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RESUMO

Avaliagao da remodelagao cardiaca de ratos espontaneamente hipertensos
submetidos ao treinamento intervalado de alta intensidade

Introdugdo: Hipertensdo € um grave problema de saude publica, pode levar a
hipertrofia concéntrica — um importante fator de risco para insuficiéncia cardiaca, que
€ considerada um preditor de maior morbimortalidade cardiovascular. O Treinamento
Intervalado de Alta Intensidade (HIIT) pode ser indicado para hipertensos.
Entretanto, o efeito potencial do HIIT tem mostrado resultados controversos e os
aspectos moleculares remodelacao cardiaca em hipertensos ndo foram totalmente
elucidado. Objetivo: analisar os efeitos do HIIT durante a fase compensada da
hipertensado arterial sobre os parametros estruturais, funcionais e moleculares da
remodelagdo miocardica em ratos espontaneamente hipertensos (SHR). Métodos:
Ratos machos (12 meses de idade) foram divididos em trés grupos: 1) Ratos Wistar
Kyoto (WKY, n=8); 2) ratos sedentarios espontaneamente hipertensos (SHR-SED, n
=10) e 3) ratos espontaneamente hipertensos treinados (SHR-HIIT, n=10). Os
parametros de pressao arterial média, capacidade maxima de exercicio e perfil
ecocardiografico foram avaliados antes e apos o HIIT; a remodelagédo cardiaca foi
avaliada por meio de ecocardiografia, musculo papilar isolado e a expressao génica
em relacdo a via MAPK: Elk1, cJun, ATF2, MEF2. Para comparagao entre os grupos
foi utilizado ANOVA seguido de Tukey ou Kruskal-Wallis e Dunn (p<0.05).
Resultados: HIIT diminuiu a PAS (SED-SHR: 229 + 5.93 mmHg vs HIIT-SHR: 198.6
+ 18.3 mmHg; p = 0.001), aumentou a distancia percorrida, sendo 82,7% maior no
grupo  SHR-HIIT (SHR-SED=183.0+88.08m vs. SHR-HIIT=1126.0+187.1m;
p<0.0001) e reduziu a tensédo de repouso do musculo papilar (WKY=0.77 + 0.216;
SHR-SED=1.26 + 0.20; SHR-HITT=0.67 + 0.23; p=0.0001). Na expressao génica
houve uma diminuigdo da expressao do gene ATF2 nos grupos hipertensos em
relagao ao grupo controle (WKY: 1.14 £ 0.62; SHR-SED: 0.39 + 0.11; SHR-HIIT: 0.62
+ 0.21 p=0.03) sem alteragbes nos demais genes. Conclusao: O HIIT aplicado
ratos SHR na fase de hipertensdo compensada demonstrou uma técnica adequada
para diminuir a pressao arterial, melhorar a capacidade funcional, gerou um aumento
da hipertrofia cardiaca, mas atenuou a disfungdo diastdlica miocardica, sem
prejuizos funcionais ou alteragcéo génica.

Palavras-chave: exercicio fisico, musculos papilares, sistema de sinalizacdo da
MAP quinase, coracéo.



ABSTRACT

Evaluation of cardiac remodeling in spontaneously hypertensive rats
submitted to high-intensity interval training

Introduction: Hypertension, is a serious public health problem, can lead to
concentric hypertrophy - an important risk factor for heart failure, which is considered
a predictor of greater cardiovascular morbidity and mortality. High Intensity Interval
Training (HIIT) can be indicated for hypertensive patients. However, the potential
effect of HIIT has controversial results and the molecular aspects of cardiac
remodeling in hypertensive patients have not been fully elucidated. Objective: to
analyze the effects of HIIT during the compensated phase of arterial hypertension on
the possible parameters, give and myocardial remodeling molecules in
spontaneously hypertensive rats (SHR). Methods: we evaluated the influence of HIIT
on blood pressure, exercise tolerance and cardiac remodeling in spontaneously
hypertensive rats (SHR). Methods: Male rats (12 months old) were divided into three
groups: 1) Wistar Kyoto rats (WKY, n = 8); 2) spontaneously hypertensive sedentary
rats (SED-SHR, n = 10) and 3) spontaneously hypertensive trained rats (HIIT-SHR, n
= 10). The parameters of mean arterial pressure, maximum exercise capacity and
echocardiographic profile were taken before and after HIIT; cardiac remodeling was
assessed using echocardiography, isolated papillary muscle and gene expression
quantified in relation to the MAPK pathway: Elk1, cJun, ATF2, MEF2. For comparison
between the groups, ANOVA was used followed by Tukey or Kruskal-Wallis and
Dunn’s (p <0.05). Results: HIIT decreased SBP (SED-SHR: 229 £+ 5,93 mmHg vs
HIIT-SHR: 198,6 + 18,3 mmHg; p = 0,001), increased the distance covered, being
82.7% greater in the SHR- HIIT (SED-SHR = 183.0 + 88.08m vs. HIIT-SHR = 1126.0
1+ 187.1m; p <0.0001) and reduced the resting period of the papillary muscle (WKY =
0.77 £ 0.216 ; SED-SHR = 1.26 £ 0.20; HIIT-SHR = 0.67 + 0.23; p = 0.0001) and in
gene expression there was a decrease in the gene encoding ATF2 protein in
hypertensive groups in relation to control group (WKY: 1.14 + 0.62; SHR-SED: 0.39 +
0.11; HIIT-SHR: 0.62 £ 0.21 p = 0.03) Conclusion: The HIIT applied in SHR models
in the compensated hypertension phase, a technique to decrease blood pressure,
functional capacity, generated an increase in cardiac hypertrophy, but attenuated
myocardial diastolic dysfunction, without dissipating damage or altering the gene.

Keywords: Physical exercise, papillary muscles, MAP kinase signaling system,
heart.
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ABSTRACT

Aim: To evaluate the influence of high-intensity interval training (HIIT) on cardiac structural
and functional characteristics and myocardial mitogen-activated protein kinase (MAPK)
signaling in hypertensive rats. Methods: Male rats (12 months old) were divided into three
groups: Wistar Kyoto rats (WKY, n=8); sedentary spontaneously hypertensive rats (SED-
SHR, n=10), and trained spontaneously hypertensive rats (HIIT-SHR, n=10). Systolic blood
pressure (SBP), functional capacity, echocardiography, isolated papillary muscle, and gene
expression of MAPK gene-encoding proteins associated with Elk1, cJun, ATF2, MEF2 were
analyzed. Key findings: HIIT decreased SBP and increased functional capacity, left
ventricular diastolic diameter, posterior wall thickness-left ventricle, relative wall thickness-
left ventricle, and resting tension of the papillary muscle. In hypertensive rats, we observed a
decrease in the gene-encoding ATF2 protein; this decrease was reversed by HIIT.
Significance: The influence of HIIT in the SHR model in the compensated hypertension
phase generated an increase in cardiac hypertrophy, attenuated myocardial diastolic
dysfunction, lowered blood pressure, improved functional capacity, and reversed the

alteration in gene-encoding ATF2 protein.

Key words: Physical exercise, papillary muscles, MAP kinase signaling system,

hypertension.
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1. INTRODUCTION

Hypertension is considered a serious public health problem and affects more than a
billion people worldwide. An estimated 45% of coronary artery disease cases and 51% of
vascular accident cases have a direct relationship with hypertension (Mills & Stefanescu,
2020). Hypertension is also involved in the more than 9.4 million deaths annually from
cardiovascular diseases, costing more than €20 billion per year (World Health Organization,
2015). Hypertension is characterized by a chronic pressure overload elevation in the left
ventricle (LV) that causes molecular, cellular, and interstitial changes, resulting in alterations
to size, mass, geometry, and function. These effects contribute to LV delay, which is a poor
prognosis due to its association with pathological hypertrophy, ventricular dysfunction,
malignant arrhythmias, and heart failure (Azevedo, Polegato, Minicucci, Paiva, & Zornoff,
2016). Pathological LV hypertrophy is consistently associated with cardiovascular morbidity
and mortality, and it is recognized as a marker and mediator of cardiovascular events (Nadruz,
2015).

Mitogen-activated protein kinases (MAPKSs) are among the molecular mechanisms
that govern cardiac hypertrophy and have been the focus of extensive investigations in recent
decades (Rose, Force, & Wang, 2010). The four bestcharacterized MAPK subfamilies,
ERK1/2, JNK, p38, and ERKS, are the pharmacological and genetic targets involved in the
regulation of aspects of cardiac remodeling, such as reactivation of transcription factors (e.g.,
Elk1, cJun, ATF2 and MEF2c) (Mutlak & Kehat, 2015).

Research on non-pharmacological alternatives for hypertension and cardioprotection
are associated with inhibition of the MAPK signaling pathway as in continuous low- and
medium-intensity aerobic training. Miyachi et al., demonstrated that exercise (swimming)
reduced the phosphorylation and activity of P38 and ERK1/2, leading to preservation of
cardiac function and improved survival rate. (Miyachi et al., 2009). In addition, Pagan et al.,
showed that aerobic exercise improves physical capacity, myocardial function, reduces the
frequency of heart failure features and ERK phosphorylation, and normalizes energy
metabolism in SHR (Pagan et al., 2021). Although these studies have demonstrated the
benefits induced by aerobic training, different training modalities have also been used in an

attempt to mitigate the deleterious effect promoted by hypertension.
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High-intensity training (HIIT) may be beneficial to hypertensive individuals by
improving cardiometabolic risk factors, cardiovascular performance, adherence to exercise
programs (more time efficient) and various metabolic responses in skeletal muscle. Studies
have shown that HIIT is more effective than continuous moderate aerobic exercise in
improving peak aerobic fitness (VO2peak) in patients with cardiovascular disease ((Krzesiak
et al., 2019; Leal, Galliano, & Del Vecchio, 2020; Batacan, Duncan, Dalbo, Connolly, &
Fenning, 2016; Gibala, Little, Macdonald, & Hawley, 2012; Gomes-Neto et al., 2017).
Despite these benefits, the effects of HIIT in the MAPK signaling during hypertension is not
well characterized.

As an initial effort to test the hypothesis that HIIT is a viable nonpharmacological
alternative for cardioprotection, we analyzed the effects of HIIT during the compensated
phase of hypertension on the structural, functional, and MAPK signaling of myocardial
remodeling in SHRs. In support of our hypothesis, we observed that HIIT contributes to the
decreased of blood pressure, as a way to improve physical performance, increases exercise
tolerance, myocardial function and attenuates transcription changes in myocardial mitogen-

activated protein kinase (MAPK) signaling.

2. MATERIALS AND METHODS

2.1. Ethical approval and animals

All experiments involving animals were approved by the Committee for Ethics in
Animal Use, Sao Paulo State University (UNESP) (protocol No. 018/11), in accordance with
the Brazilian College of Animal Experimentation (COBEA) and the US National Institute of
Health “Guide for the Care and Use of Laboratory Animals.” Male spontaneously
hypertensive rats (400-450 g; 12 months old) obtained from the Federal University of Sao
Paulo (UNIFESP, Sao Paulo, SP, Brazil) were maintained in the Laboratory of Animal
Experimentation of the Sao Paulo State University (UNESP, Botucatu, SP, Brazil), in a
controlled environment, and housed (3 or 4 rats per cage) in a temperature-controlled
environment (21 £ 1 °C) with 12-hour light/dark cycles (light from 7 am to 7 pm). They had

ad libitum access to food (Supralab, Alisul R, Brazil) and water.

2.2. Experimental design
The rats were then divided into three experimental groups: 1) sedentary spontaneously

hypertensive rats (SED-SHR, n = 10), 2) trained spontaneously hypertensive rats (HIIT-SHR,
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n = 10), and 3) Wistar Kyoto rats (WKY, n = 8). HIITSHR group was submitted to the
training protocol for eight consecutive weeks as described below. The parameters for systolic
blood pressure (SBP), maximal exercise capacity, and echocardiographic profiles were
assessed before and after HIIT; a complementary maximal exercise capacity test was
performed at the end of the fourth week to adjust the training load. The rats were euthanized
after the period of experimental protocols, and the functional analyses of the isolated papillary

muscle and gene expression were then performed (Figure 1).

1
I
1
1 Echocardiogram
1
|
Funcional capacity :

N

L Funcional capacity

3 to grade the
.E"E""‘E ) intensity 1
implementation Systolic blood pressure
12 months old [NTEC]] Final
1 I J I "
HIT protocol ‘N W
Funcional capacity
TLES Groups
Echocardiogram HIIT-SHR — 4 W

Systolic blood pressure

Groups
WKY HIIT-SHR SED-SHR

Groups ;
WKY HIIT-SHR SED-SHR e e s |
RTq-PCR gene expression

Fig. 1. Schematic figure summarizing the experimental design.

2.3. Systolic blood pressure (SBP)

Blood pressure was determined through the tail-cuff occlusion method (Narco Bio-
System®, model 709-0610, International Biomedical, Inc.) before and after training sessions.
The procedure was performed two days before starting the experiment, and the average values

for SBP were measured from six consecutive cycles per day

2.4. Maximum exercise capacity evaluation
Prior to assessing maximum exercise capacity, the rats (SED-SHR, HIIT-SHR, WKY)
performed adaptation training sessions on a treadmill (model TK 1, Imbramed, Sao Paulo, SP,

Brazil) for 10 min for one week (every day) at a rate of 6 m/min with zero % inclination.
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(Pagan et al., 2015); (Haram et al., 2009). The rats were considered exhausted when they
refused to run or were unable to coordinate steps. Functional capacity was evaluated by the
total distance travelled, which was calculated with consideration to the speed and maximum
duration of the test. We evaluated functional capacity before the start of the first training
sessions, four weeks after the start of the training to grade the effort intensity, and 24 hours
after the final training session (Haram et al., 2009). The percentage of variation A (%) of

distance and time was calculated.

2.5. High-intensity interval training (HIIT)

Training was performed for approximately 50 min/day, five days a week, for eight
weeks, in an inverted cycle. The training sessions occurred from 2 pm to 2:50 pm. Each
session consisted of three phases: warm-up, HIIT, and recovery. The warm-up phase included
5 minutes at 60% of the exhaustion speed. HIIT started at 95% of the speed achieved in the
exhaustion test for four minutes, interspersed with 65% of the maximum speed for three
minutes. The protocol was repeated five times in the first and second weeks. (Figure 2) The
same HIIT velocities of the first week were used in the third and fourth weeks, but the
velocities were repeated six and seven times consecutively. Before the start of the fifth week,
a second test was performed to reevaluate the maximum rate of exhaustion; and the training
load was reset. In the fifth and sixth weeks, HIIT was performed with an adapted protocol at a
speed of 23m/min for four minutes, interspersed at 12m/min for three minutes, with seven
repetitions. Speed was increased 15% in the seventh week and 18% in the eighth week,
interspersed with 65% of the maximum speed for three minutes, with seven repetitions

(Aleixo et al., 2021).
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HIIT PROTOCOL
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INTERVALS: 12m/min (3’)

Fig. 2. Schematic figure summarizing HIIT protocol.

2.6. In vivo functional and structural studies: echocardiographic analysis

Echocardiographic analysis was performed before and after the training phase (one
day after final session) using a cardiovascular ultrasound model Vivid S6+ (General Electric
Medical Systems, Tirat Carmel, Israel) equipped with a multifrequency probe (5—11.5 MHz).
The rats were anesthetized by an intramuscular injection of a mixture of ketamine (50 mg/kg-
1 , Dopalen®) and xylazine (0.5 mg/kg-1 , Anasedan®). Two dimensionally-guided M-mode
images were obtained from parasternal short-axis views of the LV just below the tip of the
mitral valve leaflets, at the level of the aortic valve, and at the left atrium (Okoshi et al.,
2004). Images were acquired at a frame rate (FPS) of 124/sec and at a depth of 2.5 cm. The
LV M-mode images were printed (Sony UP-890MD) at a scanning speed of 200 mm/sec. All
LV structures and diameters of the aorta and left atrium were manually measured in the
images above by the same observer (KO). We used the method of the American Society of
Echocardiography (Cicogna, Padovani, Okoshi, Aragon, & Okoshi, 2000; Pagan et al., 2015;
Haram et al., 2009; Wisleff et al., 2007; Damatto et al., 2013; Okamoto & Aoki, 1963).
Measurements were taken from the mean of at least five cardiac cycles in the M-mode
tracings.

To evaluate structural remodeling, the measured variables included the left atrium

diameter (LA), LV diastolic diameter (LVDD), posterior wall thickness-left ventricle (PWT),
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LV relative wall thickness (RWT), and LV mass. The RWT was calculated using the formula
2 x PWT/LVDD. LV mass was calculated using the formula [(LVDD + PWT + SWT)3 —
(LVDD)3 ] x 1.04. LV systolic function was assessed by mid-wall fractional shortening
(MFS). LV diastolic function was assessed from apical four and five chamber views by
parameters that included early and late diastolic mitral inflow velocities (E and A waves), E/A

ratio, and the isovolumetric relaxation time (IVRT).

2.7. Euthanasia and anatomical data

The rats were euthanized using methods approved for their specific species,
developmental stage, and size. Two days after the last HIIT session, the rats were anesthetized
by an overdose of a mixture of ketamine and xylazine administered intraperitoneally and
decapitated (Aleixo et al., 2021). The rats were then submitted to median thoracotomy, the
heart was removed, and the atria and ventricles were separated and weighed. The left
ventricular + septum (LV) and atrial weights were normalized by final body weight (FBW)
(Pagan et al., 2015; Haram et al., 2009).

2.8. In vitro functional study: isolated papillary muscle

The hearts were quickly removed and placed in oxygenated Krebs-Henseleit solution
at 28°C. Papillary muscle was dissected carefully from the left ventricle, clipped at its edges,
placed vertically in a chamber containing Krebs-Henseleit solution at 28°C, oxygenated with
a mixture of 0.95 O2 and 0.5 CO2 (pH 7.38), and stimulated with two electrodes in the
solution at a rate of 0.2 Hz (Cicogna et al., 1997). The following basal parameters were
measured from isometric contraction: peak developed tension (DT, g/mm?2 ), resting tension
(RT, g/mm?2 ), time to peak tension (TPT, ms), maximum rate of tension development
(+dT/dt, g/mm?2 per s), and maximum rate of tension decline (—dT/dt, g/mm?2 per s). To
evaluate the myocardial contractile reserve, mechanical performance was analyzed at the
basal condition and after the following positive inotropic stimulations: post-rest contractions
(10, 30, and 60 s), increased extracellular Ca2+ concentration (external calcium
concentrations of 0.5, 1.5, and 2.5 mM), and the addition of [-adrenergic agonist
isoproterenol (10-8 , 10-7 , and 10-6 M) to the nutrient solution (Cicogna, Padovani, Okoshi,
Aragon, & Okoshi, 2000). Papillary muscle cross-sectional areas (CSA, mm2 ) were

calculated from muscle weight and length by assuming cylindrical uniformity and a specific
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gravity of 1.0. All force data were normalized for muscle CSA. Papillary muscles with CSA
1.5 mm2 were excluded from analysis (Mazeto & Okoshi, 2021).

2.9 Gene expression

Total RNA was extracted from LV tissue using TRIzol (ThermoScientific, Waltham,
United States) and then treated with DNAse deoxyribonuclease I (ThermoScientific), in
accordance with the manufacturer's instructions. The HighCapacity Reverse Transcriptional
Kit (ThermoScientific) was used for the synthesis of complementary RNA (cDNA) from 1000
ng of total RNA from each sample. Aliquots of cDNA were then submitted to real-time PCR
reaction using a customized assay containing the following Tagman (Applied Biosystems,
Foster City, United States) probes: ETS Transcription Factor (elkl, Rn01756649 gl1), Jun
Proto-Oncogene, AP-1 Transcription Factor Subunit (c-Jun, Rn99999045 sl), Activating
Transcription Factor 2 (atf2, Rn00578832 m1l), Myocyte Enhancer Factor 2A (mef2a,
Rn01478096 _ml). The Tagman™ Universal Master Mix II (AppliedBiosystems) and the
StepOne Plus system (ThermoScientific) were used for gPCR. All samples were analyzed in
duplicates. The cycling conditions were at 50°C for 2 minutes and 95°C for 10 minutes. This
was followed by 40 cycles of denaturation at 95°C for 15 seconds and the final extension at
60°C for 1 minute. After normalization by expression levels of the betaactin reference gene

(Actb, Rn00667869 ml) using the 2 -AACt method (Livak & Schmittgen, 2001)

2.10. Data analysis

The data were expressed as mean + SD. The normality and homogeneity for outcome
measurements were performed using the Shapiro-Wilk and Levene’s tests, respectively.
Variables (SBP, functional capacity, anatomical parameters, echocardiographic analysis,
isolated papillary muscle) were evaluated by analysis of variance One-Way ANOVA. When
significant differences were found (p< 0.05), the post hoc Tukey’s multiple comparisons test
was performed. Variables (gene expression) were evaluated by the Kruskal Wallis test, the
post hoc Dunn’s multiple comparisons test was performed. All data analyses were performed

using SPSS software (v. 20.0; Chicago, USA). Significance level was set at 5%.

3. RESULTS

Initial readings of SBP were greater in SHR group rats (SED-SHR and HIITSHR)
when compared to normotensive rats (WKY: 131.1 = 6.95 mmHg; SED-SHR: 201.5 + 24.08
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mmHg; HIIT-SHR: 210.8 + 18.9 mmHg; p = 0.001). HIIT-SHR group rats showed a
significant decrease of final SBP when compared to the SED-SHR group (WKY: 133.6 + 9.63
mmHg; SED-SHR: 229 + 5.93 mmHg; HIIT-SHR: 198.6 + 18.3 mmHg; p = 0.001) (Figure
3).

The HIIT protocol induced an increase in the distance traveled when compared to the
SED-SHR group; after training, distances were higher for the HIIT-SHR group (1198.0 +
227.2 m) when compared to the WKY group (440.0 = 131.7 m, p < 0.0001) and SED-SHR
group (275.3 £ 51.0 m; p <0.0001).

HIIT also contributed to body weight (BW) loss; rats in the HIIT-SHR group weighed
less than the SED-SHR group (SED-SHR: 420.1 + 27.72; HIIT-SHR: 352.9 + 33.26; p <
0.05). The LV/FBW were higher in SED-SHR and HIIT-SHR rats when compared to the
WKY group, after training, were LV/BWF higher for the HIIT-SHR group when compared to
the SED-SHR (WKY: 1.67 £ 0.09 g/kg; SED-SHR: 2.65 + 0.27 g/kg; HIIT-SHR: 3.02 + 0.33
g/kg; p < 0.001). The atria weight normalized by FBW were higher in SED-SHR and HIIT-
SHR groups when compared to the WKY group (WKY: 0.70 = 0.07 g/kg; SED-SHR: 0.86 +
0.06 g/kg; HIIT-SHR: 0.92 + 0.2 g/kg). The rats from all groups showed no signs of heart

failure, such as pleural effusion, ascites, tachypnea, or atrial thrombus.

SBP (mmHg)

& Q;z?'
& @6

Fig. 2. Systolic blood pressure (SBP) measured by the tail cuff occlusion method in Wistar
Kyoto rats (WKY), sedentary spontaneously hypertensive rats (SED-SHR), and trained
spontaneously hypertensive rats (HIIT-SHR). Data is presented as mean = SD. One-way
ANOVA and Tukey’s test. *p
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Initial echocardiographic readings showed that SHR group rats had already
demonstrated increases in LVDD/BW, PWT, LA/BW, and LVM/BW when compared to the
control (WKY). At the end of the experimental protocol, echocardiographic analysis revealed
that SED-SHR and HIIT-SHR group rats showed increased LVDD/BW, PWT, RWT, LA/BW
and LVM/BW; these increases led to considerably higher measurements when compared to
the control (WKY). LVDD/BW, PWT, RWT, and LA/BW increased in HIIT-SHR group rats
when compared to SED-SHR. All other measured parameters did not differ among groups

(Table 1).

Table 1. Structural and functional echocardiographic final data from the experimental
groups: Wistar-Kyoto rats (WKY), sedentary spontaneously hypertensive rats
(SEDSHR), and trained spontaneously hypertensive rats (HIIT-SHR).

Experimental groups

Variables
WKY SED-SHR HIIT-SHR
LVDD/BW (mm/kg)
Initial 13.78 £ 1.57 16.90 + 0.74* 17.90 £2.32%*
Final 12.4+0.94 17.40 + 0.63* 20.35 + 1.64%#
PWT (mm)
Initial 1.36 £0.10 1.54 +£0.13* 1.60 + 0.09*
Final 1.45+0.04 1.52+0.07* 1.62 £0.10%#
RWT (mm)
Initial 0.35+0.02 0.37+£0.02 0.36+0.03
Final 0.35+0.02 0.39 +£0.02* 0.44 + 0.03*#
LA/BW (mm/kg)
Initial 10.26 + 0.88 11.08 £ 1.19* 14.15 £ 1.90*
Final 9.31+0.73 13.93 +1.27* 16.49 + 1.33*#
LVM/BW (g/kg)
Initial 0.78 £0.06 0.83 £ 0.06 0.80 £ 0.08
Final 0.78 £0.09 0.84 + 0.04* 0.90 £ 0.16*
MES (%)
Initial 3445 +3.19 32.49+3.23 31.75+2.77
Final 3291 £5.34 31.52+£3.02 28.99 £ 4.69
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E/A
Initial 1.81£0.52 1.84 +0.58 2.1+£0.50
Final 1.99 +0.37 1.63 +£0.56 1.66 £0.14
IVRT (ms)
Initial 32.67 £ 6.86 30.00 + 3.80 29.82 £5.60
Final 32.67+6.26 30.00 £ 3.24 30.63 +£2.38

The absolute values are the mean = SD. BW “body weight”; LVDD “left ventricular
diastolic diameter”’; PWT-LV “posterior wall thickness-left ventricle”’; RWT-LV
“relative wall thickness-left ventricle”; LA “left atrial diameter”; LVM “left ventricular
mass”; MFS “mid-wall fractional shortening”; E/A “ratio between early (E) to late (A)
diastolic mitral inflow”; IVRT “isovolumic relaxation time”. One-way ANOVA and

Tukey’s test. * p<0.05 vs WKY. # p<0.05 vs HIIT-SHR.

The data related to LV papillary muscle function are summarized in Figure 4; only
resting tension (RT) was significantly different among groups. Our results suggested that

HIIT protocol recovered the resting tension (RT) when compared to the SED-SHR group.
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Fig. 4. Analysis of functional data of isolated papillary muscle from Wistar Kyoto rats
(WKY), sedentary spontaneously hypertensive rats (SED-SHR), and spontaneously trained
hypertensive rats (HIIT-SHR). A. Developed tension (DT); B. Resting tension (RT); C.
Maximum development voltage rate (+ dT/dt); D. Maximum rate of decay voltage (—dT / dt);
E. Post-contraction developed tension (DT) at rest at 10, 30, and 60 seconds; F. Developed
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tension (DT) after positive inotropic stimulation: extracellular calcium concentration
increased to 0.5, 1.5, and 2.5 mm; G. Developed tension (DT) after positive inotropic
stimulation: Iso 10—6 M B-adrenergic agonist isoproterenol (10—8 , 10—7 , and 10—6 M) added
to saline. Data are expressed as mean + SD. One-way ANOVA and Tukey’s test. *p < 0.05
compared to WKY;; # p < 0.05 compared to SED-SHR

The analysis of MAPK pathway revealed that the HIIT protocol restored the
expression of the gene-encoding ATF2 protein (WKY: 0.99 (0.57-1.84); SED-SHR: 0.41
(0.23-0.44); HIIT-SHR: 0.81 (0.76-0.91); p = 0.0002). All other measured parameters did not
differ between groups (Figure 5)
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Fig. 5. Gene expression of transcription factors via MAPKs: A) ATF2, B) ELK1, C)
MEF2, D) c-Jun. Sedentary hypertensive (SED-SHR, n=8), trained hypertensive (HIITSHR,
n=10), and sedentary normotensive Wistar Kyoto (WKY, n=6); The box plot shows the

median (line), interquartile range (box), and the maximum and minimum values (whiskers).
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au=arbitrary unit. Kruskal-Wallis and Dunn’s test. *p < 0.05 compared to WKY; # p < 0.05
compared to SED-SHR

4. DISCUSSION

In this study, we have demonstrated in spontaneously hypertensive rats that HIIT
reduced blood pressure, increased exercise tolerance, and attenuated myocardial diastolic
dysfunction. HIIT increased cardiac hypertrophy but did not lead to functional worsening. In
addition, the HIIT protocol restored the expression levels of the ATF2 transcript. The main

findings of this study are summarized in Fig. 6.

\J myocardial diastolic dysfunction
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Fig. 6. Schematic figure summarizing main findings.

The SHR is an experimental model of genetic hypertension. The SHR presents early
systemic arterial hypertension and, as an adaptive response, pathological LV hypertrophy
(<18 months) which progresses to heart failure during maturity and senescence. (Pagan et al.,
2019; Damatto et al., 2016). In the present study, HIIT training was performed in the
compensated hypertension phase (12 months old) that precedes the eventual occurrence of
heart failure.

Increasing evidence suggests that exercise training is beneficial in the treatment of

hypertension (Cornelissen & Smart, 2013). In our study, 8-weeks of HIIT induced a
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significant decrease in SBP, highlighting its benefits for reduction of cardiovascular disease
risks. In contrast to our results, 4-weeks of HIIT did not reduce blood pressure in hypertensive
rats (Holloway et al., 2015). These different results suggest that a higher length of HIIT is
necessary to induce hypotensive effects in hypertensive rats (Shenasa & Shenasa, 2017). The
progressive HIIT protocol used in our study promoted a significant improvement in functional
capacity, which increases effort tolerance, a fundamental aspect and a predictor of increased
survival (Li, Chen, & Zhu, 2021).

Cardiac structures and LV function were analyzed by anatomical analysis and
conventional thoracic echocardiography. We observed cardiac remodeling in SHR rats that
was characterized as hypertrophy (LV/tibia length, LVDD/BW, PWT, RWT, and LA/BW),
which corroborates with previous animal studies that show detrimental effects of chronic
pressure on hearts overloaded with hypertension (da Costa Rebelo, Schreckenberg, &
Schliiter, 2012; Holloway et al., 2015). These hypertrophic indicators were also increased
after HIIT. Our results are in agreement with previous studies that demonstrated HIIT-induced
left ventricular hypertrophy in rodents (Kemi, Haram, Wisleff, & Ellingsen, 2004; Kemi,
Loennechen, Wisleff, & Ellingsen, 2002). Although the exercise protocol used in our study
induced a hypertrophic response in the LV of hypertensive rats, this structural alteration was
not harmful, as the functional data of the LV did not suggest impairment or interference with
systolic and diastolic functions (MFS, E/A, IVRT) (Table 1). Increased cardiac output due to
aerobic training induces cardiac overload and physiological left ventricular hypertrophy,
which are considered adaptive responses to maintain high cardiac performance during training
(Carvalho et al.,, 2021). Exercise-induced cardiac hypertrophy is usually a physiological
process associated with preserved or enhanced cardiac function without myocardial fibrosis,
cardiomyocyte apoptosis, or altered gene expression (Olah et al., 2016; Olah et al., 2019).

Next, we evaluated myocardial function in isolated LV papillary muscle preparations,
which allows for the measurement of myocardial contractility regardless of the alterations to
cardiac load, heart rate, and ventricular chamber geometry. In our study, the HIIT protocol
was able to restore the levels of RT when compared with SEDSHR group (Figure 4). Increase
in RT has been demonstrated to increase myocardial collagen content in hypertensive rats
(Matsubara, Matsubara, Okoshi, Franco, & Cicogna, 1997; Cezar et al., 2015). Pagan et al.,
suggest that exercise reduce the amount of collagen and attenuated changes in the
extracellular matrix in SHR-SED, which may affect myocardial stiffness and contribute to LV

dysfunction (Pagan et al., 2019). The fact that SHR-HIIT did not present these changes may
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have contributed to functional variables improvement, suggesting that the training volume did
not negatively affect the myocardial function.

Cellular mechanisms that contribute to the transition of increased hemodynamic loads
to altered gene expression and ventricular dysfunction remain incomplete. We investigated
the activation of the MAPK phosphorylation cascade leading to the translocation of the main
protein kinases of this pathway: ERK, JNK and p38 (Rose et al., 2010). ERK catalyzes the
phosphorylation of transcription factors (eg, Elk1 and MEF2) that stimulate protein synthesis
and cell growth. JNK and p38 catalyze transcription factors (c-Jun and ATF2) that modulate
myocardial apoptosis, inflammatory cytokine synthesis and fibrosis (Mutlak & Kehat, 2015).
In our study, we did not observed changes in the main genes associated with MAPK signaling
pathway (Figure 5); however, HIIT prevented a decrease in the gene expression of the ATF2
transcription factor observed in SHR rats (Figure 5). Interestingly, ATF-2 plays a critical role
in cardiac development and is involved in cardiac pathological hypertrophy triggered by TGF-
B in vitro (Monzen et al., 2001; Lim et al., 2005). A previous experimental study found that
suppression of ATF2 attenuated the hypertrophic response of LV (Lim et al., 2005). Li and
colleagues observed that the transverse aortic constriction (TAC) mouse model showed an
increase in phosphorylation of MAPK pathway signaling in the first phase of pressure
overload stimulation, whereas a decreased at the time of functional decompensation was
observed (Gallo et al., 2019). Together with our results, these observations suggest that
MAPK signaling might be associated with the transition from compensated hypertrophy to
maladaptive hypertrophic heart failure. While speculative, our results suggest that HIIT
delayed the progression between hypertension to heart failure.

The changes observed in our study, increase in cardiac hypertrophy without alteration
of the LV function and MAPK pathway, is in agreement with the idea that physical training
leads to the conversion of pathological hypertrophy into physiological hypertrophy
(Garciarena et al., 2009). Physical training causes physiological cardiac hypertrophy,
considered a favorable adaptation to the cardiovascular system, as exercise can induce
mechanical stretching of the cardiac muscle in vivo (Gleeson & Baldwin, 1981). Interestingly,
chronic exercise training for 4—12 weeks attenuates the activation of cardiac MAPK signaling
pathways following a single exercise session. After 12 weeks of exercise training, the MAPK
activation response to a single acute bout of exercise disappears, although significant cardiac
hypertrophy is evident (Iemitsu et al., 2006). Thus, we proposed that 8-weeks of HIIT induced
activation of multiple cardiac MAPK pathways, which was later gradually decreased with the

development of exercise-induced cardiac hypertrophy. Our results suggest that chronic



28

exercise possibly helps to prevent an increase in myocardial p38 that is related to the
development of pathological hypertrophy. (Miyachi et al., 2009; Reyes et al., 2019). Similar
data in middle-aged rats showed that moderate-intensity exercise reduced ERK1/2, p38, and
fibrosis fibrosis (Baghaiee, Karimi, Siahkouhian, & Pescatello, 2018).

The current study is not without limitations. The results rely exclusively on gene
expression data to infer changes in the MAPK pathways. In view of this, future studies need
to be conducted to better understand the mechanisms involved with the effects of
hypertension and HIIT on cardiac hypertrophy related to MAPK pathways at the protein
levels. Although limiting, previous studies have shown that signal transduction mediated by
extracellular factors such as pressure overload results in signaling cascades, protein activation,
and nuclear changes in cardiomyocytes. These results give us confidence that the changes
observed here also have physiological significance. (Iemitsu et al., 2006; Liu et al., 2019).
Our findings demonstrate a relevant clinical implication that HIIT may contribute to an
alternative therapeutic method for patients in the early stages of hypertension by preventing
blood pressure increases and cardiac dysfunction. HIIT has been widely practiced by healthy
individuals and athletes as an intense exercise modality to improve physical performance and

exercise tolerance.
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PREPARATION
NEW SUBMISSIONS

Submission to this journal proceeds totally online and you will be guided stepwise
through the creation and uploading of your files. The system automatically converts your files
to a single PDF file, which is used in the peer-review process. As part of the Your Paper Your
Way service, you may choose to submit your manuscript as a single file to be used in the
refereeing process. This can be a PDF file or a Word document, in any format or layout that
can be used by referees to evaluate your manuscript. It should contain high enough quality
figures for refereeing. If you prefer to do so, you may still provide all or some of the source
files at the initial submission. Please note that individual figure files larger than 10 MB must
be uploaded separately.

References

There are no strict requirements on reference formatting at submission. References can
be in any style or format as long as the style is consistent. Where applicable, author(s)
name(s), journal title/ book title, chapter title/article title, year of publication, volume
number/book chapter and the article number or pagination must be present. Use of DOI is
highly encouraged. The reference style used by the journal will be applied to the accepted
article by Elsevier at the proof stage. Note that missing data will be highlighted at proof stage
for the author to correct. Formatting requirements: There are no strict formatting
requirements but all manuscripts must contain the essential elements
needed to convey your manuscript, for example Abstract, Keywords, Introduction, Materials
and Methods, Results, Conclusions, Artwork and Tables with Captions. If your article
includes any Videos and/or other Supplementary material, this should be included in your
initial submission for peer review purposes. Divide the article into clearly defined sections.
Figures and tables embedded in text
Please ensure the figures and the tables included in the single file are placed next to the
relevant text in the manuscript, rather than at the bottom or the top of the file. The
corresponding caption should be placed directly below the figure or table.

Peer review
This journal operates a single anonymized review process. All contributions will be initially

assessed by the editor for suitability for the journal. Papers deemed suitable are then typically
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sent to a minimum of two independent expert reviewers to assess the scientific quality of the
paper. The Editor is responsible for the final decision regarding acceptance or rejection of
articles. The Editor's decision is final. Editors are not involved in decisions about papers
which they have written themselves or have been written by family members or colleagues or
which relate to products or services in which the editor has an interest. Any such submission
is subject to all of the journal's usual procedures, with peer review handled independently of
the relevant editor and their research groups. More information on types of peer review.
Language

Please write your text in good English (American or British usage is accepted, but not a
mixture of these). For language assistance, please see Language Services, above. Use decimal
points (not decimal commas); use a space for thousands (10 000 and above).

Use of word processing software

Regardless of the file format of the original submission, at revision you must provide us with
an editable file of the entire article. Keep the layout of the text as simple as possible. Most
formatting codes will be removed and replaced on processing the article. The electronic text
should be prepared in a way very similar to that of conventional manuscripts (see also the
Guide to Publishing with Elsevier). See also the section on Electronic artwork. To avoid
unnecessary errors you are strongly advised to use the 'spell-check' and 'grammar-check'
functions of your word processor.

Organization of the manuscript

Beginning with the first page, present your manuscript in the order below:

1. Title: First letter capitalized, subsequent letters in lower case. Avoid abbreviations.

2a. Names of all authors.

2b. Aftiliations of all authors. If necessary, use superscripted lowercase letters after the
author's name to distinguish affiliations.

3. Author to whom proofs and correspondence should be sent, including name, mailing
address, telephone and fax numbers, and e-mail address.

4. A structured abstract has to be submitted for research papers (not for reviews) of no more
than 250 words. The following headings must be used: Aims: Main methods: Key findings:
Significance:

5. Key words for indexing purposes (a maximum of six can be entered). In addition to key
words from the title, please suggest other terms that help define the study. We encourage
authors to test the relevance of their key words by using them for a database search and

comparing the results with the topic of their own paper. Word limits: In full papers,
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individual sections should be no longer than Abstract 250 words, Introduction 500 words,
Discussion 1500 words, Conclusion 150 words. Materials and Methods and

Results sections should be concise but there is no formal word limit.

Headings: Papers must include the major headings Abstract, Introduction, Materials and
Methods, Results, Discussion, Conclusion, Acknowledgments, and References. Include
subheadings as appropriate. Review articles must contain Abstract and Introduction, with
subsequent headings and subheadings as appropriate.

Introduction: State the objectives of the work and provide an adequate background, avoiding
a detailed literature survey or a summary of the results.

Material and methods: Provide sufficient details to allow the work to be reproduced by an
independent researcher. Methods that are already published should be summarized, and
indicated by a reference. If quoting directly from a previously published method, use
quotation marks and also cite the source. Any modifications to existing methods should also
be described.

Results: Results should be clear and concise.

Discussion: This should explore the significance of the results of the work, not repeat them.
Avoid extensive citations and discussion of published literature.

Conclusions: Present the conclusions of the study in a short Conclusions section.

Highlights

Highlights are optional yet highly encouraged for this journal, as they increase the
discoverability of your article via search engines. They consist of a short collection of bullet
points that capture the novel results of your research as well as new methods that were used
during the study (if any). Please have a look at the examples here: example Highlights.
Highlights should be submitted in a separate editable file in the online submission system.
Please use 'Highlights' in the file name and include 3 to 5 bullet points (maximum 85
characters, including spaces, per bullet point). The Graphical Abstract is optional for research
articles, but mandatory for reviews. GAs should

summarize the contents of the article in a concise, pictorial form designed to capture the
attention of a wide readership online. Graphical abstracts should be submitted as a separate
file in the online submission system. Refer to the following website for more information
https://www.elsevier.com/graphicalabstracts.

Abbreviations

Abbreviations must be explained the first time they are used, both in the Abstract and again in

the main text. Abbreviations used as names of cell lines do not need to be explained, but the
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species and tissue of origin should be made clear in text the first time the cell line is
mentioned. Examples: "the human colonic adenocarcinoma cell line Caco-2" or "the porcine
renal endothelial cell line LLC-PK1".

Acknowledgements

Collate acknowledgements in a separate section at the end of the article before the references
and do not, therefore, include them on the title page, as a footnote to the title or otherwise.
List here those individuals who provided help during the research (e.g., providing language
help, writing assistance or proof reading the article, etc.). Please note that funding information
must appear under the Acknowledgments heading.

Formatting of funding sources

List funding sources in this standard way to facilitate compliance to funder's requirements:
Funding: This work was supported by the National Institutes of Health [grant numbers xxxx,
yyyyl; the Bill & Melinda Gates Foundation, Seattle, WA [grant number zzzz]; and the
United States Institutes of Peace [grant number aaaa]. It is not necessary to include detailed
descriptions on the program or type of grants and awards. When funding is from a block grant
or other resources available to a university, college, or other research institution, submit the
name of the institute or organization that provided the funding. If no funding has been
provided for the research, please include the following sentence: This research did not receive
any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.
Footnotes

Footnotes should be used sparingly. Number them consecutively throughout the article. Many
word processors build footnotes into the text, and this feature may be used. Should this not be
the case, indicate the position of footnotes in the text and present the footnotes themselves
separately at the end of the article.

Artwork

Electronic artwork

General points

* Make sure you use uniform lettering and sizing of your original artwork.

* Preferred fonts: Arial (or Helvetica), Times New Roman (or Times), Symbol, Courier.

* Number the illustrations according to their sequence in the text.

* Use a logical naming convention for your artwork files.

* Indicate per figure if it is a single, 1.5 or 2-column fitting image.

* For Word submissions only, you may still provide figures and their captions, and tables

within a single file at the revision stage.
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* Please note that individual figure files larger than 10 MB must be provided in separate
source files. A detailed guide on electronic artwork is available. You are urged to visit this
site; some excerpts from the detailed information are given here.

Formats

Regardless of the application used, when your electronic artwork is finalized, please 'save as'
or convert the images to one of the following formats (note the resolution requirements for
line drawings, halftones, and line/halftone combinations given below):

EPS (or PDF): Vector drawings. Embed the font or save the text as 'graphics'. TIFF (or JPG):
Color or grayscale photographs (halftones): always use a minimum of 300 dpi. TIFF (or JPG):
Bitmapped line drawings: use a minimum of 1000 dpi. TIFF (or JPG): Combinations
bitmapped line/half-tone (color or grayscale): a minimum of 500 dpi is required.

References

Citation in text

Please ensure that every reference cited in the text is also present in the reference list (and
vice versa). Any references cited in the abstract must be given in full. Unpublished results and
personal communications are not recommended in the reference list, but may be mentioned in
the text. If these references are included in the reference list they should follow the standard
reference style of the journal and should include a substitution of the publication date with
either 'Unpublished results' or 'Personal communication'. Citation of a reference as 'in press'
implies that the item has been accepted for publication.

Reference links

Increased discoverability of research and high quality peer review are ensured by online links
to the sources cited. In order to allow us to create links to abstracting and indexing services,
such as Scopus, CrossRef and PubMed, please ensure that data provided in the references are
correct. Please note that incorrect surnames, journal/book titles, publication year and
pagination may prevent link creation. When copying references, please be careful as they may
already contain errors. Use of the DOI is highly encouraged. A DOI is guaranteed never to
change, so you can use it as a permanent link to any electronic article. An example of a
citation using DOI for an article not yet in an issue is: VanDecar J.C., Russo R.M., James
D.E., Ambeh W.B., Franke M. (2003). Aseismic continuation of the Lesser Antilles slab
beneath northeastern Venezuela. Journal of Geophysical Research,

https://doi.org/10.1029/2001JB000884. Please note the format of such citations should be in

the same style as all other references in the paper. Data references This journal encourages

you to cite underlying or relevant datasets in your manuscript by citing them in your text and
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including a data reference in your Reference List. Data references should include the
following elements: author name(s), dataset title, data repository, version (where available),
year, and global persistent identifier. Add [dataset] immediately before the reference so we
can properly identify it as a data reference. The [dataset] identifier will not appear in your
published article.

Reference management software

Most Elsevier journals have their reference template available in many of the most popular
reference management software products. These include all products that support Citation
Style Language styles, such as Mendeley. Using citation plug-ins from these products, authors
only need to select the appropriate journal template when preparing their article, after which
citations and bibliographies will be automatically formatted in the journal's style. If no
template is yet available for this journal, please follow the format of the sample references
and citations as shown in this Guide. If you use reference management software, please
ensure that you remove all field codes before submitting the electronic manuscript. More
information on how to remove field codes from different reference management software.
Users of Mendeley Desktop can easily install the reference style for this journal by clicking
the following

link:  http://open.mendeley.com/use-citation-style/life-sciences =~ When preparing your

manuscript, you will then be able to select this style using the Mendeley plugins for Microsoft
Word or LibreOffice.

Reference formatting: There are no strict requirements on reference formatting at submission.
References can be in any style or format as long as the style is consistent. Where applicable,
author(s) name(s), journal title/ book title, chapter title/article title, year of publication,
volume number/book chapter and the article number or pagination must be present. Use of
DOI is highly encouraged. The reference style used by the journal will be applied to the
accepted article by Elsevier at the proof stage. Note that missing data will be highlighted at
proof stage for the author to correct. If you do wish to format the references yourself they
should be arranged according to the following examples: Reference style: Text: Indicate
references by number(s) in square brackets in line with the text. The actual authors can be
referred to, but the reference number(s) must always be given.

Data visualization

Include interactive data visualizations in your publication and let your readers interact and
engage more closely with your research. Follow the instructions here to find out about

available data visualization options and how to include them with your article.
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Supplementary Material

Supplementary material such as applications, images and sound clips, can be published with
your article to enhance it. Submitted supplementary items are published exactly as they are
received (Excel or PowerPoint files will appear as such online). Please submit your material
together with the article and supply a concise, descriptive caption for each supplementary file.
If you wish to make changes to supplementary material during any stage of the process,
please make sure to provide an updated file. Do not annotate any corrections on a previous
version. Please switch off the 'Track Changes' optionin Microsoft Office files as these will
appear in the published version.

Life Sciences requires submission of the whole uncropped images of the original western
blots in triplicate that contributed to the quantitative analysis, from which figures have been
derived. Please submit as Supplementary Figure(s). Please note that this is mandatory when
western blots are shown. Please see Example of original western blot for three repeats
Research data

This journal encourages and enables you to share data that supports your research publication
where appropriate, and enables you to interlink the data with your published articles. Research
data refers to the results of observations or experimentation that validate research findings. To
facilitate reproducibility and data reuse, this journal also encourages you to share your
software, code, models, algorithms, protocols, methods and other useful materials related to
the project. Below are a number of ways in which you can associate data with your article or
make a statement about the availability of your data when submitting your manuscript. If you
are sharing data in one of these ways, you are encouraged to cite the data in your manuscript
and reference list. Please refer to the "References" section for more information about data
citation. For more information on depositing, sharing and using research data and other
relevant research materials, visit the research data page.

Data statement: To foster transparency, we encourage you to state the availability of your
data in your submission. This may be a requirement of your funding body or institution. If
your data is unavailable to access or unsuitable to post, you will have the opportunity to
indicate why during the submission process, for example by stating that the research data is
confidential. The statement will appear with your published article on ScienceDirect. For

more information, visit the Data Statement page.
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