not observed in our study.

369 The increase in the collal gene may indicate that collagen increases later and affects
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370 cardiac dysfunction. Similar to myosins, collagen may be influenced by exercise

371  modality, frequency, duration, intensity, and the disease phase when training starts [8].

372 We conclude from our findings that preventive exercise is beneficial for
373  compensated hypertrophy in pulmonary hypertension. This could be partially explained
374 by the modulation of the extracellular matrix and myosin gene expression in exercise
375  group rats. Other mechanisms, pathways, and variations in exercise intensity and type

376  should be investigated in the preclinical PAH phase.

377 Lastly, our findings showed that exercise yielded benefits when started before
378 and in the early stages of the disease. This confirmed the importance of exercise as a
379  preventive approach provides considerable cardioprotection against the deleterious
380 effects of PAH, which reinforces the importance of maintaining a physically active
381 lifestyle. Clinical trials that examine effects of exercise on PAH should use individuals
382  with the early stage of the disease.
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